
Interferon-c regulates cathepsin G activity in microglia-derived
lysosomes and controls the proteolytic processing of myelin

basic protein in vitro

Introduction

Before major histocompatibility complex class II (MHC

II)-mediated activation of antigen-specific T cells can

occur, exogenous antigen is internalized by professional

antigen-presenting cells (APCs), where it undergoes pro-

teolytic processing. Within the endocytic compartment of

APCs, complex protein is processed by a sophisticated
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Germany, 5Max-Delbrück-Centre for Molecu-

lar Medicine, Berlin, Germany, 6Division of

Endocrinology, Department of Medicine I, Ulm

University, Ulm, Germany, 7Department of

Neurology and Neurological Science School of

Medicine, Stanford University, Stanford, CA,

USA, 8Leiden Institute of Chemistry, Leiden,

the Netherlands, 9Division of Endocrinology,

Department of Internal Medicine I, Ulm

University, Ulm, Germany and 10Kantonsspital

St. Gallen, Klinik für Onkologie und Hämatol-
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Summary

The serine protease cathepsin (Cat) G dominates the proteolytic process-

ing of the multiple sclerosis (MS)-associated autoantigen myelin basic

protein (MBP) in lysosomes from primary human B cells and dendritic

cells. This is in contrast to B-lymphoblastoid cell lines, where the aspara-

gine endopeptidase (AEP) is responsible for this task. We have analysed

microglia-derived lysosomal proteases for their ability to process MBP

in vitro. In lysosomes derived from primary murine microglia, CatD,

CatS, AEP and CatG were involved in the processing of MBP. Interest-

ingly, when microglia were treated with interferon-c to mimic a T helper

type 1-biased cytokine milieu in MS, CatG was drastically down-regulated,

in contrast to CatS, CatB, CatL, CatD or AEP. This resulted in signifi-

cantly increased stability of MBP and a selective lack of CatG-derived pro-

teolytic fragments; however, it did not affect the gross pattern of MBP

processing. Inhibition of serine proteases eliminated the processing differ-

ences between lysosomal extracts from resting microglia compared to

interferon-stimulated microglia. Thus, the cytokine environment modu-

lates lysosomal proteases in microglia by a selective down-regulation of

CatG, leading to decreased MBP-processing by microglia-derived lyso-

somal proteases in vitro.

Keywords: antigen processing; cathepsin G; major histocompatibility com-

plex class II; microglia

Abbreviations: AEP, asparagine-specific endopeptidase; APC, antigen-presenting cell; BLC, B-lymphoblastoid cells; Cat, cathepsin;
DC, dendritic cell; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked immunosorbent assay; HLA, human leucocyte
antigen; MBP, myelin basic protein; Ii, MHC class II invariant chain; IFN-c, interferon-c; IL-12, interleukin-12; MHC, major
histocompatibility complex; MS, multiple sclerosis; PMSF, phenylmethylsulphonyl fluoride; PVDF, polyvinylidene difluoride;
RP-HPLC, reverse-phase high-pressure liquid chromatography; RT-PCR, reverse transcription–polymerase chain reaction;
SDS–PAGE, sodium dodecyl sulphate–polyacrylamide gel electrophoresis; Th1, T helper type 1; TTCF, tetanus toxoid C fragment.
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proteolytic machinery that serves two essential tasks: it

degrades the MHC II-associated invariant chain (Ii) in a

stepwise fashion, a process that controls transport, pep-

tide loading and surface display of MHC II molecules,

and it converts complex exogenous protein into antigenic

peptides suitable for binding to the MHC II peptide-

binding groove.1 This pathway not only initializes the

specific immune response against exogenous challenges,

but is also believed to represent the molecular basis for

MHC II-associated autoimmune diseases such as multiple

sclerosis (MS). In MS, peptides derived from autoantigens

like myelin basic protein (MBP) are presented by central-

nervous-system-resident APCs (i.e. microglial cells) that

ultimately activate autoagressive T cells, resulting in

inflammatory lesions and tissue damage.2,3 Microglia

comprise highly differentiated, tissue-macrophage-like

central-nervous-system-resident-type cells that are invol-

ved in both innate and adaptive immune responses. They

are characterized by monocyte-like surface markers such

as CD11b4,5 and constitutively express MHC class II and

costimulatory molecules. Microglia are capable of priming

alloreactive T cells and T-cell lines as well as secreting

cytokines such as interleukin-12 (IL-12); they primarily

induce a T helper type 1 (Th1) T-cell response (reviewed

in ref. 6).

