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Abstract For T cells to recognize foreign antigens, the latter must be processed into peptides and associated to major
histocompatibility complex (MHC) class II molecules by antigen-presenting cells (APC). APCs frequently operate under
stress conditions induced by tissue damage, antigens, or inflammatory reactions. We analyze the effects of oxidative
stress on intracellular processing using APC B cell lines. Before being tested for APC function, B cells (IIA1.6) were
exposed for 2 hours to hydrogen peroxide (H2O2), a treatment that impairs their capacity to stimulate specific T cell
clones. Because paraformaldehyde-fixed H2O2-treated B cells can still present extracellular peptides to T cell clones,
the intracellular events of processing were investigated. Purified lysosomes from H2O2-treated B cells show increased
proteolytic activity and increased generation of antigenic peptides. In addition, H2O2 treatment targets antigens to
compartments that express low levels of MHC II and proteins (H-2M, H-2O) required for peptide loading onto this
molecule. Finally, we suggest that impairment of antigen processing by oxidative stress reduces the induction of a T
cell’s response because H2O2 decreases the activation of naive T lymphocytes by dendritic cells. Together, these data
indicate that oxidative stress inhibits the capacity of APCs to process antigens and to initiate a primary T cell response.
The role of such modifications on the outcome of the specific immune response is discussed.

INTRODUCTION

To be recognized by T lymphocytes, foreign antigens
must be processed into peptides by antigen-presenting
cells (APC) (B lymphocytes, dendritic cells [DC], and
macrophages) to be associated to major histocompatibil-
ity complex (MHC) II molecules. Antigens are first inter-
nalized by APC and then degraded in endosomes and
lysosomes by proteases such as cathepsins or aspartyl en-
dopeptidases (Diment, 1990; Fineschi and Miller 1997;
Manoury et al 1998). Some of the resulting peptides are
loaded onto MHC II molecules and then transported to
the cell surface for presentation to specific T cells.

In B lymphocytes, two pathways of antigen (Ag) pro-
cessing and presentation by MHC II molecules have been
described (Pinet et al 1995; Watts 1997): The first or clas-
sical pathway uses newly synthesized class II molecules
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(ab dimers) that are assembled in the endoplasmic retic-
ulum with the invariant chain (Ii) to form (abIi)3 heter-
ononameric complexes (Roche et al 1991). These com-
plexes are transported to the Golgi and then to the en-
docytic compartments (Roche et al 1991; Pinet et al 1995;
Watts 1997; Bakke and Nordeng 1999; Neefjes 1999),
where Ii is sequentially proteolyzed into peptides. One
of these, named class II–associated invariant chain pep-
tide (CLIP), remains associated within the binding site of
MHC II (Ceman and Sant 1995) before its substitution by
an antigenic peptide. This exchange is catalyzed by the
interaction of the MHC II–CLIP complex with H-2M
(Denzin and Cresswell 1995; Jensen et al 1999a, 1999b).
Another protein, H-2O, was shown to interfere in the pep-
tide loading by limitation of the pH range where H-2M
is active (Denzin et al 1997; Liljedahl et al 1998; Alfonso
et al 1999; Kropshofer et al 1999). After their formation,
the MHC II–peptide complexes are targeted at the cell
surface, where the interaction with specific CD41 T cells
occurs (Watts 1997). The second or alternative pathway
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involves intracellular recycling of mature MHC II mole-
cules already expressed at the cell surface. In endosomes,
they become available for antigenic peptide binding, and
the newly formed ab–antigenic peptide complexes are
then transported to the plasma membrane (Pinet et al
1995; Griffin et al 1997). This recycling pathway requires
neither protein synthesis nor Ii and H-2M participation.

Stress, such as physical or biochemical hyperthermia,
oxidation, anoxia, radiation, or inflammatory stimuli, in-
duces modifications of cell functions. Oxidative stress is
a change in the intracellular redox state (Martinez-Ca-
yuela 1995) after exposure to an excess of oxidant species
(peroxides, free radicals, etc) or from a deficit in their
antioxidant activities such as glutathione. Glutathione in
its reduced state (GSH) acts as a scavenger of free-radical
species and is regenerated through transient formation of
the oxidized form GSSG (Hedley and Chow 1994). Oxi-
dative stress is also known to modify cellular metabolism
(Martinez-Cayuela 1995) or physiology through structur-
al perturbations of proteins, lipids, or nucleic acids.

