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ABSTRACT 

This study investigated the proteoglycan (PG)-dependent mechanism of Chlamydophila 

pneumoniae attachment to lymphocytic cells. Lymphoid Jurkat cells and epithelial 

HEp-2 cells were statically infected with C. pneumoniae (TW183). Transmission 

electron microscopy and assessment of inclusion-forming units indicated that the 

bacteria grew normally in Jurkat cells and were capable of producing secondary 

infection; however, they grew at a slower rate than in HEp-2 cells. RT-PCR analysis 

indicated that HEp-2 cells strongly expressed PG-core protein encoding genes, thereby 

sustaining glycosaminoglycans (GAGs), such as heparin, on the cellular surface. Similar 

gene expression levels were not observed in Jurkat cells, with the exception of 

glypican-1. Immunofluorescence analysis also supported strong heparin expression in 

HEp-2 cells and minimal expression in Jurkat cells, although heparan sulfate 

pretreatment significantly inhibited bacterial attachment to both cell types. 

Immunofluorescent co-staining with antibodies against chlamydial LPS and heparin did 

not identify bacterial and heparin co-localization on Jurkat cells. We also confirmed that 

when C. pneumoniae was statically infected to human CD4
+
 peripheral blood 

lymphocytes known not expressing detectable level of heparin, the bacteria attached to 

and formed inclusion bodies in the cells. Thus, the attachment mechanism of C. 

pneumoniae to Jurkat cells with low PG expression is unique when compared with 

HEp-2 cells and potentially independent of GAGs such as heparin. 

 

Keywords: Chlamydophila pneumoniae; lymphocytes; Jurkat cells; heparin; 

proteoglycans; glycosaminoglycans 
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1. Introduction    

 

Chlamydophila pneumoniae is an obligate intracellular bacterium and human 

respiratory pathogen that causes pneumonia [1-3]. Current studies indicate that this 

organism may also induce chronic inflammatory diseases such as asthma, arthritis, 

endocarditis and atherosclerosis [4-7]. Although accumulating studies have indicated a 

possible link between C. pneumoniae infection and chronic inflammatory diseases, the 

bacterial mechanisms involved in disease development remain unclear [8]. In addition 

to macrophages, lymphocytes are the major immune cell associated with the 

development of chronic inflammatory diseases, such as atherosclerosis [9, 10]. 

Therefore, possible direct interactions between lymphocytes and C. pneumoniae may 

contribute to the pathogenesis of chronic inflammatory diseases.  

 

C. pneumoniae, like all other chlamydiae, has an unique developmental cycle that is not 

present in any other bacterial families and is characterized by two functionally and 

morphologically distinct bacterial forms, the reticulate body (RB) and elementary body 

(EB) [11-13]. Infection is initiated by the metabolically inactive EB that differentiates 

into the larger, metabolically active RB after endocytosis [11-13]. Maturation further 

occurs in the surrounding plasma membrane known as an inclusion [11-13]. Recently, 

our studies demonstrated that C. pneumoniae can infect and multiply in the human 

lymphocyte cell line Molt-4 and mouse spleen lymphocytes [14, 15]. Furthermore, Kaul 

et al. reported C. pneumoniae DNA in peripheral blood leukocytes obtained from 

cardiology patients [16]. Thus, lymphocytes are a potential host cell for C. pneumoniae 

infection. Immune functions of lymphocytes infected with C. pneumoniae may 
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therefore be altered to produce an inappropriate immune response to stimulation that 

eventually contributes to disease pathogenesis. 

 

Host cell attachment is critical in the pathogenic cycle of Chlamydia or Chlamydophila 

species and the underlying mechanisms involved have been extensively studied over 

many years using epithelial cells, such as HeLa cells, HEp-2 cells, or McCoy cells 

[17-20]. Data from these experiments suggest that heparin, which is the most common 

GAG, covalently attaches to the core proteins of PG expressed on the host cells and 

critically functions as a receptor against chlamydial adhesions, such as the outer 

membrane protein, OmcB [21] or stress protein, GroEL1 [22]. However, the mechanism 

of C. pneumoniae attachment to lymphocytes remains unknown. We therefore 

investigated the PG-dependent attachment mechanism of C. pneumoniae to Jurkat cells, 

a representative of human lymphoid cells.  