Proteolytic processing in the endocytic compartment of

APCs is performed by a set of endocytic proteases most

of which belong to the family of cathepsins (Cat).7 The

cathepsins are divided into different classes according to

the amino acid in their active centre, the aspartate (CatD

and CatE),8–10 the cysteine (C1: CatB, CatC, CatF,

CatH, CatL, CatS, CatV and CatX, the C13: asparagine-

specific endoprotease AEP)11–15 and the serine proteases

(CatG).16,17 The endoprotease CatS is required for antigen

processing in different APCs and along with CatL in gen-

erating the CLIP fragment, which occupies the MHC class

II binding groove.13,18–21 This is in contrast to CatB,

which is involved in, but not essential to, antigen process-

ing22 and which can act as an exoprotease as well as an

endoprotease depending on the pH. Recently it was dem-

onstrated that the carboxypeptidase CatZ was determined

to activate T-cell activation via regulation of the integrin

b2 lymphocyte function-associated antigen-1 receptor.23

There is growing evidence for a protease-determined

model of antigen processing, where intact antigen is

‘unlocked’ by a dominant proteolytic activity in the endo-

cytic compartment. Largely determined by the specificity

of this unlocking protease(s), the antigen is converted

into a limited number of proteolytic processing inter-

mediates. The intermediates are further processed by the

remaining endocytic proteases according to their substrate

specificities. In this scenario, the substrate specificity and

activity of a dominant protease(s) in the endocytic com-

partment largely controls the efficiency of T-cell activa-

tion by a given antigenic epitope.11,24–26 The strongest

evidence for this ‘protease-determined’ model comes from

Manoury et al., who not only demonstrated that the aspa-

ragine-specific endoprotease AEP, which exclusively

cleaves after asparagine residues, initialized and dom-

inated proteolytic processing of the tetanus toxoid C

fragment (TTCF) by lysosomal extracts from B lympho-

blastoid cells (BLCs) in vitro, but that this observation

was transferable to the situation in intact cells, where

AEP activity controlled the presentation of TTCF-derived

peptides and therefore T-cell activation by TTCF.12 While

in this scenario AEP-directed processing of TTCF was

required for T-cell activation, the situation was reversed

when MBP was processed by the same type of cells: the

dominant AEP activity directly cleaved within the immu-

nodominant region of MBP (after N92) when the intact

autoantigen was exposed to BLC-derived lysosomal frac-

tions.27 Consequently, AEP activity negatively regulated

T-cell activation by the dominant MBP epitope MBP85-

99.28 Mainly based on these data, AEP activity is pre-

sently regarded as the functionally most important (and

so-called ‘unlocking’) protease for antigen processing in

the MHC II compartment.

The activity profile of individual endocytic proteases

differs between different types of APC29 as well as

between primary APCs and immortalized cell lines of the

same type of cell.30 We have recently demonstrated that

primary human B lymphocytes lack AEP activity, in con-

trast to BLCs.16 Instead, CatG, a serine protease previ-

ously not considered in the context of antigen processing,

dominated proteolytic breakdown of MBP by lysosomal

fractions derived from primary human B lymphocytes as

well as primary dendritic cells (DCs).17 CatG activity

quantitatively controlled the turnover of intact MBP and

at the same time directly eliminated the immunogenic

epitope by cleavage after F90, acting as a dominant prote-

ase in MBP processing. These differences in the endocytic

proteolytic machinery between BLCs and primary B cells

as well as primary DCs and in vitro generated DCs have

highlighted the enormous variability of this proteolytic

system in the MHC II pathway, where not only different

antigens are handled in functionally different ways by a

given protease (as demonstrated by the divergent effects

of AEP on TTCF and MBP), but where also different

types of APC or primary cells and cell lines follow differ-

ent pathways for the destruction of one particular anti-

gen. In addition, a regulatory influence of exogenous

stimuli like cytokines or bacterial products on this pro-

teolytic machinery is likely, although relatively poorly

understood: CatS-activity was up-regulated by interferon-c
(IFN-c) in primary murine and human monocytes31,32

and microglia, as well as by lipopolysaccharide in mono-

cyte-derived DCs. The latter was counteracted by IL-10.29

Thus, to better understand the processing pathways of a

given antigen, it is not only important to directly assess

primary cells of the relevant type of APC with regard to
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the proteolytic processing of this particular antigen, but

also to take into account local regulatory conditions, like

cytokines. Microglia are likely to represent the functionally

most important type of central-nervous-system-resident

APC33 where they are exposed to a Th1-biased and IFN-

c-dominated cytokine milieu in MS.34 To address this

issue, we analysed the proteolytic processing of MBP by

lysosomal proteases from primary microglia cultured in

the presence or absence of IFN-c.

Materials and methods

Preparation of mouse microglia

Primary microglial cells were prepared from 1-day-old

B10.PL mice as described.5,35 Briefly, mice were quickly

immersed in 70% alcohol before decapitation, and their

heads were cleaved longitudinally. Frontal cortices were

removed from the brain and placed in ice-cold medium.

Subsequent to this, the cortices were mechanically dissoci-

ated through an 80-lm cell strainer (BD Falcon, Heidel-

berg, Germany). The cells were seeded into culture flasks,

which were precoated with poly L-lysine (Sigma, Taufkir-

chen, Germany). A cell suspension obtained from two

brains was seeded in one 75-cm2 culture flask. The cul-

ture medium was Dulbecco’s modified Eagle’s minimal

essential medium (Gibco BRL, Paisley, UK) supplemented

with 10% fetal bovine serum (Biochrom, Berlin, Ger-

many), 100 U/ml penicillin/100 lg/ml streptomycin (Sig-

ma), and 2�5 mM L-glutamine (Gibco BRL). The medium

was changed after 1 day in culture, then every 3rd or 4th

day. The astrocytes reached a confluent monolayer after

about 10 days and microglial cells were harvested from

the flasks after 12 days. The microglia, which were grow-

ing on top of the astrocyte layer, were harvested by sha-

king the bottles vigorously before medium was collected.

The process was repeated with serum-free medium. The

purity of the microglia was confirmed as at least 95% by

CD11b-phycoerythrin staining (Becton Dickinson, Moun-

tain View, CA). The appropriate animal-use licences were

in place.