At inflammatory sites, phagocytic cells produce per-
oxides and free-radical species that facilitate pathogen de-
struction. At the same time, T lymphocytes and APC such
as B lymphocytes, macrophages, and DC migrate to in-
flammatory sites to contribute to the immunological re-
sponse. Little is known about the consequences of oxi-
dative stress on immune responses. Hydrogen peroxide
and other pro-oxidant species have been shown to de-
crease the capacity of T lymphocytes to be activated
(Flescher et al 1994, 1998; Tatla et al 1999), whereas an-
tigen oxidation by OH• radicals increases specific T cell
proliferation (Pernollet et al 1993).

APC can be exposed to oxidative stress at inflamma-
tory sites or when infected. In fact, prion protein (Bur-
them et al 2001; Li et al 2001; Sugaya et al 2002) or human
immunodeficiency virus (Muller et al 1986) was described
to induce oxidative stress in infected APC (Israel and
Gougerot-Pocidalo 1997; Milhavet et al 2000). The effects
of oxidative stress on APC functions are unknown, and
previous results suggest that antigen processing could be
modified (Rees et al 1991). We analyzed the effects of
hydrogen peroxide (H2O2) on the capacity of APC to pro-
cess and present antigens to specific T cell clones and
demonstrate that antigen processing is impaired by oxi-
dative stress through modifications of intracellular events
involved in the generation of MHC II–peptide complexes.

MATERIALS AND METHODS

Cell lines and oxidative stress

Experiments were performed using 2 murine MHC II–
positive B hybridomas, IIA1.6 (H-2d), an FcR-defective
variant of A20 (Jones et al 1986), and 2A4 (H-2k), and

three T cell hybridomas, CAB II4.3, G28, and TS12 specific
for the peptides 7–31 and 106–116 of hen egg lysozyme
(HEL) and 42–56 of ribonuclease (RNase), respectively.
Cells were cultured at 378C in 5% CO2 in air, in Dulbecco
modified Eagle medium (DMEM) supplemented with
10% inactivated fetal calf serum, 2 mM L-glutamine, 1
mM sodium pyruvate, 1% nonessential amino acids, 5 3
1025 b-mercaptoethanol, 50 mg/mL penicillin and strep-
tomycin (all from Life Technologies, Grand Island, NY,
USA).

Oxidative stress was performed by incubation of APC
(106 cells/mL) for 2 hours at 378C in the culture medium
supplemented with 0.5 mM H2O2 (Sigma, St Louis, MO,
USA) (B cell hybridomas) or 0.2 mM H2O2 (DC) in 5%
CO2.

Antigen presentation assay

APC were incubated with HEL or RNase for the indicated
time period at 378C. After fixation (0.15% paraformalde-
hyde for 10 minutes), APC (1 3 105) were incubated with
T cells (1 3 105) at 378C for 17 hours. Interleukin 2 (IL-
2) secretion was measured in the culture supernatant by
its capacity to stimulate the growth of the IL-2–dependent
CTLL-2 cell line (5 3 103 cells/well) as assessed by in-
corporation of [3H]-thymidine.

Peptide presentation by paraformaldehyde-fixed B
cells

Paraformaldehyde-fixed IIA1.6 cells (5 3 104) were incu-
bated with peptides (HEL 7–31 or HEL 106–116) and the
corresponding specific T cell clone: CAB II4.3 or G28. Af-
ter 17 hours incubation, supernatants were collected and
IL-2 secretion quantified as described above.

Flow cytometry

For cell cycle analysis, IIA1.6 cells (106) were stained for
10 minutes with Hoechst 33342 (Sigma) 2 mg/mL after
cell fixation (3.7% paraformaldehyde) and permeabiliza-
tion (0.5% Triton X-100) (Calbiochem, San Diego, CA,
USA) in phosphate-buffered saline (PBS). The suspension
was then analyzed using a FACStar flow cytometer (Bec-
ton Dickinson, Meylan, France) under UV excitation.

For intracellular reduced glutathione measurement,
IIA1.6 cells were washed twice with PBS and stained with
50 mM monochlorobimane (Molecular Probes, Eugene,
OR, USA) in PBS. After 5 minutes on ice, the fluorescence
of the cell suspension was analyzed by flow cytometry
under UV excitation.

