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SUMMARY

In general, exogenous proteins are processed by antigen-presenting cells in the endosomes for major

histocompatibility complex (MHC) class II presentation to CD41 T cells, while proteins synthesized

endogenously are processed in the cytoplasm for MHC class I presentation to CD81 T cells. However, it

is recognized that exogenous proteins can be processed for MHC class I presentation also, and evidence

in favour of alternatives to the conventional MHC class I processing and presentation pathway is

accumulating. Here, we show that exogenous recombinant influenza A virus nucleoprotein (rNP) is

processed for MHC class I presentation to CD81 cytotoxic T lymphocytes (CTL) by EBV-transformed,

B-lymphoblastoid cell lines (B-LCL). Processing of rNP for HLA-B27-associated presentation seemed

to follow the conventional MHC class I pathway predominantly, as presentation was diminished in the

presence of lactacystin and brefeldin A, but was less sensitive to chloroquine and NH4Cl. HLA-B27-

associated presentation was also observed using cells lacking a functional transporter associated with

antigen processing, suggesting that alternative pathways may be exploited for processing of rNP.
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INTRODUCTION

In virus-infected cells, antigenic peptides are liberated in the cyto-

plasm from endogenously-synthesized proteins and are presented

to CD81 cytotoxic T lymphocytes (CTL) by major histocompati-

bility complex (MHC) class I molecules. These proteins are

degraded by a multi-enzyme complex, the proteasome, which

generates peptides 9±12 amino acids long that are subsequently

transported to the endoplasmic reticulum (ER) by the transporter

associated with antigen processing (TAP). In the ER, the peptides

associate with MHC class I molecules, and the resulting complex

traverses the Golgi apparatus to be presented at the surface of the

cell for recognition by specific CTL [1±5].

Although proteins synthesized in the cytoplasm of infected

cells are the main substrate for the conventional (endogenous)

MHC class I processing and presentation pathway, it has become

evident that peptides liberated from exogenous proteins can be

presented in a MHC class I-restricted fashion also, and evidence in

favour of alternatives to the conventional MHC class I pathway is

accumulating [6±8]. Indeed, it has been shown that macrophages,

as well as other antigen-presenting cells (APC), can process a vast

diversity of exogenous antigens, including particulate antigens

such as bacteria, bead-coupled antigens, cell debris, inactivated

viruses, and antigens associated with, or incorporated into,

virosomes, liposomes or immune-stimulating complexes (iscoms)

for MHC class I presentation [8]. Recently, it was shown that

MHC class I presentation of exogenous antigens by APC may be

necessary for the induction of CTL responses [9,10].

Several mechanisms for the processing of exogenous proteins

and MHC class I presentation have been proposed. The results of

several studies suggest a model in which endocytosed exogenous

proteins gain access to the cytoplasm either by leakage from

endosomal compartments, or by a yet unknown transport

mechanism, and subsequently follow the conventional MHC class

I pathway [11±15]. Results of other studies suggest an alternative

mechanism in which endocytosed exogenous proteins are

degraded in an endosomal compartment and subsequently loaded

onto MHC class I molecules [16±20]. This could take place either

extracellularly following regurgitation, or in the endosomal

compartment itself following internalization of MHC class I

molecules from the cell surface.

Processing of exogenous proteins for MHC class I presentation

has been demonstrated almost exclusively for macrophages and

dendritic cells [8]. B-lymphocytes usually process exogenous

antigen for MHC class II presentation by means of internalization

of antigen bound to surface immunoglobulin (receptor-mediated
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endocytosis). It has been demonstrated that B-lymphocytes can

present exogenous antigen in association with MHC class I

molecules also, but only if the antigen matches the surface

immunoglobulin [21,22].

Here, we describe MHC class I presentation of exogenous

recombinant influenza A virus nucleoprotein (rNP) by EBV-

transformed, B-lymphoblastoid cell lines (B-LCL). MHC class I

processing and presentation of rNP-derived peptides were studied

using CTL clones specific for the HLA-A3-restricted NP epitope

ILRGSVAHK2652273 and the HLA-B27-restricted NP epitope

SRYWAIRTR3832391.