Protein expression and purification

Human recombinant MBP (18 500 MW, Swiss-Prot:

P02686-5 minus methionine at pos.1) was produced in

Escherichia coli and purified by ion exchange chromato-

graphy, as described elsewhere.27 The purified protein was

controlled by MALDI-MS for both purity (> 98%) and

correct mass; 0�04 lg/ll MBP was used as a standard.

Generation of lysosomal extracts and in vitro processing

Lysosomal extracts were generated by differential centrifu-

gation and characterized as published before.36 In brief,

crude endosomal compartments were enriched by differ-

ential centrifugation from postnuclear supernatants, fol-

lowed by a short exposure of the membrane pellet to

water, which preferentially disrupts the membrane integ-

rity of lysosomes because of their low osmotic resistance.

This yielded virtually pure lysosomal extracts as judged

by the distribution of CatD, transferrin receptor and

N-acetyl-glucosaminidase. For in vitro processing, sub-

strate solution (0�04 lg/ll MBP, 0�1 M citrate pH 5�0,

2�5 mM dithiothreitol) was incubated with lysosomal frac-

tions at 37� (0�5 lg total protein).

Identification of processing products from MBP

Separation of in vitro processing products was achieved by

microbore reverse-phase high-pressure liquid chromato-

graphy (RP-HPLC) using a C8 150 · 2 mm column

(Wicom, Heppenheim, Germany) as published previ-

ously.27 Mass spectrometry was performed using an

Esquire3000plus ion trap mass spectrometer (Bruker Dal-

tonics, Bremen, Germany) equipped with a standard elec-

trospray ionisation (ESI) interface (Bruker Daltonics).16

Expected masses were calculated as average masses with

statistical isotope distribution. The mass accuracy of the

detected molecular ions was in the range of ± 200 p.p.m.

Determination of cathepsin and AEP activity

Hydrolysis of the synthetic compound succinyl-alanine-

alanine-proline-phenylalanine-aminomethyl-coumarin (Suc-

AAPF-AMC) (Bachem, Babendorf, Switzerland), which

serves as an established substrate to determine CatG activ-

ity,37 was quantified fluorometrically as described.16 AEP

activity was quantified as published previously38 using the

fluorogenic substrate 45 lM Z-valine-alanine-asparagine-

aminomethyl-coumarin (Z-VAN-AMC) in lysosomal frac-

tions taken up into reaction buffer [40 mM citric acid,

120 mM Na2HPO4 pH 5�8, 5 mM mercaptoethanol, 4 mM

ethylene diaminetetraacetic acid (EDTA), 10 lM E64,

6 lM aprotinin, 0�01% Triton X-100]. CatD activities were

determined using the substrate AMCA-EEKPISFFRLGK

(Biotin)-NH2 as described elsewhere.36 Combined CatBLS

activities were determined by using the fluorogenic sub-

strate Z-FR-AMC.36

Affinity-labelling of active cysteine proteases

Cell lysates (5 lg) were incubated with reaction buffer

(50 mM citrate/phosphate pH 5�0, 1 mM EDTA, 50 mM

dithiothreitol) in the presence of DCG-O439 for 1 hr at

room temperature. Reactions were terminated by the

addition of sodium dodecyl sulfate (SDS) reducing sam-

ple buffer and immediate boiling. Samples were resol-

ved by 12�5% SDS–polyacrylamide gel electrophoresis

(PAGE), then blotted on a polyvinylidene difluoride
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(PVDF) membrane and visualized using streptavidin

horseradish peroxidase and the enhanced chemilumines-

cence detection kit40. In addition, the PVDF membrane

was stained with Coomassie as described in the manu-

facturer’s manual (SimplyBlue, Invitrogen, Karlsruhe,

Germany).

Enzyme-linked immunosorbent assay (ELISA)
and reverse transcription–polymerase chain reaction
(RT-PCR) for CatG

ELISA and RT-PCR for CatG were performed exactly as

described recently.16

Results

IFN-c results in decreased proteolytic processing
of MBP by microglia-derived lysosomes

Primary murine microglia were enriched to purities of

> 95% (Fig. 1a), as confirmed by fluorescence-activated

cell sorting (FACS) for CD11b,4,5 and were subsequently

cocultured with IFN-c (100 U/ml for 24 hr) before har-

vesting. Lysosomal extracts were then generated using a

two-step fractionation protocol that separates a crude cel-

lular organelle fraction from the postnuclear supernatant

by differential centrifugation, followed by a brief exposure

to osmotic stress and subsequent ultracentrifugation. This

procedure selectively releases lysosomal contents into the

supernatant as a result of the high osmotic fragility of

dense lysosomes, as previously characterized by us in

detail.36

Recombinant purified human MBP was then incubated

with these lysosomal fractions from IFN-c-treated/

untreated microglia for 24 hr at pH 5, followed by resolu-

tion of the emerging proteolytic MBP fragments by RP-

HPLC (Fig. 1b). While lysosomal enzymes from untreated

microglia readily degraded the vast majority of intact

MBP (retention time 54 min) into a variety of proteolytic

products, incubation with lysosomal material from IFN-

c-exposed microglia resulted in a significantly prolonged

stability of intact MBP, and proteolytic intermediates

were hence observed in far smaller quantities. In fact, the

amount of MBP remaining intact after 24 hr of incuba-

tion with lysosomes from resting microglia accounted to

only 27% of that detected when lysosomes from IFN-c-

treated cells were assayed. This suggested that the activity

of the lysosomal protease(s) that dominate(s) MBP pro-

cessing by microglial cells was down-regulated by inflam-

matory stimuli.