For the analysis of membrane protein expression, cells
were incubated with fluorescein isothiocyanate (FITC)–
labeled monoclonal antibodies (anti–I-Abd or anti-CD40)
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Fig 1. Peroxide stress induction was
performed by incubation of the B cells
IIA1.6 for 2 hours at 378C with hydro-
gen peroxide (H2O2) 0.5 mM. (A) Anal-
ysis of the redox state of IIA1.6 cells by
measuring intracellular reduced gluta-
thione immediately after exposure to
H2O2. (B) Flow cytometric analysis of
cell cycle immediately or 24 hours after
exposure to H2O2. Phases G0/G1, S, G2

and apoptosis (an arrow) are observed
as indicated.

(all from Pharmingen, San Diego, CA, USA). After 10
minutes, cells were analyzed with a FACSCalibur flow
cytometer (Becton Dickinson).

Measurement of proteolytic activity in lysosomes

IIA1.6 cells (1 3 108) were disrupted in the homogeni-
zation buffer (0.25 M sucrose, 1 mM ethylenediaminetet-
raacetic acid, 1 mM N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid pH 7.2), using a cell disrupter at 350
bars (Constant System Ltd., Warwick, UK). After centri-
fugation at 2800 3 g for 10 minutes, 1 mL postnuclear
supernatant was loaded on 11 mL of 17% Percoll (Phar-
macia, Uppsala, Sweden) in homogenization buffer. After
centrifugation (90 minutes at 22 000 3 g at 48C), gradient
was recovered in 19 fractions. Endosomes (fractions 12–
15) and lysosomes (fractions 3–5) were characterized as

previously described (Villiers et al 1996). Broken lyso-
somes were then incubated for 1 hour at 378C with 10
mg/mL BODIPY-casein (Molecular Probes), and the fluo-
rescence was measured at different points of time (exci-
tation 370 nm, emission 450 nm).

Subcellular generation of the immunodominant
peptides HEL 106–116

IIA1.6 cells (500 3 106) were incubated for 30 minutes at
378C with 75 mg/mL HEL, washed, and further incu-
bated for 2 hours at 378C in DMEM before subcellular
fractionation. After purification on Percoll gradient in the
presence of the protease inhibitors (leupeptin, 10 mg/mL;
pepstatin A, 10 mg/mL; and Pefabloc, 1 mM), endosomes
and lysosomes were broken by 3 cycles of freezing and
thawing and then incubated with paraformaldehyde-
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Fig 2. IIA1.6 (A, B) or 2A.4 (C) cells
were exposed to hydrogen peroxide
(H2O2) 0.5 mM for 2 hours at 378C be-
fore incubation with hen egg lysozyme
(HEL) (A, B) or RNase (C) for 4 hours.
Then, specific T cell clones were add-
ed. Interleukin 2 secretion by T cells
was measured. T cell clones used were
CAB II4.3, specific for HEL 7–31 (A);
G28 specific for HEL 106–116 (B); and
TS12 specific for ribonuclease 42–56
(C). (D) The same experiment as de-
scribed in (A) was performed using dif-
ferent concentrations of H2O2 and 200
mg/mL of HEL. Results correspond to
the mean value of 3 experiments. Sta-
tistical analysis was performed accord-
ing to Student’s t-test. *, P , 0.05.

fixed B cells (1 3 105) in 200 mL of PBS. After 4 hours
incubation at 378C, cells were washed and further cul-
tured with T cells (1 3 106) for 17 hours before measuring
IL-2 secretion as described above.

Magnetic fractionation

Magnetic fractionation was performed as previously de-
scribed (Perrin-Cocon et al 1999). In brief, cells were in-
cubated for 15 minutes at 378C with ferromagnetic mi-
crobeads at a final concentration of 2 mg/mL of iron.
After washing, cells were incubated in DMEM at 378C for
the indicated time period and then broken by cell dis-
rupter, and the compartments containing magnetic beads
were isolated by magnetic sorting followed by centrifu-
gation at 10 000 3 g for 40 minutes. The vesicles were
kept frozen at 2808C.

