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SUMMARY

Macrophages can process and present exogenous antigens on major histocompatibility complex

(MHC) class I molecules through an alternative mechanism involving the internalization of antigens

and the secretion of peptides loading MHC class I molecules at the cell surface. In this paper, we

found that interferon-c (IFN-c) -activated macrophages infected with Salmonella typhimurum

secreted peptides able to load empty MHC Kb molecules on co-cultured TAP-2-de®cient RMA-S

cells, added as targets for peptide loading. The increase in class I Kb on the RMA-S cells, resulting

from the macrophage-derived peptides, exhibited a comparable stability as the direct addition of

an exogenous Kb-binding peptide (OVA257±264) to the RMA-S cells. In both cases, the Kb complexes

were stable for at least 3 hr after separating the RMA-S cells from the macrophages. The endosomal

inhibitors, leupeptin and ammonium chloride, did not inhibit the release of peptides and the

increase in Kb staining on the RMA-S cells in the co-culture systems. Brefeldin A also had no effect.

P815 cells previously co-cultured with Salmonella-infected macrophages became targets for

cytotoxic T lymphocytes isolated from Salmonella-infected BALB/c mice. Taken together, our data

suggest that IFN-c-activated macrophages process exogenous antigens in an intracellular

compartment where serine proteases generate peptides released to the external environment for

loading empty MHC class I molecules at the cell surface. This TAP-independent mechanism for the

MHC class I presentation may be involved in priming cytotoxic T lymphocytes against intracellular

pathogens in vivo.

INTRODUCTION

Macrophages are the host cell of Salmonella and the main site

for bacterial proliferation and survival during an infection.1

The ability of the macrophages to kill Salmonella during early

infection determines the outcome of the disease.2 Interferon-c
(IFN-c) potently stimulates a number of macrophage effector

activities, including receptor expression, phagocytosis, antigen

presentation and oxidative and nitric oxide (NO) burst.3

During Salmonella infection, IFN-c greatly strengthens the

capacity of macrophages to clear circulating bacteria and

present bacterial antigens to T cells.4 Another quality of

macrophages is their ability to present exogenous antigens on

major histocompatibility complex (MHC) class I molecules in

order to activate CD8+ T cells.5 Macrophages can use the

classical TAP (transporter associated with antigen processing)

-dependent endogenous pathway, or a pathway involving the

release of antigenic peptides into the external media.6 In

the classical pathway, soluble exogenous antigens entering the

cytoplasm are processed by the proteasome complex into

peptides like other cytosolic proteins.7 Here, the dimer of

TAP transports the peptides generated in the cytosol into the

endoplasmic reticulum lumen, where loading of the peptide

on class I MHC occurs via bridging with tapasin.8,9 After

the peptide±heavy chain±b2 microglobulin (b2m) complex is

assembled, it is transported to the cell surface. This mechanism

is greatly reduced in macrophages from TAP-de®cient mice

and is inhibited in normal bone marrow macrophages by

brefeldin A (BFA) and proteasome inhibitors.7 Nevertheless,

TAP-1-de®cient macrophages can process Escherichia coli,

Salmonella typhimurium, or polystyrene beads containing the
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OVA(257±264) epitope for presentation on Kb.10 TAP-

1-de®cient macrophages can also present peptides from the

recombinant glycoprotein and nucleoprotein of lymphocytic

choriomeningitis virus and the nucleoprotein of vesicular

stomatitis virus on their MHC class I, suggesting that alter-

native TAP-independent presentation pathways exist.11

The pathway leading to secretion of antigenic peptides by

macrophages involves sequestration of the internalized antigen

in the phagosome; here peptides from the internalized material

can be generated and then released to the surface to load empty

MHC class I molecules. This pathway has been found to be

resistant to BFA and to proteasome inhibitors.5,12,13 Empty

class I molecules can be loaded externally with natural or

synthetic peptides. They can also be stabilized with b2m

found in the serum.14±16 In this secretory pathway it is unclear

exactly where antigen degradation takes place, and whether

the released peptides are the same as those generated by pro-

teasomes. Another uncertainty is whether the released peptides

can be loaded into empty class I MHC on neighbouring cells

or in the same cell inside endosomes.

