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ctivated cytotoxic CD8⫹ T lymphocytes are responsible for
directly killing self-cells which have become infected or transformed. In order to initiate killing, the T cell receptors (TCRs)
expressed on the surfaces of CD8⫹ T lymphocytes must recognize
a specific antigenic peptide bound to a major histocompatibility
complex (MHC) class I molecule expressed on the target cell. Because the peptide is the lynchpin in the entire immune reaction, an
understanding of how cells directly process and present peptides is
of utmost importance if we are to exploit the T cell response to
eliminate chronically infected cells or tumors.
Bacteria of the genus Chlamydia are obligate intracellular organisms and as such, they should be subject to control by CD8⫹ T
cells. Indeed, peptides derived from chlamydial proteins are
known to be presented by MHC class I molecules (reviewed in
reference 1) and Chlamydia-reactive CD8⫹ T cells have been detected in patients (2, 3). Despite the presence of antigen-specific T
cells, infection with Chlamydia trachomatis can cause serious diseases in humans. Clinical signs and long-term consequences of C.
trachomatis infection particularly afflict women and include pelvic inflammatory disease, ectopic pregnancy, premature birth, hydrosalpinx, and infertility (4). Often, intracellular pathogens have
evolved a multitude of ways to evade CD8⫹ T cell responses by
altering the MHC class I antigen presentation pathway (5, 6). Indeed, infection with different Chlamydia species can decrease the
cell surface levels of MHC class I molecules, suggesting immune
evasion of CD8⫹ T cell responses (7–9). As the field advances
toward the development of a successful vaccine, it is imperative to
determine what, if any, mechanisms are used by Chlamydia species to alter antigen presentation.
Peptides directly presented on MHC class I molecules can be
derived from any source of endogenous proteins, including selfpeptides liberated from the parental protein as part of the normal
process of protein turnover or from proteins rendered defective by
any number of processes within the cell. Viruses, including HIV

A

480

iai.asm.org

(10), measles virus (11), influenza virus (12), and respiratory syncytial virus (13), often alter the self-peptide repertoire on MHC
class I molecules. Changes in cellular metabolic activity can also
skew the repertoire of self-peptides displayed at the cell surface
(14). Since CD8⫹ T cells can react to self-antigens, the changes in
peptide repertoire may have implications in autoimmune disorders. It is therefore instructive to think not only of foreign antigen
presentation but also of alterations in self-peptide presentation
resulting from intracellular pathogen infection.
We report here that during chlamydial infections host cells
increase the presentation of self-peptides while simultaneously
decreasing levels of a model host protein. The loss of self-protein
was neither due to proteasome-mediated decay nor due to a decrease in the level of mRNA transcripts, suggesting that a bacterial
synthesized component altered the host protein’s ability to accumulate within the cell. The resulting increase in self-peptide presentation may explain the association of autoimmune disease and
chlamydial infections (15, 16). Furthermore, enhancing self-peptide presentation may mask chlamydial infection by decreasing
the presentation efficiency of chlamydial peptides.
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The direct major histocompatibility complex (MHC) class I antigen presentation pathway ensures intracellular peptides are displayed at the cellular surface for recognition of infected or transformed cells by CD8ⴙ cytotoxic T lymphocytes. Chlamydia spp.
are obligate intracellular bacteria and, as such, should be targeted by CD8ⴙ T cells. It is likely that Chlamydia spp. have evolved
mechanisms to avoid the CD8ⴙ killer T cell responses by interfering with MHC class I antigen presentation. Using a model system of self-peptide presentation which allows for posttranslational control of the model protein’s stability, we tested the ability
of various Chlamydia species to alter direct MHC class I antigen presentation. Infection of the JY lymphoblastoid cell line limited the accumulation of a model host protein and increased presentation of the model-protein-derived peptides. Enhanced selfpeptide presentation was detected only when presentation was restricted to defective ribosomal products, or DRiPs, and total
MHC class I levels remained unaltered. Skewed antigen presentation was dependent on a bacterial synthesized component, as
evidenced by reversal of the observed phenotype upon preventing bacterial transcription, translation, and the inhibition of bacterial lipooligosaccharide synthesis. These data suggest that Chlamydia spp. have evolved to alter the host antigen presentation
machinery to favor presentation of defective and rapidly degraded forms of self-antigen, possibly as a mechanism to diminish
the presentation of peptides derived from bacterial proteins.