Differential processing patterns of MBP by lysosomes
from resting versus IFN-c-stimulated microglia

Does stimulation with IFN-c only prolong the half-life of

intact MBP in microglia-derived lysosomal extracts or

would it result in qualitative changes in the pathway of

MBP processing? To this end we identified the proteolytic

fragments that had been generated by turnover of MBP

with microglia-derived lysosomal fractions using mass

spectrometry (Fig. 2 and Table 1). After 10 hr of proteo-

lytic processing with lysosomes from untreated microglia,

the proteases involved in the initial steps of processing

were CatD (44FF45, 89FF90), CatG (114FS115), AEP

(92NI93) and CatS (39DS40) (Fig. 2a, Table 1), according

to the processing sites observed, which had been previ-

ously identified in primary B lymphocytes and BLCs.16,27

An overall similar pattern was observed when lysosomal

extracts from IFN-c-treated microglia were used, except

that fragments indicative of CatG-mediated cleavage

(90FK91 or 114FS115) were selectively lacking when lyso-

somes from IFN-c-treated cells were used. This suggested

that CatG was of much lower functional relevance in

lysosomes from IFN-c-treated microglia than in resting

control cells, in contrast to CatD, CatS and AEP, where

the respective fragments were similarly detected after

IFN-c treatment.

Prolonged in vitro processing of MBP for 24 hr

(Table 1, Fig. 2b) resulted in further degradation and the

emergence of additional proteolytic fragments. Of note,

we identified two different sets of matching proteolytic

fragments after 24 hr for only one cleavage site, suggest-

ing a quantitatively important processing event: lysosomes

30 40 50 60

Retention time (min)

intact MBP(a) (b)

104

103

102

101

100 101 102 103 104

C
D

11
b

97%

20

A
21

4

non-treated

IFN-γ-treated

Figure 1. Effect of IFN-c on the proteolytic processing of MBP

by lysosomal extracts. (a) Characterization of enriched microglia.

Single-cell suspensions of murine glia were enriched for microglial

cells in vitro and analysed for purity by CD11b expression using

FACS. A purity of > 95% microglia was regularly achieved.

(b) Microglia were treated with IFN-c (100 U/ml) in vitro for 24 hr

(IFN-c-treated), while control cells remained untreated. Lysosomal

extracts were prepared as described, normalized for total protein,

and incubated with identical amounts of recombinant MBP in vitro

at pH 5�0 for 24 hr. The resulting polypeptides were resolved by RP-

HPLC and detected by ultraviolet absorption at 214 nm (A214; black

line: IFN-c-treated microglia; grey line: non-treated microglia).

Intact MBP eluted at 54 min is indicated by the hatched line.
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from resting microglia showed processing at 114FS115 as

indicated by both the 69–114 and 90–114 fragments, as

well as the 115–147 and 115–159 fragments, in contrast

to IFN-c-stimulated cells, indicative of dominant CatG-

mediated cleavage. This is consistent with the observa-

tions made after 10 hr of digestion and similarly sugges-

ted a dominant role of CatG when MBP is degraded by

lysosomal proteases from resting, but not IFN-c-stimula-

ted microglia.

In addition, sets of two matching proteolytic frag-

ments were identified at position 131AS132 with untreated

cells and at 112SR113 with treated cells. The processing

sites identified at 38LD39, 112SR113, 131AS132 and

147QG148 have not previously been detected with puri-

fied cathepsins or lysosomes from either B cells, BLCs or

DCs, and might therefore be the result of as yet unidenti-

fied proteases present in microglial cells. Additional MBP

cleavage sites were identified after M21, Q147 and H88, as

indicated by multiple proteolytic fragments ending at the

respective positions. Also, a number of individual frag-

ments were detected at low quantities for which the clea-

vage sites were only found once.

38LD39
39DS40

90FK91 114FS115

147QG148131AS132

92NI93

92NI93

91KN92

89FF90

89FF90

44FF45
44FF45

21MD22

147QG148131AS132

92NI93

92NI93

91KN92

89FF90

89FF90

44FF45

44FF45

21MD22

38LD39
39DS40

39DS40

39DS40

90FK91 114FS115

114FS115

MBP116–123

MBP116–123

MBP85–99MBP116–123MBP85–99

MBP85–99

MBP116–123MBP85–99

20 40 60 80 100 120 140 160

20 40 60 80 100 120 140 16020 40 60 80 100 120 140 160

20 40 60 80 100 120 140 160

Microglia, 24-hr digestMicroglia, 10-hr digest

Microglia+ IFN-γ, 24-hr digestMicroglia+ IFN-γ, 10-hr digest

(a)                                                              (b)                                                            

Figure 2. Proteolytic fragments of MBP after processing with lysosomal extracts. Intact MBP was incubated with lysosomal extracts from resting

microglia (microglia; top panel) or IFN-c-stimulated microglia (microglia + IFN-c; bottom panel) for 10 hr (a) or 24 hr (b), and the proteolytic

fragments obtained were identified by mass spectrometry and displayed along with full-length MBP and the location of the two major immuno-

genic epitopes (MBP85–99 and MBP116–123). Arrows mark major cleavage sites and the respective flanking amino acids are indicated.
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The major immunodominant region of MBP (85–99

and 116–123) was particularly susceptible for protease

attack by microglia-derived proteases, so that more than

half of the MBP-derived fragments identified (17 out of

30 fragments, 56%) had been generated by cleavage

within this region in resting microglia, in contrast to

IFN-c-treated microglia, where only five out of 17 identi-

fied species (29%) matched this region.