In the study presented here, we provide evidence for the

participation of a release pathway in the generation of peptides

from internalized Salmonella typhimurium. Our results suggest

that when macrophages are activated by IFN-c and infected

with Salmonella typhimurium they are able to secrete peptides

from phagocytosed material that load empty class I molecules

on the surface of the macrophage or on neighbouring cells. The

previously empty molecules loaded with the secreted peptides

were stable on the surface of the cells for several hours and

were recognized by antigen-speci®c cytotoxic T cells previously

primed in vivo.

MATERIALS AND METHODS

Mice

Female BALB/c mice (8±12 weeks old) were obtained from

the Mexican Children's Hospital (Mexico City, Mexico).

Bacteria

Salmonella typhimurium strain LT2 was donated by Dr C.

Alpuche (Experimental Medicine, UNAM, Mexico City,

Mexico). The bacteria were grown in brain±heart infusion

(Difco, Detroit, MI) for 3 hr at 37u until they reached log-

arithmic phase and were washed twice with phosphate-buffered

saline (PBS) before the infection.

Cells

Dr G. J. Hammerling (German Cancer Research Centre,

Heidelberg, Germany) donated RMA-S and RMA cells.17

IC21 macrophages (H-2b),18 J774 macrophages (H-2d),19 P815

mastocytoma (H-2d)20 and L929 ®broblast (ATCCCL-1) were

all obtained from the American Type Culture Collection

(ATCC, Rockville, MD). The L-1210 cells were donated by Dr

Cesar Gonzalez (Hospital La Raza, Mexico City). All cells

were grown in RPMI-1640 supplemented with 10% fetal calf

serum (FCS), 50 mM 2-mercaptoethanol, 2 mM L-glutamine

and 1 mM sodium pyruvate (Gibco-BRL, Long Island, NY)

without antibiotic. The designation, RP-10, refers to the

media mentioned above. Gentamycin (at 20 mg/ml; Boehringer

Mannheim, Mexico City) was added to the infected macro-

phages to control the growth of extracellular bacteria.

Antibodies

Y3 hybridoma (anti-Kb)21 was donated by Dr G. J. Hammer-

ling and M1/70.15.11.5 hybridoma (anti-Mac-1) was obtained

from ATCC. Hybridomas were grown in RP-10 with

antibiotics (100 mg/ml streptomycin and 100 U/ml penicillin

G). The monoclonal antibody (mAb) Y-3 was af®nity-puri®ed

in a Protein A±Sepharose column (Amersham Pharmacia

Biotech, Uppsala, Sweden) and was conjugated to biotin using

Sulpho±N±hydroxysuccinimide±Biotin (Pierce, Rockford, IL)

in carbonate buffer according to the manufacturer's instruc-

tions. Streptavidin±phycoerythrin (PE) conjugate, goat anti-rat

antibody-¯uorescein isothiocyanate (FITC) conjugate and goat

anti-mouse antibody-FITC conjugate were purchased from

Gibco-BRL.

Peptides

Salmonella peptides were obtained from an extraction of

total membrane and cytosolic proteins22 treated with 1%

trypsin as described by Moore et al.23 OVA peptide 257±264

(SIINFEKL) was synthesized by solid-phase Fmoc-peptide

synthesis in an ABI 430-A automated synthesizer (Applied

Biosystems Inc., Foster City, CA) and puri®ed by reverse-

phase high-performance liquid chromatography in a C18

column (Millipore, Bedford, MA).

Macrophage infection and RMA-S co-cultures

In order to activate macrophages, 2r105 IC21 or J774

macrophages were cultivated for 48 hr in 12-well Costar plates

(Fisher Scienti®c, Pittsburgh, PA) with 20 U/ml of IFN-c or

20% of L-1210 supernatant (containing IFN-c) in antibiotic-

free medium. The macrophages were gently washed to remove

the IFN-c from the media and to eliminate any dead cells. The

macrophages were then infected by adding a ratio of 100

bacteria (LT2 strain) per macrophage and the plate was

centrifuged at 1000 g for 5 min at room temperature.24 The

plates were incubated for 30 min at 37u, and the extra cellular

bacteria were removed by four washes with warm PBS. RMA-S

cells were then added to the macrophage monolayer at a ratio

of 1 : 1. The co-culture was incubated in RP-10 supplemented

with 20 mg/ml gentamycin (RP-10±gentamycin) at 37u for

18 hr. Following the incubation period, RMA-S cells were

harvested and washed with PBS before immuno-staining.

