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Reactive arthritis (ReA) induced by infection with several gram-negative bacteria is strongly associated with
expression of the major histocompatibility complex class I molecule HLA-B27. It is thought that due to the
intracellular lifestyle of ReA-inducing bacteria, bacterial fragments can be presented by HLA-B27. Cytotoxic T
cells recognizing such bacterial peptides or other induced host peptides could cross-react with self peptides pre-
sented in the joints, giving rise to disease. Studies to analyze the B27 peptide repertoire in relation to infection
were severely hampered, as complex peptide profiles obtained from separate infected and noninfected cell
preparations had to be compared. For this study, we applied a new approach to examine the effect of Salmonella
enterica serovar Typhimurium infection on the B27 peptide repertoire presented by the HLA-B*2704 subtype
associated with disease. Firstly, we showed that both host cell and S. enterica serovar Typhimurium proteins
can be tagged metabolically with stable-isotope-labeled arginine. We then designed experiments so that either
the tagged endogenous or tagged bacterial B*2704-presented peptide repertoires from infected cells could be
analyzed by mass spectrometry from single peptide preparations that included uninfected controls. Using this
new approach, we found no evidence for significant changes in endogenous B*2704 peptide presentation after
infection or for any S. enterica serovar Typhimurium-derived B27-bound peptide. In conclusion, the hypothesis
that S. enterica serovar Typhimurium induces changes in B27 peptide presentation could not be supported.

The major histocompatibility complex (MHC) class I mole-
cule HLA-B27 confers increased susceptibility to spondyloar-
thropathies (SpA) such as ankylosing spondylitis and reactive
arthritis (ReA) (7, 8). The HLA-B27 association is so strong
that a pathogenetic role for the B27 molecule itself is supposed
(4, 6, 27). In addition, HLA-B27 transgenic rats and mice
develop diseases resembling human SpA (21, 25, 55).

ReA occurs after gastrointestinal infection with several
gram-negative bacteria, including Salmonella, Shigella, and
Yersinia species, or upon urogenital infection with Chlamydia
trachomatis (9). Among several theories to explain the associ-
ation of B27 with ReA, the arthritogenic peptide hypothesis
(3) focuses on the peptide-presenting function of HLA-B27. In
its simplest form, this hypothesis proposes that after infection
with one of the aforementioned bacteria, B27 presents an
arthritogenic peptide resembling certain self peptides to B27-
restricted cytotoxic T lymphocytes (CTLs), thus triggering an
autoimmune reaction against these self peptides.

Several findings support this hypothesis. Classical MHC
class I molecules like B27 mainly present peptides derived
from endogenous sources (17, 18). A general feature of the
bacteria inducing ReA is their ability to enter nonprofessional
phagocytic cells, suggesting that these microorganisms might

be processed for presentation by HLA-B27 (11, 12, 52). Al-
though the relevance of MHC class I-presented Salmonella
peptides in immunity against Salmonella is not completely
clear, Salmonella-specific MHC class I-restricted CTLs have
been detected in experimentally infected mice (28, 33, 34, 40).
The strongest support for a role of peptides in the pathogen-
esis of B27-associated diseases is provided by B27 subtype
studies. It has been demonstrated that not all subtypes predis-
pose the host to SpA. While B*2705 and B*2704 are associated
with SpA, B*2706 and B*2709 are not or are only weakly
associated with SpA (30, 37, 42). The disease association of
these subtypes apparently correlates with the peptide-present-
ing domain, which contains nearly all HLA-B27 subtype poly-
morphisms (32, 46).

Since B27-restricted Salmonella- and Yersinia-specific CTL
clones from the synovium of a ReA patient were isolated (23),
efforts were undertaken to identify the peptide(s) presented by
B27 to these CTLs (44, 51). Until now, for the elucidation of
which bacterial peptides are presented by HLA-B27 upon in-
fection, reversed-phase chromatography-fractionated peptide
repertoires isolated from B27-expressing cells with or without
prior infection were compared. Such comparative data analysis
has yielded very limited information so far, although slight
differences have been suggested to occur after Salmonella and
Shigella infections (5, 31, 41, 43). The comparative approach
poses several problems. Firstly, peptides isolated from classical
HLA class I molecules form very complex mixtures, and the
arthritogenic bacterially derived peptide(s) might be present at
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a very low copy number per cell, making it very difficult to
detect. Secondly, a comparison of peptide profiles from in-
fected cells and noninfected cells, each obtained in separate
experiments, is clearly not an accurate and reliable method to
assess quantitative differences related to infection.