Western blot

Magnetic fractions were dissolved in 0.2 M Tris–HCl, 8
M urea, 2% sodium dodecyl sulfate (SDS), pH 8.0. Pro-
teins were separated by SDS–polyacrylamide gel electro-
phoresis (12.5% acrylamide) and transferred to polyvi-
nyliden difluoride membrane at 100 V (250 mA) for 1.5
hours. Membranes were revealed by rabbit polyclonal an-
tibodies specific for the cytoplasmic tail of I-Ab, H-2Ob,
or H-2Mb (all are generous gifts from N. Barois) and b-
actin. Immune detection was performed using horserad-
ish peroxidase–conjugated goat anti-rabbit IgG and the
enhanced chemiluminescence kit.

Primary immune response

Naive T lymphocytes were isolated by magnetic cell sort-
ing from 3DO11.10 transgenic mice (generously given by
Nicolas Glaichenhaus). These cells express a T cell recep-
tor specific for the peptides 326–337 of ovalbumin linked
to I-Ad molecules. DC purified from spleen progenitors
(Berthier et al 2000) and naive T cells were cocultured at
378C for 72 hours in the presence of ovalbumin in com-
plete medium. After addition of [3H]-thymidine (1 mCi/
well), cells were further incubated at 378C for 16 hours,
and cell proliferation was quantified after harvesting by
measurement of the radioactivity incorporated. Interferon
(IFN)–g secretion in the supernatants was determined by
enzyme-linked immunosorbent assay, using the OptEIA
set for mouse cytokine detection from Pharmingen, ac-
cording to the procedure recommended by the manufac-
turer.

RESULTS

Characterization of stress

To induce oxidative stress, B cell hybridoma IIA1.6 cells
were incubated with 0.5 mM H2O2 for 2 hours at 378C.
After incubation, the amount of the reduced form of in-
tracellular glutathione is decreased, as shown by the dim-
inution of the fluorescence of monochlorobimane (Fig
1A). This result indicates that our experimental condi-
tions modify the intracellular redox state of cells as a con-
sequence of oxidative stress. These conditions do not in-
duce apoptosis or modifications of cell cycle, either im-
mediately or 24 hours after stress (Fig 1B). Cell viability
is preserved according to trypan blue exclusion, even 48
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Fig 3. (A) After treatment with hydro-
gen peroxide, IIA1.6 cells were fixed
with paraformaldehyde and incubated
with the peptides hen egg lysozyme
(HEL) 7–31 or HEL 106–116. The cor-
responding T cell clones (CAB II4.3
and G28, respectively) were then add-
ed, and interleukin 2 secretion was
measured. (B) Flow cytometric analysis
of stressed IIA1.6 cells phenotype us-
ing anti–I-Ad fluorescein isothiocyanate
(FITC) and anti-CD40 FITC antibodies.

hours and 72 hours after stress (data not shown). Fur-
thermore, protein neosynthesis is not modified after
stress (data not shown).

The ability of a B cell hybridoma to stimulate specific
T cell clones after antigen processing is decreased
after treatment with H2O2

To evaluate the effect of H2O2 on the ability of APC to
process antigens and express MHC II–peptide complexes,
B cells (IIA1.6 and 2A4) were incubated with antigens
(HEL or RNase, respectively) for the indicated time-pe-
riod, fixed with paraformaldehyde, and then incubated
with T cell clones: CAB II4.3, G28, or TS12, which are
specific for the peptides HEL7–31, HEL106–116, and RN-
ase42–56, respectively. The generation of RNase 42–56
was described to be dependent on the alternative path-
way (Griffin et al 1997) and HEL 106–116 upon the clas-
sical pathway. As shown in Figure 2 A–C, the stimulation
of these T cell clones is significantly reduced after stress,
as assessed by the inhibition of IL-2 secretion. These re-
sults indicate that the inhibition is not related to the pep-
tide tested or to the antigen used and that both classical
and alternative pathways are impaired by stress. Fur-
thermore, as shown in Figure 2D, the inhibition of T cells
activation is dependent on H2O2 concentration.