Chlamydia Infection Alters Direct Antigen Presentation

MATERIALS AND METHODS
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ert J. Suchland, University of Washington), C. trachomatis D/UW-3, and
C. caviae were propagated in McCoy cells. For all figures, C. trachomatis
refers to the L2 serovar unless otherwise noted. Titers of chlamydial stocks
were determined by counting the number of inclusion-forming units
(IFU) per ml in JY cells. Chlamydial growth kinetics were established by
infecting JY cells, and at different time points, cells were removed into a
new 1.5-ml tube, centrifuged, and resuspended in phosphate-buffered
saline (PBS). Lysing matrix C beads (MP Biomedicals) were added to each
tube, which were then vortexed vigorously for 30 s. Samples were then
centrifuged at 20,000 relative centrifugal force (RCF) for 10 min, and the
supernatant was transferred to a new 1.5-ml tube and stored at ⫺80°C.
McCoy cells were then grown to confluence in a 24-well tray. Three serial
dilutions were made from each sample and used to infect each monolayer
in triplicate. The numbers of inclusion-forming units per ml were determined on monolayers fixed with methanol at 48 h postinfection (hpi).
Infection and antigen presentation assays. A total of 5 ⫻ 105 JY/
SCRAP-SVG cells were centrifuged at 200 RCF for 5 min. The medium
was removed, and the cells were resuspended in PBS (pH 7.4). The cells
were then aliquoted into individual wells of a 24-well tissue culture plate
in 400 l of PBS. Chlamydia spp. were added to the cells, and the plate was
centrifuged at 980 RCF for 1 h. After infection, 1 ml of RPMI medium
supplemented with 2% L-glutamine and 10% FBS was added to each well.
At 12 hpi, Shield-1 was added to the appropriate wells at a final concentration of 1.0 M. The cells were incubated at 37°C in 6% CO2 for 24 h.
Unless otherwise noted, a multiplicity of infection (MOI) of 0.3 was used
and was determined by measuring percentage of red fluorescent proteinpositive (RFP⫹) cells by FACS analysis (see Fig. 2). For the kinetics assays,
cells were resuspended in PBS and fixed, and the Venus fluorescent protein (VFP) was determined by flow cytometry at each time point. In some
experiments, chloramphenicol (CAM; Sigma, 1.5 g/ml), rifampin (RIF;
Sigma, 10 ng/ml), or LPC-011 (LPC [kindly provided by Pei Zhou and
Raphael Valdivia], 1.92 g/ml) was added to cells during and after the
infection and maintained in culture throughout the remainder of the
experiment. In other experiments, epoxomicin (Enzo, 1 g/ml) or BFA
(MP Pharmaceuticals, 10 M) was added to cells at approximately 17 hpi.
Antigen presentation assays were performed as described above. For infection of MCF7 cells, after a 2-h incubation period posttransfection, the
cells were infected with C. trachomatis D/UW-3 as described above. Prior
to staining with RL15A, at 30 hpi, all medium was removed, and the
monolayer was disrupted by treatment with 0.25% trypsin-EDTA (Life
Technologies) and neutralized with RPMI. At 24 hpi, C. caviae-infected JY
cells were washed with PBS and resuspended in 0.1 M C6-NBD-ceramide (Invitrogen) for 1 h at 37°C. The cells were then centrifuged at 200
RCF, and the supernatant was aspirated and replaced with fresh RPMI.
After a 3-h incubation period at 37°C, the cells were fixed in 4% paraformaldehyde and analyzed by fluorescence-activated cell sorting (FACS).
Each antigen presentation assay was repeated a minimum of three times.
Electron microscopy. JY cells were infected at an MOI of 0.3, and at 24
hpi, cells were harvested and washed two times with Dulbecco’s phosphate-buffered saline (DPBS) and resuspended in 1 ml of EM fixative A
(2.5% glutaraldehyde, 1% paraformaldehyde, 0.1 M sodium cacodylate).
Cells were submitted to the Oregon State University Electron Microscopy
facility for thin sectioning and imaging with a FEI-Titan 80-200 in STEM
mode. Approximately 100 cells were examined.
Fluorescence microscopy. JY cells infected with C. trachomatis L2RFP or mock infected were harvested and washed with excess PBS and
fixed with 4% paraformaldehyde as described above. Cells were then
mixed with VectaShield (Vector Laboratories) containing DAPI (4=,6=diamidino-2-phenylindole; Sigma-Aldrich) to stain DNA and imaged
with a Leica DML fluorescent scope with Chroma 49004 TRITC (tetramethyl rhodamine isothiocyanate) and 49021 DAPI filters. Ten fields were
examined with a 100⫻ oil immersion lens for RFP/DAPI, and images were