Co-cultures in the presence of inhibitors

IFN-c-activated macrophage monolayers were treated with

1 mM of leupeptin (Boehringer Mannheim, Mexico City) or

20 mM of ammonium chloride (Sigma-Aldrich, St. Louis, MI)

for 30 min at 37u before infection with Salmonella. All other

procedures were performed as described above, except that

more leupeptin and ammonium chloride was added with the

RMA-S cells to keep the endosome inhibitor concentration

constant during 18 hr of incubation time. As control, cells were

incubated for 18 hr with the inhibitors at the same concentra-

tion. BFA (Boehringer Mannheim) was added to the ®nal

co-cultures with RMA-S cells where indicated, at a ®nal

concentration of 1 mg/ml. RMA-S control cells were incubated

under the same conditions as described above.

Flow cytometric analysis

MHC class I Kb molecules were stained on the surface

of RMA-S and IC21 cells using biotin-conjugated Y3
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mAb and counter-stained with streptavidin-PE conjugate.

Contaminating macrophages in the RMA-S samples were

stained with mAb Mac-1 and revealed with a FITC-conjugated

goat anti-rat antibody. Cells were analysed using a FACScan2

cytometer and Lysis II2 software (Becton Dickinson,

Mountain View, CA). Dead cells were detected using pro-

pidium iodide (Sigma-Aldrich) and were gated out during the

analysis.

Salmonella labelling and immunoprecipitation of Kb molecules

Salmonella typhimurium LT2 was grown in M9 medium and

labelled with 3H-labelled leucine, 3H-labelled alanine, 3H-

labelled valine and 3H-labelled phenylalanine (NEN Life

Science, Boston, MA) for 1 hr. After three washes with PBS,

the labelled bacteria was used to infect 1r107 IC21 macro-

phages followed by co-culture with RMA-S in RP-10±genta-

mycin as described above. After an 18-hr incubation period, the

RMA-S cells and the macrophages were harvested and lysed

with 50 mM Tris±HCl pH 8.0, 1% Nonidet P-40, 150 mM NaCl,

1 mM ethylenediamine tetraacetic acid, 1 mM phenylmethylsul-

phonyl ¯uoride, leupeptin and aprotonin. Kb class I MHC

protein was immunoprecipitated using Y3 mAb (20 mg); W6-32

was used as an irrelevant mAb control. The peptides were

eluted from the complexes using 10% acetic acid and boiling

for 2 min. The released Kb peptides were separated from

the MHC protein by ®ltration using Centriprep-10 (Millipore),

and the amount of radioactivity was determined using a

b-scintillation counter (Beckman Instruments, Irvine, CA).

Cytotoxic T lymphocyte assay

BALB/c mice were sublethally infected with Salmonella

typhimurium LT2 (10 bacteria/mouse injected intraperitoneally

every 10 days for 1 month). Spleens were harvested and

isolated splenocytes were stimulated with 100 mg/ml of

Salmonella peptides for 5 days in vitro. P815 cells co-cultivated

for 18 hr with Salmonella-infected IC21 macrophages were

used as cytotoxic T lymphocytes (CTL) targets in a 51Cr-release

assay.25 Target cells (1r103 cells) were incubated for 4 hr with

different numbers of CTL effectors in 96-well round-bottom

plates, in a ®nal volume of 200 ml/well of complete medium.

Supernatants were harvested mechanically using a supernatant

collection system (Skatron Instruments, Sterling VA). Super-

natant radioactivity was measured in a gamma-counter

(Beckman Instruments). Per cent speci®c release was calculated

from the mean of triplicate cultures according to the

following formula: % speci®c release=100r[(experimental

releasexspontaneous release)/(maximal releasexspontaneous

release)].

Statistical analysis

The mean ¯uorescence channel of RMA-S cells from infected

and non-infected macrophages was compared by non-para-

metric Wilcoxon signed-rank test for paired samples using

SPPSS 9.0 statistical software.

