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During cross-presentation, exogenous antigens (i.e. intracellular pathogens or tumor cells)
are internalized and processed within the endocytic system and also by the proteasome in
the cytosol. Then, antigenic peptides are associated with Major Histocompatibility
Complex (MHC) class I molecules and these complexes transit to the plasma
membrane in order to trigger cytotoxic immune responses through the activation of
CD8+ T lymphocytes. Dendritic cells (DCs) are particularly adapted to achieve efficient
antigen cross-presentation and their endocytic network displays important roles during
this process, including a sophisticated MHC-I transport dependent on recycling
compartments. In this study, we show that C. trachomatis, an obligate intracellular
pathogen that exhibits multiple strategies to evade the immune system, is able to
induce productive infections in the murine DC line JAWS-II. Our results show that when
C. trachomatis infects these cells, the bacteria-containing vacuole strongly recruits host
cell recycling vesicles, but no other endosomal compartments. Furthermore, we found
that chlamydial infection causes significant alterations of MHC-I trafficking in JAWS-II DCs:
reduced levels of MHC-I expression at the cell surface, disruption of the perinuclear MHC-I
intracellular pool, and impairment of MHC-I endocytic recycling to the plasma membrane.
We observed that all these modifications lead to a hampered cross-presentation ability of
soluble and particulate antigens by JAWS-II DCs and primary bone marrow-derived DCs.
In summary, our findings provide substantial evidence that C. trachomatis hijacks the DC
endocytic recycling system, causing detrimental changes on MHC-I intracellular transport,
which are relevant for competent antigen cross-presentation.
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INTRODUCTION

Chlamydia trachomatis is an obligate intracellular pathogen and
the leading bacterial sexually transmitted infection worldwide. In
women, C. trachomatis infection is frequently asymptomatic and
therefore often remains untreated. This fact may provoke several
complications, such as pelvic inflammatory disease, fallopian
tube obstruction, ectopic pregnancy, and infertility. In men, this
bacterium can cause prostatitis, urethritis, and epididymitis (1,
2). C. trachomatis has two morphologically distinct
developmental forms: elementary bodies (EBs) and reticulate
bodies (RBs). EBs are the infective form that can survive outside
the host cell. They adhere to and invade epithelial cells. Once
inside, C. trachomatis evades the intracellular degradative
Frontiers in Immunology | www.frontiersin.org 2
pathway, shifts to the non-infectious but replicative form
known as RB, and converts the phagocytic compartment into a
parasitophorous vacuole called inclusion (3–6). For growing and
proliferating, C. trachomatis acquires essential nutrients from
Rab1-, Rab4-, Rab6-, Rab11-, Rab14- and Rab39a-positive
vesicles recruited to the inclusion (7–12). After several rounds
of replication, RBs differentiate back into EBs, which are released
by extrusion or cell lysis, starting the cycle again (13–15).
However, when environmental conditions are disadvantageous,
C. trachomatis enters into a latent, non-replicative form known
as the aberrant body (AB), which in turn can revert when the
conditions are favorable again. In this sense, C. trachomatis can
enter and leave the latency state caused by IFN-g, penicillin
treatment, or deprivation of essential nutrients (16).
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On one side, C. trachomatis has developed multiple strategies
to evade the immune system. These include the interference with
NF-kB function to avoid the expression of several genes involved
in the innate immune response (17, 18), the inhibition of pro-
inflammatory cytokines secretion through the stimulation of IL-
10 production (19), or the downregulation of MHC-I and -II
molecules by the bacterial protease CPAF that induces
degradation of the transcription factors RFX-5 and USF-1 (20,
21). These last findings have been questioned and remain
controversial (22, 23).

On the other side, C. trachomatis infects and develops inside
white blood cells, such as macrophages (24, 25) or dendritic cells
(DCs) (26–29). DCs are the most potent antigen-presenting cells of
the immune system and tightly regulate their endocytic system to
process and present antigens efficiently onto MHC molecules (30).
This cell type is particularly specialized for achieving cross-
presentation, in which exogenous antigen-derived peptides are
presented in the context of MHC-I molecules to activate CD8+ T
cells (31). Two main pathways have been described for antigen
cross-presentation: the vacuolar that is independent of proteasome
activity, and the cytosolic, whereby antigens escape from the endo/
phagosomal lumen receiving further proteasome-dependent
degradation (32). At least four features of DC phagosomes
provide these cells with the unique ability to perform efficient
antigen cross-presentation: i) a critical regulation of the
phagosomal pH (33), ii) an endocytic recycling compartment-
dependent MHC-I transport to phagosomes (34, 35), iii) a finely
controlled phagosome-to-cytosol export (36) and iv) a special
connection between endoplasmic reticulum-derived vesicles and
the phagosomal membranes (37, 38) in a mechanism dependent of
the SNARE protein Sec22b (39).

In response to chlamydial infection, DCs overexpress B7-1
and ICAM-1; and release IL-1b, IL-6, IL-8, IL-12p70, IL-18, and
TNF-a (26), which is at least partially dependent on the
engagement of TLR4 (28). However, to date, it has not been
described whether C. trachomatis perturbs the intracellular
transport in DC or if the bacterium impairs any DC function
as a consequence of hijacked pathways. Although the ability of C.
trachomatis infected DCs to initiate normal immune responses
has not yet been determined, at least in humans it is clear that a
robust immune response is missing. Experimental mice-based
setups evinced defects of T cell response, mostly memory CD8+
T cells (40). This phenomenon could explain the typical
persistent infection, which leads to a chronic inflammation
state with few symptoms, the cause for most harmful health-
related difficulties.

In this study, we show that C. trachomatis infects JAWS-II
cells, a murine DC line, inside which the bacterium intercepts
recycling vesicles from the host cell endocytic system.
Consequently, chlamydial infection significantly perturbs the
transport of MHC-I molecules and reduces the antigen cross-
presentation capacity of DCs. Altogether, our data provide new
evidence about the hijacking of MHC-I intracellular trafficking in
DCs by C. trachomatis, supplying relevant information on
the hampered ability of the immune system to generate
effective CD8+ T cell responses upon chlamydial infection.
Frontiers in Immunology | www.frontiersin.org 3
MATERIAL AND METHODS

Cells and Bacteria
C57BL/6 mice from 6 to 10 weeks of age were used to obtain
bone marrow stem cells from the femur and tibia. Animals were
maintained in specific pathogen-free conditions, housed in
temperature-controlled rooms (22-25°C), and received water
and food ad libitum. BMDCs were generated after 9 to 14 days
of bone marrow cell culture in GM-CSF-containing medium, as
previously described (41). BMDCs and the DC line JAWS-II
(kindly provided by S. Amigorena) were cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM) (GIBCO) with GM-CSF
and 10% fetal bovine serum (FBS) (Natocor, Córdoba,
Argentina). C. trachomatis serovar L2 434/Bu (gently given
and typified by Unidad de Estudios de Chlamydias, FFyB,
UBA, Bs. As., Argentina) and C. trachomatis strain harboring
p2TK2-SW2 IncDProm-RSGFP-IncDTerm serovar L2 (GFP)
(kindly provided by Isabelle Derré) (42) were used.

For all experiments involving C. trachomatis infection, cells
and bacteria were centrifuged 20 min at 1200 g and incubated for
24 h or 48 h. For bacterial propagation, HeLa 229 cells (ABAC,
Bs.As., Argentina) were infected at a multiplicity of infection
(MOI) of 20 and incubated at 37°C in an atmosphere of 5% CO2
and 95% humidified air for 48 h. Then, infected cells were lysed
to harvest bacterial particles. Then, EBs were purified as
previously described and suspended in 0.2 M sucrose/5% FBS/
0.02M phosphate buffer (pH = 7.2). EB concentration was
assessed by quantification of Inclusion Forming Units (IFUs)
per microliter, as previously described (10).

