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Abstract

Chlamydia trachomatis serovars D-K are obligate intracellular bacteria that have tropism for the 

columnar epithelial cells of the genital tract. Chlamydia trachomatis infection has been reported to 

induce modifications in immune cell ligand expression on epithelial host cells. In this study, we 

used an in vitro infection model that resulted in a partial infection of C. trachomatis-exposed 

primary-like immortalized endocervical epithelial cells (A2EN). Using this model, we 

demonstrated that expression of the natural killer (NK) cell activating ligand, MHC class I-related 

protein A (MICA), was upregulated on C. trachomatis-infected, but not on noninfected bystander 

cells. MICA upregulation was concomitant with MHC class I downregulation and impacted the 

susceptibility of C. trachomatis-infected cells to NK cell activity. The specificity of MICA 

upregulation was reflected by a higher cytolytic activity of an NK cell line (NK92MI) against C. 
trachomatis-infected cells compared with uninfected control cells. Significantly, data also 

indicated that NK cells exerted a partial, but incomplete sterilizing effect on C. trachomatis as 

shown by the reduction in recoverable inclusion forming units (IFU) when cocultured with C. 
trachomatis-infected cells. Taken together, our data suggest that NK cells may play a significant 

role in the ability of the host to counter C. trachomatis infection.
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Introduction

Genital infections with Chlamydia trachomatis serovars D-K are the most prevalent sexually 

transmitted bacterial infection (CDC, 2010). The propensity for these intracellular infections 

to remain relatively asymptomatic in women, combined with the ability of C. trachomatis to 

survive for extended periods in the genital tract, make this pathogen a major public health 

challenge. Although the microorganism is susceptible to antibiotics, asymptomatic patients 

typically go untreated. Infection that ascends into the upper tract can cause pelvic 

inflammatory disease that can eventually lead to tubal infertility, ectopic pregnancy, and 

chronic pelvic pain (Brunham & Rey-Ladino, 2005). Chlamydia trachomatis infection also 

enhances human immunodeficiency virus acquisition and shedding (Plummer et al., 1991; 

Ghys et al., 1997) and has been implicated as a cofactor in HPV-induced cervical neoplasia 

(reviewed in Paavonen, 2011] and possibly preterm labor (Baud et al., 2008). Co-evolution 

of C. trachomatis with its human host has driven the acquisition of several immune evasion 

strategies that likely contribute to the above and promote continued spread of disease 

(Brunham & Rey-Ladino, 2005).

Chlamydia trachomatis is an obligate intracellular pathogen and genital serovars have a 

tropism for columnar epithelial cells of the female and male genital tracts. When C. 
trachomatis is recognized by the host immune system, innate [natural killer (NK) cells 

(Tseng & Rank, 1998; Hook et al., 2004, 2005)]; innate-like [NK T (NKT) cells (Yang, 

2007)] and adaptive [CD4+ (Ficarra et al., 2008) and CD8+ T cells (Igietseme et al., 1994; 

Roan & Starnbach, 2006; Ficarra et al., 2008; Igietseme et al., 2009)] immune constituents 

contribute to host cellular immune defense and/or host immune pathogenesis. To avert 

detection by CD8+ and CD4+ cells, genital serovars of C. trachomatis decrease epithelial 

cell surface expression of major histocompatibility (MHC) class I and class II antigen 

presenting molecules through the secretion of C. trachomatis Protease-like Activity Factor 

(CPAF), a chlamydia-encoded protein (Zhong et al., 1999, 2000, 2001; Shaw et al., 2002). 

CPAF is also involved in the degradation of CD1d, the host cell ligand for NKT cells, in 

penile genital epithelial cells (Kawana et al., 2007, 2008). While most experiments are 

conducted using supraphysiologic C. trachomatis exposure levels that insure high infection 

rates, these protocols do not reflect in vivo infection dynamics. We have recently reported 

the effects of C. trachomatis serovar D on endocervical epithelial cells in vitro using novel 

techniques that allow more physiologic partial infection of exposed cells and discrete 

assessment of infected and noninfected bystander cells within a mixed culture (Ibana et al., 
2011a). These experiments revealed that cell surface expression of MHC class I products is 

decreased on both infected and noninfected, bystander cells and suggest that soluble and 

nonsoluble factors are involved in this downregulation (Ibana et al., 2011a). In this study, we 

use similar techniques to assess the effects of C. trachomatis infection on endocervical 

epithelial cell expression of the host cell-expressed NK cell activating ligand, MHC class I-

related protein A (MICA; Brunham & Rekart, 2008).
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Materials and methods

A2EN epithelial cell culture conditions and C. trachomatis infection

In all infection analyses, a primary-like immortalized endocervical epithelial cell line 

(A2EN) was utilized. A2EN was derived from primary epithelial cells grown out from an 

endocervical explant and which were immortalized by transduction with PA317/

LXSN-16E6E7-conditioned medium as described previously (Herbst-Kralovetz et al., 2008). 