 

 

2. Results  

 

2.1. C. pneumoniae attachment to lymphoid Jurkat cells followed by successful infection   

 

Confirmation that C. pneumoniae could attach and grow in Jurkat and HEp-2 cells was 

provided using electron microscopy and one-step growth curve analysis. The cells were 

statistically infected with the bacteria and incubated for up to 72 h. As shown in Fig. 1 

and Fig. 2, the bacteria grew normally in typical inclusions for both cell types (Fig. 1A 

and D, Fig. 2A), although bacterial growth speed was reduced in Jurkat cells and the 
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inclusions formed were relatively small (Fig. 1D). Electron microscopy also indicated 

firm bacterial attachment to the Jurkat cells with bundle-like fibers (Fig. 1B and C). 

There was a significant difference between the bacterial attachment rates to both cells; 

the attachment rate to Jurkat cells was approximately 10-fold less than to HEp-2 cells 

(Fig. 2B). In addition, to prevent influence of endosytosis, we performed an experiment 

of attachment rate under the condition at 4C. However, the attachment rate did not 

differ from that at either 25C or 37C [attachment rates; 8.8% (4°C), 15.6% (room 

temperature, approximately 25°C), 10.6% (37°C)], indicating that affect of endocytosis 

on this finding is minimal. Taken together, these findings indicated that C. pneumoniae 

could attach to and successfully infect Jurkat cells, although attachment rate of the 

bacteria to the cells as statically infected is significantly low as compared with that of 

HEp-2 cells. 

     We also performed an experiment with centrifugation for infection, and compared 

the IFU values between in HEp-2 and Jurkat cells. Interestingly, it was confirmed that 

there was still a significant difference of bacterial attachment rate between the cells, but 

with an increase of initial bacterial attachment numbers (Fig. 2C and D). Although it 

remains why centrifugation enhanced attachment rate of the bacteria to Jurkat cells 

remains unknown, it is possible that an increase of physical pressure by centrifugation 

causing non-specific interaction between bacteria and cells is involved in this finding. 

Meanwhile, the results supported that our statically infected system is an optimal 

condition to assess specific interaction between bacteria and cells, without influence of 

non-specific attachment mechanism. 

 

2.2. Effect of GAGs on C. pneumoniae attachment to Jurkat cells 
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To confirm the effect of GAGs (heparan sulfate, condroitin sulfate, hyaluronic acid) on 

C. pneumoniae attachment to Jurkat cells, cells were infected with the bacteria in the 

presence or absence of GAGs and the number of infected cells was determined using 

immunofluorescence and flow cytometry. Of the GAGs present during infection, only 

heparan sulfate competitively inhibited the bacterial infectivity to both cell types (Fig. 

3). No inhibitory effect of the other GAGs on the bacterial infectivity was observed in 

both cell types. The inhibitory effect of heparin on bacterial attachment to Jurkat cells 

was similar to that observed for HEp-2 cells. This is potentially due to physical 

competitive inhibition rather than the presence of substantial amounts of GAGs, 

including heparin, on the Jurkat cells.     

 

2.3. Comparison of PG-core protein related gene expressions regulating GAGs between 

Jurkat cells and HEp-2 cells. 

 

Cell surface expression of GAGs is strictly regulated by PG-core protein [23, 24]. An 

absence or decrease in PG-core proteins may therefore reduce the expression of GAGs 

and potentially cause an insufficient interaction between bacteria and host cells, thereby 

preventing infection [25]. We therefore compared PG-core protein gene expression 

between Jurkat cells and HEp-2 cells with or without infection using reverse 

transcription polymerase chain reaction (RT-PCR). The following PG-core protein 

encoding target genes for RT-PCR were used: syndecan-1, syndecan-2, syndecan-4, 

betaglycan, glypican-1, CD44, thrombomodulin. Genes were strongly expressed in 

HEp-2 cells, regardless of infection (Fig. 4). No difference in the expression of PG-core 
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protein genes was observed between infected cells and uninfected cells, indicating that 

minimal gene expression modulation occurred in HEp-2 cells as a consequence of 

infection. Jurkat cells did not express any of the PG-core protein encoding genes, except 

glypican-1 (Fig. 4), suggesting that these cells exhibit low expression of GAGs such as 

heparin compared with HEp-2 cells. 