For our study, we used another approach which was devel-
oped by Meiring et al. (35) to study quantitative changes in
SpA-associated B*2704 peptide presentation after Salmonella
enterica serovar Typhimurium infection. The setup is based on
stable isotope labeling of proteins, which is now commonly
used in proteomic studies (20, 38). Peptides from control cells
as well as from infected cells were isolated and purified to-
gether. By this approach, we eliminated artifacts induced by
separate peptide purification and chromatographic proce-
dures, which commonly frustrate the comparative data analysis
approach, and were able to detect bacterially derived peptides
with greater ease.

MATERIALS AND METHODS

Bacteria, cell lines, and antibodies. The B*2704 transfectant of the human
lymphoid cell line Hmy2.C1R-B*2704 (47, 54) (C1R-B*2704), with low-level
expression of its endogenous MHC class I molecules, was described in detail
previously (16). C1R-B*2704 cells were cultured in RPMI 1640 (Gibco) supple-
mented with 5% fetal calf serum (FCS; Boehringer, Mannheim, Germany) and
25 mM HEPES and were expanded to the required amount of cells in 2-liter
roller bottles (Becton Dickinson, Grenoble, France). All infection experiments
were performed with the virulent S. enterica serovar Typhimurium strain SL1344
(19). The hybridoma W6/32 (2), which produces a monoclonal antibody specific
for the trimeric structure of the HLA class I heavy chain, �2-microglobulin, and
peptide, was obtained from the American Type Culture Collection.

Infection of C1R-B*2704 cells with S. enterica serovar Typhimurium. S. en-
terica serovar Typhimurium cells were grown overnight in Luria-Bertani (LB)
medium at 37°C without shaking. Next, the bacterial suspension was diluted
1:100 in 500 ml of RPMI 1640 (Gibco) and incubated for 4 h at 37°C with shaking
until an optical density at 530 nm of 0.7 was reached. Prior to infection, about
3 � 109 C1R-B*2704 cells grown in roller bottles were collected by centrifugation
and resuspended in two 175-cm2 culture flasks with filter caps (Nunc, Roskilde,
Denmark) containing 200 ml of RPMI 1640 supplemented with 5% FCS and
25 mM HEPES. The bacterial cells were collected by centrifugation at 1,000 �
g for 12 min and were divided between the two flasks containing the C1R-B*2704
cells, resulting in a multiplicity of infection of 50 to 100 bacteria per cell. The
C1R-B*2704 cells and the bacteria were incubated at 37°C in an atmosphere
containing 5% CO2 for 1 h. The cells were then collected by centrifugation at
500 � g for 12 min. Cell pellets were washed twice with RPMI 1640 supple-
mented with 5% FCS to remove nonadherent bacteria and were resuspended in
four 175-cm2 culture flasks containing 200 ml of RPMI 1640 supplemented with
25 mM HEPES, 5% FCS, and 100 �g of gentamicin/ml to kill extracellular
bacteria. After the cells were incubated at 37°C in 5% CO2 for 4 h, they were
collected, washed three times with cold phosphate-buffered saline (Gibco, Pais-
ley, Scotland), and finally pelleted by centrifugation at 800 � g for 12 min. At this
time point, the number of intracellular bacteria was determined as described
previously (43) to check whether a similar number of intracellular bacteria was
obtained as before (43, 52). Cell pellets were snap frozen in liquid nitrogen and
stored at �70°C until the isolation of B27 molecules. For infections with labeled
bacteria, a suspension of S. enterica serovar Typhimurium grown overnight in LB
was diluted 100-fold in custom-made RPMI 1640 without arginine (Gibco) sup-
plemented with 250 �g of labeled arginine/ml (two 14N atoms were replaced with
two 15N atoms, creating L-arginine-guanido[15N2] � HCl) (Cambridge Isotope
Laboratories). This dilution was then incubated at 37°C with shaking until an
optical density at 530 nm of 0.7 was reached. The labeled bacteria were mixed
with bacteria grown in normal RPMI 1640 (Gibco) at a ratio of 1:1 before use in
the infection experiments at a total multiplicity of infection of 50 to 100.

Labeling of C1R-B*2704 cells. To study changes in endogenous peptide pre-
sentation upon S. enterica serovar Typhimurium infection, we cultured C1R-
B*2704 cells for 4 days in custom-made RPMI 1640 (Gibco) without arginine to
which 250 �g of L-arginine-guanido[15N2] � HCl (Cambridge Isotope Laborato-
ries)/ml as well as 5% FCS and 25 mM HEPES had been added. During the
infection of labeled cells, all incubations of the cells were carried out in custom-

made RPMI 1640 without arginine (Gibco) to which 250 �g of labeled argi-
nine/ml had been added. Four hours after infection, infected labeled C1R-
B*2704 cells were mixed at a ratio of 1:1 with uninfected unlabeled C1R-B*2704
cells before the cells were collected for storage at �70°C. A control labeling
experiment was performed exactly as described above, but without bacteria.