These cells were propagated in antibiotic-free keratinocyte serum-free medium (KSFM) 

supplemented with 30 μg mL−1 recombinant epidermal growth factor (rEGF), 0.1 ng mL−1 

bovine pituitary extract (Invitrogen, Carlsbad, CA), and 0.4 mM CaCl2 (Sigma, St. Louis, 

MO); referred to herein as cKSFM. A2EN cells were grown under 2% O2 and 5% CO2 at 

37 °C (Ficarra et al., 2008). Cells were infected with C. trachomatis serovar D (D/UW-3/Cx) 

in SPG (10 mM sodium phosphate [pH 7.2], 0.25 M sucrose, 5 mM L-glutamic acid) at a 

multiplicity of infection (MOI) of 1–3 to achieve infection rates of ~40–60% (Ibana et al., 
2011a, b) for mixed cell analyses. For cytolytic assays, an MOI of 15 was used to achieve 

infection rates of 80–85% (Kawana et al., 2007). A mock-infected control and infections 

with UV-inactivated elementary bodies (UVEB) were included for each infection condition. 

UVEB were prepared by exposing purified EBs to UV-light (mineralight UVSL-25, at 115 

volts, 60 cycles, 0.12 Amps) for 2 h at a 10 mm distance. UVEB were confirmed free of 

infectious chlamydial particles by infecting HeLa cells at an MOI of up to 100. Immediately 

after infection, SPG was removed and replaced with cKSFM. Cells for immunofluorescent 

staining were cultured in 12-well culture plates on coverslips. Cells for flow cytometric 

analyses were cultured in six-well culture plates and harvested using a mild cell detaching 

agent, Accutase (Innovative Cell Technologies, San Diego, CA), at the indicated times post 

infection (hours postinfection or hpi).

Immunofluorescent staining

Mock-infected, UVEB-infected and C. trachomatis-infected cells grown on coverslips were 

washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde, then 

washed and permeabilized with 0.5% saponin. Cells adhered to the coverslips were blocked 

with Background Sniper blocking reagent (Biocare Medical, Concord, CA) to inhibit 

nonspecific staining. To visualize the chlamydial inclusion bodies, C. trachomatis were 

stained using Meriflour antichlamydial-LPS conjugated to fluorescein isothiocyanate (FITC; 

Fisher Scientific, Pittsburgh, PA). DAPI (Invitrogen) was used to stain nucleic acids. Stained 

cells were fixed with Prolong Gold antifade reagent (Invitrogen). Inclusion forming units 

(IFU) were assessed as previously described by Shirey et al. (2006).

Flow cytometric analyses of MHC class I and MICA expression on infected and uninfected 
cells

Mock-infected and UVEB-infected A2EN cells and A2EN cells infected with C. trachomatis 
at a MOI of 2 were harvested, fixed, surface stained with anti-MHC class I–PE 

(eBiosciences, San Diego, CA) or anti-MICA-PE (BD Biosciences, San Jose, CA), 

permeabilized using Perm/fix reagent (BD Biosciences) and intracellularly stained with 

antichlamydial-LPS-FITC (Accurate, Westbury, NY). Cells were analyzed by flow 

cytometry. Noninfected cells were delineated from C. trachomatis-infected cells in C. 
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trachomatis-infected cultures using Flowjo software (Tree Star, Ashland, OR) by setting the 

threshold at the baseline fluorescent intensity of unlabeled, mock-infected controls as 

detected on FL1 (FITC) fluorescence. Infected cells from C. trachomatis-exposed cultures 

were separated from noninfected bystander cells by setting the gating tool on the population 

of cells with fluorescence intensity above the threshold. After primary separation of C. 
trachomatis-infected cells and noninfected bystander cells, MICA and MHC class I 

expression on noninfected bystander and C. trachomatis-infected cells were determined in 

the FL2 channel (PE) and were quantified by assessing the median fluorescence intensity 

(MFI) emitted in the FL2 channel by the gated cell population.