MATERIALS AND METHODS

Production of rNP

rNP of influenza virus A/HongKong/2/68; H3N2 (A/HK/2/68),

A/Netherlands/18/94; H3N2 (A/Neth/18/94), and B/Harbin/7/94

(B/Har/7/94) was produced as described previously [23]. In brief,

the nucleoprotein (NP)-encoding genes were cloned at the 3 0 end

of the maltose-binding protein (MBP)-encoding gene using the

bacterial expression vector pMalC (New England Biolabs,

Beverly, MA, USA) to yield fusion proteins consisting of MBP

at the N-terminus and NP at the C-terminus. Recombinant MBP

alone (rMBP) was generated from the empty vector as a control.

The resulting recombinant proteins were purified by affinity

chromatography using amylose resin columns (New England

Biolabs).

Isolation and analysis of NP-specific CTL clones

A HLA-B27-restricted CTL clone, designated NP/B27, with specifi-

city for the influenza A virus NP epitope SRYWAIRTR3832391,

was isolated as previously described [24]. An HLA-A3-restricted

CTL clone, designated NP/A3, specific for the influenza A virus

NP epitope ILRGSVAHK2652273, was kindly provided by Dr W.

Biddison, NIH, Bethesda, MD. Phenotype, specificity and HLA

restriction of both CTL clones were confirmed as described [24].

CTL assays

B-LCL cells (1 � 106) of an HLA-A3- and -B27-positive donor

were incubated with rNP derived from influenza virus A/HK/2/68,

A/Neth/18/94 or B/Har/7/94, or rMBP (0±500 mm), or were

incubated with the peptide ILRGSVAHK or SRYWAIRTR

(0±10 mm) in 1 ml RPMI 1640 medium containing l-glutamin

(2 mm), penicillin (100 IU/ml), streptomycin (100 mg/ml) and

10% FBS (culture medium) at 378C and 5% CO2. In addition,

untreated B-LCL cells were infected with influenza virus

(Resvir-9; a H3N2 reassortant virus obtained from the influenza

viruses A/Nanchang/933/95; H3N2 and A/Puerto Rico/8/34;

H1N1) at a multiplicity of infection (m.o.i.) of 0´1. Infections

were performed for 1 h in 1 ml RPMI 1640 medium without FBS,

washed with culture medium and further cultured in 1 ml of

this medium. Also, 1 � 106 BM28´7 and BM36´1 cells, both

transfectant cell lines expressing HLA-B27 with the BM36´1 cell

line differing from BM28´7 in a 2 bp deletion in TAP2 leading to a

non-functional TAP1/TAP2 complex [25], were incubated with

rNP derived from influenza virus A/HK/2/68 (0±50 mm), the

peptide SRYWAIRTR (0±10 nm) or infected with influenza virus

as described above. The BM28´7 and BM36´1 cell lines were

cultured in the presence of 300 mg/ml geneticin. In selected

experiments, cells were cultured in the continuous presence of

lactacystin (3 mm) or brefeldin A (50 mm), which was added to

the cells simultaneously with exogenous rNP or 1 h after infection

with virus. After an incubation of 1 h (peptide-pulsed cells) or

16 h (rNP-incubated or influenza virus-infected cells), target cells

were washed with culture medium to remove excess peptide,

antigen, lactacystin and brefeldin A, and labelled for 1 h with

75 mCi Na2[51 Cr]O4. After washing three times with culture

medium, 104 target cells were incubated with 105 cells of the

NP/A3 or NP/B27 CTL clone (E:T ratio � 10) in a total volume of

150 m l, for 4 h at 378C. Since the BM28´7 and BM36´1 cell lines

are HLA-A3 negative, only NP/B27 CTL were used as effector

cells in experiments with these cell lines. Target cells were

also incubated in culture medium (spontaneous release) or in

10% Triton X-100 (maximum release). Supernatant fluids were

harvested and radioactivity was measured by gamma counting.