 

2.4. Heparin expression and co-localization of C. pneumoniae with heparin on the cell 

surface 

 

Conventional immunofluorescence microscopy revealed relatively high heparin 

expression on HEp-2 cells (Fig. 5A: green). Heparin expression levels differed between 

cell types with minimal expression observed in Jurkat cells (Fig. 5B). Further 

comparison of heparin expression and its co-localization with C. pneumoniae on the 

surface of both cell types using confocal microscopy are shown in Fig. 5C and D (green, 

C. pneumoniae; red, heparin). Co-localization (orange) between bacteria and heparin 

was frequently observed on infected HEp-2 cells and not observed on infected Jurkat 

cells. 

 

2.5. Chlamydial attachment and inclusion formation into purified primary human CD4
+
 

lymphocytes, not expressing detectable level of heparin  

 

Taken together, the results suggested a possibility that C. pneumoniae could attach and 

enter to Jurkat cells independently of heparin followed by bacterial maturation. To 

confirm this possibility, whether C. pneumoniae could infect to primary human CD4
+
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lymphocytes not expressing detectable level of heparin [25-29] was assessed. As shown 

in Fig. 6A (A-1 to A-5) and B, conventional microscopic observation with specific 

antibody against C. pneumponiae LPS revealed that the bacteria successfully formed 

specific inclusions into the purified human CD4
+
 lymphocytes, with the infection rate of 

approximately 10 %. To define the bacterial attachment and entry to primary human 

CD4
+
 lymphocytes, we furthermore investigated the C. pneumoniae infection to the 

cells by using confocal laser microscopy. As a result, both the bacterial attachment on 

the cell surface at immediately after infection and the specific inclusion formation 

inside the cells at 3 days after infection were confirmed (Fig. 6D and E). The results 

obtained from the experiment with primary CD4
+
 lymphocytes were strongly supporting 

a possible infection mechanism of C. pneumoniae to Jurkat cells independently of 

heparin.    

 

 

3. Discussion  

 

Previously we reported that C. pneumoniae infection in lymphocytes down-regulates 

CD3 expression, a critical ligand for antigen-presenting cells, or down-regulates CD25 

expression, which is also a critical receptor for detecting stimulation [30, 31]. These 

findings suggest that immune functions of C. pneumoniae infected lymphocytes may be 

altered, resulting in an inappropriate immune response to stimulation that eventually 

contributes to chlamydiae pathogenesis. Hence, investigating the attachment mechanism 

of C. pneumoniae to human lymphocytes is critical for better understanding the 

pathogen’s role in the complicated disease pathogenesis. The bacterial attachment 
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mechanism was investigated in Jurkat cells, as these cells are a well-characterized 

human lymphocyte cell line, have representative traits of primary human lymphocytes 

[32] and have previously been used to study cellular functions and immune responses.  

 

Our study confirmed that following bacterial attachment, typical inclusions formed that 

were permissive to bacterial growth, resulting in increased infectious progenies in 

Jurkat and HEp-2 cells. Although bacteria grew slower in relatively smaller inclusions 

in infected Jurkat cells when compared with HEp-2 cells, Jurkat cell inclusions still 

contained RB and differentiated EB, with a potential for secondary infection. Reasons 

for the slower growth speed and smaller inclusion size remain unknown; however, they 

may be explained by physical differences between the cell types. For example, the lipid 

trafficking cycle for lymphocytes, which critically regulates bacterial and inclusion 

maturation [33, 34], is slower than in epithelial cells, thus preventing rapid bacterial 

maturation in inclusion bodies.  