RESULTS

Macrophages secrete peptides that load empty class I Kb

molecules

We determined whether IFN-c-activated macrophages were

able to secrete peptides into the external medium. After 48 hr

of activation with IFN-c, the IC21 cells were washed to remove

any free IFN-c and RMA-S cells were added and incubated

with the washed macrophages for 18 hr. Class I Kb molecule

expression on the surface of the RMA-S cells was then

determined by indirect immuno¯uorescence using the Y3 mAb

(recognizing only peptide-loaded Kb molecules). As seen in

Fig. 1(a), co-cultures with Salmonella-infected macrophages

increased the expression of detectable Kb complexes on the

RMA-S cells [mean ¯uorescence channel (MFC) of 150

compared to a MFC of 17 on RMA-S cells alone]. Any

contaminating macrophages (Mac-1 and Kb double-positive

stained cells, Fig. 1b, quadrant 3 of each dot plot) within the

RMA-S samples were excluded from the analysis. Interestingly,

co-culture with non-infected, IFN-c-activated macrophages

also increased RMA-S surface Kb expression but not to the

same extent as when the macrophages were previously infected

with Salmonella. As seen in Fig. 1(c), this up-regulation of Kb

on RMA-S cells showed some variation, probably due to the

ef®ciency of Salmonella infection between experiments. How-

ever, according to statistical analysis using the non-parametric

Wilcoxon test for paired samples, in fact IFN-c-activated

Salmonella-infected macrophages secreted more peptides than

the IFN-c-activated non-infected macrophages (P=0.012). No

increase in Kb expression was observed when RMA-S cells

alone were incubated with bacteria (data not shown). As a

control, macrophages were ®xed with formaldehyde immedi-

ately after the infection with Salmonella; under these conditions

no increase in Kb staining in RMA-S cells was found (data not

shown). Thus, macrophages co-cultured with RMA-S cells

induced an increase in class I MHC Kb molecule expression on

the RMA-S cells, especially after bacterial infection, suggesting

that peptides secreted from the macrophage load empty class I

molecules on neighbouring cells.

In order to determine whether the increase in Kb staining

on RMA-S cells after co-culture with infected macrophages

was due to released peptides of bacterial origin, Salmonella

were ®rst labelled with 3H-labelled alanine, leucine, valine and

phenylalanine (amino acids often used as anchor residues

in optimal peptides that bind Kb molecules). The labelled

bacteria were washed and used to infect the macrophages.

The macrophages infected with radiolabelled bacteria were

co-cultured with RMA-S cells as before. Following co-culture,

the RMA-S cells and macrophages were isolated separately

and class I MHC Kb molecules were immunoprecipitated

from lysates of the two cell populations using Y3 mAb; the

radioactivity was then determined in the peptides eluted

from the immunoprecipitates. The same elution procedure

was performed with immunoprecipitates of an isotype-matched

non-Kb-speci®c mAb (W632) as a control and the radioactivity

was subtracted from the amount recovered from the peptides

eluted from the Y3 immunoprecipitates. In these experiments

300t10 counts per min (c.p.m.) and 1000t40 c.p.m. (average

of three experiments) were recovered from RMA-S cells

and macrophages, respectively, The background levels of

W632 mAb immunoprecipitations were 44 c.p.m. for the

RMA-S and 100 c.p.m. for the macrophages (these values

were subtracted). Thus, at least some the loaded peptides

binding to class I MHC on the TAP-de®cient RMA-S cells

were of bacterial origin.
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IFN-c activation and Salmonella infection of macrophages

promotes the secretion of peptides

We examined whether the activation of macrophages by IFN-c
played a signi®cant role in the observed secretion of class I-

loading peptides following Salmonella infection. IC21 cells

were treated with or without IFN-c for 48 hr, washed, and then

infected with bacteria before co-culture with RMA-S cells.

The activity of the IFN-c preparation used was con®rmed

by the increase in class I MHC staining on the macrophages

themselves (Table 1). After 18 hr of co-culture, the expression

of Kb molecules on the RMA-S cells was evaluated after

separation from the macrophages. Non-IFN-c-activated

macrophages, in the absence of Salmonella infection, were

unable to induce an increase in Kb expression on the RMA-S

cells (Table 1). In contrast, when macrophages were treated

with IFN-c prior to RMA-S co-culture, an increase in Kb

molecules was observed, which was signi®cantly enhanced if

the macrophages were also infected with Salmonella. However,

Salmonella infection of non-IFN-c-activated macrophages

caused only a slight increase in Kb expression on the co-

cultured RMA-S cells. Thus, IFN-c activation was required for

macrophages to secrete class I Kb-loading peptides from

endocytosed material.