Extracellular peptide presentation by
paraformaldehyde-fixed IIA1.6 cells is not modified
after treatment with H2O2

We showed that H2O2 decreases the ability of IIA1.6 cells
to stimulate specific T cell clones after antigen internali-
zation. Then, we investigated whether this reduction is
because of modifications of the extracellular presentation
of MHC II–peptide complexes to T cells. Immediately af-
ter stress, IIA1.6 cells were fixed with paraformaldehyde
and then incubated with soluble peptides HEL7–31 or
HEL106–116 before the addition of the corresponding
specific T cell clones CABII4.3 or G28. As shown in Figure
3A, H2O2 does not impair the capacity of IIA1.6 cells to
present peptides after direct binding on the cell surface
by MHC II molecules. Furthermore, cell surface mole-
cules involved in peptide presentation (MHC II [I-Ad],
CD40) are not modified after stress (Fig 3B). These results
suggest that the inhibition of T cell clones activation by
H2O2 is likely because of modifications of the intracellular
events of antigen processing involved in the generation
of MHC–peptide complexes. Then, we analyzed the ef-
fects of H2O2 on intracellular events involved in antigen
processing: antigen internalization, proteolysis, and gen-
eration of antigenic peptides and loading onto MHC II
molecules.
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Fig 4. (A) IIA1.6 cells were incubated with hen egg lysozyme (HEL)
for 30 minutes at 378C and then fractionated on a Percoll gradient.
Lysosomes and endosomes were located, collected, broken by
freezing and thawing, and incubated for 4 hours at 378C with para-
formaldehyde-fixed IIA1.6 cells. T cell clone specific for HEL 106–
116 (G28) was then added and interleukin 2 secretion measured
after 17 hours incubation. (B) IIA1.6 cells were incubated with radio-
labeled HEL (125I*), and cell radioactivity was measured after 15 min-
utes and 30 minutes incorporation and a 2-hour or 4-hour chase at
378C. Results are expressed as the percentage of total radioactivity:
cell radioactivity/(radioactivity of supernatant 1 cell radio-

←

activity). For (A) and (B), results correspond to the mean value of
three experiments. Statistical analysis was performed according to
Student’s t-test. *, P , 0.05. (C) Lysosomes of hydrogen peroxide–
treated IIA1.6 cells were broken by freezing and thawing and incu-
bated with BODIPY-casein, and protease activity was assayed by
the measurement of the fluorescence. Each value is standardized
by the measurement of the N-acetyl-b-glucosaminidase activity,
which is specific for lysosomes. Results correspond to the mean
value of 4 experiments. Statistical analysis was performed according
to Student’s t-test. *, P , 0.05.

Increased generation of antigenic peptides in
lysosomes and endosomes of H2O2-treated IIA1.6 cells

After internalization, antigens are proteolytically cleaved
in endosomes and lysosomes by different proteases to
generate antigenic peptides. To measure the lysosomal
and endosomal generation of antigenic peptides, H2O2-
treated IIA1.6 cells were incubated for 1 hour with HEL.
Endosomes and lysosomes were then purified by subcel-
lular fractionation, their membranes were broken, and ly-
sates were incubated with paraformaldehyde-fixed IIA1.6
cells before addition of the corresponding T cell clone.
We focused our analysis on the generation of the immu-
nodominant peptides HEL 106–116 (Gapin et al 1998). As
shown in Figure 4A, the response of T lymphocytes as-
sessed by IL-2 secretion is significantly increased when
the vesicles were purified from stressed cells, indicating
that lysosomes purified from H2O2-treated IIA1.6 cells
contain more antigenic peptides than lysosomes purified
from control cells. This result indicates that oxidative
stress enhances subcellular generation of immunogenic
peptides.

As the upregulation of subcellular peptide generation
might be the consequence of an increased uptake of HEL,
we measured the capacity of IIA1.6 cells to internalize
HEL after H2O2 treatment. As shown in Figure 4B, HEL
internalization and its release after a 2-hour or 4-hour
chase are not modified after treatment with H2O2.

Then, the effect of H2O2 treatment on proteolytic activ-
ities in lysosomes of IIA1.6 cells was measured. Lyso-
somes were purified immediately after stress, their mem-
brane was broken, and the lysates were assayed for their
capacity to degrade BODIPY-casein (Molecular Probes),
which becomes fluorescent when proteolyzed. As shown
in Figure 4C, the kinetic of variation of fluorescence is
increased when lysosomes were purified from H2O2-treat-
ed IIA1.6 cells, corresponding to a significant stimulation
of BODIPY-casein degradation. Similar results are ob-
tained when the fluorescent probe BODIPY-ovalbumin is
used (data not shown). Because of a very low amount of
proteases in endosomes, this method was unable to detect
proteolytic activities in these vesicles (data not shown).