Interexperimental variations in MFI absolute values owing to voltage setting differences 

between independent experiments were corrected using data transformation. Briefly, 

absolute MFI data from three to six independent experiments were expressed relative to 

mock-infected MFI from the same experiment [relative MFI (RMFI) = mock MFI/

experimental MFI]. To assess for the effects of C. trachomatis infection on MHC class I and 

MICA expression relative to the mock-infected control, ‘delta MFI’ was calculated using the 

formula: ‘delta MFI’ = 1 − RMFI for each experiment. Because Mock RMFI = 1, mock 

‘delta MFI’ = 0. ‘Delta MFI’ data points therefore represent the degree of change in absolute 

MFI comparing experiment-specific C. trachomatis-infected cell populations to its 

corresponding mock-infected control. A value 0 indicates no change in MHC class I or 

MICA; negative values indicate a downregulation and positive values indicate an 

upregulation of the surface ligand expression.

NK cell culture conditions and phenotypic characterization

NK92MI (ATCC, Manassas, VA), an interleukin 2 (IL-2) independent NK cell line was 

utilized in in vitro cytolytic assays. NK92MI cells were propagated in Alpha-Minimum 

Essential Medium without ribonucleosides and deoxyribonucleosides (Invitrogen), 

supplemented with 0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid 

(Sigma), 12.5% horse serum (ATCC), and 12.5% fetal bovine serum (Invitrogen). To assess 

the expression of MHC class I receptor (KIR) and MICA receptor (NKG2D) on this cell 

line, NK92MI cells were stained with anti-NKG2D-APC (BD Pharmingen) and anti-KIR-

FITC (AbD Serotec) and analyzed by flow cytometry. To compare the cytolytic granule 

expression of NK92MI with that of peripheral blood mononuclear cell-derived NK cells, 

both groups of cells were surface stained with anti-CD3-PerCP Cy5.5 (BD Pharmingen) and 

anti-CD56-APC (BD Biosciences) antibodies. Following surface staining, the cells were 

permeabilized using perm/fix reagent (BD Biosciences) and intracellularly stained with 

antigranzyme-PE (Cell Sciences) and antiperforin-FITC (Abcam) antibodies. Perforin and 

granzyme expression in CD3-CD56+ gated NK cells were assessed using the FlowJo 

software (TreeStar).

Epithelial cell/NK cell coculture

The endocervical epithelial cell line, A2EN was used as experimental target cells. Infection 

of A2EN with C. trachomatis serovar D was performed as previously described by Kawana 

et al. (2007). Chlamydia trachomatis-exposed cells were subsequently cultured for 34 or 42 

hpi. Cocultures were established by adding NK92MI cells to the infected A2EN at 34 hpi or 
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42 hpi. NK92MI cells were cocultured with A2EN cells at ratios of 10 : 1, 5 : 1 and 2.5 : 1 

(effector-to-target ratios), for an additional 4 h following the 34 and 42 hpi time points. In a 

matched C. trachomatis-infected A2EN-NK92MI coculture, 2 μg of neutralizing anti-MICA 

antibody (AbD Serotec) was added to the culture medium with NK92MI. For the assessment 

of cytolysis, 50 μL aliquots of cell culture supernatants were collected at the end of the four-

hour incubation of the A2EN-NK92MI coculture. For IFU determinations, cell culture 

supernatants and cell lysates were collected in SPG at the end of coculture incubations. 

Paired, mock-infected and UVEB-infected A2EN cultures were included in each 

experimental condition as C. trachomatis infection negative controls. K562 (ATCC), a 

human erythroleukemia line, was utilized as a control target for NK92MI.

NK cell cytolytic assays

The cytolytic activity of NK cells was assessed using Cyto-Tox 96 (Promega, Madison, WI), 

a nonradioactive assay based on the release of lactate dehydrogenase. Supernatants collected 

from the 4 h cell cocultures were added to pyruvate substrate and diaphorase. The formation 

of colored products was quantified spectrophotometrically at 490 nm. K562 cells were used 

as a positive control for NK cell cytolytic activity. In each experiment, controls for target 

spontaneous release, target maximum release, volume correction, culture medium 

background and effector cell spontaneous release were included. Cytotoxicity was 

determined as follows:

Assessment of IFUs from NK cell/epithelial cell cocultures

To assess the infectivity of C. trachomatis particles in cultures of infected A2EN cells alone 

and infected A2EN cells cocultured with NK cells, aliquots from pooled cell culture 

supernatants and cell lysates were collected from 34 to 42 hpi cultures after exposure to 

culture medium alone or culture medium with NK92MI for 4 h. HeLa cells plated to 

confluence on a coverslip of known area were infected with dilutions of cell lysates and 

supernatants from infected A2EN cells. Infected HeLa cells were fixed, permeabilized, 

stained with Chlamydial-LPS-FITC, and counterstained with DAPI. DAPI/FITC 

fluorescence from five randomly selected fields per coverslip was visualized using a 20× 

objective and a Zeiss AxioObserver microscope outfitted with a Zeiss AxioCam MRm. 