 

Furthermore, a significant difference in attachment rate after infection was observed 

between HEp-2 cells and Jurkat cells, implying that weak C. pneumoniae attachment to 

Jurkat cells occurs and is potentially an accidental event. However, TEM images 

indicated strong bacterial attachment to the Jurkat cells, suggesting that C. pneumoniae 

attaches to Jurkat cells that poorly express GAG or PG and that addition of GAGs to 

cultures does not affect bacterial attachment. Of the GAGs, only heparin inhibited 

bacterial attachment to Jurkat cells. Inhibition was also observed for HEp-2 cells, which 

are representative of epithelial cells and strongly express heparin, a well-known 

receptor to C. pneumoniae or Chlamydia trachomatis (except LGV type), on the cellular 
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surface [17-22]. Heparin, which forms the majority of GAGs, also plays a critical role in 

host cells as a receptor for the attachment of the other pathogens such as Bordetella 

pertussis [35], Hemophilus influenzae [36] or Neisseria gonorrhoeae [37]. Although the 

inhibitory mechanisms preventing bacterial attachment to Jurkat cells remain unknown, 

the inhibitory role of heparin is likely to be minimal and potentially associated with the 

strong static electrical charge of this molecule. Thus, the attachment mechanism of C. 

pneumoniae to Jurkat cells poorly expressing PG is unique compared with HEp-2 cells 

and is potentially independent of heparin.  

 

PGs consist of protein cores that support one or more covalently attached GAG chains, 

such as chondroitin sulfate or heparin [23, 24]. Therefore, since our data imply a 

minimal presence of core proteins in Jurkat cells causing poor bacterial attachment, the 

gene expression of PG-core proteins was assessed using RT-PCR analysis. Syndecan-1, 

syndecan-2, syndecan-4, betaglycan, glypican-1, and thrombomodulin are expressed in 

epithelial and endothelial cells [38, 39], and CD44 is expressed in lymphocytes [39, 40]. 

Each of these PG-related core proteins was also expressed in HEp-2 cells regardless of 

bacterial infection, indicating that GAGs including heparin are strongly expressed in 

these cells, allowing for efficient bacterial attachment to these cells. In contrast, the 

undetectable expression of the core proteins (although only glypican-1 expression was 

seen) in Jurkat cells suggested a lower bacterial attachment rate than in HEp-2 cells.  

 

Reportedly, the major PG of lymphocytes is the CD44 molecule, which is expressed on 

the cell surface and is a component of GAGs such as chondroitin sulfate [38-40]. 

However, we did not observe CD44 gene expression in Jurkat cells, suggesting minimal 



 

 12 

expression of chondroitin sulfate. We also observed expression of the glypican-1 gene, 

although its role in bacterial attachment to the Jurkat cells remains unknown. We 

therefore concluded that C. pneumoniae could infect lymphoid Jurkat cells, which  

poorly expressed PG-core proteins, and associated with minimal expressions of GAGs, 

implying that the presence of an attachment mechanism was independent of heparin.  

 

Finally, we assessed co-localization of C. pneumoniae and heparin on the cellular 

surface of Jurkat cells immediately after infection. The presence of heparin on Jurkat 

cells was also compared with that on HEp-2 cells. Heparin staining with a single 

antibody indicated a strong surface expression of heparin on both epithelial cell types 

and also changes in fluorescence intensity between cells. Thus, microscopic analysis 

suggested that heparin expression on the epithelial cells used for this study were 

heterolytic and polarized. In contrast, the heparin expression on Jurkat cells was limited 

and co-localization between C. pneumoniae attachment and cellular surface heparin was 

not observed. This suggests that the C. pneumoniae mechanism of attachment to Jurkat 

cells is independent of heparin, the most well-known receptor for pathogen attachment 

to cells [17-22]. Since co-localization on positive control HEp-2 cells expressing 

heparin was only partially detected, we could not rule out that the detection limit of our 

fluorescence microscopy analysis system was not sufficient to detect week signals of 

co-localization. However, together these results indicate limited expression of GAGs, 

including heparin, in Jurkat cells and that heparin is unlikely to play a role in the 

attachment of C. pneumoniae to these cells, although it could not deny the attachment of 

C. pneumoniae to Jurkat cells via a few amount of heparin branching on glypican-1, 

only expressing on Jurkat cells.  
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There are intriguing evidences showing primary human CD4
+
 lymphocytes, not 

expressing detectable level of heparin [38-40]. We therefore used the purified human 