Isolation of B*2704-associated peptides. The isolation of peptides was per-
formed as described previously (43), with the following modifications. Cells (3 �
109) were lysed in lysis buffer containing 1% CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate} (Roche) instead of NP-40 and includ-
ing a cocktail of protease inhibitors. B27-peptide complexes were immunopre-
cipitated with the monoclonal antibody W6/32 coupled to CNBr-activated
Sepharose (Pharmacia). After a thorough washing, the peptides were acid eluted
from the bound MHC molecules with 10% acetic acid instead of 0.1% trifluoro-
acetic acid (TFA). The eluate was passed through a 10-kDa-cutoff Centricon
Plus-20 PL-10 filter device (Amicon, Beverly, Mass.) to remove high-molecular-
weight material. After concentration by freeze-drying, the peptide extracts were
further purified in portions equivalent to 5 � 108 cells by reversed-phase chro-
matography using 0.2-mm by 2-cm reversed-phase columns with a Hypercarb
carbon (Thermo Electron) stationary phase (packed in-house). Peptides were
eluted with an acetonitrile gradient (0 to 80%) with 0.1% TFA in water and were
collected in one fraction that was then dried and dissolved in 0.1% TFA in water
for mass spectrometric analysis.

Nanoscale LC-MS. Purified B27-bound peptide extracts were analyzed by
nanoscale reversed-phase high-performance liquid chromatography (HPLC)–
electrospray ionization–mass spectrometry (nanoscale LC-ESI-MS) as described
previously (36), with some minor modifications. B27-bound peptides were in-
jected in a 10-�l mixture containing 0.1% TFA in water for transfer onto a 3-cm
by 100-�m Aqua reversed-phase trapping column (Phenomenex, Torrance,
Calif.) (packed in-house) with water containing 0.01% TFA at a flow rate of 3
�l/min for 10 min. After being trapped, the peptides were eluted from the
trapping column directly onto a 50-�m by 23-cm Aqua analytical column (packed
in-house) by use of a linear gradient from 0.01% TFA in water to 0.1 M acetic
acid containing 45% acetonitrile in 112 min, at a flow rate of 125 nl/min. The
column effluent was passed directly into a disposable gold-coated 5-�m-long ID
nano-ESI emitter (Nanoseparations, Bilthoven, The Netherlands) (36) butt con-
nected to the analytical column for online ESI-MS measurements. Peptide iden-
tities were confirmed by comparing LC retention times and MS/MS spectra
obtained from synthetic peptide analogues.

ESI-MS. Mass spectra were obtained with either an LCQ Classic quadrupole
ion trap mass spectrometer (Finnigan MAT, San Jose, Calif.) or a Micromass
LCT orthogonal acceleration time of flight mass spectrometer (Waters, Milford,
Mass.). Positive ion mass spectra were acquired in the range from m/z 350 to m/z
1,500. Ionization for the LCQ instrument was performed at an electrospray
voltage of 1.7 kV and a capillary temperature of 150°C. Ionization for the LCT
instrument was performed at an electrospray voltage of 2.4 kV and a source
temperature of 90°C. The scan time for the LCT was 0.5 s with an interscan delay
of 0.1 s.

Collision-induced dissociation (CID) mass spectra were obtained with the
LCQ instrument at a relative collision energy of 35%. The maximum injection
time was 150 ms. The isolation width of the parent ion was 3 Da.

MALDI-TOF. For matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) analysis, a few microliters of several peptide solutions were
concentrated on a C18 ZipTip (Millipore) and eluted in 5 �l of 60% acetoni-
trile–1% HCOOH. Next, 0.5 �l of this solution was mixed with 0.5 �l of a
solution of 52 mM �-cyano-4-hydroxycinnamic acid in 49% ethanol–49% aceto-
nitrile–2% TFA and 1 mM ammonium acetate. Before it dissolved, the �-cyano-
4-hydroxycinnamic acid (Sigma) was washed briefly with acetone. The mixture
was spotted onto a target plate and allowed to dry at room temperature. Re-
flectron MALDI-TOF spectra were acquired with a Micromass MALDI instru-
ment.