Antibodies and Reagents
The following primaries antibodies were used: rabbit anti-CT529
(gently provided by Agathe Subtil, Pasteur Institute, Paris, France),
rabbit polyclonal anti-Rab14, Rab4 and Rab11a (Aviva Systems
Biology), mouse anti-CD63 (Invitrogen), goat polyclonal anti-
EEA1 (Santa Cruz), purified mouse anti-Lamp1, purified mouse
anti-H-2Kb and FITC-coupled mouse anti-H-2Kb (BD
Biosciences), mouse monoclonal anti-TfR H68.4 (Invitrogen),
mouse monoclonal anti-Rab22a (Santa Cruz), rabbit anti-
clathrin (Abcam), rabbit anti-OVA (Sigma-Aldrich), and rabbit
anti-MOMP (generously provided by Ted Hackstadt, National
Institutes of Health, USA). The secondary antibodies used in this
study are goat Cy3-labeled anti-rabbit-IgG, goat Cy3-labeled anti-
mouse-IgG, goat anti-mouse-Alexa 647, goat anti-rabbit-Alexa
647 (Molecular Probes), goat horseradish peroxidase (HRP)-
conjugated anti-rabbit-IgG and goat HRP-conjugated anti-
mouse-IgG antibodies (Jackson ImmunoResearch Laboratories).
DNA was stained with DAPI (Life Technologies). Lysotracker Red
DND-99 (Life Technologies) was used to stain acidic
compartments. The following reagents were also used:
ovalbumin (Worthington Biochemical Corporation); 3 µm plain
and blue latex beads (Polysciences Inc.); OVA SIINFEKL 257-264
peptide (Polypeptide Group), OVA conjugated to Alexa 488 and
DQ-Ovalbumin (Molecular Probes); poly-L-lysine, saponin,
protease inhibitor cocktail, BSA (Santa Cruz); Tricine, Tris Base,
and TEMED (Calbiochem); Glycine (Bio-Rad); Acrylamide
April 2021 | Volume 12 | Article 662096
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(Promega); Imidazole and NP-40 (ICN Biomedicals Inc.); 7-AAD
(Invitrogen). The complete list of antibodies and reagents, with
catalog number and references, is provided as Supplementary
Table 1.

Immunofluorescence Assays
JAWS-II DCs or BMDCs were placed on poly-L-lysine-coated glass
coverslips at room temperature for 30 min. After washing with PBS,
a complete medium was added and the cells were incubated for
30 min at 37°C in an atmosphere of 5% CO2. Then cells were
infected with C. trachomatis L2 or GFP-C. trachomatis L2 (MOI
100), centrifuged 20 min at 1200 g and incubated for 24 h. Finally,
cells were fixed with 3% PFA for 15 min at room temperature,
quenched by adding 0.2 M glycine and washed with PBS. Cells were
permeabilized in PBS/0.05% saponin/0.2% BSA for 15 min at room
temperature, washed with PBS, and incubated first with primary
antibodies overnight at 4°C and then with secondary antibodies for
1 h at room temperature. After washing, the coverslips were
mounted with Mowiol supplemented with DAPI. Images were
acquired with an Olympus FV-1000 confocal microscope
(Olympus, Japan). One z-stack plane is shown from the acquired
images. Images were analyzed with the ImageJ software (Fiji).

Flow Cytometry Analysis
To determine the infection rate of JAWS-II DCs, these cells were
infected or not with GFP-C. trachomatis L2 at MOI 100, centrifuged
20 min at 1200 g and incubated for 24 h. Cells were fixed with PBS/
1% PFA for 10 min on ice, quenched by adding 0.2 M glycine,
washed with PBS/1% BSA, and analyzed by FACS.

To study the cell surface expression of MHC-I molecules,
JAWS-II DCs non-infected and infected with C. trachomatis L2
(24 h pi) were washed with PBS, fixed with 2% PFA on ice during
10 min, and quenched by adding 0.2 M glycine. Then, cells were
washed with PBS, incubated with mouse anti-H2Kb (1:200)
antibody on ice during 40 min, and washed with PBS/1% BSA.
Finally, cells were incubated with Alexa 647-labeled goat anti-
mouse (1:200) antibody on ice during 40 min, washed four times
with PBS/1% BSA, and analyzed by FACS. Unstained cells were
used as a negative control.

To assess fluid-phase endocytosis, JAWS-II DCs non-infected
and infected with C. trachomatis L2 (24 h pi) were incubated
with 0.1 mG/mL or 0.3 mG/mL of OVA soluble coupled to FITC
during 1 h at 37°C. And, to evaluate the phagocytic capacity of
non-infected and infected JAWS-II DCs with C. trachomatis L2
(24 h pi), cells were incubated with 3 µm OVA-coated blue
fluorescent beads during 1, 3, and 5 h at 37°C. Incubation with
fluorescent soluble and particulate antigens at 4°C was used as
negative controls. The endocytic and phagocytic uptake was
evaluated by FACS analysis. All these assays were performed
by using the FACSAria-III (BD Biosciences) from the Flow
Cytometry Facility of the “Facultad de Ciencias Médicas,
Universidad Nacional de Cuyo” in Mendoza, Argentina.

Inclusion Forming Units
Inclusion Forming Units (IFUs) per microliter to quantify EBs
harvested from infected DCs were assessed as previously
Frontiers in Immunology | www.frontiersin.org 4
described (10). Briefly, to calculate the amount of EBs
generated per infected DC, JAWS-II cells were infected with
GFP-C. trachomatis L2 at MOI 100, centrifuged 20 min at 1200 g
and incubated for 72 h. Then, DCs were incubated for 10
minutes with sterile distilled water and subsequently
centrifuged at 4°C for 10 min at 500 rpm to remove cell debris
and recover the EBs. SPG buffer (5X) was added to the
supernatant until normalized concentration and EBs were
purified as previously described (10). Then, serial dilutions of
EBs were inoculated onto HeLa cells seeded on 96-well plates.
After 24 h, cells were fixed and the inclusions were visualized and
counted in 30 fields using a T-2000 Nikon epifluorescence
microscope (Nikon, Japan), and expressed as IFUs per µL.

Immunoblotting
JAWS-II DCs non-infected or infected with C. trachomatis L2
(MOI 100) for 24 h were lysed in the presence of protease inhibitor
cocktail p-2714 (Sigma-Aldrich, United States) to generate protein
extracts. Equal amounts of proteins (30 mg) were resolved in 10%
SDS-PAGE gels. Then, proteins were transferred onto 0.45 mm
nitrocellulose membranes (Amersham), blocked in PBS/10% milk
for 1 h, and subsequently incubated overnight with primary
antibodies followed by the corresponding goat anti-rabbit or
anti-mouse HRP-conjugated IgG secondary antibody (1:5000).
H-2Kb total expression was detected with mouse anti-H2-Kb
antibody (1:1000). Protein loading was assessed with rabbit anti-
clathrin antibody (1:1000) and C. trachomatis was detected with
rabbit anti-MOMP (1:500). Bound antibodies were revealed using
the kit ECL PlusTM (GE Healthcare Life Sciences) in an
ImageQuant LAS4000. The intensity of the bands was quantified
with the ImageJ software (Fiji) and expressed as arbitrary units.