In conclusion, the initial steps in MBP proteolytic pro-

cessing by microglia-derived lysosomes in vitro were con-

sistent with cleavage by AEP, CatS, CatD and CatG. In

IFN-c-stimulated microglia, proteolysis indicative of

CatG-mediated cleavage was selectively lost, resulting in a

far less efficient proteolytic attack of lysosomal proteases

on both intact MBP and the immunodominant MBP

peptide.

Stimulation with IFN-c selectively down-modulates
CatG activity

We next directly assessed the impact of IFN-c-stimula-

tion on the activities of the major lysosomal proteases in

microglia and tested the respective activities in lysosomes

from resting microglia versus IFN-c-stimulated microglia

as well as astrocytes as a control, using functional assays

based on the turnover of fluorogenic substrates (Fig. 3a).

The activities of AEP and CatD as well as the combined

activity of the cathepsins B, L and S showed no signifi-

Table 1. MBP fragments after processing with microglia-derived

lysosomes in vitro, as assessed by mass spectrometry

Retention

time [M + H]+

Expected

mass [M + H]+
DDa

MBP

fragment

10-hr lysosomal processing in vitro

Microglia

44�0–44�9 2238�2 2238�2 0�0 94–114

45�2–46�3 4732�2 4732�1 0�1 45–88

46�4–47�8 4878�6 4879�3 0�7 45–89

50�3–51�1 3471�7 3471�7 0�0 115–147

53�5–55�0 4400�4 4401�9 1�5 1–39

65�8–67�4 4962�1 4962�5 0�4 1–44

70�2–73�4 9822�4 9822�7 0�3 1–89

73�9–75�5 8266�2 8266�3 0�1 93–170

Microglia + IFN-c
45�8–47�8 4879�3 4879�2 0�1 45–89

48�8–49�8 2176�1 2176�1 0�0 71–89

52�8–55�1 4402�0 4401�9 0�1 1–39

65�2–67�1 4962�7 4962�5 0�2 1–44

69�5–71�9 9822�2 9822�7 0�5 1–89

72�1–75�0 8266�4 8266�3 0�1 93–170

24-hr lysosomal processing in vitro

Microglia

20�4–21�4 4585�0 4584�9 0�1 46–88

21�6–22�2 601�2 601�3 0�1 52–57

22�3–23�8 1739�1 1738�9 0�2 132–147

2366�5 2366�6 0�1 73–92

4732�3 4732�2 0�1 115–159

23�8–24�1 2306�6 2306�6 0�0 1–21

25�7–26�2 2458�2 2457�7 0�5 109–131

27�7–28�3 4732�2 4732�1 0�1 45–88

29�2–29�7 5292�8 5292�7 0�1 40–88

31�3–32�1 5407�8 5407�8 0 39–88

32�3–33�1 5121�2 5120�7 0�5 69–114

34�8–35�3 5440�1 5439�2 0�2 40–89

35�3–36�5 4401�8 4401�9 0�1 1–39

4286�7 4286�8 0�1 1–38

37�5–37�9 5555�0 5555�0 0 39–89

37�9–38�9 2479�1 2478�9 0�2 148–170

3473�4 3473�7 0�3 115–147

40�6–41�2 5830�1 5829�3 0�8 40–92

42�4–42�8 2741�5 2742�2 0�7 90–114

43�0–43�5 7388�6 7388�0 0�6 22–88

43�7–44�5 4962�2 4962�5 0�3 1–44

4920�0 4920�4 0�4 119–165

44�6–45�3 5807�4 5807�4 0 93–147

45�5–46�3 9822�9 9822�7 0�2 1–89

6196�8 6196�9 0�1 90–147

46�4–47�1 7535�4 7535�2 0�2 22–89

47�3–48�6 10212�5 10212�2 0�3 1–92

10097�5 10098�1 0�6 1–91

51�1–52�6 8267�1 8266�3 0�8 93–170

56�0–59�6 18460�6 18460�5 0�1 1–170

Microglia + IFN-c
23�5–24�3 2306�7 2306�6 0�1 1–21

28�4–29�0 2773�1 2772�0 1�1 51–76

31�7–32�2 4417�7 4416�9 0�8 91–132

Table 1. (Continued)

Retention

time [M + H]+

Expected

mass [M + H]+
DDa

MBP

fragment

32�8–33�3 2114�1 2114�0 0�1 127–146

2762�5 2762�1 0�4 18–42

35�7–37�0 4401�9 4401�9 0 1–39

4286�8 4286�8 0 1–38

38�1–38�5 3473�5 3473�7 0�2 115–147

38�4–39�2 2479�1 2478�9 0�2 148–170

39�2–39�7 5829�6 5829�3 0�3 40–92

43�4–46�0 4962�8 4962�5 0�3 1–44

9675�1 9675�6 0�5 1–88

46�1–47�4 9822�5 9822�7 0�2 1–89

47�6–49�2 10212�1 10212�2 0�1 1–92

50�5–51�1 6236�9 6236�9 0�0 113–170

52�3–52�8 12241�8 12242�5 0�7 1–112

53�5–54�7 18460�6 18460�5 0�1 1–170

Proteolytic fragments obtained after digesting MBP with lysosomes

from non-treated versus IFN-c-treated microglia, as deferred from

mass spectrometry. Retention time represents the HPLC retention

time; [M + H]+, the protonated mass obtained; expected mass

[M + H]+, the mass expected by calculation with stochastic isotope

distribution; DDa, D between the expected and obtained masses;