Tryptic digests. To check the efficiency of protein labeling of the S. enterica
serovar Typhimurium bacteria with L-arginine-guanido[15N2], whole-protein iso-
lates from the bacteria were digested with trypsin and peptide fragments were
analyzed by MS. Roughly 2 � 109 bacteria (labeled, unlabeled, or a 1:1 mixture
of both) were washed three times in 10 mM Tris, pH 8.0, resuspended in 1.5 ml
of 10 mM Tris, pH 8.0, and sonicated three times for 30 s each at the maximum
intensity in a B18 cell disrupter (Branson). The lysate was cooled on ice and
treated with a solution containing 100 �l of 10 mM Tris (pH 8.0), 1 mM
�-mercaptoethanol, and 1% sodium dodecyl sulfate at 96°C for 10 min. After the
addition of 1 ml of H2O, cooling on ice, and spinning at 14,000 rpm for 1 min,
500 �l of the supernatant was mixed with 1.5 ml of methanol and incubated for
30 min at room temperature, followed by centrifugation at 16,000 � g for 10 min
to collect precipitated proteins. The pellet was dried, and 100 �l of 50 mM
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NH4HCO3 (pH 8.0) with 20 �l of 0.1-�g/�l unmodified sequencing-grade trypsin
(Roche, Mannheim, Germany) in 1 mM HCl was added. Digestion was carried
out overnight at 37°C and stopped with 13.3 �l of 1% TFA in H2O.

The retentate, obtained after the filtration of B27 peptide eluates with 10-
kDa-cutoff filter units (Amicon), was used as a source of B27 heavy-chain pro-
teins to check for the correct 1:1 mixing of labeled and unlabeled C1R-B*2704
cells. About 20 �g of protein from the retentate was dried, and 100 �l of 12.5-
ng/�l sequencing-grade modified trypsin (Promega, Madison, Wis.) in 100 mM
NH4HCO3, pH 8.0, was added. Digestion was carried out at 37°C overnight.
Seven microliters of formic acid was added, and the digest was incubated with 10
mM dithiothreitol, dried, and dissolved in 100 �l of 5% dimethyl sulfoxide–5%
formic acid.

RESULTS

Efficiency of stable isotope labeling of endogenous B*2704-
presented peptides. Our aim was to compare the endogenous
B*2704-presented peptide repertoires from infected and un-
infected cell populations in a single peptide preparation.
Therefore, we first examined whether it was possible to tag the
peptide repertoire of one of two cell populations by metabolic
labeling. Stable-isotope-labeled arginine was used, since argi-
nine is a required anchor residue for peptide binding to B*2704.
The L-arginine-guanido[15N2]-labeled cells were mixed at a ra-
tio of 1:1 with unlabeled C1R-B*2704 cells, and subsequently
the B27-bound peptides were isolated and purified from this
mixture.

We expected that each B27-presented peptide species iso-
lated from the cell mixture would be represented by two
masses of equal intensities, representing unlabeled and 15N2-
labeled peptides derived from their respective cell populations.
The labeled peptides were expected to be 2, 4, or 6 Da heavier
than the unlabeled peptides, representing peptides containing
one, two, or three arginines, respectively. Because the presence
of two 15N atoms in labeled arginines has no effect on peptide
retention times in reversed-phase chromatography, unlabeled
and labeled peptides will coelute for LC-MS. These peptides
will thus be seen in mass spectra as mass doublets consisting of
two masses at equal intensities, with a mass difference of 2 Da
for each arginine.

Upon LC-MS analysis of the B*2704-bound peptides iso-
lated from the 1:1 mixture of unlabeled and labeled cells with
the LCT mass spectrometer, the B27-bound peptides were
indeed found to be present as doublets with mass differences of
2 to 6 Da. Thus, peptides were presented in their unlabeled
and labeled forms (Fig. 1).

However, it was apparent that the ratio of labeled to unla-
beled peptide was less than one. Therefore, the 25 most abun-
dant masses, containing at least two arginines in order to rule
out adulteration of the signal intensity of the labeled peptide
by natural 13C isotopes of the unlabeled peptide, were ana-
lyzed. We found that the mean intensity of labeled peptides
was 60.5% � 7.7% of the intensity of unlabeled peptides.

The underrepresentation of the labeled peptides may have
been caused by the mixing of nonidentical numbers of viable
unlabeled and labeled C1R-B*2704 cells. To verify this as-
sumption, we assessed the ratio of unlabeled to labeled pro-
teins that were coisolated during the peptide isolation proce-
dure. We performed tryptic digests with the protein mixture
and used MALDI-TOF to quantify the ratio of unlabeled to
labeled peptides in the digests. Thus, we deduced the ratio of
B27 molecules derived from unlabeled cells to those derived

from labeled cells in the cell pellet used for the isolation of
B27-bound peptides. In this experiment, we found that the
amount of labeled proteins was 67% � 13% that of unlabeled
proteins (data not shown), which is in accordance with the
ratio of unlabeled to labeled B27-bound peptides found with
the first experiment (see above).