MHC-I Recycling Assay
JAWS-II DCs non-infected or infected with GFP-C. trachomatis
L2 (MOI 100) for 24 h were surface labeled with purified mouse
anti-H-2Kb antibody followed by an Alexa 647-coupled anti-
mouse antibody, both incubated 30 min at 4°C. Then, cells were
washed with PBS/1% BSA and incubated for 30 min at 37°C to
allow MHC-I internalization. After this incubation, DCs were
centrifuged at 1200 rpm for 3 min at 4°C and resuspended in acid
buffer stripping solution (0.5 M NaCl and 0.5% acetic acid, pH 3)
for 12 min on ice. Then, cells were washed twice with cold PBS
and twice with complete medium (pulse), and incubated at 37°C
for 0, 10, 20, and 40 min (chase) to allow recycling of MHC-I to
the cell surface. After each period, a subset of DCs were fixed as a
control of degradation and the others were resuspended again in
acid buffer stripping solution for 12 min on ice, washed, and
fixed with PBS/1% PFA for 10 minutes on ice to assess MHC-I
recycling. All samples were analyzed by FACS. The
percentage of recycled or degraded MHC‐I was calculated as
described Billadeau DD and collaborators (43), using the
equation (T0 – Tx)/T0 × 100. T0 represents the MFI of cells at
0 min, and Tx is the MFI of cells at 10, 20, and 40 min.
Differences in the recycling kinetics of non-infected and
C. trachomatis-infected cells were graphed and analyzed by
non-linear regression (P-value = 0.0066).
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Antigen Cross-Presentation Assays
JAWS-II DCs or BMDCs non-infected and infected with C.
trachomatis L2 (MOI 100) for 12, 24 and 48 h were incubated
during 5 h with 3 mg/mL of soluble OVA or 3 µm OVA-coated
beads at 37°C, and JAWS-II DCs (non-infected and infected for
24 h) were incubated during 2 h with different concentrations of the
SIINFEKL peptide at 37°C. Then, DCs were washed with PBS/0.5%
BSA, fixed with 0.008% glutaraldehyde for 3 min at 4°C, quenched
with 0.2 M glycine, and washed with PBS. Then, B3Z hybrid T cells
were added for 16 h at 37°C. T cell activation was measured by the
detection of b-galactosidase activity by optical density (absorbance
at 595-655 nm) using CPRG as a substrate for the reaction and
expressed as arbitrary units (a.u.). Relative T cell response was the
ratio between optical density of the sample and the mean of optical
densities of non-infected cells as in Fiegl et al. (44) (Figures 5A–C
and Supplementary Figure 7).

Antigen Degradation Assays
Non-infected JAWS-II DCs or infected with GFP-C. trachomatis L2
(MOI 100) for 24 h were incubated with DQ-OVA (50 µg/mL) for
15min at 4°C (negative control) or at 37°C (pulse) for probe uptake.
After the internalization period, cells were washed three times with
cold 2% PBS/BSA and chased at 37°C for 0, 30 and 105min at 37°C.
Then, cells were washed with PBS and fixed with 2% PFA during
10min at 4°C; and finally, samples were analyzed by FACS. For total
intracellular OVA staining, cells incubated for 15 min at 37°C with
DQ-OVA (pulse) were fixed and then permeabilized in PBS/0.05%
saponin/0.2% BSA for 20 min at room temperature. After that, cells
were incubated with rabbit anti-OVA for 2 h at room temperature,
then washed three times with 2% PBS/BSA, and subsequently
incubated with an anti-rabbit antibody coupled to Alexa 647 for
30 min at 4°C, washed again and analyzed by FACS to assess the
total amount of internalized OVA molecules.

Viability Assay
Non-infected JAWS-II DCs or cells infected with C. trachomatis L2
(MOI 100) for 24 h, with or without acid stripping, were labeled with
7-AAD (0.25µg/1.000.000 cells) for 5 min at room temperature. After
in vivo staining, cells were washed 3 times with PBS, fixed with 2%
PFA, and analyzed by FACS. Heat-treated cells (for 10 min at 95°C)
were used as a positive control of cell death.

Statistical Analysis
Student’s unpaired t-test, one-way ANOVA, two-way ANOVA,
and the Bonferroni, Sidak or Dunnett post-test were performed
as indicated in each experiment. The GraphPad Prism 5 software
(CA, USA) was used for all analyses. Data represent mean ± SEM
of n experiments. P values less than 0.05 were considered
statistically significant.
RESULTS

Chlamydia trachomatis Infects JAWS-II
DCs and Interacts With Recycling Vesicles
C. muridarum (45) and C. psittaci (44) infect JAWS-II DCs, but
nothing has been reported about the human species C. trachomatis.
Frontiers in Immunology | www.frontiersin.org 5
Therefore, we started this study by analyzing if C. trachomatis
generates productive infections in this murine DC line. First, we
infected JAWS-II DCs for 24 h with C. trachomatis serovar L2 and
analyzed by confocal microscopy the percentage of infected cells
after the staining of the chlamydial inclusion membrane protein
CT-529 (Figures 1A, B). We found that around 40% of JAWS-II
DCs were infected and confirmed this observation by flow
cytometry analysis. We used a fluorescent strain of C. trachomatis
L2 (GFP-tagged) to infect JAWS-II DCs also for 24 h. With this
experimental setup, we evidenced around 30% of infected cells
(Figures 1C, D), being the mean fluorescent intensity (MFI) of
infected JAWS-II DCs significantly higher than non-infected cells
(Figure 1E). Additionally, we incubated murine BMDCs with GFP-
C. trachomatis and analyzed the cells by confocal microscopy to
demonstrate that these bacteria also infect these cells to a similar
extent, developing similar inclusions in shape and perinuclear
localization to those generated in JAWs-II DCs (Supplementary
Figure 1). Besides, we investigated if chlamydial infection induces
cell death. For this purpose, we incubated non-infected JAWS-II
DCs and cells infected with C. trachomatis for 24 h with the dead-
cell exclusion marker 7-AAD for 5 min at room temperature before
fixation and PerCP fluorescence measurement by flow cytometry.
Heat-treated cells were used as a positive control of cell death. As
shown in Supplementary Figure 2, chlamydial infection does not
cause cell death, being the amount of dead cells insignificant in both
non-infected and infected cells. Finally, to evaluate EB production,
JAWS-II DCs were infected with C. trachomatis L2 for 72 h, lysed,
and the chlamydial progeny was recovered and used to infect HeLa
cells in serial dilutions. As shown in Figure 1F, C. trachomatis
completed its life cycle in JAWS-II DC and generated infective EBs,
confirming an effective and productive infection of JAWS-II DCs by
this pathogen.

Next, we decided to investigate whether C. trachomatis
establishes a close interaction with the DC endocytic network and
the nature of this connection. To this aim, we infected JAWS-II DCs
with C. trachomatis L2 for 24 h and evaluated by
immunofluorescence and confocal microscopy the recruitment of
different endosomal compartments to the chlamydial inclusion. As
shown in Figure 2A, the classical early endosomal marker EEA1 did
not distribute around the C. trachomatis inclusion. Similar results
were found with the multivesicular bodies/late endosomal marker
CD63 and the late endosome/lysosomal marker Lamp1 (Figures
2B, C, respectively). We further confirmed the exclusion of acidic
compartments from the bacteria-containing vacuole by labeling
infected JAWS-II DCs with the fluorescent dye LysoTracker (Figure
2D). Interestingly, when we analyzed the interaction of C.
trachomatis with transferrin receptor (TfR)-positive recycling
vesicles, we observed noticeable recruitment of this marker
around the inclusion (Figure 2E). These results suggest that C.
trachomatis establishes very selective interactions with the DC
endocytic route and efficiently recruits recycling endosomes.