Taken together, these results indicate that treatment of
APC by H2O2 increases proteolytic activities in lysosomal
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Fig 5. (A) IIA1.6 cells were incubated with ferromagnetic micro-
beads for 15 minutes at 378C, and compartments containing these
beads were isolated by magnetic sorting. Analysis of I-A, H-2M, and
H-2O molecules in these compartments was performed by Western
blotting. Results correspond to the mean value of 3 experiments.
Statistical analysis was performed according to Student’s t-test. *, P
, 0.05; **, P , 0.1. (B) IIA1.6 cells were treated with hydrogen
peroxide and analyzed for their expression of I-A and H-2M mole-
cules by Western blotting.

Table 1 Hydrogen peroxide reduces the capacity of dendritic cells
(DC) to induce the proliferation of spleen-derived naive T cellsa

Thymidine
incorporation

T cells (cpm)

1250 DC 20 000 DC

Control
H2O2

5488
2123*

11 194
6886*

DC were exposed to 0.2 mM H2O2 and cocultured with 50 000
naive T lymphocytes purified from the spleen of DO11.10 mice in
the presence of ovalbumin (1 mg/mL). T cell proliferation was ana-
lyzed by the measurement of [3H]-thymidine incorporation. The re-
sults correspond to the mean value of 3 different experiments. Sta-
tistical analysis was performed, according to Student’s t-test. *, P ,
0.05.

vesicles, which is likely the cause of the increased gen-
eration of antigenic peptide formation.

After H2O2 treatment, antigens are targeted to vesicles,
which contain less MHC II, H-2M, and H-2O molecules

Our data indicate that treatment of IIA1.6 cells with H2O2

increases antigenic peptide production but decreases an-
tigen presentation to T cells; this may result from an im-
pairment of peptide loading onto MHC II molecules. To
investigate this issue, antigen-containing vesicles were
purified by magnetic sorting, and molecules involved in
peptide loading on MHC II molecules were analyzed by
Western blotting: MHC II, H-2M, and H-2O. As shown
in Figure 5A, purified vesicles from H2O2-treated IIA1.6
cells contain lower amount of MHC II, H-2M, and H-2O
molecules than vesicles purified from untreated cells. The
same analysis performed on overall cells indicates that
the total amount of MHC II and H-2M is not modified
by stress (Fig 5B). Because of its very low concentration,
it was not possible to visualize the overall amount of H-
2O (data not shown). In conclusion, these results suggest
that internalized antigens are targeted into compart-
ments, which are deficient for molecules involved in pep-
tide loading onto MHC II molecules.

H2O2 reduces the capacity of APC to induce a primary
T cell response

Because H2O2 impairs the intracellular events involved in
antigen processing, we next investigated the effects of
H2O2 on the capacity of APC to initiate a primary T cell
response. Because B cells are unable to initiate such a
response, DC were generated from BALB/c mouse and
incubated with spleen-derived naive T cells in the pres-
ence of antigen. As shown in Table 1, H2O2-treated DC
are more than 2-fold less efficient than control DC in in-
ducing T cell proliferation in response to a given Ag con-
centration. To analyze the stimulation of T cells by
stressed DC, the resulting secretion of IFN-g was mea-
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sured in the supernatant after 72 hours coculture (time
selected from preliminary experiments). We found that
the amount of secreted IFN-g is significantly reduced (P
, 0.05) after H2O2 treatment: 14 014 pg/mL for control
cells vs 5 863 pg/mL for stressed cells. Taken together,
these results indicate that stressed DC have a reduced
capacity to stimulate naive T cells and are likely to induce
a primary T cell response.

DISCUSSION

In the present study, oxidative stress is induced by the
addition of H2O2, a molecule that crosses the cell mem-
brane and induces the generation of the highly reactive
hydroxyl radical OH• (Martinez-Cayuela 1995). The con-
centration of H2O2 used in our experiments is comparable
with what is measured in the inflammatory sites. Fur-
thermore, in agreement with the definition of cellular
stress, the amount of H2O2 does not modify cell viability,
even when measurements were performed 72 hours after
stress. It is noteworthy that similar conditions were pre-
viously used to analyze the effect of stress on APC (Rees
et al 1991).