With this proof of principle for our experimental setup, our
method could be used to compare the B27-presented peptide
repertoires of two different cell populations by using unlabeled
peptides derived from an unlabeled cell population as an in-
ternal experimental control.

Analysis of endogenous presented peptide repertoire after S.
enterica serovar Typhimurium infection. To study the influence
of S. enterica serovar Typhimurium infection on the B27-pre-
sented peptide repertoire, we compared the peptide repertoire
of unlabeled control cells with that of infected labeled cells.
The L-Arginine-guanido[15N2]-labeled C1R-B*2704 cell popu-
lation was infected with S. enterica serovar Typhimurium prior
to mixing of the labeled cells with unlabeled, uninfected C1R-
B*2704 control cells at a ratio of 1:1. Subsequently, the B27-
bound peptides were isolated and analyzed.

As in the previous control experiment, we studied the pep-
tide mass doublets derived from the cell mixture of unlabeled
and infected labeled cells by using LC-MS and found labeled
peptide masses at lower intensities than those of unlabeled
peptides (Fig. 2).

In this experiment, for the same 25 most intense peptide
mass doublets studied in the previous control experiment, the
average intensity of labeled peptides was 69% � 9.1% of the
intensity of unlabeled peptides. In all other peptide mass dou-
blets, containing at least two arginines in order to rule out
adulteration of the signal intensity of the labeled peptide by
natural 13C isotopes of the unlabeled peptide, we found no
deviations from this percentage of more than three times the
standard deviation. As we determined previously in a control
experiment by quantifying the relative amount of labeled pro-
tein obtained during B27 isolation procedures with tryptic di-
gests and MALDI-TOF, this finding reflects the unsuccessful
mixing of equal amounts of unlabeled and infected labeled
C1R-B*2704 cells.

For peptides containing only one arginine, the signal inten-
sity of the second natural 13C isotope of the unlabeled peptide
coincided with the signal for the labeled peptide. We estimated
that the intensity of the second natural isotope peak of all
peptides was 30% of the intensity of the unlabeled peptide
masses based on an average length of B27-presented peptides
between 9 and 13 residues. After correction of the signal of the
labeled peptide mass for this contribution, no significant devi-
ations from the previously observed ratio were found. More-
over, a comparison of the ratios of labeled to unlabeled pep-
tide signals in these one-arginine-containing doublets with the
ratios found for the same peptides (based on identical masses
and retention times) in the control experiment showed that
they were the same if they were corrected for the mean ratios
of the experiments.

Thus, S. enterica serovar Typhimurium infection induced no
significant increase or decrease in certain B27-presented pep-
tides in C1R-B*2704 cells compared to normal uninfected
C1R-B*2704 cells. This also applies to a histone H3-derived
peptide (RRYQKSTEL) (Fig. 3), for which it was previously
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reported that presentation by B27 increased upon S. enterica
serovar Typhimurium infection (43).

Labeling of S. enterica serovar Typhimurium proteins. In
the previous experiments, we studied overall changes in pep-
tide presentation induced by S. enterica serovar Typhimu-
rium infection. We next attempted to identify S. enterica
serovar Typhimurium-derived peptides presented by infected
C1R-B*2704 cells. For this approach we used unlabeled C1R-
B*2704 cells infected with S. enterica serovar Typhimurium

bacterial cells, 50% of which were labeled with L-arginine-
guanido[15N2]. Thus, B27-presented peptides derived from
host cell proteins would be detected as single unlabeled pep-
tide masses with LC-MS, whereas peptides derived from bac-
teria would be present as mass doublets consisting of labeled
and unlabeled peptide masses.