Rab Proteins Involved in Endocytic
Recycling Are Recruited to the
Chlamydial Inclusion
To characterize the interaction between the chlamydial inclusion
and recycling endosomes, we next evaluated the intracellular
April 2021 | Volume 12 | Article 662096
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distribution of different Rab proteins that regulate endocytic
recycling transport before and after C. trachomatis infection.
Thus, we infected JAWS-II DCs with C. trachomatis-GFP L2 for
24 h, performed immunofluorescence staining of Rab4, Rab11a,
Rab14, and Rab22a, and analyzed the cells by confocal
microscopy. Notably, all four Rabs localized around the
chlamydial inclusion, to a greater or lesser extent, upon DC
Frontiers in Immunology | www.frontiersin.org 6
infection. The strongest recruitment was observed with Rab14, in
which the peripheral distribution of Rab14-positive vesicles
(Figure 3A) was modified after the infection and accumulated
mostly around the chlamydial inclusion (Figure 3B). In the case
of Rab4 (Figures 3E, F), Rab22a (Figures 3I, J), and Rab11a
(Figures 3M, N), the recruitment to the inclusion was weaker
than for Rab14, being Rab11a the most modest of the three.
A B

C D

E F

FIGURE 1 | Chlamydia trachomatis infects murine JAWS-II DCs. (A–E) JAWS-II DCs were infected with Chlamydia trachomatis serovar L2 (MOI 100) for 24 and
analyzed by (A, B) confocal microscopy and (C–E) flow cytometry. (A) DNA was labeled with DAPI (blue) and the membrane chlamydial inclusion protein CT-529
(red) was detected with a rabbit anti-CT529 antibody and a secondary anti-rabbit Cy3-labeled antibody. Bars represent 10 um. (B) Data represent the mean ± SEM
(41,00 ± 2,658) of three independent experiments. (C) Representative FACS histograms showing the fluorescence intensity of non-infected (grey) and infected (black)
JAWS-II DCs. (D) Data represent the mean ± SEM (27,97 ± 2,009) of three independent experiments. (E) Data show the MFI of GFP and represent the mean ± SEM
of three independent experiments. P-value = 0.0002. The two-tailed Student’s unpaired t-test was performed. (F) JAWS-II DCs were infected with C. trachomatis L2
(MOI 100) for 72 h, lysed, and titrated on a monolayer of HeLa cells. Then, the number of EBs produced by infected DCs was calculated. Data represent the mean ±
SEM (42,59 ± 1,554) of three independent experiments. ***P < 0.001.
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Interestingly, the typical perinuclear staining of these Rab
proteins corresponding to the recycling center was majorly lost
in infected JAWS-II DCs. This observation suggests that C.
trachomatis may perturb recycling-dependent transport in DCs.

To further analyze the pattern of recruitment of these Rabs
around the chlamydial inclusion, we transversely crossed
inclusions from B, F, J, and N panels with eight diameter lines
in different directions to obtain an intensity histogram for the
corresponding GFP-associated Rab protein (Supplementary
Figure 3). Line graphs obtained showed that Rab14, Rab4,
Rab22a, and Rab11a (ordered with respect to their efficiency of
recruitment) localized around the chlamydial inclusion following
different patterns. According to fluorescence intensity, Rab14
exhibited the greatest and more uniform recruitment to the
inclusion (Figure 3C). Rab4 also showed a clear recruitment
around C. trachomatis-containing vacuole, although less
uniform than Rab14 (Figure 3G). While Rab22a and Rab11a
displayed less pronounced and discontinuous recruitment in
patches-like patterns, as shown in Figures 3K, O, respectively.
Additionally, we performed another quantitative analysis
whereby each inclusion was transversely crossed with a line,
then five points corresponding to the sections cytoplasm (P1),
inclusion membrane (P2), inside the inclusion (P3), inclusion
membrane (P4), and cytoplasm (P5) were selected to obtain an
intensity histogram. For each marker, 20 cells were analyzed, and
also with this strategy, all four Rabs exhibited significant
increments of intensity at the points corresponding to
inclusion boundaries (Figures 3D, H, L, P), confirming that
recycling Rabs localized around the chlamydial inclusion
(Supplementary Figure 4).

Altogether, these data support the concept of a relevant role
for recycling compartments during DC infection by C.
trachomatis and suggest that this pathogen could hijack this
endocytic pathway, altering important DC functions.

DC Infection by Chlamydia trachomatis
Perturbs MHC-I Intracellular Trafficking
Next, we decided to study the intracellular transport of MHC-I
molecules in C. trachomatis-infected dendritic cells based on our
findings that show the interaction of inclusions with recycling
compartments. Then, we infected JAWS-II DCs with C.
trachomatis L2 for 24 h and we used the anti-mouse H-2Kb

monoclonal antibody to study the distribution of MHC-I
molecules. As shown in Figures 4A, B by confocal microscopy,
drastic disruption of the perinuclear recycling center containing
MHC-I and weaker staining of these molecules at the plasma
membrane were evidenced in infected DCs, as compared to non-
infected cells. We confirmed and quantified this finding by flow
cytometry analysis measuring the MFI of anti-H-2Kb

staining. MHC-I molecules expression level at the cell
surface was significantly reduced in infected JAWS-II DCs
(Figures 4C, D). Nevertheless, even though MHC-I trafficking
to the plasma membrane was affected after C. trachomatis
infection, the total expression of these molecules was not
significantly modified in infected cells, as compared to control
non-infected DCs by Western blot analysis (Figures 4E, F).
A

B

C

D

E

FIGURE 2 | C. trachomatis interacts with recycling endosomes in JAWS-II
DCs. JAWS-II DCs were infected with C. trachomatis L2 (MOI 100) for 24 h
and evaluated by confocal microscopy. The intracellular distribution of (A)
early endosomes (EEA1), (B) late endosomes (CD63), (C) lysosomes
(Lamp1), (D) acidic compartments (LysoTracker), and (E) recycling
endosomes (TfR) were analyzed. Insets show a magnification of the
chlamydial inclusion. For each marker, staining with the primary antibody was
followed by its corresponding Cy3-conjugated secondary antibody. DAPI was
used to stain DNA. Bars represent 10 um. Images are representative of three
independent experiments and more than 20 images were analyzed for each
endosomal marker.
April 2021 | Volume 12 | Article 662096

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Del Balzo et al. Cross-Presentation by Chlamydia trachomatis Infected DCs
A B C D

E F G H

I J K L

M N O P

FIGURE 3 | C. trachomatis recruits Rab14, Rab4, Rab22a, and Rab11a to the inclusion in JAWS-II DCs. JAWS-II DCs were infected with GFP-C. trachomatis L2 at
MOI 100 for 24 h and analyzed by confocal microscopy. The intracellular distribution of (A, B) Rab14, (E, F) Rab4, (I, J) Rab22a and (M, N) Rab11a was evaluated
in non-infected and infected cells. Endogenous Rab proteins were detected by indirect immunofluorescence using primary antibodies followed by its corresponding
Cy3-conjugated secondary antibodies. Insets show a chlamydial inclusion magnification for each marker. DAPI was used to stain DNA. Bars represent 10 um.
Images are representative of three independent experiments and more than 20 images were analyzed for each Rab. (C, G, K, O) A representative chlamydial
inclusion was transversely crossed with eight diameter lines to obtain an intensity histogram. Line graphs show the MFI from GFP and the corresponding Rab protein
with the SD for each point. (D, H, L, P) Chlamydial inclusion was transversely crossed with a diameter line to obtain an intensity histogram for each Rab protein; and
five points of each line corresponding to the cytoplasm (P1), inclusion membrane (P2), inside the inclusion (P3), inclusion membrane (P4), and cytoplasm (P5) were
selected. Twenty (20) cells were analyzed for each Rab protein. One-way ANOVA with Dunnett’s multiple comparison post-test were performed. ###P < 0.001,
####P < 0.0001, and ****P < 0.0001.
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FIGURE 4 | C. trachomatis infection alters the intracellular transport of MHC-I molecules in JAWS-II DCs. (A–F) JAWS-II DCs were infected with C. trachomatis L2 for
24 h at MOI 100 and analyzed by (A, B) confocal microscopy, (C, D) flow cytometry and (E, F) Western blot. (A, B) Immunofluorescence staining of MHC-I with an
anti-H-2Kb mouse monoclonal antibody coupled to FITC showing non-infected (A) and infected (B) cells. Nuclei were stained with DAPI and chlamydial inclusions were
detected with a rabbit anti-CT529 antibody and a secondary anti-rabbit Cy3-labeled antibody. Bars represent 10 um. (C) Representative FACS histograms showing the
fluorescence intensity of unstained (grey), non-infected (black line), and infected (red line) cells. Cell surface expression of MHC-I molecules was determined with a
mouse monoclonal anti-H-2Kb antibody and a secondary anti-mouse Alexa 647-conjugated antibody. (D) Bar graph shows the MFI of Alexa 647 and represents the
mean ± SEM of three independent experiments. P-value = 0.013. The two-tailed Student’s unpaired t-test was performed. (E) Immunoblotting of clathrin, H-2Kb, and
MOMP in total cell lysates of non-infected and infected JAWS-II DCs. (F) Data represent the densitometry quantification and show the mean ± SEM of three
independent experiments. P-value = 0.4127. The two-tailed Student’s unpaired t-test was performed. (G–I) MHC-I molecules recycling ability was measured by flow
cytometry at the indicated periods by non-infected and infected JAWS-II DCs with C. trachomatis L2 for 24 h at MOI 100. (G, H) Representative FACS profiles of
anti-H-2Kb antibody recycling by non-infected (G) and infected (H) cells. (I) The curves show the percentage of anti-H-2Kb (Alexa 647) recycling over time and data
represent differences between the hyperboles from non-infected (blue line) versus infected (red line) cells of three independent experiments. P-value = 0.0066. No linear
regression analysis shows that hyperboles are significantly different. The meaning of the symbol "*" is *P < 0.05 and the P value of NS in (F) is 0.4127.
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A possible defect of endocytic recycling upon C. trachomatis
infection could contribute to a defective MHC-I expression at the
cell surface. To evaluate this hypothesis, we used a flow
cytometry-based approach previously described (35) and we
measured MHC-I recycling in JAWS-II DCs. After the steps of
binding at 4°C and internalization at 37°C of anti-H-2Kb, non-
infected and infected cells were treated with an acid buffer
stripping solution to remove the remaining antibody attached
to the plasma membrane. Then, cells were incubated for different
periods and the recycled anti-H-2Kb was removed from the cell
surface through a second acid stripping treatment. Finally, cells
were fixed and the percentage of MHC-I recycling was
determined as indicated in material and methods. Interestingly,
the MHC-I recycling ability of infected JAWS-II DCs was
significantly reduced, as compared to non-infected cells
(Figures 4G–I). This result confirms the significant defect of
MHC-I recycling in C. trachomatis infected JAWS-II DCs. By the
use of the dead-cell exclusion marker 7-AAD, we determined
that chlamydial infection and/or acid stripping did not provoke
cell death, which was always below the 2% in any experimental
condition (Supplementary Figure 5).