Endosomal inhibitors do not affect peptide release

We next determined whether the generation of secreted

peptides loading class I Kb molecules following Salmonella

infection required proteolytic activity from an endosomal±

lysosomal compartment of the macrophages. To test this we

treated IC21 macrophages with ammonium chloride (prevents

lysosomal functions), or leupeptin (a serine and thiol protease

inhibitor) before Salmonella infection and during the co-culture

with RMA-S cells. RMA-S culture alone in the presence of

these inhibitors did not produce any change in their Kb

expression. The increase in RMA-S Kb staining from the

co-culture with infected macrophages was not affected by

leupeptin or ammonium chloride treatment. Interestingly, the

non-infected controls showed increased Kb expression on

RMA-S cells (Fig. 2). Thus, leupeptin and ammonium chloride

did not affect Salmonella-infected macrophage Kb peptide

secretion and seemed to increase the processing of soluble

proteins from the culture media.

Figure 1. Macrophages secrete peptides that load empty Kb molecules

on the surface of RMA-S cells. IC21 macrophages were pretreated with

20 U/ml of IFN-c for 48 hr and then infected at an ratio of 100 bacteria

(Salmonella typhimurium LT2) per macrophage. RMA-S cells were then

added to the washed macrophage monolayer at a ratio of 1 : 1. RMA-S

cells were harvested after 18 hr incubation period and immuno-

stained using anti-Kb mAb Y3-biotin and streptoavidin PE. Con-

taminant macrophages in the RMA-S samples were stained using

mAb M1/70.15.11.5 (anti-Mac-1) and anti-rat-FITC (dot plot). (a) The

histograms show RMA-S stained with an isotype-control antibody (Ic),

Kb expression on RMA-S cultured alone (S) and Kb expression on the

gated population of RMA-S cells from co-culture with non-infected

macrophages (S-Non-Inf-Mw) and with infected macrophages (S-Inf-

Mw). (b) The dot blot shows co-culture population: macrophages

quadrant 3 and RMA-S gated population on quadrant 4. (c) Graphic

lines present the signi®cant increase of mean ¯uorescence channel of

RMA-S from infected macrophages (S-Inf-Mw) compared to the non-

infected macrophage (S-Non-Inf-Mw) in eight different experiments.

(P=0.012 according to Wilcoxon test for paired samples).

Table 1 The macrophages require activation by IFN-c for secretion of

peptides

Co-culture conditions Kb expression on RMA-S

RMA-S IC-21 IFN-c Salmonella I Y3 Y3±I

+ + ± ± 10.3 24.5 14.2

+ + ± + 10.7 48.9 38.2

+ + + ± 8.8 61.2 52.4

+ + + + 12.4 71.3 58.9

Results are shown as the Mean Fluorescence Channel (MFC).
Co-cultures were carried out as described in Fig. 1. When indicated,
20 U/ml of IFN-c was used to activated macrophages during 48 hr. I,
isotype control antibody; Y3, antibody against Kb molecules. The MFC of
RMA-S Kb expression, with and without IFN-c, was 16.3, that of IC21 Kb

expression was 507.30 and after IFN-c activation it was 602.80.
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BFA does not inhibit the generation of Kb-loading peptides

following Salmonella infection

BFA blocks protein transport into the Golgi apparatus. It

generates redistribution of the Golgi into the endoplasmic

reticulum, inhibiting vesicle traf®c to the cell surface. However,

it does not inhibit recycling of endosomes at the membrane

level (e.g. recycling of transferrin receptor).26 We treated the

RMA-S and IFN-c-activated macrophage co-cultures with

BFA for 18 hr before the ¯uorescence-activated cell sorter

(FACS) analysis of Kb molecules. We ®rst asked whether the

generation and secretion of peptides by macrophages after

Salmonella infection involved the exportation of vesicles

coming from the Golgi; and second whether the secreted

peptides loaded preformed MHC class I molecules on the

surface of the RMA-S. Interestingly, we found that RMA-S

cells co-cultured with Salmonella-infected macrophages still

showed an increase in Kb molecules in the presence of BFA

(Fig. 3a) over that seen with RMA-S control cells treated with

BFA or RMA-S cells co-cultured with non-infected macro-

phages treated with BFA. Thus, the macrophages release

Salmonella peptides from the phagosomes and not from

material contained in vacuoles coming from the endoplasmic

reticulum. In addition, the secreted peptides load preformed

class I molecules on the surface of RMA-S.