We first tested the labeling of S. enterica serovar Typhi-
murium proteins with L-arginine-guanido[15N2] and assessed
the ratio of labeled to unlabeled bacteria used to infect C1R-

FIG. 1. B27-bound peptides isolated from a 50% mixture of labeled and unlabeled C1R-B*2704 cells. A base peak chromatogram from an
LC-MS experiment (A) and a typical MS spectrum (B) are shown, revealing two doubly positive charged ions representing a peptide containing
two arginines (m/z 509.3 and 511.3) and a peptide containing one arginine (m/z 520.3 and 521.3).
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B*2704 cells. We set up tryptic digests of the labeled and
unlabeled S. enterica serovar Typhimurium proteins and used a
1:1 mixture of them for this experiment. Using MALDI-TOF
and peptide mass fingerprinting, we found that the major pep-
tide fragments detected in the tryptic digests of isolated bac-
terial proteins were derived from the S. enterica serovar Ty-
phimurium murein lipoprotein, as confirmed by actual MS/MS
sequencing of two of these peptides, SDVQAAKDDAAR and

VDQLSNDVNAMR. Arginine-containing peptide fragments
derived from the labeled bacteria were 2 Da heavier per argi-
nine than those from unlabeled bacteria. No masses corre-
sponding to unlabeled peptides were detected among the
fragments derived from the labeled bacteria. Therefore, we
concluded that our labeling protocol resulted in the complete
labeling of S. enterica serovar Typhimurium bacteria with L-ar-
ginine-guanido[15N2]. The mixing of equal numbers of labeled

FIG. 2. B27-bound peptides isolated from a 50% mixture of labeled C1R-B*2704 cells infected with S. enterica serovar Typhimurium and of
unlabeled, uninfected cells. A base peak chromatogram from an LC-MS experiment (A) and a typical MS spectrum (B) are shown, revealing two
doubly positive charged ions representing a peptide containing two arginines (m/z 509.3 and 511.3) and a peptide containing one arginine (m/z
520.3 and 521.3).
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and unlabeled bacteria indeed resulted in a 1:1 ratio of labeled
and unlabeled peptide signals in the tryptic digests of the
mixture. Figure 4 shows MS spectra containing one of the
murein lipoprotein fragments with a mass of 1,361.65, corre-
sponding to unlabeled VDQLSNDVNAMR, and a mass of
1,363.65, corresponding to VDQLSNDVNAMR labeled with
L-arginine-guanido[15N2]. A suspension of S. enterica serovar
Typhimurium containing 50% labeled and 50% unlabeled bac-
teria was used to infect unlabeled C1R-B*2704 cells.

Detection of B*2704-bound S. enterica serovar Typhimu-
rium-derived peptides from C1R-B*2704 cells upon infection
with 50% labeled bacteria. We isolated B27-bound peptides
from C1R-B*2704 cells after infection with an S. enterica se-
rovar Typhimurium suspension in which half of the bacteria
were labeled with L-arginine-guanido[15N2], as confirmed by
MALDI-TOF analysis. Any peptide presented by B27 derived
from S. enterica serovar Typhimurium was detected as a spec-
tral doublet consisting of two masses in a 1:1 ratio representing
the unlabeled and labeled bacterial peptides.

All MS scans from the LC-MS experiment were analyzed for
spectral doublets containing a mass difference of 2, 4, or 6 Da.
Subsequently, if in a single scan such spectral doublets were
present, we checked whether the two masses indeed repre-
sented identical peptides with identical retention times. To this
end, we compared the chromatograms of the two masses form-
ing the doublet by tracing their ion signals in the adjacent
LC-MS scans. No spectral doublets representing peptides de-
rived from S. enterica serovar Typhimurium were found.

Another approach to searching for bacterially derived MHC
class I-presented peptides is to predict in silico which peptides
will bind to a particular MHC molecule by combining the
sequence of a known bacterial antigen with the peptide binding
motif of a particular MHC allele. Protein tyrosine phosphatase
(SptP) is one of the S. enterica serovar Typhimurium proteins
that are expected to gain access to the MHC class I presenta-
tion pathway (even in nonprofessional phagocytes) because it
is injected into the cytosol of eukaryotic cells (45). Therefore,
after LC-MS analysis of the isolated B27-bound peptides, we
looked for the presence of masses corresponding to the calcu-
lated masses of all theoretical 9- to 12-mer peptides derived
from SptP that contain arginine at amino acid position 2 (the

major B27 peptide binding motif). If they were derived from
the bacterial SptP protein, such peptides should be present as
spectral doublets in our experiment.

Although we found mass values corresponding to those of
predicted epitopes from SptP, none of these were present as
spectral doublets. Moreover, these single masses were also
present in peptide eluates from noninfected cells. Thus, we did
not identify S. enterica serovar Typhimurium-derived peptides
presented by B27 on infected C1R-B*2704 cells.

FIG. 3. MS spectra showing doubly charged ions from the H3-derived peptide RRYQKSTEL isolated from uninfected C1R-B*2704 cells
(A) and from a 50% mixture of labeled C1R-B*2704 cells infected with S. enterica serovar Typhimurium and of unlabeled, uninfected cells (B).