As control experiments, we assessed the degradation of
MHC-I molecules, to evaluate its contribution to the loss of
cell associated fluorescence in non-infected and C. trachomatis
infected JAWS-II DCs. In this subset of cells, after the steps of
anti-HG-2Kb binding and internalization, we stripped the cell
surface as performed for recycling assays. However, this time we
did not perform a second stripping after each chase period to
remove the recycled MHC-I molecules from the plasma
membrane. In this way, a decrease in the cell associated
fluorescence intensity was only due to the intracellular
degradation of MHC-I molecules. Our results show that after
20 min of chase, MHC-I degradation was not significant and
only at 40 min there was a mild degradation of these molecules,
mainly in non-infected cells (Supplementary Figure 6).

Altogether, these data indicate that the MHC-I intracellular
transport is significantly compromised in DCs when these cells
are infected by the bacterium C. trachomatis, which could result
in disadvantageous implications for the immune system.

Chlamydia trachomatis Infection Hampers
the Antigen Cross-Presentation Ability
of DCs
Because MHC-I recycling is an important feature of antigen
cross-presentation, we aimed to examine if this immune process
is jeopardized by chlamydial infections. First, we infected JAWS-
II DCs with C. trachomatis L2 for 12 or 24 h and incubated them
with the soluble model antigen ovalbumin (OVA). As shown in
Figure 5A, antigen cross-presentation was partially inhibited
upon DC infection and this defect was more important at 24 than
12 h post-infection. Also, the cross-presentation of 3 µm OVA-
coated latex beads was significantly reduced by infected DCs, as
compared to non-infected cells (Figure 5B). Interestingly,
similar results were obtained when primary bone marrow-
derived DCs (BMDCs) were infected during 24 h and soluble
OVA cross-presentation was evaluated. Also in this experimental
Frontiers in Immunology | www.frontiersin.org 10
setup, the antigen cross-presentation ability of infected DCs
was significantly affected, as compared to non-infected cells
(Figure 5C). In agreement with the finding of less MHC-I cell
surface expression in infected cells (Figures 4C, D), the
presentation of the SIINFEKL peptide, which does not need
further intracellular processing, was also significantly reduced in
infected JAWS-II DCs (Figure 5D). Interestingly, cross-
presentation of soluble and particulate antigens by C.
trachomatis-infected DCs remains significantly hampered after
48 h post-infection (Supplementary Figure 7).

Finally, we decided to test whether the chlamydial infection
has an impact on antigen uptake by DCs. Thus, we infected
JAWS-II DCs with C. trachomatis L2 for 24 h and incubated
them either with fluorescent soluble OVA or 3 µm OVA-coated
fluorescent beads to evaluate fluid-phase endocytosis and
phagocytosis, respectively. As shown in Figures 5E, F, I, after
1 h of soluble OVA continuous uptake, the amount of antigen
inside infected DCs is slightly diminished, as compared to non-
infected cells, and a significant difference is evidenced only with
the highest concentration of OVA incubated at 37°C. Similarly,
when we analyzed internalized fluorescent particles, which are
negative for anti-OVA staining (Figures 5G, H), we observed a
reduction of the phagocytic capacity in infected DCs only after
5 h of internalization, but not at earlier time points or for the
binding at 4°C (Figure 5J). In line with these experiments, we
used other approach to investigate if chlamydial infection
modifies cellular ability to degrade antigens. Briefly, non-
infected and C. trachomatis infected JAWS-II DCs were
incubated with DQ-OVA for 15 min at 37°C (internalization
period) followed by 0, 30 and 105 min of chase at 37°C. DQ-
OVA develops green fluorescence upon degradation. Our results
show that C. trachomatis infected DCs degraded this soluble
antigen in a similar extent to non-infected cells. We also assessed
total intracellular OVA (non-fluorescent and fluorescent DQ-
OVAmolecules) by staining with an anti-OVA antibody coupled
to Alexa 647. Results indicated that C. trachomatis infected
JAWS-II DCs display a slight reduction in the amount of
internalized OVA while they exhibit a similar antigen
degradation capacity compared to non-infected cells
(Supplementary Figure 8).

Overall, our results provide compelling evidence about the
significant changes that C. trachomatis causes on DC functions,
hijacking the host cell endocytic route through the recruitment of
recycling vesicles. This interaction between the chlamydial
inclusion and recycling endosomes directly impacts the proper
MHC-I intracellular trafficking and cross-presentation ability of
infected DCs.
DISCUSSION