We also determined the level of Kb expression on the

macrophages used in the experiment shown in Fig. 3(a). In the

absence of bacterial infection, IFN-c induced an increase in Kb

expression on the macrophages, as expected. This increase was

markedly inhibited with BFA. This con®rms that the BFA was

active in our culture system inhibiting the endogenous pathway

of MHC class I shuttling to the cell surface. Interestingly,

infection of macrophages with Salmonella also induced an

increase in Kb expression on the macrophages themselves, even

in the presence of BFA in the culture. Thus, it seems that the

secreted peptides load any possible empty molecules on the

surface of the macrophages. Alternatively, the Salmonella

inside the phagosomes may prevent the internalization of class

I molecules on the surface of the macrophage.
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Figure 2. Proteolytic endosomal inhibitors partially decrease the secre-

tion of Kb peptides from Salmonella-infected macrophages. IFN-c-

activated macrophage monolayers were treated with: (a) no inhibitor

(b) 20 mM ammonium chloride, or (c) 1 mM leupeptin for 30 min at 37u
before infection with Salmonella. The co-cultures with RMA-S were

performed as described in Fig. 1. Both ammonium chloride and leu-

peptin were also added at the time of co-culture initiation. As control,

RMA-S alone were also treated with the inhibitors for 18 hr. MHC

class I Kb expression on RMA-S cells was analysed by FACS staining

as described in Fig. 1. The histograms show RMA-S stained with an

isotype-control antibody (Ic), Kb expression on RMA-S cultured alone

(S) and Kb expression on the gated population of RMA-S cells from

co-culture with non-infected macrophages (S-Non-Inf-Mw) and with

infected macrophages (S-Inf-Mw). RMA-S cells from the co-cultured

with macrophages. The results from one of six experiments are shown.

Values in parenthesis correspond to mean ¯uorescence channel.
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Figure 3. (a) Brefeldin A does not inhibit the secretion of Kb-loading peptides. RMA-S and IC21 macrophage co-cultures were

treated with 1 mg/ml of BFA for a period of 18 hr. RMA-S controls were treated with BFA as well. Kb expression on harvested

RMA-S cells was analysed as described in Fig. 1. The histograms show RMA-S stained with an isotype-control antibody (Ic), Kb

expression on RMA-S cultured alone (S) and Kb expression on the gated population of RMA-S cells from co-culture with non-

infected macrophages (S-Non-Inf-Mw) and with infected macrophages (S-Inf-Mw). (b) Kb expression was also determined on the IC21

macrophages.
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Only phagocytic cells are able to secrete peptides that load

empty class I molecules

We determined whether cell types other than macrophages,

treated with IFN-c, were able to induce an increase in Kb

expression on RMA-S cells following co-culture. In these

experiments (Table 2), only peritoneal macrophages and

infected or non-infected macrophage cell lines (J774 and

IC21 shown in Fig. 1) were able to induce an increase in Kb

expression on co-cultured RMA-S cells. In contrast, L929

®broblasts and A20 B lymphoma cells did not induce any

signi®cant differences in Kb expression. In these experiments

we also found that activated peritoneal macrophages in

primary culture could also induce an increase in Kb molecules

on the surface of co-cultured RMA-S cells after infection with

Salmonella (Table 2 and data not shown).

Empty class I molecules loaded with peptides secreted by

infected macrophages stay on the surface for several hours

Only added octamer or nonamer peptides which contain

anchor-motif amino acids in their sequence are able to stabilize

MHC class I molecules on the cell surface.16 Therefore we

examined the stability of the increased Kb expression on

the surface of RMA-S cells after incubation with infected

macrophages. In these experiments the RMA-S cells were

isolated after 18 hr co-culture with infected macrophages,

washed twice and cultured for an additional 3 hr before

determination of Kb expression using ¯ow cytometry. The

OVA257±264 peptide was used as a positive control for an

octamer Kb-binding peptide. Addition of OVA257±264 led to a

large increase in MHC class I Kb expression on the RMA-S

cells, which was stable for at least 3 hr after washing the cells to

remove unbound peptide (Fig. 4). Similarly, no signi®cant

decrease in Kb ¯uorescence intensity on RMA-S cells was

found in co-cultures containing Salmonella-infected macro-

phages after the additional 3 hr. The overall staining intensity

was lower than that obtained with exogenous free OVA peptide

(Fig. 4), owing to the high amounts of exogenous OVA peptide

added relative to the low amounts of Kb-binding peptides that

could be secreted from the bacterial infection. Thus, the class I

molecules loaded with secreted peptides stayed on the cell

surface and were not internalized or degraded for at least 3 hr.