Images were acquired using Zeiss AxioVision software version 4.6, and the area of each 

image was calculated using the AxioVision’s scale calibration. Acquired RGB images were 

processed using the open-source ImageJ derivative, Fiji (http://fiji.sc/wiki/index.php/Fiji) as 

follows. Images were split into red (discarded), blue and green channels to separate signals 

from cell nuclei (DAPI), and inclusions (Chlamydial-LPS-FITC). The images in each 

channel were converted to 8-bit gray-scale and thresholded automatically using the 

intermodes method to create binary 1-bit images. Binary images were subjected to water 

shedding to separate the majority of overlapping nuclei and overlapping inclusions. Finally, 

Fiji’s ‘Analyze Particles’ function was used to enumerate nuclei and inclusions. Circularity 

was set at 0.3–1.0 during particle analysis. IFUs were then calculated using the formula:
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Statistical analyses

Statistical analyses were performed using the Prism software (graphpad). Two-tailed 

Student’s T-tests were employed to test for significant differences between experimental 

conditions. A P-value of < 0.05 was considered significant.

Results

Chlamydia trachomatis differentially modulates MICA ligand expression on directly 
infected and noninfected bystander cells

Using standard infection conditions, the cell surface expression of MHC class I and of 

MICA were analyzed by flow cytometry approximately 6–24 h prior to completion of one C. 
trachomatis serovar D developmental cycle (Fig. 1). As predicted, MHC class I expression 

decreased beginning at 24 hpi, with a significant decrease observed at 34 hpi. Intriguingly, 

MHC class I downregulation was less significant toward the later stage of the C. trachomatis 
developmental cycle, 42 hpi (Fig. 1a). In contrast, cell surface expression of MICA 

increased slightly at 24 hpi and continued to increase through 42 h hpi (Fig. 1b). Using 

methods that infect only a subpopulation of A2EN cells in culture and that allow the host 

protein response to infection (Fig. 2), we analyzed the change in MHC class I and MICA 

expression in bystander-noninfected cells and C. trachomatis-infected cells. These two cell 

populations were delineated by gating based on Chlamydial-LPS positivity (Fig. 2a). We 

found that C. trachomatis exposure increased the cell surface expression of MICA in 

infected cells through 38 hpi but had no effect on bystander-noninfected cells (Fig. 2b). In 

contrast to MHC class I alterations, which affect noninfected bystander cells and C. 
trachomatis-infected cells (Ibana et al., 2011a), MICA expression on noninfected bystander 

cells in C. trachomatis-exposed cultures was unaffected. Further, we also demonstrated that 

active C. trachomatis infection is required for changes in ligand expression to occur, as these 

phenomena were not observed when cells were exposed to UV-inactivated EBs (Fig. 2b). 

These data clearly indicate distinct kinetics and effects of C. trachomatis on MHC class I 

and MICA and suggest that cytokines and/or chemokines released by infected host cells do 

not influence MICA expression on neighboring cells.

Changes in host NK ligand expression after C. trachomatis exposure impacts epithelial 
cell susceptibility to NK lysis

To assess the physiological consequences of C. trachomatis serovar D-mediated MHC class I 

and MICA modulation, mock-infected, UVEB-infected, and C. trachomatis-infected A2EN 

cells were exposed to NK92MI cells in coculture experiments. NK92MI expresses NK2GD 

and KIR –receptors for MICA and MHC class I, respectively, (Fig. 3a). Similar to NK cells 

derived from peripheral blood mononuclear cells, these cells also contain the intracellular 

cytolytic granule proteins perforin and granzyme (Fig. 3b). Morphologic assessment of C. 
trachomatis-infected and mock-infected cocultures revealed that the majority of mock-
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infected cells retain normal A2EN monolayer morphology over 4 h of exposure (data not 

shown), while infected cells reveal morphologic evidence of cell lysis, including membrane 

blebbing (Video S1, Supporting information). Quantification of LDH release confirmed a 

significant increase in A2EN cell lysis among infected cells at 34 hpi when compared to 

mock-infected control (P < 0.01), suggesting that C. trachomatis infection enhances the 

susceptibility of infected endocervical epithelial cell to NK cell cytolytic activity (Fig. 4a). 