The percentage specific lysis was calculated as: 100 � [experi-

mental release ± spontaneous release]/[maximum release ± spon-

taneous release]. CTL assays were performed with 10 replicates

per target per experiment. Experiments were performed at least

twice. Statistical analysis was performed using Student's t-tests.

Lymphocyte stimulation test (LST)

B-LCL cells (1 � 106) were incubated with rNP derived from

influenza virus A/HK/2/68 (0´5±1 mm), or infected with influenza

virus as described above, and cultured in the presence or absence

of lactacystin (3 mm), brefeldin A (50 mm), chloroquine (50 mm)

or NH4Cl (20 mm). Also, 1 � 106 BM28´7 and BM36´1 cells

were incubated with rNP derived from influenza virus A/HK/2/68

(1 mm) and cultured in the presence or absence of these inhibitors.

Culture conditions were as described above. After an incubation

of 16 h, cells were washed twice with PBS to remove antigen and

inhibitors, fixed with paraformaldehyde (1´5%), and resuspended

in RPMI 1640 medium containing l-glutamin (2 mm), penicillin

(100 IU/ml), streptomycin (100 mg/ml), 2-mercapto-ethanol

(5 � 1025 m) and 10% human pool serum; 5 � 104 of these

stimulator cells were incubated with 5 � 104 cells of the NP/A3

or NP/B27 CTL clone in a total volume of 200 m l at 378C and 5%

CO2. After 3 days, 10 m l[3H]-labelled thymidine (50 mCi/ml)

was added and after an incubation of 16 h, cells were harvested

and thymidine incorporation was measured using a b -plate reader

(LKB Wallac, Turku, Finland). The stimulation index was

calculated as: radioactivity sample/radioactivity negative control

(medium). LST were performed in triplicate.

Radio immuno-precipitation assay (RIPA)

B-LCL cells (6 � 106) were washed in PBS and resuspended in

3 ml RPMI 1640 medium, supplemented with 5% dialysed FBS

but without l-methionin and l-cystin, and incubated at 378C and

5% CO2. After 30 min, 300 mCi of a mixture of 35S-labelled

l-methionin and l-cystin were added and incubated for 15 min.

Cells were pelleted and resuspended in 2 ml ice-cold RIPA buffer

(10 mm Tris pH 7´8, 150 mm NaCl, 600 mm KCl, 4 mm EDTA,

2% Triton X-100, 2´5 mm iodocetamide and protease inhibitor

(Complete, Boehringer Mannheim, Germany). After incubation on

ice for 10 min, the lysate was centrifuged and the supernatant

fluid used for immuno-precipitation using Protein A beads. A 1%

aliquot of the supernatant fluid was pre-cleared with 10 m l control

mouse ascites fluid, followed by incubation of 5 m l normal mouse

serum, both for 1 h at 48C. This pre-cleared supernatant fluid was

used for specific precipitation with monoclonal antibodies

directed against HLA-A3 or -B27 (Biotest). Beads were pelleted

and the supernatant fluid was subjected to a second round of
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precipitation. The pellets of both precipitations were resuspended

in SDS-PAGE sample buffer. Samples were boiled for 3 min and

run on a 15% polyacrylamide gel. After electrophoresis, gels were

fixed, incubated with amplify solution (Amersham Pharmacia,

Little Chalfont, UK), dried under vacuum at 808C and exposed to

X-ray film.