CD4
+
 lymphocytes for assessment of C. pneumoniae infection to lymphocytes 

independent of heparin. To prevent the activation of primary lymphocytes, a separation 

method with negative selection by depleting B cells, NK cells, monocytes, platelets, 

dendritic cells, CD8
+
 T cells, granulocytes and erythrocytes, was chosen. The degree of 

refining of CD4
+ 

T cells was approximately 100 %, and no detectable level of heparin 

on the purified cells was also observed (data not shown). The inclusions observed into 

the purified lymphocytes were relatively small and ring-like structures, possibly 

associated with narrow space of the cells. Although we attempted to assess the number 

of infectious progenies in the infected lymphocytes, no increase of the bacterial 

numbers was observed (data not shown), indicating that persistent infection in the 

primary lymphocytes occurs, in contrast to Jurkat cells harboring the infectious 

progenies capable of secondary infection. The differences of bacterial growth between 

in Jurkat cells and primary cells remain unknown, but our pervious studies showing 

mouse and human lymphocyes as host cells for C. pneumoniae infection [14, 15] are 

also supporting successful infection to both Jurkat cells and CD4
+ 

T-lymphocytes in this 

study. 

 

It has been well characterized that GAGs are required for binding of C. pneumoniae 

OmcB and GroEL1 molecules [21, 22], followed by successful infection. On the other 

hand, recent work regarding polymorphic membrane proteins (Pmps) interestingly 

indicated that yeast cells expressing Pmps adhered equally well to GAG-deficient CHO 
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cells and the control CHO K1 cells [41]. This report implies the presence of 

GAG-independent attachment mechanism on the interaction between C. pneumoniae 

and host cells, supporting our results in the present study. Although further study should 

be needed, it is possible that the major mechanism by which C. pneumoniae attached to 

lymphocytes might be independent of heparin, followed by successful infection.  

 

Although it remains unknown the exact reason why C. pneumoniae purposely uses 

heparin-independent mechanism for attachment and entry to lymphocytes, there are 

some hints to solve this question, as below. Heparin independent attachment and host 

invasion has also been described for the C. trachomatis LGV invasive serotype causing 

a systemic disease, but not for any other serotypes [17-22]. This suggests that a 

heparin-independent attachment mechanism is useful for a pathogen to effectively 

spread from local lesions, such as the genital tract in this case, to other distinct 

lymphoid tissue, as observed in pelvic inflammatory disease [42]. Although further 

study is required to clarify why the C. pneumoniae attachment mechanism differs 

between cell types, this difference may contribute to the onset of inflammation, 

potentially associated with chronic disease such as atherosclerosis, as the bacteria 

spread from lung tissue to blood vessels. 

 

4. Conclusions 

 

In conclusion, our study demonstrated that C. pneumoniae attachment to Jurkat cells is 

unique as compared with that of HEp-2 cells and probably independent of heparin. 

These results further our understanding of the mechanisms that allow a pathogen to 
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evade a host’s immune detection system and spread from a local lesion to a systemic 

lesion, such as in a blood vessel.   

 

  

5. Materials and methods     

 

5.1. Bacteria 

C. pneumoniae TW183 strain was kindly provided by G. Byrne, University of Tennessee, 

Memphis, TN. Bacteria were propagated in the HEp-2 cell culture system as described 

previously [38]. In brief, the infected cells were harvested on day 3 and disrupted by 

freeze-thawing and ultrasonication. After centrifugation to remove cell debris, bacteria 

were concentrated by high-speed centrifugation. Bacterial pellets were resuspended in 

sucrose-phosphate-glutamic acid buffer (0.2 M sucrose, 3.8 mM KH2PO4, 6.7 mM 

Na2HPO4, 5 mM L-glutamic acid, pH 7.4) and then stored at –80C for later use. The 

number of infectious C. pneumoniae was determined as inclusion forming units (IFUs) 

by counting chlamydial inclusions formed in HEp-2 cells as described below [38].  

 

5.2. Cells 

The epithelial cell line HEp-2 cells and lymphocyte cell line Jurkat cells were cultured 

at 37C in 5 % CO2 in DMEM medium and RPMI1640 medium respectively, each 

containing 10% heat-inactivated fetal calf serum and antibiotics (gentamicin 10 g/ml; 

vancomycin 10 g/ml; amphotericin B 1 g/ml) (Sigma, St. Louis, MO). Human 

peripheral blood monocytes were isolated from whole blood provided by healthy 

volunteers, by density gradient centrifugation with Histopaque (Sigma). Primary human 
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CD4
+
 lymphocytes were purified by the method with Dynabeads Untouched Human 

CD4
+
 T cells kit (Invitrogen) according to the manufacture’s protocol. The degree of 

refining of CD4
+
 T cells was approximately 100 % by the immunofluorescence 

microscopic observation with fluorescein isothiocyanate (FITC)-conjugated monoclonal 

anti-human CD4 antibody (Becton-Dicknson). Informed consent with written was 

obtained from all volunteers in this study, and the study was approved by the ethics 

committee of Faculty of Health Sciences, Hokkaido University. 