fragment, MBP fragment deferred from the mass and the retention

time. MBP was digested in microglia-derived lysosomal fractions for

10 hr and 24 hr.
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cant variability in the presence/absence of IFN-c in

either microglia or astrocytes. To assess the three major

cysteine-cathepsins, CatB, L and S, by an independent

method that allows discriminating between the individual

active species, we incubated lysosomal extracts of both

cell types with the activity-based biotinylated synthetic

probe DCG-O4. This probe selectively binds to the active

site of papain-like cysteine proteases in a covalent fash-

ion, and therefore allows the visualization of individual

active cathepsins in a semi-quantitative fashion after

SDS–PAGE and streptavidin–horseradish peroxidase blot

(Fig. 3b). As in previous work,30,40 the active polypep-

tides CatZ, CatB, CatS and CatL, were identified as

labelled polypeptide species, based on the MW of the

respective signals and side by side comparison with

lysosomal extracts from monocytes and BLCs, as pub-

lished41. Active CatS was visualized in lysosomes from

both stimulated and unstimulated microglia, with a

slightly higher amount of active CatS in resting micro-

glia. Astrocytes, by contrast, lacked the signal from active

CatS, as expected.42 No changes were observed in the

amounts of active CatL, CatB and CatZ between resting

and stimulated microglia. Thus, we did not observe

major changes in the activities of CatS, CatD or AEP

that were likely to account for the significantly reduced

proteolytic processing of both intact MBP as well as the
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Figure 3. Effect of IFN-c on cathepsin and AEP activity in microglia-derived lysosomes. (a) Lysosomal extracts from resting versus IFN-c-stimu-

lated microglia (MG) were assessed for activity of AEP (upper panel) by turnover of the fluorogenic substrate Z-VAN-AMC and for CatD-activity

(middle panel) using AMCA-EEKPISFFRLGK(Biotin)-NH2 as a fluorogenic substrate, as described in the Materials and methods. Astrocytes

(Astroc.) served as controls, AEP and CatD activities are expressed in arbitrary units. Mean values and standard deviation of triplicate samples

are presented. Lower panel: the combined activity of the cathepsins CatB, CatL, CatS in resting versus IFN-c-stimulated microglial cells (MG,

MG + IFN-c) and astrocytes (Astroc., Astroc. + IFN-c), respectively, was compared by measuring the turnover of the fluorogenic substrate

Z-FR-AMC in lysosomal extracts normalized for total protein. Results are expressed in arbitrary units, mean values and standard deviation of

triplicate samples are presented. (b) Lysosomal fractions from resting versus IFN-c-stimulated microglia and astrocytes were normalized for total

protein content, labelled with the activity-based biotinylated probe DCG-O4, and resolved by SDS–PAGE, followed by semi-quantitative visuali-

zation of the active papain-like cysteine proteases by streptavidin-horseradish peroxidase blot. The identity of the activity signals was deduced

from side-by-side comparison to lysosomal extracts from human B-lymphoblastoid cells and monocytes, as published. Cathepsins Z, B, S and L

are visualized as active species (upper panel). Coomassie staining of a PVDF membrane (lower panel) was performed as a loading control.
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MBP88–93 region in lyosomes from IFN-c-stimulated

microglial cells.

CatG cleaves intact MBP with high efficiency at 90FK91

and 114FS115.16 Since after 10 hr of lysosomal digest,

only fragments indicative of cleavage at 114FS115 were

present with lysosomes from IFN-c-treated microglia (see

Fig. 2a), differential CatG activity was a likely candidate

to explain the differences in processing observed. Indeed,

when we measured CatG activity by turnover of the fluor-

escent peptide Suc-AAPF-AMC, IFN-c-stimulated micro-

glia lacked more than 90% of their CatG-activity,

compared to unstimulated controls (Fig. 4).

To assess the presence of CatG protein under both con-

ditions, we used a CatG-specific ELISA (Fig. 4), as previ-

ously published.16 While CatG protein was readily

detected in resting microglia, no CatG-specific signal was

retrieved after IFN-c treatment of the cells. Astrocytes, by

contrast, contained much lower amounts of CatG that

were close to the detection limit, independently from the

addition of IFN-c. Quantitative RT-PCR was further used

to assess the relative transcription rate of CatG mRNA in

resting versus IFN-c-stimulated microglia in comparison

to astrocytes, total murine brain and total spleen. As

shown in Fig. 4 (lower panel) CatG expression was detec-

ted in resting microglia, although in much lower quanti-

ties than in total spleen; however, CatG mRNA was

absent from IFN-c-stimulated microglia as well as from

astrocytes or total brain, respectively.

Taken together, these results indicated that IFN-c treat-

ment significantly and selectively down-modulated both

CatG protein and CatG activity in lysosomes from pri-

mary microglia. They also suggested, that differential

CatG activity might account for both the reduced rate

and the altered profile of proteolytic processing of MBP

in lysosomal extracts from IFN-c-treated microglia.