RESULTS

MHC class I presentation of rNP

B-LCL cells of an HLA-A3- and -B27-positive donor were

incubated with various concentrations of rNP derived from

influenza virus A/HK/2/68 and used as target cells in CTL assays

(Fig. 1a). B-LCL cells incubated with as little as 2 mm rNP were

recognized by CTL specific for the HLA-B27-restricted NP

epitope SRYWAIRTR3832391 (NP/B27 CTL). The percentage of

specific lysis by these CTL increased with increasing concentra-

tions of rNP. The B-LCL cells were also recognized and lysed by

CTL specific for the HLA-A3-restricted NP epitope ILRGS-

VAHK2652273 (NP/A3 CTL), but only after incubation with rNP

at a concentration of 50 mm or higher. The recognition of the rNP-

derived peptides ILRGSVAHK2652273 and SRYWAIRTR3832391

by NP/A3 and NP/B27 CTL, respectively, was also studied with

B-LCL from other donors, which were either HLA-A3-, HLA-

B27-, or HLA-A3- and -B27-positive, but with mismatching other

HLA-A and -B alleles. With these B-LCL, comparable results

were obtained (data not shown). Using peptide-pulsed cells, it was

found that at saturating concentrations of peptide, the B-LCL cells

were lysed equally well by NP/A3 and NP/B27 CTL, whereas at

low concentrations of peptide (below 0´01 mm), only NP/B27

CTL specifically lysed the B-LCL cells (Fig. 1b). Thus, approxi-

mately 100-fold less rNP or peptide was required for efficient lysis

by NP/B27 CTL compared with NP/A3 CTL. Furthermore, in

lymphocyte stimulation tests (LST), proliferation of NP/B27 CTL

was observed after stimulation with B-LCL cells incubated with

rNP (Fig. 4b), while NP/A3 CTL failed to respond (data not

shown). In order to address the observed differences in

recognition by NP/A3 and NP/B27 CTL further, the expression

levels of HLA-A3 and HLA-B27 molecules in the B-LCL cells

were determined by a radio immuno-precipitation assay (RIPA)

using saturating amounts of monoclonal antibodies directed

against HLA-A3 and -B27. Comparable numbers of HLA-A3

and -B27 molecules were detected after a first precipitation, with a
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Fig. 1. MHC class I presentation of rNP. B-LCL cells of an HLA-A3- and -B27-positive donor were incubated with various concentrations

of rNP derived from influenza virus A/HK/2/68 (a) or various concentrations of the HLA-A3-restricted peptide ILRGSVAHK (b, left panel)

or the HLA-B27-restricted peptide SRYWAIRTR (b, right panel), and used as target cells in CTL assays with NP/A3 and NP/B27 CTL as

effector cells. Experiments were performed with 10 replicates per target per experiment. Mean percentages of specific lysis at an E:T ratio of

10:1 are shown.

Fig. 2. Analysis of expression levels of HLA-A3 and HLA-B27 in B-LCL

cells. B-LCL cells incubated with 35S-labelled cysteine and methionine

were lysed and the pre-cleared lysate was subjected to two rounds of

specific precipitation using HLA-A3- and HLA-B27-specific monoclonal

antibodies. Lanes 1: first precipitation; lanes 2: second precipitation.
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limited but comparable number of HLA-A3 and -B27 molecules

detectable in a subsequent precipitation (Fig. 2). Scanning of the

bands revealed no significant differences in intensity, indicating

that the total expression levels of HLA-A3 and HLA-B27 in the

B-LCL cells used were comparable. However, it cannot be

excluded that the surface expression levels of the respective MHC

class I molecules may have differed.

To confirm that the recognition of the B-LCL cells incubated

with rNP by NP/A3 and NP/B27 CTL was specific for the

epitopes ILRGSVAHK2652273 and SRYWAIRTR3832391, respec-

tively, B-LCL cells were incubated with rNP derived from

influenza virus A/HK/2/68, A/Neth/18/94 or B/Har/7/94, or

recombinant maltose binding protein (rMBP), the latter two

lacking the HLA-A3- and HLA-B27-restricted epitopes and

serving as negative controls (Fig. 3a). B-LCL cells were lysed

by NP/B27 CTL after incubation with 5 mm rNP derived from

influenza virus A/HK/2/68, but not after incubation with the same

amount of rMBP or rNP derived from influenza virus B/Har/7/94

or A/Neth/18/94, which contain an R384G mutation in the HLA-

B27-restricted epitope SRYWAIRTR3832391. This mutation has

been associated with the loss of recognition by CTL specific for

this epitope [24]. B-LCL cells incubated with 500 mm rNP

(required to measure specific lysis by NP/A3 CTL; see Fig. 1a)

derived from influenza virus A/HK/2/68 or A/Neth/18/94 (which

both contain the ILRGSVAHK2652273 epitope) were recognized

by NP/A3 CTL. Like NP/B27 CTL, NP/A3 CTL did not lyse

B-LCL cells incubated with the same amount of rNP derived from

influenza virus B/Har/7/94 or rMBP. Part of the HLA-B27-

associated presentation was attributed to extracellular processing

of rNP, most probably by serum proteases. In LST, NP/B27 CTL

could be stimulated to a certain extent with prefixed B-LCL cells

that had been incubated with rNP in medium containing 10% FBS,

but not when the same cells had been incubated with rNP in

medium devoid of FBS (data not shown).