Loading of target cells with secreted peptides from Salmonella-

infected macrophages can activate antigen-speci®c CD8+

T cells

We next determined if the secretion of peptides from activated

macrophages and the loading of MHC empty class I molecules

on neighbouring cells would create recognition structures for

the stimulation of antigen-speci®c CD8+ T cells. We tested this

by employing Salmonella-infected macrophages co-cultured

with P815 mastocytoma cells that were later used as target cells

for CTL. Spleen cells from BALB/c mice, previously primed

with Salmonella, were restimulated in vitro with a mix of

peptides from Salmonella proteins for 5 days; this was the

source of antigen-speci®c CTL. As shown in Fig. 5, Salmo-

nella-speci®c CTL from BALB/c mice lysed P815 cells that were

previously cultured with infected macrophages. Thus, the

secreted peptides from Salmonella-infected macrophages can

generate MHC class I structures that are recognized by speci®c

CD8+ T cells.

DISCUSSION

Exogenous antigens can be presented by MHC class I

molecules through different antigen-processing pathways.27

Our results agree with previous studies in which release of

peptides by macrophages was demonstrated.9,10 However, in

these previous studies, it was not clear how the class I molecules

Table 2 Only phagocytic secrete peptides that load MHC class I

molecules

Co-culture

Kb expression on RMA-S

I Y3 Y3±I

RMA-S 2.28 18.04 15.76

RMA-S+l929 3.4 13.02 9.62

RMA-S+ infected L929 3.05 14.14 11.09

RMA-S peritoneal macrophages 4.15 33.19 29.04

RMA-S+ infected peritoneal macrophages 3.89 45.35 41.46

RMA-S+J774 2.95 48.2 45.25

RMA-S+ infected J774 2.67 66.31 63.64

RMA-S 7.98 30.59 22.61

RMA-S+A20 9.41 29.08 19.67

RMA-S+ infected A20 4.13 28.94 24.81

Results are shown as the mean ¯uorescence channel. Co-cultures were
performed as described in Fig. 1. L929, peritoneal macrophages from
BALB/c mice, J774 and A20 were treated with IFN-c for 48 hr and infected
with Salmonella typhimurium at ratio of 100 bacteria per cell. I, isotype
control antibody; Y3, antibody against Kb molecules.
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Figure 4. (a) The secreted peptides stabilize empty class I molecules.

IC21 macrophages were co-cultured with RMA-S cells for 18 hr as

described in Fig. 1. Afterward the RMA-S were harvested (0 hr) and

washed three times with PBS and cultured alone for three additional

hours at 37u (3 hr). MHC class I Kb expression on RMA-S cells was

analysed by FACS staining as described in Fig. 1. The histograms show

RMA-S stained with an isotype-control antibody (Ic), Kb expression on

RMA-S cultured alone (S) and Kb expression on the gated popula-

tion of RMA-S cells from co-culture with non-infected macrophages

(S-Non-Inf-Mw) and with infected macrophages (S-Inf-Mw). RMA-S

cells cultured with 15 mM/ml of OVA257±264 peptide were used as

positive control (S-OVA257±264). (b) Kb expression on RMA-S cell at

both experimental times.
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were loaded because ®xed macrophages were used as recipients

of the released peptides. Furthermore, the nature of factors

(e.g. IFN-c) inducing this secretory pathway has not been

previously investigated. The size, amount and origin of the

antigen have been the principal variables.12,13 In the work

presented here, we show that IFN-c can be a decisive stimulus

for the macrophage to induce the secretion of peptides that

load empty class I molecules on the surface of neighbouring

cells and on the macrophages themselves The dependency of

IFN-c stimulation shown here might explain why a TAP-

independent peptide release pathway was detected in some

studies but not in others.12,13,28 Peptone-activated macro-

phages isolated from peritoneal exudates also showed this

peptide secretory pathway and IC21 macrophages not treated

with IFN-c were unable to induce the loading and stabilization

of RMA-S Kb molecules (Table 1, Table 2 and data not

shown). MHC Kb molecules were present on the surface of

RMA-S for at least 3 hr in a similar fashion to the octamer

OVA257±264 (SIINFEKL). In addition, secreted peptides loaded

into class I molecules of P815 target cells can be recognized

by CTLs from BALB/c mice primed in vivo with Salmonella.