FIG. 4. MALDI-TOF spectra showing an S. enterica serovar Typhi-
murium peptide present in tryptic digests of precipitated proteins from
unlabeled S. enterica serovar Typhimurium (A), labeled S. enterica
serovar Typhimurium (B), and a 50% mixture of unlabeled and labeled
S. enterica serovar Typhimurium (C).
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DISCUSSION

ReA is induced after infection by certain gram-negative bac-
teria or C. trachomatis, especially in HLA-B27-positive indi-
viduals (26, 39, 49). The arthritogenic peptide hypothesis pro-
poses a role for a peptide(s) presented by B27 molecules in the
pathogenesis of ReA (3). It has indeed been shown that the
infection of B27-positive C1R cells with Salmonella or Yersinia
makes them susceptible to lysis by B27-restricted CTL clones
isolated from synovia of ReA patients (23). For the present
study, we used a newly developed approach (35) to identify any
possible changes induced by S. enterica serovar Typhimurium
infection in the peptide repertoire presented by HLA-B*2704,
a disease-associated subtype.

Several groups have attempted to identify changes in the
B27-bound peptide repertoire after infection with bacteria (5,
31, 41, 43). Most of these studies compared HPLC profiles
generated from peptide pools isolated from infected cells with
those from uninfected control cells. With this approach, very
few significant differences were observed and characterized.
Boisgerault et al. (5) identified some peptides, presented only
by cells infected with Shigella, that lacked the B27 binding
motif. Ringrose et al. concluded from their comparative data
analysis that the presentation of certain host cell peptides may
be increased upon bacterial infection (43). A more advanced
study was performed by Ramos et al., who used MS analysis to
study the peptide contents of all peptide fractions generated by
reversed-phase HPLC (41). They found no significant differ-
ences between peptide profiles from cells infected with S. en-
terica serovar Typhimurium and those from control cells, al-
though an as yet uncharacterized low-abundance mass was
specifically present in isolates from infected cells.

The major difficulty in such comparative data analyses is
poor reproducibility. Peptides from infected and control cells
are isolated and purified in separate experiments. Results from
such experiments are affected by various variables, with a con-
siderable impact on the HPLC profiles obtained. In addition,
the sensitivity of every mass spectrometer varies over time, and
slight differences in the compositions of the fractions to be
analyzed influence the spectra obtained.

In view of the problems and limitations often encountered in
studies using comparative data analysis, we used a new ap-
proach to study the effect of S. enterica serovar Typhimurium
infection on B27 peptide presentation. In addition, we used a
sensitive nanoscale HPLC technique connected online to the
ESI source of a mass spectrometer (LC-MS) (36). Proteins or
peptides from different cell populations, with one population
being labeled with stable isotopes, were mixed prior to sepa-
ration and detection, giving the essential relative abundance of
the stable isotope labels. In our approach, the cells themselves
are mixed before the isolation procedures so that the peptide
samples include their own internal (unlabeled) controls.

Because arginine is the major anchor residue at position 2 of
the B27 peptide binding motif (24, 46), we used L-arginine-
guanido[15N2] as a label in our experiments. After mixing la-
beled cells and unlabeled cells, we found that the peptides
presented by B*2704 on these cells were present in mass spec-
tra as spectral doublets consisting of two masses, with mass
differences of 2 Da for each arginine within the peptide. This
finding showed that it is possible to label cells completely with

a stable-isotope-labeled anchor residue, resulting in the pre-
sentation of labeled peptides by MHC class I molecules. The
ratio of unlabeled to labeled B27-bound peptides was found to
reflect the ratio of labeled to unlabeled B27 molecules present
in the mixture of C1R-B*2704 cells.

By infecting only labeled cells with S. enterica serovar Ty-
phimurium before mixing them with unlabeled control cells,
we could study changes in peptide presentation that were pos-
sibly induced by S. enterica serovar Typhimurium infection by
looking for changes in the ratios of unlabeled to labeled pep-
tide masses. Although previous studies had suggested the ex-
istence of such changes (5, 31, 43), we did not find any change
in peptide presentation patterns due to S. enterica serovar
Typhimurium infection by using this intrinsically more reliable
approach. We also clearly demonstrated that the presentation
of a histone-derived peptide, which had been suggested to be
up regulated, was unaltered by S. enterica serovar Typhimu-
rium infection. Apparently, the increase in presentation of the
H3 peptide that was reported previously (43) is a typical arti-
fact of the comparative data approach.