Effect of lactacystin and brefeldin A on MHC class I

presentation of rNP

In order to study further the route of processing of rNP, B-LCL

cells were incubated with rNP derived from influenza virus A/HK/

2/68 in the continuous presence of lactacystin, which inhibits

proteasome activity, or brefeldin A, which blocks transport from

the ER (Fig. 3b). As a control, B-LCL cells infected with

influenza virus Resvir-9 (of which the NP contains both the

HLA-A3- and HLA-B27-restricted epitopes) were included. Both

NP/A3 and NP/B27 CTL lysed virus-infected target cells. As

expected, recognition of virus-infected cells by these CTL was

sensitive to the action of lactacystin and brefeldin A (P , 0´001).

The recognition of B-LCL cells incubated with rNP in the

presence of these inhibitors was also reduced (P , 0´001),

suggesting that the conventional MHC class I pathway is of

importance for processing and presentation of rNP in these cells.

The inhibitors did not affect surface expression of MHC class I

molecules, as B-LCL cells that had been incubated with peptide in

the presence of inhibitors were lysed equally well by CTL as
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Fig. 3. MHC class I presentation of rNP derived from several influenza viruses and the effect of lactacystin and brefeldin A. B-LCL cells of

an HLA-A3- and -B27-positive donor were incubated with 500 (left panel) or 5 mm (right panel) rNP derived from influenza virus A/HK/2/

68, A/Neth/18/94 or B/Har/7/94, with rMBP or left untreated (a), or incubated with 500 (left panel) or 5 mm (right panel) rNP derived from

influenza virus A/HK/2/68 or infected with influenza virus (m.o.i. � 0´1) in the presence or absence of lactacystin or brefeldin A (b). Cells

were used as target cells in CTL assays with NP/A3 and NP/B27 CTL as effector cells. Experiments were performed with 10 replicates per

target per experiment. Mean percentages of specific lysis at an E:T ratio of 10:1 are shown.
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B-LCL cells that had been incubated with peptide without

inhibitors (data not shown). The results obtained with the CTL

assays were confirmed in an LST. Proliferation of NP/A3 and

NP/B27 CTL was reduced after stimulation with influenza virus-

infected B-LCL cells which had been cultured in the presence of

lactacystin or brefeldin A (Fig. 4a). Likewise, proliferation of

NP/B27 CTL was reduced when B-LCL cells had been incubated

with rNP derived from influenza virus A/HK/2/68 in the presence

of these inhibitors (Fig. 4b). The relatively strong proliferation of

NP/B27 CTL upon stimulation with B-LCL cells that had been

incubated with rNP, as compared with CTL stimulated by virus-

infected B-LCL cells, most likely reflects the different nature of

the antigens used.

Effect of chloroquine and NH4Cl on MHC class I presentation

of rNP

A possible role for endosomal processing was studied using

chloroquine and NH4Cl, which prevent acidification of endosomes

and, consequently, proteolysis. The effect of these inhibitors was

not tested in CTL assays as the required continuous presence of

these agents affected CTL activity. Therefore, paraformaldehyde-

fixed B-LCL cells, which had been infected with influenza virus

Resvir-9 or incubated with rNP derived from influenza virus

A/HK/2/68 in the presence or absence of these inhibitors, were

used as stimulator cells in LST. Proliferation of NP/A3 and

NP/B27 CTL was reduced after stimulation with infected B-LCL

cells that had been cultured in the presence of chloroquine or

NH4Cl, as compared with CTL stimulated with untreated infected

B-LCL cells (Fig. 4a). This is explained by the fact that a low pH

in the endosomes is essential for conformational changes in the

haemagglutinin, allowing fusion of the viral membrane with the

membrane of endosomes and subsequent release of viral antigens

into the cytoplasm. In contrast, no significant difference in

proliferation of NP/B27 CTL was observed upon stimulation with

B-LCL cells incubated with 1 mm rNP in the presence or absence

of these inhibitors (Fig. 4b). When B-LCL cells were incubated

with a lower amount of rNP (0´5 mm), only a limited reduction in

proliferation of NP/B27 CTL was observed (data not shown).