taken with Retiga 2000R camera and QCapture Pro 6.0 software. A minimum of 10 fields (representing almost 50 cells) were examined.
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Cell lines, antibodies, and reagents. The human B lymphoblastoid cell
line JY (17) and the epithelial tumor cell line MCF7 were cultured in RPMI
1640 medium (Gibco) supplemented with 7.5% fetal calf serum (Atlanta
Biological), GlutaMAX (Gibco, 20 mM), and HEPES (Gibco, 10 mM).
Cells were cultured in a humidified incubator at 37°C with 6% CO2. The
monoclonal antibody (MAb) RL15A (anti-HLA-A2-SVG, described previously [18]) was labeled with an Alexa Fluor 647 kit (Molecular Probes),
and the fluorescence to protein (F/P) ratio was determined according to
manufacturer directions. The MAb W6/32 (anti-HLA-A,B,C) was used as
previously described (17). Goat polyclonal anti-green fluorescent protein
(GFP) antibody and recombinant GFP were from Novus. The proteasome
inhibitor epoxomicin (Enzo) was used at a concentration of 1 g/ml.
Emetine (MP Pharmaceuticals) was used at a concentration of 10 M.
The protein transport inhibitor brefeldin A (BFA; MP Pharmaceuticals)
was used at a concentration of 10 M. The human Toll-like receptor
(TLR) agonist kit was from InvivoGen. Shield-1 (Clontech) was used at a
concentration of 1 g/ml unless otherwise indicated.
SCRAP-SVG construct and transfections. SCRAP-SVG was constructed as follows. The FKB12 destabilization domain was amplified
from pCAGGS/SCRAP (19) using the forward primer 5=-TCTAGAGAG
CTCCCACCATGGGAGTGCAGGTGGAAACCA-3= (primer 1) and the
reverse primer 5=-AACTGAGGTGAACACCCCTCCAACTGATTCCGG
TTTTAGAAGCTCC-3= (primer 2). Venus was amplified from pSC11VFP-Ub-RGY (20) using the forward primer 5=-TCAGTTGGAGGGGTG
TTCACCTCAGTTGTGAGCAAGGGCGAGGAG-3= (primer 3) and the
reverse primer 5=-AGATCTCTCGAGTTACTTGTACAGCTCGTCCAT
GCCGAG-3= (primer 4). PCR products were collected using a Qiagen
PCR purification kit. Purified amplicons were then used as the templates
in a zipper PCR using primers 1 and 4. The resultant PCR product was
purified, digested with SacI and XhoI, and cloned into the pCAGGS vector. PvuI-digested plasmid DNA was ethanol purified and resuspended in
H2O. The linearized plasmid DNA was mixed with 105 JY cells in Amaxa
SF solution. JY cells were electroporated with the Amaxa shuttle nucleofector (program DS-138). Cells were cultured for 1 week and exposed to
Shield-1 overnight. The following day, Venus fluorescent protein-positive
(VFP⫹) cells were sorted with a BD FACSAria II and cultured with antibiotics (penicillin-streptomycin and gentamicin, all from Gibco) for 10
days to prevent contamination. A second round of fluorescence-activated
cell sorting (FACS) was necessary to achieve ⬎95% VFP⫹ cells. For transient transfection, 5 ⫻ 105 MCF7 cells were mixed with 500 ng of the
pCAGGS-SCRAP-SVG vector in 20 l of transfection solution SF (Lonza)
and transfected with the Amaxa shuttle nucleofector (program FF-120).
Antigen presentation assays. JY cells were harvested and cultured at
106 cells/ml for various times and with various compounds before harvesting. For kinetic experiments, cells were harvested and kept at 4°C until
the end of the assay, when all samples were stained and analyzed together.
In some experiments, cells were washed in ice-cold citric acid buffer (pH
3) for 2 min (21); the cells were then washed and resuspended in culture
medium at 106 cells/ml. After cell harvesting, the cells were washed in
0.1% bovine serum albumin-Hanks balanced salt solution and labeled
with Alexa Fluor 647-coupled RL15A MAb or W6/32 at 4°C for 30 min.
The cells were then washed, and W6/32-labeled cells were stained with
DyLight 649 goat-anti-mouse IgG for 30 min at 4°C. After being washed to
remove excess antibody, the cells were analyzed by flow cytometry using a
BD Accuri C6 flow cytometer. For kinetic analysis, single data points were
analyzed. When single time points were analyzed, a minimum of three
individual cell stains were included. Data analysis was completed with
Accuri software. Single-color controls were used to ensure proper color
compensation. Each iteration of an antigen presentation experiment was
repeated a minimum of three times.
Chlamydia strains and cell lines. McCoy cells were grown in minimal
essential medium (Life Technologies) with 10% fetal bovine serum (Life
Technologies). Chlamydia trachomatis serovar L2 transformed with
mCherry plasmid, L2/pBRmChE (here L2-RFP, kindly provided by Rob-
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RESULTS