Pertinent to these observations, addition of a neutralizing anti-MICA antibody significantly 

decreased NK92MI lytic activity against C. trachomatis-infected cultures (P < 0.01). This 

indicates that the enhanced C. trachomatis-infected cell lysis by NK cells was dependent on 

MICA. Furthermore, no significant increase in susceptibility to NK cell lysis was observed 

in A2EN cells infected with UV-inactivated Chlamydial elementary bodies, supporting 

previous data that active C. trachomatis infection is required for the modulation of NK 

ligand expression to increase NK cell lysis.

Interestingly, the differences in lysis of C. trachomatis-infected A2EN vs. mock-infected, 

UVEB-exposed and anti-MICA-treated targets are markedly greater at 34 hpi than at 42 hpi 

(Fig. 4). These data indicate that there is a significant decrease in the efficiency of lysis of C. 
trachomatis-infected A2EN cells at later time points postinfection (42 hpi) when compared 

to earlier stage infection (34 hpi) and suggest that the temporal modulation of MHC class I 

downregulation may impact the susceptibility of C. trachomatis-infected cells to NK cell 

lysis.

NK-mediated cell lysis may exert a limited sterilizing effect on chlamydial growth

Infected host cell lysis could result in the release of infectious or noninfectious chlamydial 

particles. To evaluate the infectivity of the C. trachomatis released from NK cell-exposed 

infected cells, pooled A2EN cell lysates and culture supernatants from C. trachomatis-

infected cells cocultured with NK cells were compared with those cultured for the same 

period of time postinfection but in the absence of NK cells. The marked decrease in 

recoverable IFU from cells cocultured with NK92MI cells (Fig. 5; Fig. S1) suggests that 

these effector cells exert some degree of sterilizing effect on C. trachomatis-infected 

endocervical cells and that host NK cells could decrease the infectious burden during C. 
trachomatis infection. Surprisingly, however, we note that although efficient lysis of C. 
trachomatis-infected cells was observed at 34 hpi, the observed decrease in IFU recovered 

was only twofold. These data suggest that C. trachomatis may be equipped with some form 

of escape mechanisms despite NK cell-mediated lysis of its host cells.

Discussion

Infectious pathogens evade innate and adaptive host immune detection through modulation 

of host responses. Successful pathogens, including C. trachomatis, exert overlapping and 

redundant mechanisms that often include alterations in those host ligands that mediate 

interactions with innate and adaptive immune cells (Tortorella et al., 2000). While well-

orchestrated, pathogen protective strategies would promote evasion of antigen nonspecific 

innate immunity and antigen-specific adaptive responses, co-evolution of pathogen and host 

enable a balance between pathogen evasion and host protection. For C. trachomatis, we and 
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others have shown that host cell MHC class I, Class II, and CD1d are degraded in infected 

cells relatively late in the pathogen’s developmental cycle (Zhong et al., 1999; : Zhong et al., 
2000; : Zhong et al., 2001; Kawana et al., 2007, 2008). This occurs well after the initiation 

of chemokine/cytokine secretion by C. trachomatis-infected epithelial cells, which usually 

does not begin until 20–24 h after infection (Rasmussen et al., 1997). The latter delay may 

allow a window for unfettered pathogen growth and development. We have recently 

demonstrated that downregulation of cell surface expression of MHC class I in C. 
trachomatis-infected A2EN cells can be seen on infected cells and on bystander, noninfected 

cells in culture (Ibana et al., 2011a), which may further protect C. trachomatis pathogens 

from antigen-specific clearance. By harnessing our capability to assess the host epithelial 

cell response to C. trachomatis in both bystander-noninfected cells and C. trachomatis-

infected cells, we now show that the effects on MHC class I and on MICA kinetically occur 

in tandem, beginning prior to 24 hpi and lasting until late in the developmental cycle. Unlike 

its effects on MHC class I, the effects of C. trachomatis on MICA expression include an 

upregulation of expression, effects that are significantly more prolonged (still rising at 42 

hpi) and effects that are limited to infected cells. The onset of increases in MICA correlate 

with the reported timing of increased pro-inflammatory cytokine and chemokine secretion in 

C. trachomatis-infected cells in vitro (Rasmussen et al., 1997). Still, the fact that increases in 

MICA are seen only on infected cells but not on uninfected bystanders in the same culture 

suggests that soluble mediators are not sufficient for these effects.

Chlamydia trachomatis infection mediates MHC class I downregulation through direct 

mechanisms involving the degradation of the transcription factor, RFX5, by chlamydia 

protease-like activity factor (Zhong et al., 2000). We have previously demonstrated that 

‘soluble factors’ could also mediate the downregulation of MHC class I (Ibana et al., 2011a). 