We also specifically searched for S. enterica serovar Typhi-
murium-derived peptides presented by HLA-B*2704 on in-
fected cells. For this study, we used a 1:1 mixture of L-arginine-
guanido[15N2]-labeled and unlabeled S. enterica serovar
Typhimurium bacteria to infect C1R-B*2704 cells. We found
that S. enterica serovar Typhimurium bacteria were highly ef-
ficiently labeled with the arginine. However, we did not find
spectral doublets representing S. enterica serovar Typhi-
murium-derived peptides among the B27-bound peptides iso-
lated from infected C1R-B*2704 cells. This finding is consis-
tent with data reported by Lopez de Castro et al., who used a
comparative data approach (41).

Although we failed to detect any peptides derived from S.
enterica serovar Typhimurium that were presented by B*2704,
there are several clear indications in the literature that Salmo-
nella proteins can be presented by MHC class I molecules.
Using foreign epitopes expressed in Salmonella, several studies
have shown that Salmonella can induce an MHC class I-re-
stricted CTL response against such foreign epitopes in mice
(1, 13, 45, 50). Salmonella-specific MHC class I-restricted
responses can also be induced, although it seems that the
majority of the anti-Salmonella response is restricted by the
nonclassical MHC class I molecule Qa-1b (28, 40). The only
characterized Salmonella MHC class I epitope is a Salmonella
peptide presented by Qa-1b (29).

However, a distinction should be made between professional
phagocytic cells, such as macrophages and dendritic cells, and
nonphagocytic cells. Foreign epitopes expressed in Salmonella
can be processed and presented by classical MHC class I mol-
ecules on professional phagocytic cells (22), while Salmonella is
protected from recognition by CTLs in nonphagocytic cells
such as epithelial cells (15, 22). This indicates that Salmonella
bacteria can gain access to the processing pathway for presen-
tation by classical MHC class I molecules in professional
phagocytic cells only. Nevertheless, mechanisms for processing
Salmonella for presentation by classical MHC class I molecules
might also exist in nonphagocytic cells. One possibility is the
presentation by MHC class I molecules of peptides derived
from certain Salmonella proteins found in the cytosol. The
Salmonella type III secretion system can translocate certain
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proteins into the cytosol of nonphagocytic cells (14, 53). In-
deed, this system has been used to present a viral epitope
expressed in the Salmonella SptP protein to MHC class I-re-
stricted CTLs by nonphagocytic cells (45), but we were unable
to detect such peptides derived from the SptP protein.

It is unknown which MHC class I peptide presentation
mechanisms exist in C1R-B*2704 cells, but Hermann et al. (23)
have shown that infection of C1R cells renders them suscep-
tible to lysis by B27-restricted CTL clones. The apparent dis-
crepancy between their results and our observations might be
explained by the difference in sensitivity between their bioassay
and our methods for detecting B27-presented peptides.

The amount of B27 molecules on the cells used in our
experiment can be estimated to be approximately 105 to 106

copies per cell (10). We calculated that considering the fem-
tomole sensitivity of the mass spectrometer, the amount of cell
material used in our experiment (5 � 108 cells), infection
efficiencies, and estimated losses of 80% during the isolation
procedures, Salmonella-derived peptides present at a level of 3
� 102 copies or more per cell should be easily detected by our
method. There are important caveats, however. Ionization and
detection efficiencies are strongly influenced by the presence of
other ions, either contaminants or other abundant peptides.
Thus, we observed large variations in the sensitivity of the
LC-MS method if model peptides such as oxytocin and angio-
tensin III spiked in LC-ESI runs of peptide mixtures were used
(results not shown). This illustrates that all quantitative meth-
ods based on isotope labeling and MS are ideally suited for
comparative studies but that they provide only very rough
indications of the absolute amounts of peptides present. It has
been reported that the sensitivity of CTLs is at the level of a
few copies per cell (48). Thus, it is possible that peptides from
Salmonella are presented by B27 on C1R cells at immunolog-
ically relevant levels but that they are very difficult to detect
biochemically. Clearly, in this case biochemical detection can-
not yet compete with nature.

In conclusion, although our approach to detecting any B27-
bound peptides derived from S. enterica serovar Typhimurium
by using stable isotope labeling and MS failed, we have con-
vincingly shown that there is no increase in the presentation of
an H3-derived peptide after Salmonella infection, as suggested
previously (43). The method used in our study clearly has
major advantages compared to the widely used comparative
data analysis approach. This method can be used for detect-
ing unknown naturally MHC-presented epitopes from other
pathogens as well as for studying changes in peptide presen-
tation resulting from certain stimuli.
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