C. trachomatis, as most intracellular pathogens, constitutes a
challenge to the immune system. Once internalized, the
bacterium actively modified the phagosomal membrane to
generate a protective vacuole, the inclusion that diverts from
the phagocytic pathway and avoids lysosomal degradation. One
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FIGURE 5 | C. trachomatis disturbs antigen cross-presentation by JAWS-II DCs. (A–D) The cross-presentation ability of non-infected and infected JAWS-II DCs
with C. trachomatis L2 at MOI 100 after incubation with (A) soluble OVA, (B) OVA/BSA-coated beads, (C) soluble OVA (BMDCs), or (D) the SIINFEKL control
peptide at the indicated concentrations was evaluated with the B3Z T cell hybridoma. In (A, D) one-way ANOVA and Bonferroni’s multiple comparisons tests were
performed. *P < 0.05 and ****P < 0.0001. In (B, C) two-tailed Student’s unpaired t-tests were performed *P = 0.0280 (for B) and ***P = 0.0003 (for C). Data
represent mean ± SEM of three (for A–C) and four (for D) independent experiments. (E, F) Non-infected and infected JAWS-II DCs with C. trachomatis L2 for 24 h at
MOI 100 were incubated for 1 h with the indicated concentrations of OVA coupled to FITC and fluid-phase endocytosis was assessed by flow cytometry. Effective
uptake was performed at 37°C and the highest concentration of OVA at 4°C was used as control. Representative FACS histograms showing the fluorescence
intensity of FITC at the different conditions used in non-infected (E) and infected (F) cells. (G, H) Non-infected and infected JAWS-II DCs with C. trachomatis L2 for
24 h at MOI 100 were incubated during 1, 3, and 5 h with 3 mm fluorescent latex beads, and the phagocytic capacity was assessed by flow cytometry.
Phagocytosis was conducted at 37°C for effective uptake and at 4°C for 5 h as control. Representative FACS histograms of the condition 5 h at 37°C showing the
APC+/OVA- regions indicate the percentage of internalized particles. (I) Data represent the endocytic uptake and the mean ± SEM of three independent experiments
(n = 6). *P < 0.05. Two-way ANOVA and Sidak’s multiple comparisons tests were performed. (J) Data represent phagocytosis and the mean ± SEM of three
independent experiments (n = 6). ****P < 0.0001. Two-way ANOVA and Sidak’s multiple comparisons tests were performed. P-value of NS in (A) is P > 0.05.
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effective strategy developed by C. trachomatis to subvert
intracellular trafficking is the hijacking of Rab GTPases (3, 46).
Our findings show that in DCs, C. trachomatis recruits Rab4,
Rab11a, Rab14, and Rab22a to the inclusion boundaries. These
GTPases control different steps of the recycling transport (47).
Beyond differences in the pattern or intensity of Rab associated
with the inclusion, these proteins confer the bacterium ability to
interact with the endocytic recycling compartment. This
compartment emerges as an important hub during the
intracellular transport of exogenous antigens in DCs,
particularly during MHC-I cross-presentation. Furthermore,
Rab11a and Rab22a were shown to localize to MHC-I in the
endosomal recycling compartment and both are necessary for
efficient cross-presentation (34, 35). Rab14 and the insulin-
responsive aminopeptidase (IRAP) associate with antigen-
containing phagosomes in CD8+ DCs and promote the MHC-
I cross-presentation pathway (48). Given that a fundamental
issue for antigen cross-presentation is MHC-I recycling to the
cell surface, C. trachomatis could interfere with the transport of
these molecules to hide from the immune system and persist
intracellularly. Precisely, characteristic features of chlamydial
infections are persistence and chronicity, bases of the
pathological damage to the female reproductive system (49).

Chlamydial protease-like activity factor (CPAF), tail-specific
protease (Tsp), and chlamydial high temperature requirement
protein A (cHtrA) hinder cross-presentation by selective
degradation of bacterial T cell antigens (50), downregulation of
MHC-I molecules at the cell surface (20, 51), and cleavage of
transcription factors RFX-5, NF-kB p65, and USF-1 (21, 23, 52).
In our experiments, C. trachomatis infection dramatically changes
MHC-I subcellular distribution without affecting its total
intracellular expression. Confocal microscopy and flow cytometry
approaches show the loss of MHC-I molecules at the cell surface
and the perinuclear recycling center after infection. In agreement
with our results, Kägebein et al. reported that MHC-I expression
remains unaltered after chlamydial infection in epithelial cells and
fibroblasts; however, MHC-I exposition at the cell surface does not
vary in these cells (23). Given that MHC-I recycling is essential for
exogenous antigens presentation to CD8+ T cells, by analyzing the
OVA-based model, we found that cross-presentation of both,
soluble and particulate antigens, is impaired upon C. trachomatis
infection of murine JAWS-II DCs or primary BMDCs. Besides, the
presentation of the peptide SIINFEKL that is independent of
intracellular processing and the endo/phagocytic capacity of DCs
also decreases after infection.

Our findings support the notion that by interfering with Rab-
controlled intracellular transport, C. trachomatis hijacks antigen
cross-presentation and conspires against an efficient cytotoxic
CD8+ T cell immune response, turning DCs into a convenient
vehicle for bacterial spreading. In mice, C. muridarum spreads
from genital tissues to the gastrointestinal tract in a staged
transport involving genital tissue/ganglion, ganglion/spleen,
and spleen/gastrointestinal tract (53, 54). Accordingly, in
humans C. trachomatis was found in the intestine regardless
of sexual behavior, suggesting a putative similar spreading
way (54–56). Furthermore, the human respiratory pathogen
Frontiers in Immunology | www.frontiersin.org 12
C. pneumoniae disseminates from the lungs to the body
through infected monocyte-derived DCs (57).

Several chlamydial proteins are presented by MHC-I on
infected cells, such as CT442 and CT529, becoming good
candidates for vaccine development. Despite recombinant virus
expressing CT442 triggers robust specific CD8+ T cell response,
more than the bacterium itself, it fails to eliminate C. trachomatis
from the infected tissues and does not confer protection against a
subsequent challenge (58–61). Our data show that the
chlamydial infection disturbs DCs functioning; therefore, it
could produce a defective CD8+ T cell immune response
against C. trachomatis, and possibly also against other
pathogens. Starnbach and colleagues demonstrated that C.
trachomatis infection fails to develop memory CD8+ T cells,
providing insufficient protection to later chlamydial exposition
that explains the high rate of re-infection. Besides, mice co-
infected with Chlamydia and Lysteria monocytogenes display a
dose-dependent decrease in Listeria-specific immune response,
indicating that Chlamydia impairs the priming of heterologous
CD8+ T cells (62). Our study provides new evidence that
chlamydial infection distorts intracellular trafficking in DCs,
reducing MHC-I recycling transport, thus, restricting
pathogen-derived antigens become available for presentation to
T lymphocytes. The interference with priming/activation of
naive CD8+ T cells circumvents the cross-presentation
pathway and avoids infected cell recognition by cytotoxic T
cells. Ultimately, hiding antigens intracellularly favors pathogens
to grow unhindered within the infected cell. Our data shed light
on a new mechanism that likely contributes to the failure in
generating a protective CD8+ T cell response. Altogether, our
findings explain, in part, actual difficulties in vaccine
development and the high rate of persistent chlamydial
infections and co-infections with other intracellular pathogens,
such as HIV (63).

Cross-presentation signals the presence of intracellular
pathogens to cytotoxic T lymphocytes, which eliminate
infected cells by the recognition of pathogen-derived peptides
loaded onto MHC-I molecules at the cell surface. Unraveling
how intracellular pathogens interfere with MHC-I antigen
presentation to avoid clearance by the immune system will
pave the way to a rational design of protective vaccines to halt
the worldwide spreading of these infections.
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Supplementary Table 1 | List of antibodies and reagents

Supplementary Figure 1 | C. trachomatis can infect murine BMDCs. BMDCs
were infected with GFP-C. trachomatis L2 (MOI 100) for 24 h and analyzed by
confocal microscopy. DNA was labeled with DAPI (blue). Insets show a
magnification of the chlamydial inclusion. Bar represents 10 µm.

Supplementary Figure 2 | C. trachomatis infection does not affect JAWS II cells
viability. Non-infected JAWS II DCs and cells infected with C. trachomatis for 24 h
(24 hpi) were incubated with the cell death marker 7-AAD viability marker and
analyzed by flow cytometry. Heated-treated cells were used as a control of dead
cells. (A) Representative FACS profiles show MFI (PerCP) corresponding to the
presence of dead cells in the sample. (B) Graph bar represents the mean
percentage of dead cells in each condition.

Supplementary Figure 3 | Rab proteins involved in endocytic recycling are
recruited to the chlamydial inclusion. JAWS-II DCs were infected with GFP-C.
trachomatis L2 at MOI 100 for 24 h and analyzed by confocal microscopy.
Endogenous Rab14, Rab4, Rab22a and Rab11a proteins were detected by indirect
immunofluorescence using primary antibodies followed by its corresponding Cy3-
conjugated secondary antibodies. Images are representative of three independent
experiments. Each chlamydial inclusion was transversely crossed by eight diameter
lines to obtain an intensity histogram. Line graphs show the intensity histogram of
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each Rab. More than 20 images were analyzed for each Rab using the ImageJ
software (Fiji).