Inhibition of serine proteases eliminates differences
in lysosomal MBP-processing between resting and
IFN-c-stimulated microglia

To functionally support the theory that differential CatG

activity accounted for the major differences in the effi-

ciency of MBP processing that were observed, we incuba-

ted MBP with lysosomal fractions from IFN-c-treated and

untreated microglia in the presence or absence of the ser-

ine protease inhibitor phenylmethylsulphonyl fluoride

(PMSF). Although this agent is not specific for CatG, it

efficiently inhibits CatG activity. By contrast, PMSF does

not affect the activity of CatS, CatL, CatD or AEP, which

have been shown to be involved in processing of the

MBP region 88–93, whose destruction is the rate-limiting

step in MBP degradation.27 In the absence of PMSF, lyso-

somal extracts from IFN-c-treated microglia showed a

processing pattern that was qualitatively distinct from that

observed with non-stimulated cells and that still con-

tained a sizeable amount of intact MBP, as expected

(Fig. 5, left panels). When microglia were treated with

PMSF (right panels), however, the HPLC elution profiles

of the resulting MBP fragments were virtually identical,

irrespective of whether lysosomal enzymes from IFN-c-

treated or untreated microglia had been used. Thus,

PMSF-treatment eliminated the differences in MBP pro-

cessing that had been observed between lysosomes from

stimulated and resting microglia, indicating that a serine

protease activity accounted for the processing differences

observed. Because (1) CatG is the only major serine pro-

tease known to be involved in MBP processing, (2) CatG

activity is selectively eliminated upon IFN-c treatment

of microglia, (3) the MBP fragments that were selecti-

vely lost when lysosomes from IFN-c-treated cells were

tested are consistent with CatG-mediated cleavage, and

CatG-activity 

CatG-ELISA

CatG-RT-PCR

0

20

40

60

80

MG MG
+IFN-γ

Astroc.
+IFN-γ

Astroc.

MG MG
+IFN-γ

Astroc.
+IFN-γ

Astroc.

0

10

1000

S
pl

ee
n

B
ra

in

A
st

ro
c.

A
st

ro
c.

 +
 IF

N
-γ

M
G

M
G

+
 IF

N
-γ

A
rb

itr
ar

y 
un

its
 

0

20

40

60

80

A
rb

itr
ar

y 
un

its

R
el

. g
en

e
ex

pr
es

si
on

Figure 4. Influence of IFN-c-treatment on CatG expression and

activity in microglia-derived lysosomes. Total amounts of CatG

activity (top panel) and CatG protein (middle panel) were compared

between equal amounts of protein from lysosomal fractions derived

from resting versus IFN-c-stimulated microglia (MG) or astrocytes

(Astroc.), respectively. CatG activity was determined by turnover of

the fluorogenic substrate Suc-AAPF-AMC and CatG protein by

ELISA, as detailed in the materials and methods, and expressed in

arbitrary units. Mean values and standard deviation of three inde-

pendent experiments are presented. Bottom panel: single-cell suspen-

sions from total spleen and total brain were compared with resting

and IFN-c-stimulated microglia and astrocytes, respectively, with

regard to the expression of CatG mRNA, using quantitative PCR, as

described.
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(4) elimination of serine protease activity in resting micro-

glia eliminated the processing difference observed, we con-

clude that IFN-c induces a selective down-regulation of

CatG activity in lysosomes from primary microglia, which

results in a decreased rate of MBP processing in vitro.

Discussion

We here demonstrate that both the activity and the pro-

tein of the serine protease CatG are practically lost from

the lysosomes of primary microglia upon IFN-c treat-

ment. This effect was selective for CatG, accompanied by

the loss of a number of MBP-processing intermediates

consistent with CatG-mediated processing, and it resulted

in a less efficient proteolytic attack on intact MBP.

Because addition of the serine protease inhibitor PMSF

eliminated the processing differences observed between

resting and IFN-c-stimulated cells, we conclude that dif-

ferential CatG activity in IFN-c-treated versus untreated

microglia is likely to be responsible for the qualitative

and quantitative differences observed in the degradation

of MBP by lysosomal proteases. Recent data demonstrated

that treatment with IFN-b inhibits the T-cell activation

capacity of central nervous system APCs, probably medi-

ated by less efficient antigen presenting.43 Although

entirely speculative at present, modulation of protease

activity in glial cells induced by IFN-b exposure could

represent one possible molecular basis for this effect.