MAbs with TCR-like specificity (known as TCRms) are a useful
tool for quantifying MHC class I presentation of a particular peptide. We have recently used one such TCRm to determine that the
efficiency of presentation of a peptide from a model self-protein
was nearly 10 times greater than when the same model antigen was
expressed by an infecting virus, suggesting that the source of the
peptide was an important factor for efficient antigen presentation
(19). We developed a new version of our original model protein
(21) for studying the presentation of peptides via human MHC
class I molecules. The model protein (Fig. 1A) contains a destabilization domain derived from the FKBP12 protein, which facilitates rapid degradation of the mosaic target protein. This process
can be reversed by the addition of a small, cell-penetrating molecule termed Shield-1 (25). Sandwiched between the destabilization domain and Venus fluorescent protein (VFP), which acts as a
reporter for the presence of a functional protein, is the peptide
SVGGVFTSV (referred to here as SVG) derived from West Nile
virus E protein, which can be presented by the human MHC class
I molecule HLA-A2. We have previously described a similar
model protein termed SCRAP (shield-controlled recombinant
antigen protein) (17, 21). We refer to our new construct as
SCRAP-SVG. The human lymphoblastoid cell line JY was transfected with SCRAP-SVG, and cells with a stable integration of
SCRAP-SVG were selected based on VFP fluorescence signal in
the presence of Shield-1. Compared to the parental cells, JY/
SCRAP-SVG cells express low levels of VFP, but the addition of
Shield-1 greatly increases VFP signal (Fig. 1B). HLA-A2-SVG
complexes can be detected using the TCRm RL15A (18), and a
representative staining of JY and JY/SCRAP-SVG cells shows increased RL15A staining in the stable transfectants (Fig. 1B). The
accumulation of VFP was dose dependent, and saturation of the
system was achieved with a dose of 1.0 M (Fig. 1C).
The kinetics of antigen presentation were measured in JY/
SCRAP-SVG cells. Cells were first washed in a mild citric acid
solution to strip existing peptide-MHC complexes from the cell
surface and then cultured in the presence or absence of Shield-1.
Recovery of HLA-A2-SVG complexes occurred rapidly and was
blocked by drugs known to inhibit MHC class I antigen presentation, such as brefeldin A (BFA), which blocks the transport of
MHC class I molecules through the endoplasmic reticulum, or
emetine, which prevents protein synthesis (Fig. 1D and E). When
cells were cultured in the presence of 1.0 M Shield-1 after acid
stripping, HLA-A2-SVG complexes were still generated and detected at the cell surface, although in reduced number compared
to results for cells treated with ethanol alone (Fig. 1D). However,
the level of HLA-A2-SVG complexes generated in the presence of
Shield-1 was significantly greater than that seen with treatment
with either BFA or emetine (Fig. 1E). We and others have previously observed this phenomenon, and the data suggest that some
inherently destabilized form of newly synthesized SCRAP-SVG is
degraded and presented, despite the presence of a saturating dose
of Shield-1 (17, 21, 26). This meets the definition of a defective
ribosomal product (DRiP) (27), which are important sources of
peptides for the antigen presentation pathway (28, 29). These data
demonstrate that JY/SCRAP-SVG cells can be used to monitor
host protein synthesis and antigen presentation.
Not all cell types can be infected with various Chlamydia species. To determine whether the JY cell line was susceptible to in-
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Quantification of SCRAP-SVG transcripts. Three wells containing
5 ⫻ 105 JY/SCRAP-SVG cells were either infected with L2-RFP or mock
infected and then cultured for 24 h. RNA was extracted with the NucleoSpin RNA isolation kit (Clontech), and RNA was stored at ⫺20°C. Synthesis of cDNA from RNA extracts was performed using the RNA to
cDNA EcoDry Premix (Clontech). For quantitative PCR (qPCR), a Fast
SYBR green master mix (Life Technologies) was used with FKBP12 cloning primers 1 and 2, as mentioned above, with an input of 1 l of cDNA
template for each reaction, repeated in triplicate. Transcript levels of
SCRAP-SVG were normalized with ACTB amplicons generated from
ACTB primers F 5=-ATCCTGCGTCTGGACCCTG-3= and R 5=-TAGCT
CTTCTCCAGGGA-3=. Plasmids containing either SCRAP-SVG or
ACTB were made into 10-fold serial dilutions ranging from 103 to 1010
to serve as standards. ABI StepOne real-time PCR machine and
StepOne software determined the transcript level of ACTB and
SCRAP-SVG transcripts based on their abundance interpolated from
each respective standard curve. Both biological and technical replicates were done in triplicate.
Quantification of chlamydial genome copies. In a 24-well tray, eight
wells of McCoy cells were set to full confluence and infected with C.
trachomatis L2-RFP as described above. Dulbecco’s modified minimal
essential medium (DMEM) containing either dimethyl sulfoxide
(DMSO) or 1.92 g/ml LPC-011 was added to each well. At each time
point, medium was removed, and the cells were washed in PBS. After the
removal of the PBS, 200 l of sterile, nuclease-free water was added, and
the cells were incubated for 5 min at 37°C. The cells were then lifted from
the plate by gently pipetting and then stored at ⫺80°C. Dithiothreitol
(DTT) was added to a final concentration to 5 mM, and the samples were
heated to 95°C for 1 h. DNA was then extracted by using the DNeasy blood
and tissue kit (Qiagen) according to the manufacturer’s recommendations. Quantitative PCRs were set up using TaqMan Universal master mix
(Life Technologies) and C. trachomatis ompA primers as previously described (22). The experiment was repeated three times.
Quantitative Western blotting, quantitative flow cytometry, and efficiency calculations. Cells were harvested and pellets were resuspended
in SDS protein gel loading buffer (Amresco) with DTT at 107 cells/ml. The
cells were lysed at 95°C for 30 min, with occasional vortexing. SDS-PAGE
was performed with cell lysates using the Bolt electrophoresis system,
followed by blotting onto nitrocellulose membranes using the iBlot 2
(Invitrogen). Membranes were blocked in 5% nonfat dehydrated milk,
probed with primary antibodies, and incubated with secondary antibodies (LI-COR, IR Dye donkey-anti-goat 680 or 800). A goat polyclonal
antibody recognizing a conserved peptide sequence present in both GFP
and VFP was used to allow for direct quantification of VFP present in the
cell lysate. Membranes were imaged with an Odyssey infrared imager
(LI-COR). Intensity of the recombinant GFP standards was determined
using LI-COR image studio software, and the resulting standard curve was
used to quantify SCRAP-SVG accumulation in samples. The calculated
molarity of VFP in the cell lysate was first converted to molecules/volume
and then divided by the cell equivalents present in the lysate to determine
the molecules/cell. Quantification of peptide-MHC complexes (pMHCs)
was done according to previously published methods (23, 24). Alexa 647coupled MEF beads were purchased from Bangs Laboratories and included in the FACS analysis. The standard curve generated was then used
to determine the number of molecules of dye bound to the cell, and this
number was divided by the F/P ratio of Alexa 647-coupled RL15A to
determine the number of antibodies bound to the cell surface. The efficiency of antigen presentation was subsequently calculated by dividing the
number of peptide-MHC complexes generated by the number of SCRAPSVG molecules degraded. The results of five independent experiments are
reported.
Statistics. Linear regressions, analyses of variance (ANOVAs), and t
tests were performed using Prism software (GraphPad).