The downregulation of MHC class I by cytokines, including IL-10 (Caspar-Bauguil et al., 
2000) and CXCL12 (Wang et al., 2008) has been demonstrated in other culture models, 

supporting our previous observation that MHC class I downregulation occurs indirectly in 

the bystander-noninfected cells present in C. trachomatis-infected A2EN cells (Ibana et al., 
2011a). Cytokine-mediated induction of dendritic cell MICA transcription by IFNα has 

been reported (Jinushi et al., 2003), but the overall effects of cytokines on MICA expression 

appear to be quite pleiotropic with varying effects depending on cell type and environment 

(reviewed in Champsaur & Lanier, 2010). In the present study, we observed that MICA is 

upregulated only in infected cells, demonstrating that the mechanisms underlying C. 
trachomatis-associated changes in MICA differ from those altering expression of MHC class 

I and suggesting C. trachomatis infection does not promote the production of soluble MICA-

inducing mediators in our culture system.

MICA was first described as cell stress-induced protein in the gastrointestinal epithelium 

(Groh et al., 1996). Increased MICA expression has been observed during both viral 

(cytomegalovirus) and bacterial (M. tuberculosis) infections (Groh et al., 2001; Das et al., 
2001). Our observation that upregulation of MICA was limited to C. trachomatis-infected 

cells may indicate that this induction is via infection-derived stress or danger signals that are 

absent in noninfected bystander cells. Currently, the exact mechanism underlying the 

induction of MICA expression during viral and bacterial infection is not completely 

understood. Interestingly, a recent study suggested that human microRNAs can regulate 
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MICA expression, allowing the maintenance of MICA protein expression at a particular 

threshold while facilitating acute upregulation of MICA during cellular stress (Stern-

Ginossar et al., 2008). If C. trachomatis infection induces MICA expression by interfering 

with the host microRNA-mediated control pathways, this may explain why MICA induction 

does not occur on uninfected bystander cells. The latter effect would protect the host from 

unwarranted NK cell activation. While we speculate here on the involvement of microRNA-

mediated control of MICA expression, we do not discount other potential mechanisms 

involving MICA upregulation during C. trachomatis infection. To this point, our 

observations certainly call for further studies on how C. trachomatis may facilitate direct and 

indirect control of host ligand expressions, as this may be significant in furthering our 

understanding of the impact of this bacterium on a variety of host cellular immune 

responses, including cytolytic CD8 T cells and NK cells.

The cytolytic CD8 T cell is a key mediator in the control of many intracellular microbial 

infections. However, the protective role of CD8 T cells against C. trachomatis infection is 

not clear, as numerous reports based on mouse models of C. trachomatis infection suggest 

that CD4 T cells are central to protective immunity against this bacterium. Nevertheless, it 

has also been shown that adoptive transfer of Chlamydia-specific CD8 T cells to MoPn-

infected mice results in the resolution of infection (Igietseme et al., 1994). In vitro, it has 

also been demonstrated that a Chlamydia-specific-CD8 T cell clone exhibits cytolytic 

activity against C. trachomatis-infected human epithelial cells in coculture experiments (Kim 

et al., 1999). Furthermore, differing from mouse models (Su and Caldwell, 1995), a 

significant CD8 T cell infiltrate is observed in the human endocervix during C. trachomatis 
infection (Ficarra et al., 2008). If one accepts the possibility that CD8 T cells may play some 

role in protective immunity against C. trachomatis infections in humans, when viewed from 

the perspective of the pathogen, our results suggest that decreased MHC expression on 

infected and neighboring noninfected cells may be advantageous to chlamydial survival in 
vivo, widening the time frame for unfettered growth within the infected cell and possibly for 

spread of the infection. However, from the perspective of the host response to infection, a 

decrease in MHC expression in conjunction with the increase in MICA expression on 

infected cells may be, through NK cell-mediated cytolysis, the pathogen’s death knell.