Microglia probably represent the functionally most

important type of central-nervous-system-resident APC.33

While we have some basic knowledge regarding the pro-

teases present as well as the way these process Ii in the

MHC II compartment,42,44 information about the proteo-

lytic breakdown of antigen by the endocytic proteases of

microglia is essentially lacking. We have therefore estab-

lished a model system that allows us to biochemically dis-

sect the proteolytic breakdown of autoantigens in vitro by

digesting recombinant autoantigens with the protease

content of APC-derived lysosomal fractions, followed by

mass spectrometry-based identification of the proteolytic

products. Antigen presentation relies on the coordinated

action of multiple individual factors, which apart from

protease activity include the interaction between struc-

tural features of the antigen and the human leucocyte

antigen (HLA) haplotype45 as well as the evolution and

acidification of endocytic compartments as a dynamic sys-

tem.46 We here aimed to identify major active endocytic

proteases in microglia and their regulation by soluble fac-

tors such as IFN-c, as well as their contribution to the

degradation of a model antigen in vitro as a first step

towards a biochemical characterization of antigen pro-

cessing by microglia. Binding of MBP to different MHC

haplotypes differs fundamentally and influences both

MBP epitope selection and presentation. This modifying

influence of MHC haplotypes on the processing pathway

does not significantly influence the system used here,

because MBP is present in large excess in the processing

reaction, so that the protease pool interacts predomin-

antly with soluble MBP, as deduced from similar process-

ing experiments with extracts from HLA DRB1*1501

versus DRB1*0401 homozygous B-cell lines, which resul-

ted in identical processing patterns (T. Burster, unpub-

lished results). Also, antigen processing in vivo may be

more confined to late endosomal specialized compart-

ments such as MHC class II-enriched compartment

(MIIC) rather than the conventional lysosomes analysed

here. While this issue is still under discussion, the prote-

ase contents in late endosomes and lysosomes differ little

in both DCs and BLCs, so that lysosomes can still be con-

sidered a valid source of a protease pool that is probably

representative also for MIIC compartments. Using an

identical approach, we have previously predicted the

dominant role of AEP in controlling T-cell activation

when MBP-derived epitopes are presented by BLCs,27

which was functionally confirmed by Manoury et al.28

This argues for the validity of the biochemical conclusions

drawn from our in vitro processing model, although this

cannot a priori be generalized.

We did not observe significant CatG-mediated cleavage

at 90FK91. We believe that this is because the cleavage
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Figure 5. PMSF treatment eliminates the effect of IFN-c on MBP

processing. Intact MBP was incubated with lysosomal extracts from

resting (MG; top panels) or IFN-c-stimulated (MG + IFN-c; bottom

panels) microglia for 24 hr, either in the absence (left panels) or

presence (right panels) of the serine protease inhibitor PMSF

(5 mm). Proteolytic fragments obtained are resolved by RP-HPLC

and visualized by ultraviolet absorption at 214 nm (A214). The

hatched line indicates the elution time of intact MBP.
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after F89 obviously dominated processing in the MBP88-

93 region in both treated or untreated microglia at early

time-points. Although CatG is present and active in

resting microglia (as demonstrated by the dominant

114FS115 cleavage), CatG cleavage after F90 is most likely

not observed here, because the CatD-derived fragments

ending at MBP89 do not represent a suitable target for

CatG any more (CatG is an endoprotease and would

require a higher number of aminoacids N-terminally of

the cleavage site of the protein target).

The regulation of the proteolytic activity in the MHC II

antigen-processing compartment of primary types of APC

is poorly understood. Work with primary DCs, monocytes

and microglia showed relatively selective modulation of

the activity of one or two major proteases rather than of

the entire set of proteolytic enzymes by a given stimulus,

supporting specific, non-redundant roles of individual

enzymes in the MHC II antigen processing machi-

nery.29,31,32,42 As we show here, the activities of CatL,

CatB, AEP and CatD were largely unaffected, whereas

CatG activity was eliminated by IFN-c, accompanied by a

modest reduction in CatS activity. Differential CatS activ-

ity is unlikely to account for the IFN-c-induced changes

in MBP processing, because the CatS-sensitive cleavages

39DS40 and 91KN92 emerged with similar probabilities

under stimulated and non-stimulated conditions. Finally

PMSF, which does not affect CatS activity, eliminated the

differences in MBP processing between lysosomes from

treated and untreated cells.

It is unknown which steps in the proteolytic destruc-

tion of a given antigen by primary APCs are altered by

such selective modulation of protease activity. Apart from

the MBP fragments indicative of CatG activity, which

were mostly absent when IFN-c-treated microglial cells

were used, the remaining pattern of processing intermedi-

ates was largely identical under resting or stimulated con-

ditions. Thus, the selective down-modulation of a

dominant proteolytic enzyme did not result in an alter-

native, entirely novel pattern of antigen destruction, but

rather in a less efficient version of the original proteolytic

pathway.

There are conflicting data about the activity and regula-

tion of CatS, which mediates invariant chain processing

in microglia. Stimulation of primary mouse microglia as

well as of astrocytes with IFN-c (after 48 hr) neither

induced expression of CatS mRNA in astrocytes nor

up-regulated its expression in microglia. However, active

CatS visualized using activity-based probes was increased

when microglia were stimulated with IFN-c for 48 hr.42

In contrast, stimulation of a cell line derived from mouse

microglia caused secretion of CatS and therefore loss of

active CatS into the extra plasmatic space.47 In the pre-

sent work, CatS was not up-regulated by 24 hr of IFN-c
stimulation of primary microglia, which might be

explained by the different duration of IFN-c treatment or

different culture techniques to propagate microglia. In

primary human monocytes, IFN-c displayed its maximum

effect on CatS activity after 48–72 hr, while no effect was

found after 24 hr of incubation, which is consistent with

our interpretation.31

CatG has only recently been identified as a functionally

dominant protease in the MHC II compartment of pri-

mary B cells and DCs. Primary microglia similarly con-

tain active CatG in the lysosomal compartment in

significant amounts. CatG might therefore be a dominant

endoprotease of the endocytic antigen-processing machin-

ery in primary APCs in a more general sense, implicating

that its functional significance for antigen processing

could be comparable to that of CatS and AEP. In

summary, our findings suggest that CatG is a dominant

lysosomal protease in murine primary microglia. CatG

activity can be selectively down-modulated by IFN-c,

leading to an increased stability of MBP and its immuno-

dominant epitope in vitro.
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