MHC class I presentation of rNP in the absence of TAP

To study the role of TAP in the processing of rNP, BM28´7 and

TAP-deficient BM36´1 cells were used. The recognition of virus-

infected BM36´1 cells by NP/B27 CTL was significantly reduced

(P , 0´001) compared with the recognition of the corresponding

TAP-competent BM28´7 cells (Fig. 5a). This difference could not

be attributed to differences in the infection rates of the respective

cell lines, as both cell lines were infected equally well, as

demonstrated by immunofluorescense using an NP-specific mono-

clonal antibody (data not shown). Surprisingly, the opposite was

found after incubation with rNP derived from influenza virus

A/HK/2/68. BM36´1 cells incubated with rNP were lysed more

efficiently by NP/B27 CTL than BM28´7 cells (P , 0´001). To

rule out the possibility that the observed differences between the

BM28´7 and BM36´1 cells are the result of differences in the

expression of peptide-receptive HLA-B27 molecules, the recogni-

tion of these cells by NP/B27 CTL was studied after incubation
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Fig. 4. Effect of inhibitors of the conventional MHC class I pathway and endosomal antigen processing on MHC class I presentation of

rNP. B-LCL cells of a HLA-A3- and -B27-positive donor were infected with influenza virus (m.o.i. � 0´1) in the presence or absence of

lactacystin, brefeldin A, chloroquine or NH4Cl and used as stimulator cells in LST with NP/A3 and NP/B27 CTL (a). B-LCL cells were also

incubated with 1 mm rNP derived from influenza virus A/HK/2/68 in the presence or absence of these inhibitors and used as stimulator cells

in LST with NP/B27 CTL (b). LST were performed in triplicate. Mean stimulation indices are shown.
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Fig. 5. MHC class I presentation of rNP in the absence of TAP and the effect of inhibitors of the conventional MHC class I pathway and

endosomal antigen processing. BM28´7 and BM36´1 cells were incubated with 5 or 50 mm rNP derived from influenza virus A/HK/2/68 or

infected with influenza virus (m.o.i. � 0´1) (a), incubated with various concentrations of the HLA-B27-restricted peptide SRYWAIRTR (b),

or incubated with 50 mm rNP derived from influenza virus A/HK/2/68 in the presence of lactacystin or brefeldin A (c). Cells were used as

target cells in CTL assays with the NP/B27 CTL as effector cells. Experiments were performed with 10 replicates per target per experiment.

Mean percentages of specific lysis at an E:T ratio of 10:1 are shown. BM28´7 and BM36´1 cells incubated with 1 mm rNP derived from

influenza virus A/HK/2/68 in the presence or absence of lactacystin, brefeldin A, chloroquine or NH4Cl were used as stimulator cells in LST

with the NP/B27 CTL (d). LST were performed in triplicate. Mean stimulation indices are shown.
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with limiting amounts of peptide (Fig. 5b). Both cell lines were

recognized equally well by the NP/B27 CTL under these

conditions, indicating that HLA-B27 was expressed at comparable

levels in both cell lines. In contrast to the CTL assay, no differ-

ences in proliferation of NP/B27 CTL stimulated with BM28´7 or

BM36´1 cells incubated with rNP were observed (Fig. 5d).

Proliferation of NP/B27 CTL stimulated either with BM28´7 or

BM36´1 cells was less pronounced than that observed for other

B-LCL cells (Fig. 4b) and seems to depend on the cell line used.