 

5.3. C. pneumoniae infection 

The cells (HEp-2 cells, Jurkat cells, and primary human CD4
+
 lymphocytes) were 

adjusted to a concentration of 5× 10
5 

cells/well and infected with bacteria at 

multiplicities of infection (MOI) of 1-200 either by static culture or by centrifugation 

(800g) for 1 h at room temperature. After washing to remove non-infected bacteria 

with Hank’s balanced solution (HBSS) (Sigma), infected and uninfected cells at a 

concentration of 5×10
5 

cells/well were incubated for 3 days in the presence or absence 

of GAGs (500 g/ml) (heparan sulfate, condroitin sulfate, hyaluronic acid) (Sigma). 

The cells were collected immediately after infection (3 h) and then daily for the entire 

culture period for infectious progeny assessment (IFU assay), inhibition assays with 

GAGs (immunofluorescence microscopy and flow cytometry), PG-related gene 

expression assessment using RT-PCR and evaluation of co-localization of the bacteria 

and heparin on the surface of cells and/or inclusion formation (immunofluorescence 

microscopy and/or transmission electron microscopy). Although the non-infected and 

infected epithelial HEp-2 cells were collected from culture dishes by trypsin (Sigma) 
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detachment, we confirmed that trypsin had no effect on cell viability and the effect on 

bacterial attachment rate was minimal (data not shown). We also confirmed that as 

compared the cell viability of Jurkat cells infected between with and without the 

bacteria, however, there was no difference of cell viability between the cells, during 

culture period (data not shown). 

 

5.4. Assessment of inclusion formations 

At 3 days after infection, the cells were collected for determination of morphology of 

chlamydial inclusions, as described previously [43]. In brief, after the cells were fixed 

on the slide with ethanol, the cells were stained with FITC-conjugated monoclonal 

anti-Chlamydia antibody specific to Chlamydia lipopolysaccharide (LPS) (with Evans 

Blue) (Denka Seiken Co. Ltd., Tokyo, Japan). The cells stained with specific antibodies 

were observed on viewing by conventional or confocal laser microscopy. 

 

 

5.5. IFU assay 

The number of infectious C. pneumoniae was determined using an IFU assay by 

counting chlamydial inclusions formed in HEp-2 cells using fluorescein isothiocyanate 

(FITC)-conjugated monoclonal anti-Chlamydia antibody specific to Chlamydia 

lipopolysaccharide (LPS) (with Evans Blue) (Denka Seiken Co. Ltd., Tokyo, Japan) 

[38]. 

 

5.6. Transmission electron microscopy 

Transmission electron microscopy (TEM) was performed in accordance with a method 
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described previously [14]. In brief, bacteria in cultures were immersed in a fixative 

containing 3% glutaraldehyde in 0.1 M PBS pH 7.4, for 24 h at 4°C. After a brief wash 

with PBS, they were processed for alcohol dehydration and embedded in Epon 812. 

Ultrathin sections of cells were stained with lead citrate and uranium acetate before 

viewing by TEM (Hitachi H7100; Hitachi, Tokyo, Japan). 

 

5.7. Assessment of bacterial attachment to cells 

Bacterial attachment to cells was examined immediately after infection by 

immunofluorescence microscopy and flow cytometry using a FITC-conjugated 

monoclonal anti-Chlamydia antibody specific to Chlamydia LPS (without Evans Blue) 

(Progen Biotechniik, Deutschland, Germany). For analysis with immunofluorescence 

microscopy, the cells were washed in cold phosphate-buffered saline (PBS) containing 

1% (w/v) bovine serum albumin (BSA) and then fixed in PBS containing 70% ethanol. 