While MHC downregulation could be utilized by C. trachomatis to evade host CD4+ and 

CD+8 T cell responses, MICA upregulation in combination with MHC class I 

downregulation is associated with enhanced susceptibility of intracellular microorganisms to 

NK cell activity (Bauer et al., 1999). The role of NK cells in the early response to genital 

chlamydial infection has been implicated in murine studies that demonstrate that depletion 

of NK cells results in exacerbation of chlamydial pathogenesis (Tseng & Rank, 1998). Our 

in vitro data also indicate that C. trachomatis infection renders A2EN endocervical epithelial 

cells susceptible to NK cell lysis. This finding is similar to observations reported by others 

(Hook et al., 2004) using infected SiHa cervical epithelial cells and NK cells derived from 

human peripheral blood mononuclear cells. In this study, we extended Hook et al.’s (2004) 

work by examining the temporal modulation of both MHC class I and MICA during the 

course of C. trachomatis infection of an immortalized primary endocervical epithelial cell 

(A2EN). Our data suggest that NK cells lyse C. trachomatis-infected cells more efficiently at 

34 hpi, when secondary differentiation to infectious EB is at an early stage, compared with a 
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later stage (42 hpi). The increased activity of NK cells toward early stage C. trachomatis-

infected cells may be beneficial to the host by reducing the levels of infectious EBs that can 

be released. We also investigated the effect of NK-mediated lysis of C. trachomatis-infected 

cells on the level of recoverable IFUs. Curiously, although we observed that the recoverable 

IFUs decreased in the presence of NK cells, the magnitude of this decrease was smaller than 

effects on cytolysis efficiency.

NK cytolytic activity is primarily mediated by perforin, a pore-forming protein that acts as a 

channel for entry of granzymes (Reviewed in Lieberman, 2003), both of which are expressed 

in the NK cell line used here. Granzymes induce apoptosis in target cells, consistent with the 

membrane blebbing and cytolysis we observed when C. trachomatis-infected A2EN cells 

were exposed to the NK cell line (NK92MI). Therefore, while NK lysis may deprive C. 
trachomatis of its intracellular niche, we hypothesize that C. trachomatis may be equipped 

with a mechanism to survive or escape NK cell-mediated host cell lysis. Thus, we believe 

that our data warrants further investigation on the impact of NK cell activity on C. 
trachomatis, as this may reveal novel survival mechanisms used by this bacterium against 

host innate immune response. This capacity of Chlamydia is reminiscent of recent 

observations made with the sexually transmitted pathogen Neisseria gonorrheae, which is 

able to escape/suppress the effects of neutrophil-associated oxidative bursts (Johnson & 

Criss, 2011).

Interestingly, while our data and that of Hook et al. (2004) demonstrate increased 

susceptibility of C. trachomatis-infected cells to NK cell lysis, Mavoungou et al. (1999) have 

demonstrated that NK cells purified from the peripheral blood of C. trachomatis-infected 

patients have reduced IFNγ release and lytic capacity. These patients included those with 

genital and nongenital C. trachomatis serovars. Discrepancies among existing human studies 

on the role of NK cells in clearing C. trachomatis may reflect heterogeneity among NK cell 

receptors and their host-expressed ligands. Gene polymorphism in the site encoding the 

human activating NK cell receptor, NKG2D, has been shown to influence NK cell activity 

and susceptibility to some infectious diseases (Ma et al., 2010). Polymorphisms in human 

MICA have also been reported and may alter susceptibility to NK cell lysis (Ahmad et al., 
2002; Karacki et al., 2004; Tosh et al., 2006). In light of the recent findings by Mei et al. 
(2009) that C. trachomatis-specific IgG antibodies were associated with tubal pathology but 

that a specific MICA allele (MICA*800) was negatively correlated with the presence of 

these antibodies in infertile women, we believe that specific MICA allele restriction may 

have an impact of susceptibility of the human host to C. trachomatis infection and in the 

development of disease. Therefore, while our data indicate that C. trachomatis infection may 

generally induce susceptibility to NK cell activity, we hypothesize that an individual’s 

NK2GD and MICA allelic composition may modify the degree of protection conferred by 

NK cells. Thus, in some individuals, a specific NKG2D and MICA allelic composition may 

facilitate C. trachomatis’ escape from the NK cell-mediated immune response more 

efficiently than other alleles. Such possibilities may explain why C. trachomatis infection 

remains an endocervical infection is some women but establishes acute ascending infection 

in others. They may also provide insight into why infection may be spontaneously cleared in 

several weeks or months in some individuals but remain for highly extended periods of time 

in others (Morre et al., 2002; Molano et al., 2005; Brunham & Rekart, 2008).
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Fig. 1. 
Alterations in MHC class I and MICA expression on A2EN endocervical epithelial cells 

after Chlamydia trachomatis infection. Flow cytometric assessment of MHC class I and 

MICA expression on mock-infected cells and C. trachomatis-infected A2EN cells at 24, 34, 

and 42 hours postinfection (hpi). Chlamydia trachomatis-infected cells were gated based on 