The effect of the MHC class I pathway inhibitors, lactacystin

and brefeldin A, as well as inhibitors of endosomal processing

(chloroquine and NH4Cl), was also studied for BM28´7 and

BM36´1 cells incubated with rNP derived from influenza virus

A/HK/2/68 (Fig. 5c, d). Specific lysis by NP/B27 CTL was

reduced when cells had been incubated with rNP in the presence

of either lactacystin or brefeldin A (Fig. 5c). Similarly, prolifera-

tion of NP/B27 CTL was reduced under these circumstances

(Fig. 5d). Although proliferation of NP/B27 CTL stimulated with

BM28´7 cells which had been incubated with rNP in the presence

of chloroquine was reduced, no reduction was observed when

BM28´7 cells had been incubated with rNP in the presence of

NH4Cl. In contrast, proliferation of NP/B27 CTL was severely

reduced when TAP-deficient BM36´1 cells had been incubated

with rNP in the presence of chloroquine or NH4Cl (Fig. 5d).

DISCUSSION

Although exogenous proteins are usually processed for MHC class

II presentation to CD41 Th cells, it has been shown that some

APC (e.g. macrophages and dendritic cells) are capable of

processing these proteins for MHC class I presentation to CD81

CTL as well [8]. With the exception of proteins that are delivered

into the cytosol artificially (e.g. proteins associated with iscoms),

or proteins that are internalized by receptor-mediated endocytosis,

MHC class I presentation of exogenous protein by B-lymphocytes

has not thus far been demonstrated [11,21,22,26±31]. Here, we

show MHC class I presentation of the HLA-A3-restricted peptide

ILRGSVAHK2652273 and the HLA-B27-restricted peptide SRY-

WAIRTR3832391, derived from exogenous rNP by B-LCL.

The NP/B27 CTL recognized B-LCL cells which had been

incubated with rNP at a concentration of 2 mm, while approxi-

mately 100 times higher concentrations of rNP were required to

sensitize B-LCL cells for lysis by NP/A3 CTL. Recently, it has

been demonstrated that HLA-B27-restricted peptides have higher

affinity for TAP than HLA-A3-restricted peptides [32] and, using

peptides, we have shown that B-LCL cells could be sensitized for

lysis by NP/B27 CTL at peptide concentrations much lower than

needed for measuring HLA-A3-associated presentation. Peptides

with higher affinities for their MHC class I molecule and/or

TAP may be presented more efficiently than peptides possessing

low affinity. The efficient presentation by HLA-B27 molecules

may also be related to some unique features of these MHC class I

molecules, including their ability to bind peptides without

associating with TAP or tapasin, and their ability to bind peptides

longer than nonamers and to form peptide-binding homodimers

[33±35]. While these seem likely explanations, it cannot be totally

excluded that possible differences in the CTL clones or surface

expression levels of MHC class I molecules may have contributed

to the observed difference in HLA-A3- and HLA-B27-associated

presentation.

The mode of processing of exogenous proteins for MHC class

I-restricted presentation is not fully clear. It has been suggested

that some proteins can be processed extracellularly by serum

proteases [36]. In contrast to the HLA-A2-restricted epitope of the

influenza virus matrix protein [31] and the HLA-A3-restricted

epitope of rNP, the presentation of the HLA-B27-restricted

epitope of rNP was possible, to a certain extent, by paraform-

aldehyde-fixed B-LCL cells in the presence of FCS, but not

without FCS, indicating that extracellular processing of rNP by

serum proteases contributed to the generation of presentable

peptides (data not shown). However, MHC class I presentation of

the HLA-A3- and HLA-B27-restricted peptides derived from

exogenous rNP, like presentation of these peptides derived from

de novo synthesized NP by virus-infected cells, was found to

depend on proteasome activity and to be sensitive to brefeldin A.