The fixed cells were incubated with FITC-labeled Chlamydia LPS antibody. The 

percentage of the cells with attached bacteria was also estimated under 

immunofluorescence microscopy by counting at least 200 cells in three random fields 

for each sample. For analysis with flow cytometry, the cells were fixed using a kit, 

Cytofix/Cytoperm
TM

 kit (BD Biosciences, San Jose, CA) according to the manufacture 

protocol and then incubated with FITC-labeled Chlamydia LPS antibody. Ten thousand 

cells were analyzed using a EPICS-XL flow cytometer (Beckman Coulter, CA) 

immediately after labeling. The mean fluorescence intensity was obtained from the 

recorded data.  

 

5.8. RT-PCR 
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Total RNA was extracted from cultures using an RNeasy Mini Kit (Qiagen, Valencia, 

CA) according to manufacturer’s instructions. Extracted RNA was treated with DNase 

(DNA-free; Ambion, Austin, TX) to eliminate any contaminating DNA. PCR without 

RT was used confirm the absence of DNA. RNA (1 g) was reverse transcribed using 

avian myeloblastosis virus reverse transcriptase with random primers in a commercial 

reaction mixture (Reverse Transcription System; Promega, Madison, WI).  Synthesized 

cDNA was used for PCR amplification with primers specific for syndecan-1 (sense, 

5’-GAT GGC TCT GGG GAT GAC TC-3’; antisense, 5’-TGT TTG GTG GGC TTC 

TGG TAG-3’) [44], syndecan-2 (sense, 5’-GGG AGC TGA TGA GGA TGT AG-3’; 

antisense, 5’-CAC TGG ATG GTT TGC GTT CT-3’) [44], syndecan-4 (sense, 5’-CGA 

GAG ACT GAG GTC ATC GAC-3’; antisense, 5’-GCG GTA GAA CTC ATT GGT 

GG-3’) [44], betaglycan (sense, 5’-CTG TCC ACC CGA CCT GAA AT-3’; antisense, 

5’-CGT CAG GAG GCA CAC ACT TA-3’) [44], glypican-1 (sense, 5’-ATC ACC GAC 

AAG TTC TGG GGT TA-3’; antisense, 5’-CAT CTT CTC ACT GCA CAG TGT C-3’) 

[44], CD44 (sense, 5’-ATG GTT ATG TTT CCA ACG G-3’; antisense, 5’-GTG GAC 

TCA ACG GAG AGG-3’) [45], thrombomodulin (sense, 5’-CTC ATA GGC ATC TCC 

ATC GCG-3’; antisense, 5’-CCG CGC ACT TGT ACT CCA TCT-3’) [46], C. 

pneumoniae 16S rRNA (sense, 5’-GGA CCT TAG CTG GAC TTG ACA TGT-3’; 

antisense, 5’-CCA TGC AGC ACC TGT GTA TCT G-3’) [47], and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) (sense, 5’-AAC GGG AAG CTC ACT GGC 

ATG-3’; antisense, 5’-TCC ACC AAC CTG TTG CTG TAG-3’) [44]. 

 

5.9. Heparin detection and co-localization with attached bacteria on the cell surface 

Epithelial cells (HEp-2 cells and CHO K1 cells) were separately grown on a cover slip. 
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Immediately after infection, non-infected and infected cells were washed in cold PBS 

containing 5% (w/v) bovine serum albumin (BSA) and then fixed in PBS containing 1%  

(for single staining) or 3% (for dual staining) (w/v) paraformaldehyde. Fixed cells were 

incubated with FITC-labeled Chlamydia LPS antibody (without Evans Blue) (Progen) 

and/or unlabeled heparan sulfate antibody (Seikagaku, Tokyo, Japan) and then with 

Dylight
TM

 549-labeled secondary antibody (American Qualex, CA). After staining, 

heparin was detected and assessed for co-localization with the bacteria using 

conventional and confocal fluorescence microscopy, respectively.  

 

5.10. Statistical analysis 

Statistical analysis was performed using an unpaired Student t test.   
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Legends to figures 

 

Fig. 1. Representative TEM images showing the C. pneumoniae attachment and 

inclusion formation into Jurkat cells. (A) The inclusion formation of C. pneumoniae in 

HEp-2 cells as a control. Scale, 2m. (B) Representative TEM images showing the 

attachment of C. pneumoniae to Jurkat cells. Arrowhead shows attachment of C. 

pneumoniae EB to a cell. Scale, 500 nm. (C) Square in the image (B) is enlarged. 