Supplementary Figure 4 | Statistical analysis of Rab14, Rab4, Rab22a and
Rab11a fluorescence intensity in C. trachomatis-infected DCs. The table displays
the statistical significance of Rab14, Rab4, Rab22a and Rab11a fluorescence
intensity comparing cytoplasm (P1), inclusion membrane (P2), inside the inclusion
(P3), inclusion membrane (P4), and cytoplasm (P5) corresponding to panels 3D, 3H,
3L and 3P. One-way ANOVA and Dunnett’s multiple comparison post-test were
performed. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, and ****P <
0.0001.

Supplementary Figure 5 | Chlamydial infection and acid stripping does not
affect cell viability. (A–D) JAWS II cells viability was measured by flow cytometry
using 7-AAD viability marker. A) Representative FACS histograms show 7-AAD MFI
corresponding to unstained (grey), non-infected (red line) and C. trachomatis
infected cells (24 hpi) (black line). Cells death by heating was used as a positive
control (green line). (B, D) Graph bar represents the mean percentage of dead cells
in each experimental condition. (C) Representative FACS histograms show 7-AAD
MFI of non-infected cells (NI, black line), non-infected cells treated with stripping
buffer (NI + Stripping, blue line), and cells infected with C. trachomatis for 24h and
treated with stripping buffer (24hpi + Stripping). Cells death by heating was used as
a positive control (green line).

Supplementary Figure 6 | C. trachomatis does not alter MHC-I degradation.
MHC-I degradation was measured by flow cytometry at the indicated time points in
non-infected JAWS-II DCs and cells infected with Chlamydia trachomatis L2 for
24 h at MOI 100. Representative FACS profiles of anti-H-2Kb antibody degradation
by non-infected (A) and infected (B) cells. (C) The curves show the percentage of
anti-H-2Kb (Alexa 647) degraded over time.

Supplementary Figure 7 | C. trachomatis alters the antigen cross-presentation
ability of DCs at 48 h post-infection. The cross-presentation ability of non-infected
and infected JAWS-II DCs with C. trachomatis L2 for 48 h at MOI 100 after
incubation with (A) soluble OVA, (B) OVA/BSA-coated beads, (C) soluble OVA
(BMDCs) was evaluated with the B3Z T cell hybridoma. Two-tailed Student’s
unpaired t-tests were performed. *P < 0.0265, ***P < 0.0003, and ****P < 0.0001.

Supplementary Figure 8 | Chlamydial infection does not affect soluble antigen
degradation. (A-C) Representative FACS profiles shows the MFI corresponding to
DQ-OVA degradation in non-infected JAWS-II DCs (A) and cells infected with C.
trachomatis L2 for 24 h (MOI 100) (B). Cells were incubated for 15 min at 4°C
(negative control) or 15 min at 37°C (pulse) with DQ-OVA. Then, cells were
incubated for 0, 30 and 105 min at 37°C (chase period). (C) Quantification of the
soluble DQ-OVA degradation measured by flow cytometry at the indicated time
periods. Data represent FITC MFI. (D) Representative FACS profiles show the MFI
corresponding to the total amount of soluble DQ-OVA internalized in non-infected
and infected JAWS-II DCs during the pulse period (15 min at 37°C). Cells were
fixed, permeabilized and labeled with an anti-OVA antibody followed by a secondary
antibody conjugated with Alexa 647. (E) Quantification of total OVA staining
(assessed by Alexa 647 MFI) after DQ-OVA internalization in non-infected and
infected JAWS-II DCs.
REFERENCES

1. WHO. WHO guidelines for the treatment of Chlamydia trachomatis.
Switzerland: Geneva, Switzerland: WHO (2016). Available at: https://www.
who.int/reproductivehealth/publications/rtis/chlamydia-treatment-guidelines.

2. Menon S, Timms P, Allan JA, Alexander K, Rombauts L, Horner P, et al. Human
and pathogen factors associated with Chlamydia trachomatis-related infertility in
women. Clin Microbiol Rev (2015) 28(4):969–85. doi: 10.1128/CMR.00035-15

3. Bastidas RJ, Elwell CA, Engel JN, Valdivia RH. Chlamydial intracellular
survival strategies. Cold Spring Harb Perspect Med (2013) 3(5):a010256.
doi: 10.1101/cshperspect.a010256

4. Bauler LD, Hackstadt T. Expression and targeting of secreted proteins from
Chlamydia trachomatis. J Bacteriol (2014) 196(7):1325–34. doi: 10.1101/
cshperspect.a010256
5. Elwell C, Mirrashidi K, Engel J. Chlamydia cell biology and pathogenesis. Nat
Rev Microbiol (2016) 14(6):385–400. doi: 10.1038/nrmicro.2016.30

6. Valdivia RH. Chlamydia effector proteins and new insights into chlamydial
cellular microbiology. Curr Opin Microbiol (2008) 11(1):53–9. doi: 10.1016/
j.mib.2008.01.003

7. Rzomp KA, Scholtes LD, Briggs BJ, Whittaker GR, Scidmore MA. Rab
GTPases are recruited to chlamydial inclusions in both a species-dependent
and species-independent manner. Infect Immun (2003) 71(10):5855–70.
doi: 10.1128/iai.71.10.5855-5870

8. Rzomp KA, Moorhead AR, Scidmore MA. The GTPase Rab4 interacts with
Chlamydia trachomatis inclusion membrane protein CT229. Infect Immun
(2006) 74(9):5362–73. doi: 10.1128/IAI.00539-06

9. Rejman Lipinski A, Heymann J, Meissner C, Karlas A, Brinkmann V, Meyer
TF, et al. Rab6 and Rab11 regulate Chlamydia trachomatis development and
April 2021 | Volume 12 | Article 662096

https://www.frontiersin.org/articles/10.3389/fimmu.2021.662096/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.662096/full#supplementary-material
https://www.who.int/reproductivehealth/publications/rtis/chlamydia-treatment-guidelines
https://www.who.int/reproductivehealth/publications/rtis/chlamydia-treatment-guidelines
https://doi.org/10.1128/CMR.00035-15
https://doi.org/10.1101/cshperspect.a010256
https://doi.org/10.1101/cshperspect.a010256
https://doi.org/10.1101/cshperspect.a010256
https://doi.org/10.1038/nrmicro.2016.30
https://doi.org/10.1016/j.mib.2008.01.003
https://doi.org/10.1016/j.mib.2008.01.003
https://doi.org/10.1128/iai.71.10.5855-5870
https://doi.org/10.1128/IAI.00539-06
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Del Balzo et al. Cross-Presentation by Chlamydia trachomatis Infected DCs
golgin-84-dependent Golgi fragmentation. PLoS Pathog (2009) 5(10):
e1000615. doi: 10.1371/journal.ppat.1000615

10. Capmany A, Damiani MT. Chlamydia trachomatis intercepts Golgi-derived
sphingolipids through a Rab14-mediated transport required for bacterial
development and replication. PLoS One (2010) 5(11):e14084. doi: 10.1371/
journal.pone.0014084

11. Leiva N, Capmany A, Damiani MT. Rab11-family of interacting protein 2
associates with chlamydial inclusions through its Rab-binding domain and
promotes bacterial multiplication. Cell Microbiol (2013) 15(1):114–29.
doi: 10.1111/cmi.12035

12. Tudela JG, Capmany A, Romao M, Quintero C, Miserey-Lenkei S, Raposo G,
et al. The late endocytic Rab39a GTPase regulates the interaction between
multivesicular bodies and chlamydial inclusions. J Cell Sci (2015) 128
(16):3068–81. doi: 10.1242/jcs.170092

13. Beatty WL, Morrison RP, Byrne GI. Persistent chlamydiae: From cell culture to a
paradigm for chlamydial pathogenesis. Microbiol Rev (1994) 58(4):686–99.