This suggests that rNP gained access to the cytoplasm, following

endocytosis and subsequent leakage from endosomes, and that

processing and presentation followed the conventional MHC class

I pathway. It is unlikely that endocytsosis was receptor-mediated

since the B-LCL cells did not express NP or MBP-specific

immunoglobulin (data not shown). In addition, it can be excluded

that the rNP preparations contained presentable peptides, as the

presentation of synthetic peptides was not inhibited by lactacystin

or brefeldin A. Previously, we have shown that influenza virus M1

protein fused to MBP only sensitized B-LCL cells for recognition

by CTL specific for the M1 protein, HLA-A2-restricted epitope

GILGFVFTL58266 when the protein was associated with iscoms

[31]. In addition, B-LCL cells incubated with high doses (1 mm)

of this recombinant M1 protein (without iscoms) were not

recognized by specific CTL (unpublished data). These results

rule out a direct role of MBP in entry of rNP into the MHC class I

pathway.

HLA-B27-associated presentation by B-LCL cells was shown

to be insensitive to chloroquine and NH4Cl at a high concentration

of rNP, while at a lower concentration, limited sensitivity to these

agents was observed. This suggests that, in addition to the

conventional MHC class I pathway, endosomal processing may

only be exploited by these cells to a limited extent. It is possible

that in the endosomal compartments of B-LCL cells, peptides

were generated from rNP by proteolysis and subsequently loaded

onto peptide-receptive, internalized, MHC class I molecules,

which are known to recycle through endosomal compartments

[37±39]. While this mechanism may have contributed to the

observed MHC class I presentation of rNP, it is most probably not

the major route.

Surprisingly, HLA-B27-associated presentation of rNP also

occurred in the TAP-deficient cell line BM36´1. Since, in cells

lacking a functional TAP, the conventional MHC class I pathway

is hampered, as demonstrated by the fact that recognition of

influenza virus-infected BM36´1 cells by NP/B27 CTL was

reduced, processing and presentation of rNP in these cells must

have followed alternative routes which appeared to be highly

efficient. TAP-independent MHC class I-restricted presentation

has been described for peptides liberated from N-terminal signal

sequences of proteins that enter the ER via translocation [40±47].

In addition, it has been suggested that entry of proteins or peptides

into the ER of TAP-deficient cells may take place by (unknown)

mechanisms other than translocation [46]. As the influenza virus

NP does not contain a signal sequence and as it was cloned

C-terminal of the MBP, translocation-mediated entry into the ER

is unlikely. MHC class I presentation of rNP by BM36´1 cells, but

not BM28´7 cells, was found to be severely inhibited by
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chloroquine and NH4Cl, indicating that the endosomal route is

involved in the processing of rNP in these cells. These results are in

agreement with a study showing that processing and presentation of

an ovalbumin epitope (aa 257±264), contained within an ovalbumin

fusion protein, was sensitive to chloroquine in TAP-deficient

macrophages, but not in normal macrophages [48].

The observed MHC class I presentation of rNP by BM36´1

cells was also found to be sensitive to brefeldin A, indicating that

antigenic peptides were loaded onto MHC class I molecules prior

to their transport to the cell surface. In addition to inhibition of

transport of MHC class I molecules from the ER to the cell

surface, brefeldin A is known to inhibit transport of MHC class II

molecules from the endosomes to the cell surface [49]. It may be

speculated that brefeldin A could also affect transport of

internalized MHC class I molecules, loaded with peptide in the

endosomes, back to the cell surface. Alternatively, brefeldin A

treatment could have resulted in a reduced availability of MHC

class I molecules for recycling in endosomes.

Interestingly, the processing of rNP in BM36´1 cells was

sensitive to lactacystin, implying that, at least in part, the peptides

that were presented to the NP/B27 CTL were liberated by

proteasome activity. Since BM36´1 cells are unable to transport

these peptides in the ER by TAP, they were probably loaded onto

MHC class I molecules through alternative, yet unkown routes

which may involve endosomes, the ER or a post ER compartment.

Collectively, the data presented show MHC class I presenta-

tion of exogenous rNP by B-LCL cells. While in normal cells the

conventional MHC class I pathway seems to predominate, in

TAP-deficient cells alternative pathways, including endosomal

processing, may operate for HLA-B27-associated presentation.

The results of this study also show that care should be taken in

drawing general conclusions with respect to the steps involved in

processing and presentation of exogenous proteins.
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