Thus, this secretory antigen presentation pathway can release

peptides that can form recognition structures for CTL.

Dendritic cells treated with IFN-c increase their presentation

of exogenous antigens by class I molecules using proteasome

and TAP endogenous pathways,29 the pathway described here

for IFN-c-activated macrophages may co-operate with den-

dritic cells during the induction of T-cell responses against

foreign antigens. During an in¯ammatory response tumour

necrosis factor-a activates macrophages to produce interleu-

kin-12 and, as a consequence, CD4+ and CD8+ T cells

produce IFN-c.30 These events may induce and prolong the

activation of the macrophage in order to recruit speci®c CD8+

effector T cells in the tissues.

We were able to detect radiolabelled peptides loaded

on RMA-S cells after co-culture with activated macrophages

infected with radiolabelled Salmonella by Kb immunoprecipi-

tation experiments. Thus, secreted material came from the

internalized Salmonella. Interestingly, ammonium chloride and

leupeptin did not inhibit the Kb ¯uorescence increase on RMA-

S cells induced by Salmonella infection of IFN-c-activated

macrophages and also induced an increase in the Kb expression

induced by the macrophages without bacterial infection. These

results suggest that IFN-c-activated macrophages can cleave

exogenous antigens with a set of proteases that can function

at neutral pH. Indeed, our results further suggest that the

neutralization of the phagosome or the endosomal compart-

ments increases the proteolytic activity of these proteases.

The neutralization of the phagosome can be achieved by

S. typhimurium, which normally attenuates the acidi®cation

of this compartment in order to survive.31 This may be an

explanation why there are always more secreted peptides from

infected macrophages than from non-infected macrophages.

BFA blocks the transport of proteins from the endoplasmic

reticulum to the Golgi apparatus, a step critical for the classical

TAP-dependent pathway for the transport of newly synthe-

sized peptide-loaded MHC molecules. Our results suggest that

processing and secretion of peptides from exogenous antigens

can utilize a BFA-resistant pathway engaging a compartment,

which may recycle close to the plasma membrane independent

of the Golgi apparatus. Recently, a Fc-c-receptor-mediated

phagocytic pathway mediated by the ARF6 protein was shown

to be resistant to BFA in macrophages.32 IFN-c can induce the

expression of two subunits of the proteasome, LMP-2 and

LMP-7, as well as the regulator PA28.33±35 It is possible that

the IFN-c activation of the macrophages before the uptake

of Salmonella could induce a proteolytic activity inside the

phago-lysosome that could generate peptides similar to those

generated by the proteasomes.

The peptide release pathway described here needs to be

evaluated in vivo. This pathway may be part of the mechanism

of `cross-priming' demonstrated by other investigators. In an

in¯amed tissue, dendritic cells may present peptides released

from macrophages and then migrate to the lymph nodes to

activate speci®c T cells, in this way even if the immature

dendritic cell is not able to process the antigen, it can be the

carrier of peptides for the macrophage.36,37 Alternatively, the

release of self-peptides from phagocytosed self-proteins and

apoptotic bodies in the tissues could be a mechanism by which

activated macrophages could participate in break down of the

tolerance and generate autoimmunity.38,39 This mechanism

could be dangerous for bystander non-infected cells, however,

the activation of CD8+ T cells in the tissues could generate the

production of IFN-c to help macrophage killing of Salmonella.

Alternatively, other regulatory mechanisms can control CD8+

T attack in the tissues like CD30±CD30 ligand interactions.40
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from Salmonella-infected BALB/c mice. The spleen cells were re-

stimulated in vitro for 5 days with 100 mg/ml of Salmonella peptides

generated by trypsin digestion before use in the CTL assay.
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