Chlamydia Infection Alters Direct Antigen Presentation

In the absence of Shield-1, SCRAP-SVG is degraded by the proteasome. The addition of Shield-1 allows SCRAP-SVG to fold and gain fluorescence. (B) Flow cytometry
histograms depicting VFP fluorescence of parental JY cells (shaded), JY/SCRAP-SVG cells treated with Shield-1 (black histogram), and JY/SCRAP-SVG cells treated with
ethanol alone (blue trace). RL15A-stained JY/SCRAP-SVG cells (bottom histogram, black trace) and parental JY cells (shaded histogram) are used to measure HLAA2-SVG complexes at the cell surface. (C) Dose response of JY/SCRAP-SVG cells with various concentrations of Shield-1 or epoxomicin, measuring the mean
fluorescence intensity (MFI) of VFP fluorescence. (D) JY/SCRAP-SVG cells were washed in citric acid and cultured with ethanol (EtOH), 1 M Shield-1, BFA, or emetine
and harvested at the indicated times for RL15A staining. (E) The same as in panel D except the cells were harvested at 8 h and stained in triplicate. Results for
Shield-1-treated cells are statistically significantly different from results for ethanol-treated and either BFA- or emetine-treated cells (*, P ⬍ 0.05).

fection, we took advantage of a recombinant C. trachomatis serovar L2 strain expressing the mCherry red fluorescent protein
(RFP). Electron microscopy analysis demonstrated that infected
cells underwent a classical development cycle, represented by large
inclusions harboring elementary bodies and reticulate bodies
(Fig. 2A). Fluorescence microscopy analysis confirmed the presence of RFP in the infected cells only (Fig. 2B). Cells were also
analyzed by flow cytometry for RFP expression (Fig. 2C), which
has the advantage of quantifying infected and uninfected cells. We
demonstrate that RFP detected in infected cells is newly synthesized by the bacteria and not introduced to the cells during infection, since treatment with the bacterial protein synthesis inhibitor
chloramphenicol (CAM) prevented RFP expression during infection (Fig. 2D). In addition, we were able to infect JY/SCRAP-SVG
cells with a distantly related chlamydial species, C. caviae, and
quantify infection using fluorescent C6-NBD-ceramide (22),
which is recruited to the chlamydial inclusion (Fig. 2E). C. trachomatis can also be recovered from infected cells and used to initiate
another round of infection, demonstrating that C. trachomatis can
complete its replication cycle in JY cells (Fig. 2F). Therefore, JY
cells are susceptible to chlamydial infections.
To determine what effect chlamydial infection has on hostprotein synthesis and antigen presentation, we infected JY/
SCRAP-SVG cells with either RFP-expressing C. trachomatis serovar L2 or C. caviae and monitored accumulation of VFP in the
presence of Shield-1, added 12 hpi. VFP levels initially increased in
C. trachomatis-infected cells, but began to plateau at 14 to 16 hpi,
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while a continued increase in VFP fluorescence was detected in
uninfected cells (Fig. 3A). Examination of cells infected with either chlamydial strain showed a similar, statistically significant
decrease in VFP levels 24 hpi (Fig. 3B). The loss of VFP fluorescence did not result from a decrease in SCRAP-SVG transcripts
since transcript levels determined by qPCR analysis of cDNA prepared from infected cells were not significantly lower than those
for uninfected cells (Fig. 3C). In addition to monitoring VFP kinetics, we also examined HLA-A2-SVG complex levels in infected
cells. Because repeated harvesting and exposure to low pH necessary to acid strip existing peptide-MHC complexes from cells have
the potential to impact chlamydial infection, we monitored levels
of peptide-MHC complexes 12 h after the addition of Shield-1
(Fig. 3D). Treatment with BFA caused levels of HLA-A2-SVG to
fall over a 12-h treatment period. Similar to data shown in Fig. 2,
treatment with Shield-1 resulted in lower levels, but not a complete loss, of HLA-A2-SVG complexes, since only DRiP-derived
substrates were replacing peptide-MHC complexes lost as a function of time due to normal protein turnover (Fig. 3D). Results
were statistically significant (P ⬍ 0.05 for the Student t test; P ⬍
0.001 for ANOVA). Infection of JY/SCRAP-SVG cells with C. trachomatis or C. caviae did not alter the levels of HLA-A2-SVG complexes when cells were treated with ethanol alone (Fig. 3E, P ⬍
0.001, ANOVA), nor were total levels of MHC class I molecules
altered (Fig. 3F) upon infection. However, treatment with
Shield-1 led to an increase in peptide presentation over results for
mock-infected cells (Fig. 3E, P ⬍ 0.05, Student t test). Because
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FIG 1 Stabilization and presentation of SCRAP-SVG in JY cells. (A) Depiction of SCRAP-SVG, including the destabilization domain (DD), the SVG peptide, and VFP.

Cram et al.

of C. trachomatis inclusions. (B) Fluorescence microscopy image of JY cells infected (left) or not infected (right) with RFP-expressing C. trachomatis. Cells were
stained with DAPI to delineate nucleic acid. (C) RFP expression of C. trachomatis-infected JY cells (black trace) and uninfected cells (shaded histogram) analyzed
by flow cytometry. (D) CAM was added to either infected or mock-infected cells, and the MFI of RFP fluorescence was recorded at 24 hpi. (E) JY cells were
infected with C. caviae (black trace) or mock infected (shaded histogram) and identified by staining cells with C6-NBD-ceramide. (F) C. trachomatis-infected JY
cells were harvested at the indicated times postinfection and disrupted, and the supernatants were used to infect McCoy cells. The infectious dose at each time
point is plotted.