14. Engel J. Tarp and Arp: How Chlamydia induces its own entry. Proc Natl Acad
Sci U S A (2004) 101(27):9947–8. doi: 10.1073/pnas.0403633101

15. Matsumoto A, Manire GP. Electron microscopic observations on the effects of
penicillin on the morphology of Chlamydia psittaci. J Bacteriol (1970) 101
(1):278–85. doi: 10.1128/JB.101.1.278-285.1970

16. Panzetta ME, Valdivia RH, Saka HA. Chlamydia persistence: A survival
strategy to evade antimicrobial effects in-vitro and in-vivo. Front Microbiol
(2018) 9:3101. doi: 10.3389/fmicb.2018.03101

17. Lad SP, Li J, Da Silva Correia J, Pan Q, Gadwal S, Ulevitch RJ, et al. Cleavage of
p65/RelA of the NF-kB pathway by Chlamydia. Proc Natl Acad Sci U S A
(2007) 104(8):2933–8. doi: 10.1073/pnas.0608393104

18. Lad SP, Yang G, Scott DA, Wang G, Nair P, Mathison J, et al. Chlamydial
CT441 is a PDZ domain-containing tail-specific protease that interferes with
the NF-kB pathway of immune response. J Bacteriol (2007) 189(18):6619–25.
doi: 10.1128/JB.00429-07

19. Du K, Zhou M, Li Q, Liu XZ. Chlamydia trachomatis inhibits the production
of pro-inflammatory cytokines in human PBMCs through induction of IL-10.
J Med Microbiol (2018) 67(2):240–8. doi: 10.1099/jmm.0.000672

20. Zhong G, Fan T, Liu L. Chlamydia inhibits interferon g-inducible major
histocompatibility complex class II expression by degradation of upstream
stimulatory factor 1. J Exp Med (1999) 189(12):1931–8. doi: 10.1084/
jem.189.12.1931

21. Zhong G, Liu L, Fan T, Fan P, Ji H. Degradation of transcription factor RFX5
during the inhibition of both constitutive and interferon g-inducible major
histocompatibility complex class I expression in Chlamydia-infected cells. J
Exp Med (2000) 191(9):1525–34. doi: 10.1084/jem.191.9.1525

22. Ibana JA, Belland RJ, Zea AH, Schust DJ, Nagamatsu T, AbdelRahman YM,
et al. Inhibition of indoleamine 2,3-dioxygenase activity by levo-1-methyl
tryptophan blocks gamma interferon-induced Chlamydia trachomatis
persistence in human epithelial cells. Infect Immun (2011) 79(11):4425–37.
doi: 10.1128/IAI.05659-11

23. Kägebein D, Gutjahr M, Große C, Vogel AB, Rödel J, Knittler MR. Chlamydia
trachomatis-infected epithelial cells and fibroblasts retain the ability to express
surface-presented major histocompatibility complex class I molecules. Infect
Immun (2014) 82(3):993–1006. doi: 10.1128/IAI.01473-13

24. Lausen M, Christiansen G, Bouet Guldbæk Poulsen T, Birkelund S.
Immunobiology of monocytes and macrophages during Chlamydia
trachomatis infection. Microbes Infect (2019) 21(2):73–84. doi: 10.1016/
j.micinf.2018.10.007

25. Tietzel I, Quayle AJ, Carabeo RA. Alternatively activated macrophages are host
cells for Chlamydia trachomatis and reverse anti-chlamydial classically activated
macrophages. Front Microbiol (2019) 10:919. doi: 10.3389/fmicb.2019.00919

26. Gervassi A, Alderson MR, Suchland R, Maisonneuve JF, Grabstein KH, Probst
P. Differential regulation of inflammatory cytokine secretion by human
dendritic cells upon Chlamydia trachomatis infection. Infect Immun (2004)
72(12):7231–9. doi: 10.1128/IAI.72.12.7531-7239.2004

27. Datta B, Njau F, Thalmann J, Haller H, Wagner AD. Differential infection
outcome of Chlamydia trachomatis in human blood monocytes and
monocyte-derived dendritic cells. BMC Microbiol (2014) 14:209.
doi: 10.1186/s12866-014-0209-3

28. Agrawal T, Bhengraj AR, Vats V, Mittal A. Chlamydia trachomatis: TLR4-
mediated recognition by human dendritic cells is impaired following
Frontiers in Immunology | www.frontiersin.org 14
oestradiol treatment. Br J BioMed Sci (2013) 70(2):51–7. doi: 10.1080/
09674845.2013.11669935

29. Webster SJ, Ellis L, O’Brien LM, Tyrrell B, Fitzmaurice TJ, Elder MJ, et al.
IRE1a mediates PKR activation in response to Chlamydia trachomatis
infection. Microbes Infect (2016) 18(7-8):472–83. doi: 10.1016/
j.micinf.2016.03.010

30. Kotsias F, Cebrian I, Alloatti A. Antigen processing and presentation. Int Rev
Cell Mol Biol (2019) 348:69–121. doi: 10.1016/bs.ircmb.2019.07.005

31. Joffre OP, Segura E, Savina A, Amigorena S. Cross-presentation by dendritic
cells. Nat Rev Immunol (2012) 12(8):557–69. doi: 10.1038/nri3254

32. Blander JM. Regulation of the cell biology of antigen cross-presentation. Annu
Rev Immunol (2018) 36:717–53. doi: 10.1146/annurev-immunol-041015-
055523

33. Savina A, Jancic C, Hugues S, Guermonprez P, Vargas P, Moura IC, et al.
NOX2 controls phagosomal pH to regulate antigen processing during
crosspresentation by dendritic cells. Cell (2006) 126(1):205–18. doi: 10.1016/
j.cell.2006.05.035

34. Nair-Gupta P, Baccarini A, Tung N, Seyffer F, Florey O, Huang Y, et al. TLR
signals induce phagosomal MHC-I delivery from the endosomal recycling
compartment to allow cross-presentation. Cell (2014) 158(3):506–21.
doi: 10.1016/j.cell.2014.04.054

35. Cebrian I, Croce C, Guerrero NA, Blanchard N, Mayorga LS. Rab22a controls
MHC-I intracellular trafficking and antigen cross-presentation by dendritic
cells. EMBO Rep (2016) 17(12):1753–65. doi: 10.15252/embr.201642358

36. Gros M, Amigorena S. Regulation of antigen export to the cytosol during
cross-presentation. Front Immunol (2019) 10:41. doi: 10.3389/
fimmu.2019.00041

37. Guermonprez P, Saveanu L, Kleijmeer M, Davoust J, Van Endert P,
Amigorena S. ER-phagosome fusion defines an MHC class I cross-
presentation compartment in dendritic cells. Nature (2003) 425(6956):397–
402. doi: 10.1038/nature01911

38. Houde M, Bertholet S, Gagnon E, Brunet S, Goyette G, Laplante A, et al.
Phagosomes are competent organelles for antigen cross-presentation. Nature
(2003) 425(6956):402–6. doi: 10.1038/nature01912

39. Cebrian I, Visentin G, Blanchard N, Jouve M, Bobard A, Moita C, et al. Sec22b
regulates phagosomal maturation and antigen crosspresentation by dendritic
cells. Cell (2011) 147(6):1355–68. doi: 10.1016/j.cell.2011.11.021

40. Roan NR, Starnbach MN. Immune-mediated control of Chlamydia infection.
Cell Microbiol (2008) 10(1):9–19. doi: 10.1111/j.1462-5822.2007.01069.x

41. Winzler C, Rovere P, Rescigno M, Granucci F, Penna G, Adorini L, et al.
Maturation stages of mouse dendritic cells in growth factor-dependent long-
term cultures. J Exp Med (1997) 185(2):317–28. doi: 10.1084/jem.185.2.317
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