Chlamydial-LPS-FITC positivity. Data shown are representative of means and standard 

deviations of ‘delta MFI’ from four independent experiments. (a) MHC class I expression of 

C. trachomatis-infected cells was significantly downregulated at 34 hpi (**P < 0.01). (b) 

MICA expression progressively increased over time postinfection. Statistical analyses were 

performed using Student’s t-test; P-values are included to demonstrate the trends toward 

significant differences in MHC class I and MICA expression of A2EN cells at different 

times post-C. trachomatis infection when compared to the mock-infected control. The 

formula for calculating ‘delta MFI’ is described in materials and methods; a delta MFI of 0.5 

represents a 100% increase in the absolute MFI value relative to mock-infected cell ligand 

expression.
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Fig. 2. 
Differential MHC class I and MICA expression on Chlamydia trachomatis-infected and 

uninfected, bystander A2EN endocervical epithelial cells. The expression of MHC class I 

and MICA were assessed in different populations of A2EN cells 38 hpi. (a) Uninfected 

bystander cells were delineated from C. trachomatis-infected cells based on Chlamydial-

LPS-FITC positivity. Uninfected bystander cells were identified by setting the gate below 

the threshold of basal-FITC signals from uninfected cells (Chlamydia-negative, mock-

infected control). Chlamydia trachomatis-infected cells were identified by gating for cells 

above the threshold FITC signal of the control. (b) The degree of change in MHC class I and 

MICA expression on A2EN exposed to UV-irradiated elementary bodies (UVEB) and those 

from bystander-uninfected cells and C. trachomatis-infected cells from an A2EN cell culture 

exposed to infectious EBs are presented as delta MFI values. The horizontal line represents 

the delta MFI of mock-infected cells and the degree of difference in MHC class I and MICA 

expression between the different A2EN cell groups and the mock-infected control is 

illustrated by the diversion from mock delta MFI = 0. Negative delta MFI values indicate a 

decrease in MHC class I expression, while positive delta MFI values indicate an increase in 

MICA expression; ‘delta MFI’ = 0.5 represents a 100% upregulation of the absolute MFI 

value (see Materials and methods for ‘delta MFI’ calculation). Statistical analyses were 

performed using Student’s t-test. Asterisks indicate a significant difference relative to the 

mock-infected control (*P < 0.5; **P < 0.01). Differences in MHC class I and MICA 
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expression between bystander cells and C. trachomatis-infected cells were also tested. Delta 

MFIs shown in the graph are the means and standard deviations from three to six 

independent experiments.
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Fig. 3. 
NK cell line (NK92MI) phenotypic assessment. (a) NK92MI expression of the NK cell 

receptor for MHC class I, NK2GD, and the NK cell receptor for MICA, KIR. (b) A 

comparison of NK92MI perforin and granzyme expression with PBMC-derived NK cells. 

Receptor and cytolytic granule expressions were assessed by flow cytometry. Data revealed 

that NK92MI expresses NK cell receptors for MHC class I and MICA and is equipped with 

the necessary cytolytic molecules to mount a granule-mediated cytolysis of target cells. 

Results are representative of three profiling experiments.
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Fig. 4. 
Lysis of A2EN endocervical epithelial cells by NK cells in co-culture. (a) Percent lysis of 

Chlamydia trachomatis-infected A2EN cells at 34 hpi (b) Percent lysis of C. trachomatis-

infected A2EN at 42 hpi. Percent lysis of C. trachomatis-infected cells at 34 and 42 hpi were 

assessed after 4 h incubation with NK92MI at 10 : 1, 5 : 2 and 2.5 : 1 effector-to-target ratios 

by measuring LDH release. The percent lysis of C. trachomatis-infected cells was compared 

against percent lyses of mock-infected control, UVEB-infected cells, and anti-MICA-treated 

cultures. Differences in percent lyses of C. trachomatis-infected culture and control cultures 

were assessed using Students t-testing. Asterisks indicate statistical significance (*P < 0.05; 

**P < 0.01). Data shown are means and standard deviations of percent lysis from two 

experiments performed in triplicate.
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Fig. 5. 
Infectious particles recovered from Chlamydia trachomatis-infected cells cultured in the 

presence and absence of NK cells. Quantification of IFUs in pooled cell lysates and culture 

supernatants derived from 34 to 42 hpi C. trachomatis-infected cultures collected after 4-h 

incubation with or without NK cells. A twofold decrease in IFU was observed in the 

presence of NK cells. Graph represents mean and standard deviation based on four sets of 

experiments.
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