treatment with Shield-1 restricts presentation to DRiP substrates,
these data suggest that C. trachomatis infection enhances the presentation of self-peptides derived from DRiPs but does not alter,
or may even partially diminish, the presentation of peptides undergoing normal protein turnover. The alteration of stable protein
accumulation and enhanced DRiP presentation are not the result
of TLR stimulation in infected cells, since the treatment of JY/
SCRAP-SVG cells for various TLR ligands for 24 h did not impact
VFP fluorescence, nor did TLR stimulation result in a statistically
significant increase in DRiP presentation (Fig. 3G). Finally, to
determine whether this phenotype was restricted to our cell line or
is a general feature of chlamydial infection, we infected an epithelial cell line with a clinically prevalent strain of C. trachomatis. As
shown in Fig. 3H, infection of the human epithelial cell line MCF7
expressing SCRAP-SVG with C. trachomatis D/UW-3 resulted in a
loss of VFP signal (P ⬍ 0.01) and an increase in surface HLA-A2SVG complexes (P ⬍ 0.05, Student t test).
C. trachomatis infection may alter the host cell in many ways to
facilitate enhanced DRiP antigen presentation. We first tested to
determine whether the mere presence of the bacterium was sufficient to alter the host cell by treating infected cells with rifampin to
block bacterial transcription (Fig. 4A) or with CAM to block bacterial protein synthesis (Fig. 4B) and by measuring SVG peptide
presentation in the presence of Shield-1. Treatment with either
drug reversed the Chlamydia-induced presentation of DRiP-derived peptides (Fig. 4A and B, P ⬍ 0.05). These data suggest that
the growth of the bacteria was necessary to alter the host cell and
that the skewed peptide presentation was not the result of materials present in the infectious inoculum. One feature shared between C. trachomatis and C. caviae is the genus-common chlamydial lipooligosaccharide (LOS). To determine whether LOS
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may be responsible for enhancing DRiP-presentation, we treated
infected cells with LPC-011 (LPC) to inhibit the synthesis of chlamydial LOS. LPC successfully prevented the accumulation of LOS
in infected cells (Fig. 4C) but did not prevent C. trachomatis genome replication, as determined by qPCR (Fig. 4D). LPC treatment partially reversed the enhanced DRiP presentation induced
by C. trachomatis infection (Fig. 4E), returning the levels of the
HLA-A2-SVG peptide complexes to levels similar to those in uninfected cells, indicating that LOS may be responsible for altering
the cellular antigen presentation machinery.
Antigen presentation is often dependent on proteasomes,
which degrade precursor proteins (from both DRiP or non-DRiP
sources) into antigenic peptides or peptide-precursors. To determine whether SCRAP-SVG was degraded in a proteasome-dependent process, we treated cells with Shield-1 overnight and, the
following day, washed the cells in complete medium and cultured
cells in the absence of Shield-1 while monitoring the VFP levels.
The degradation of SCRAP-SVG is mediated by the proteasome
(Fig. 5A), since the removal of Shield-1 from the cells resulted in
the loss of VFP signal, which can be blocked by the proteasome
inhibitor epoxomicin. Interestingly, SCRAP-SVG synthesis also
requires a functional proteasome. JY/SCRAP-SVG cells were
treated with Shield-1 and either DMSO or epoxomicin, and VFP
fluorescence was monitored over time. VFP signal increased in
cells treated with DMSO, but in the presence of epoxomicin the
VFP signal began to plateau after 2 h of treatment with Shield-1
(Fig. 5B). This indicates a defect in either global protein synthesis
or SCRAP-SVG specific synthesis due to proteasome inhibition, as
has been previously observed for certain proteins (30). The degradation of previously stabilized SCRAP-SVG molecules could
yield peptides for antigen presentation. To test this, cells were
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FIG 2 Chlamydia species can successfully infect JY cells. (A) Electron micrograph of JY cells 24 h after infection with C. trachomatis. Blue asterisks show locations
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FIG 3 Chlamydia infection prevents accumulation of SCRAP-SVG while enhancing presentation of the SVG peptide. (A) JY/SCRAP-SVG cells were infected
with RFP-expressing C. trachomatis and cultured for 12 h prior to the addition of Shield-1. VFP fluorescence was monitored over the next 12 h, and the MFI was
plotted. (B) JY/SCRAP-SVG cells were infected with either C. trachomatis or C. caviae and cultured for 12 h before the addition of 1.0 M Shield-1. The cells were
cultured for an additional 12 h and analyzed in triplicate by flow cytometry for VFP expression. VFP fluorescence was significantly decreased (P ⬍ 0.05) for
infected cells. (C) JY/SCRAP-SVG cells were mock infected or infected with either C. trachomatis or C. caviae, and 24 hpi, mRNA was extracted from cells and
used to synthesize cDNA. SCRAP-SVG transcripts were quantified by qPCR. (D) JY/SCRAP-SVG cells were treated with EtOH, Shield-1, or BFA for 12 h, and
the HLA-A2-SVG complexes were quantified. Results seen with Shield-1 treatment were significantly different from results for both EtOH- and BFA-treated cells
(*, P ⬍ 0.05). (E) JY/SCRAP-SVG cells were infected and treated with Shield-1 or ethanol as described for panel B, and HLA-A2-SVG complexes were detected
by staining with the RL15A MAb. Shield-1-treated infected cells had significantly more peptide-MHC complexes (*, P ⬍ 0.05) than uninfected cells. (F) Total
MHC class I was quantified by flow cytometry in both mock-infected and infected cells. (G) JY/SCRAP-SVG cells were treated with the indicated TLR ligands (x
axis) for 12 h and Shield-1 for an additional 12 h. The cells were analyzed for VFP expression (top) and HLA-A2-SVG (bottom). No statistically significant
changes were noted when TLR-stimulated cells were compared to untreated cells. (H) MCF7 cells were transiently transfected with SCRAP-SVG, infected with
C. trachomatis serovar D/UW-3, and treated with Shield-1 12 hpi. The cells were analyzed 15 h later by gating on VFP⫹ cells, and the average MFI of both the
Venus fluorescence and HLA-A2 staining on VFP⫹ cells is depicted (*, P ⬍ 0.05).
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treated with either Shield-1 or an ethanol control overnight and
were subsequently acid washed to remove existing peptide-MHC
complexes. After the loss of Shield-1 from cells, an increase in
peptide presentation can be detected (Fig. 5C) as SCRAP-SVG
“retired” by the cells is degraded into peptides. To determine
whether the presentation was mediated by the proteasome, we
treated cells with epoxomicin. Epoxomicin blocked presentation of
peptides from both retired SCRAP-SVG (measured in cells upon the
loss of Shield-1) and newly synthesized and destabilized SCRAP-SVG
(Fig. 5C). To determine whether the loss of SCRAP-SVG in bacterium-infected cells was due to proteasome-mediated degradation, we
treated uninfected or C. caviae-infected cells with epoxomicin at 24
hpi for a 2-h time period in the presence of Shield-1. Proteasome
inhibition failed to rescue VFP fluorescence (Fig. 5D).
Fluorescent proteins require proper folding in order for the
fluorochrome to function. To test whether the loss of SCRAPSVG fluorescence was due to improper protein folding, we analyzed total cell lysates of infected and mock-infected cells treated
with Shield-1 and epoxomicin by Western blot analysis. The levels
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FIG 5 Chlamydia-induced loss of SCRAP-SVG is not mediated by proteasomal degradation. (A) JY/SCRAP-SVG cells were cultured overnight in the
presence of Shield-1, and the following day, the cells were washed and cultured
in the absence of Shield-1 but in the presence of epoxomicin or DMSO. VFP
fluorescence was monitored at the indicated times. (B) JY/SCRAP-SVG cells
were cultured with Shield-1 plus epoxomicin or with Shield-1 alone, and VFP
accumulation was monitored at the indicated times. (C) JY/SCRAP-SVG cells
were treated with Shield-1 or EtOH overnight. Existing peptide-MHC complexes were removed by a brief acid wash, and cells were cultured for 2 h in the
presence or absence of the proteasome inhibitor epoxomicin. SVG-peptide
presentation after Shield-1 “loss” was significantly different than that after the
loss of ethanol or in cells treated with epoxomicin (*, P ⬍ 0.05). (D and E) C.
caviae-infected cells were treated with Shield-1 and epoxomicin for 2 h starting
at 20 hpi and analyzed for VFP fluorescence (D) or for SCRAP-SVG accumulation by Western blotting (E).