Using different antigenic models, we show that oxida-
tive stress impairs the capacity of B cells to process and
present peptides to specific T cell clones. Interestingly,
both classical and alternative pathways are impaired by
stress, indicating that B cells cannot compensate the ef-
fects of stress by an unaffected pathway. The amount of
antigen internalized is not modified by stress, but its pro-
teolysis is increased as shown by the generation of a large
amount of the antigenic peptides HEL 106–116 in both
endosomes and lysosomes compared with vesicles of un-
stressed cells. This phenomenon may be because of an
upregulation of protease activities or a direct oxidation of
antigens that can break peptide chains or disulfide bridge
(Wolff and Dean 1986), thus facilitating proteolysis. To
understand why stressed cells are deficient for antigen
presentation, whereas their capacity to generate antigenic
peptides is enhanced, we analyzed the proteins involved
in antigen loading to MHC II molecules. After stress, we
show a diminution of the amount of MHC II molecules
in antigen-containing compartments. Interestingly, H-2M
and H-2O, which regulate peptide loading onto MHC II
molecules (Denzin and Cresswell 1995; Jensen et al
1999b), are also downregulated in these compartments.
These results indicate that antigens are targeted into com-
partments deficient for proteins that are necessary for
peptide loading onto MHC II molecules. Taken together,
stress may reduce the capacity of APC to process anti-
gens and stimulate T cells through impairment of the
mechanisms involved in antigenic peptide loading onto
MHC II molecules. It has been shown previously using
transgenic mice that a deficit for H-2M (Liljedahl et al

1998) or for H-2O (Wolf et al 1998) reduces the efficiency
of antigenic presentation and the initiation of specific T
cell responses. Such modifications of the content of intra-
cellular compartments may be explained either by per-
turbation of the targeting of H-2M, H-2O, and MHC II to
antigen-containing compartments or by a modification of
intracellular antigen trafficking.

Oxidative stress was previously described to modify
intracellular trafficking. It decreases internalization of
epidermal growth factor (De Wit et al 2001) or transferrin
receptors (Malorni et al 1998), with modifications, in the
latter case, of the intracellular distribution. It was also
shown that oxidative stress modifies endocytosis and in-
tracellular trafficking of vesicles by increasing activation
of Rab5 (Cavalli et al 2001). In the present work, the in-
ternalization of antigens was because of pinocytosis and
was not affected by oxidative stress, but the ensuing in-
tracellular traffic is Rab5-dependent (Gorvel et al 1991)
and is likely modified by stress.

All together, our results indicate that stress induces an
upregulation of antigenic peptides generation that is
counterbalanced by a limitation of their capacity to be
loaded onto the MHC II molecule. Interestingly, our find-
ings are similar to those of a previous study that evalu-
ated the effect of heat stress on B cell antigen presentation
(Pepin et al 1996). This work demonstrates that heat shock
markedly affects the ability of these cells to process and
present tetanus toxin to T cell clones, although the anti-
genic peptide generation in subcellular compartments is
increased. These data suggest that this stress induces a
failure in the intracellular peptide loading onto MHC
class II molecules. During inflammatory reactions, the
cellular environment is modified, such as temperature el-
evation and oxidant species production. Free oxygen rad-
icals generated in inflammatory sites react with intrinsic
proteins and yield protein modifications such as oxidation
of thiols in cysteine and methionine, disulfide bridge
cleavage, or hydroxylation of tyrosine (Martinez-Cayuela
1995). These modifications can enhance antigenicity, as
shown for tetanus toxin, which displays an increased pro-
cessing and presentation to specific T cells after exposure
to OH• (Pernollet et al 1993). Such modifications of anti-
genicity may also occur for intrinsic proteins, therefore
affecting self-tolerance. Consequently, inflammation
would act as an inducer of autoimmunity against various
self-proteins that are modified by oxidant species. How-
ever, our data suggest that oxidative stress reduces initi-
ation of specific immune response by abrogating antigen
processing and APC capacity to stimulate T cells. This
downregulation may prevent inappropriate specific im-
mune response against modified self-proteins and auto-
immunity. It is noteworthy that H2O2 produced by gran-
ulocytes was shown to be the major cause of severe sys-
temic T cell immunity suppression in advanced cancer
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patients (Schmielau and Finn 2001), suggesting that oxi-
dative stress on APC functions may play an important
role in tumor escape.

In conclusion, the evaluation of antigen processing, pre-
sentation, and the resulting issue of the specific immune
response are highly linked to the redox status of APC.
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