of SCRAP-SVG were diminished in infected cells and did not recover to uninfected levels upon proteasome inhibition (Fig. 5E).
Therefore, the lack of SCRAP-SVG accumulation, either in its
functionally folded form or in its nonfluorescent state, in chlamydia-infected cells is not due to proteasome-mediated degradation.
The SCRAP system can be used to measure the efficiency of
self-antigen presentation, that is, the number of peptides bound to
MHC molecules from a defined pool of degraded substrates (19,
24, 31–33). Two measurements are needed to calculate the efficiency: (i) the number of peptide-MHC complexes created from
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FIG 4 C. trachomatis protein synthesis and LOS are necessary for skewing
peptide presentation. Infected and mock-infected JY/SCRAP-SVG cells were
treated with RIF (A) or CAM (B) immediately after infection, Shield-1 was
added 12 hpi, and HLA-A2-SVG levels were measured 24 hpi. (C) JY/SCRAPSVG cells were infected with C. trachomatis and treated with LPC. After 24 h,
the cells were visualized using fluorescence microscopy with antibodies to LOS
and bacterial Hsp60. Images of a representative cell from treated and nontreated
cells are shown. (D) Cells were treated as described for panel C, and DNA was
extracted from cells 24 hpi to determine the C. trachomatis genome copy number
by qPCR. (E) JY/SCRAP-SVG cells were infected and treated with LPC or left
untreated and then exposed to Shield-1, and HLA-A2-SVG complexes were
quantified by RL15A staining at 24 hpi. Results for LPC-treated cells are significantly different from results for untreated, infected cells (*, P ⬍ 0.05).
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FIG 6 Quantitative Western blot analysis can be used to calculate loss of
SCRAP-SVG induced by Chlamydia infection. (A) Representative quantitative
Western blot of JY/SCRAP-SVG total cell lysates from cells treated with
Shield-1 or ethanol that were either infected or uninfected. Recombinant GFP
(rGFP) standards, prepared in lysates of JY cells that do not express SCRAPSVG, are included on the blot. (B) Standard curves for quantification of GFP
(left) and antibody staining (right) are shown. Signal detected by Western
blotting is plotted as a function of GFP concentration. For antibody staining,
latex beads with known molar equivalents of fluorescent dye (MEF) were analyzed by flow cytometry, and their corresponding MFI is plotted. The shaded
region in each plot represents the range of signals detected in each experiment.

(ii) a defined number of precursor proteins that were degraded.
The number of peptide-MHC complexes can be measured using
quantitative flow cytometry (23), and the number of protein molecules degraded is determined by quantitative Western blotting.
Figure 6A shows a sample Western blot comparing untreated and
Shield-1-treated cells, infected or not infected with C. trachomatis.
Membranes were stained for SCRAP-SVG using a goat polyclonal
antibody that recognizes a conserved peptide sequence present in
both GFP and VFP. Also shown on the blot is commercially available recombinant GFP of various concentrations. A standard
curve for the signal of GFP is plotted as a function of concentration (Fig. 6B) and used to determine the molar concentration of
VFP in our samples, which in turn can be used to calculate the
average number of SCRAP-SVG molecules in each cell. We first
computed the efficiency of SVG-peptide presentation by comparing Shield-1-treated and untreated cells in the absence of infection. Dividing the number of HLA-A2-SVG complexes lost due to
Shield-1 stabilization of SCRAP-SVG by the total number of
SCRAP-SVG molecules generated per cell allows us to determine
the efficiency. The results of five matched experiments are pre-
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Viruses and intracellular bacteria face a selective pressure to circumvent the adaptive immune responses and can use numerous
tactics to evade cytotoxic T cells. The mechanisms used to alter
immune responses can provide insights about cellular biology.
For example, the importance of cryptic epitopes in antiviral T cell
responses (34, 35) and the control of MHC degradation by ubiquitin ligases (36) are but a few instances of how viruses can educate
researchers on important elements necessary for successful adaptive immune responses. Here, we found that obligate intracellular
bacteria from the Chlamydia genus alter the presentation of hostderived peptides during the course of infection. Interestingly, the
enhanced levels of peptides are derived from DRiPs, suggesting
that the bacteria either actively enhance the generation of DRiPs
or increase the rate at which DRiPs are presented. DRiP presentation may be compartmentalized in some manner to ensure efficient antigen presentation (20). Several different potential “compartmental” models have been proposed, including specialized
ribosomes (37) and the translation of DRiPs in the nucleus of cells
(38–40). Our data suggest that perhaps Chlamydia spp. may have
evolved to recognize and exploit this process. How this is advantageous to the bacteria is unknown, but it may mask the presence
TABLE 1 Efficiency of SVG-peptide presentation from SCRAP-SVG
precursors
No. of HLA-A2-SVG
complexes

No. of SCRAP-SVG
molecules

Mock infected
1,573
1,387
503
998
1,452
Avg (mean ⫾ SD)

1,161,286
726,123
649,571
539,140
1,121,033

0.14
0.19
0.08
0.19
0.13
0.14 ⫾ 0.11

C. trachomatis infected
628
767
1,199
513
381
Avg (mean ⫾ SD)

1,081,210
455,847
413,277
156,199
247,285

0.06
0.17
0.30
0.33
0.15
0.20 ⫾ 0.05
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sented in Table 1, and the efficiency of antigen presentation was
calculated to be 0.14%, or 1 pMHC generated for approximately
every 700 molecules of SCRAP-SVG degraded. Because Chlamydia infection increased the number of self-peptide MHC complexes, we suspected the efficiency of antigen presentation may
have been altered by infection. We therefore compared Shield-1treated C. trachomatis-infected cells and uninfected cells to determine the efficiency of presentation induced by chlamydial infection, that is, the number of SCRAP-SVG molecules lost as a result
of infection and the resulting gain in peptide-MHC complexes.
The efficiency of presentation was calculated to be 0.20% (1
pMHC for every 500 molecules lost to infection). There was no
significant difference between the efficiencies of presentation
from normal protein turnover or induced by C. trachomatis infection. Therefore, the elevated level of self-peptide-MHC complexes
resulting from C. trachomatis infection is not due to an alteration
of the efficiency of antigen presentation.

Cram et al.

infection. (A) Synthesis of self-proteins on host ribosomes results in the formation of a functional protein or the creation of a DRiP, and this balance exists
in some proportion. (B) Upon infection with Chlamydia, a bacterium-derived
product shifts the balance of host protein synthesis to favor the generation of
DRiPs at the expense of stable protein generation, resulting in an increased
level of host-derived peptides from the rapidly degraded DRiP fraction.

of infection from the adaptive immune system. If MHC class I
molecules bind to more self-peptides derived from DRiPs, it follows that fewer MHC molecules could bind to chlamydia-derived
peptides. Although alterations to the MHC-bound peptidome are
not uncommon after viral infection, it is not known whether this is
due to alteration in the host proteome of the cell or whether it is
mediated by enhancing presentation derived from newly synthesized and defective forms of the protein.
Our current model is summarized in Fig. 7. During host-protein synthesis, a fraction of proteins synthesized will have the characteristics of a DRiP, a protein which cannot achieve the function
for which it was intended and would be rapidly degraded. The
fraction of nascent protein that qualifies as a DRiP has been estimated to be anywhere from 1 to 30% (41), but at this time we do
not have an estimate for DRiP generation in our system. We do
suspect that the DRiP fraction is small, as Western blot analysis of
cells treated with Shield-1 and epoxomicin does not show an appreciable increase in SCRAP-SVG proteins compared to the level
in Shield-1-treated cells without proteasome inhibition (Fig. 5E).
Even though the fraction of DRiPs is small and not detected biochemically, a measurable level of peptide-MHC complexes can
still be generated from this pool of DRiPs, a finding consistent
with our previous observations (21). After infection, the levels of
VFP detected either by fluorescence (Fig. 3A) or by Western blotting
(Fig. 5) stabilize and cannot be rescued by inhibiting proteasomemediated degradation. Our efforts to determine how much protein
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FIG 7 Model of altered DRiP antigen presentation induced by Chlamydia

was degraded were hampered by side effects of proteasome inhibition, namely, the impact epoxomicin treatment had on SCRAP-SVG
synthesis (Fig. 5B), which limits treatment time to 2 h. Even in this
limited window of time, we still could not detect the rescue of
SCRAP-SVG by proteasome inhibition. One possible explanation
could be that the host cell has stopped synthesizing SCRAP-SVG.
However, the presentation of SVG peptides derived from DRiP substrates is increased, which is not consistent with a protein synthesis
shutoff. These data suggest that after infection the balance between
DRiP and non-DRiP synthesis shifts and favors generation of DRiP
substrates and that this results in a corresponding increase in peptide
presentation, while stable protein accumulation ceases.
While our data suggest a novel method for controlling antigen
presentation during intracellular infections, it is worth considering the limitations of the model system. Shield-1-sensitive fusion
proteins offered unparalleled posttranslational control over a particular substrate; however, they are model proteins, and it is unknown whether Chlamydia infections happen to target elements
of these fusion proteins or DRiPs in general. While in vitro experiments have demonstrated that cells of hematopoietic origin, such
as dendritic cells and macrophages (42, 43), can be infected with
different Chlamydia species, epithelial cells are the primary target
of infections in vivo and antigenic peptides derived from DRiPs
are present in different amounts depending on the cell type (44).
However, the phenomenon is not limited to JY cells, since an
epithelial cell line transiently transfected with SCRAP-SVG also
increased DRiP presentation, while stable protein accumulation
was diminished (Fig. 3H). Importantly, we used a serovar of C.
trachomatis, D/UW-3, which is more prevalent in clinical infections than serovar L2.
Chlamydial infections are often associated with the development of autoimmune disorders such as reactive arthritis (ReA),
atherosclerosis, and others (16, 45, 46). ReA is strongly correlated
with the expression of a particular MHC class I allele, HLA-B27
(47–49). Animal models have shown that chlamydia-reactive
CD8⫹ T cells can recognize self-peptides bound to HLA-B27 (50–
52). Since self-reactive CD8⫹ T cells are known to induce autoimmune diseases (53) through the recognition of self-peptide MHC
complexes (54–56), it is possible that an increase in self-antigen
presentation during chlamydial infections may drive autoimmune diseases.
Intracellular pathogens often alter the host cell proteome,
which can be attributed either to the host attempting to fight off
the infection or to the pathogen enhancing the cellular environment to complete its replication. Many times, this manifests itself
in alterations to the transcriptome, which have been observed for
a variety of Chlamydia species (57–59). However, a recent report
demonstrated that C. trachomatis infection can alter the abundance of host proteins without altering levels of transcripts (60).
In this way the bacterium was able to stabilize host components
necessary for its survival. Similar to our findings here (Fig. 3C), the
levels of other proteins were diminished without appreciable alterations to the transcript levels (60). Future work will be needed
to determine whether C. trachomatis reduces particular host proteins either because they are detrimental to the bacteria or simply
because they provide self-peptides for antigen presentation, as
demonstrated here.
How C. trachomatis evades the CD8⫹ T cell response is largely
unknown. Similar to several herpesviruses, modest decreases in
total MHC class I expression have been reported in cells infected
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with a variety of Chlamydia species (7–9), but this does not always
occur (61), consistent with our reported data (see Fig. 3F). Although suppression of MHC class I levels may be advantageous for
preventing presentation of chlamydial peptides, it might render
cells susceptible to NK cell-mediated killing. Indeed, Ibana et al.
report that modulation of the MHC class I-like molecule MICA
can render C. trachomatis-infected epithelial cells targets of NK
cell killing (62). Although we and others suppose that alterations
of the MHC class I pathway may help bacteria evade cytotoxic T
cell responses, the results cannot be absolute, since multiple peptide determinants have been identified and reactive T cells have
been detected in patients. Multiple pathways are likely used to
evade cytotoxic T cell responses, such as the recent finding by
Fankhauser and Starnbach that chlamydial infections result in increased expression of the immunoinhibitory ligand PD-L1 (63).
Future research is likely to determine even more ways in which
chlamydiae evade the adaptive immune response.
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