Parenthesis shows firm bacterial attachment to the Jurkat cell with bundle-like fibers 

(Arrows). (D) The inclusion formation of C. pneumoniae in Jurkat cells. Scale, 500nm. 

 

 

Fig. 2. One-step growth curves for C. pneumoniae in HEp-2 cells and Jurkat cells. (A, 

C) Both cells were infected with bacteria at MOI of 1 either by static culture (A) or by 

centrifugation (C) for 1 h at room temperature (See the Materials and methods in text). 

The data shown represent the mean  standard deviation (error bars). *p< 0.05 versus 

the value at immediately after infection (0 days). The squares in panel A and C indicate 

the data re-plotted to the attachment rates for panel B and D, respectively. (B, D) 

Attachment rates of C. pneumoniae to both cells shown as relative number of bacteria. 

The data shown represent the mean + standard deviation (error bars). *p< 0.05 versus 

the value of HEp-2 cells. 

 

 

Fig. 3. Effect of GAGs on C. pneumoniae attachment to cells. Cells were infected with 

bacteria in the presence or absence of GAGs (heparan sulfate, condroitin sulfate, 



 

 30 

hyaluronic acid) and at immediately (approximately 30 min) after infection the number 

of infected cells was determined using immunofluorescence microscopy (A) and flow 

cytometry. (B). HEp-2 cells and Jurkat cells were statically infected with bacteria at 

MOI of 50 and 200, respectively, for 1 h at room temperature (See the Materials and 

Methods in text). Data represent the mean + standard deviation (error bars) (A) and the 

mean  standard deviation (B). *p< 0.05 versus the values of the infected cells without 

GAGs.  

 

 

Fig. 4. Comparison of PG-core protein encoding gene expressions with regulating 

GAGs in HEp-2 cells and Jurkat cells. HEp-2 cells and Jurkat cells were statically 

infected with bacteria at a MOI of 1 and 50, respectively, for 1 h at room temperature 

(See the Materials and methods in text). 

 

 

Fig. 5. Assessment of C. pneumoniae and heparin co-localization on the cell surface. 

(A)(B) Representative single-fluorescence staining images showing heparin expression 

on the cell [HEp-2 cells (A) and Jurkat cells (B)]. Green dots show heparin expression. 

The detection of heparin was assessed using conventional fluorescence microscopy. 

(C)(D) Representative double-fluorescence staining images showing the co-localization 

of C. pneumoniae and heparin on the HEp-2 cells (C) and the Jurkat cells (D). Both 

cells were statically infected with bacteria at MOI of 100 for 1 h at room temperature 

(See the Materials and Methods in text). Red and green dots show heparin expression 

and C. pneumoniae attachment to the cells, respectively. Orange dots also show the 
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co-localization of C. pneumoniae and heparin on the cells (arrows). Co-localization of 

heparin with the bacteria was assessed using confocal fluorescence microscopy. 

 

 

Fig. 6. Attachment and specific inclusion formation of C. pneumoniae into purified 

human CD4
+
 T lymphocytes. The cells were statically infected with bacteria at MOI of 

100 for 1 h at room temperature (See the Materials and Methods in text). At 

immediately (approximately 30 min) or 3 days after infection, the cells were fixed and 

then incubated with FITC-labeled Chlamydia LPS antibody with (C-E) or without 

Evans blue (A, B). The attachment and inclusion formation were estimated under the 

observation with conventional (A, B) and confocal laser immunofluorescence 

microscopy (C-E). (A) Specific-inclusion formations of C. pneumoniae in purified 

human CD4
+
 T lymphocytes under the observation with conventional 

immunofluorescence microscopy. Magnification,  400. Squares (A-1 to A-5) in the 

image (A) are enlarged, respectively. Green, C. pneumoniae-specific inclusions. (B)(C) 

Negative control, uninfected CD4
+
 T lymphocyte. (D) Attachment of C. pneumoniae to 

purified human CD4
+
 T lymphocytes at immediately after infection under the 

observation with confocal laser immunofluorescence microscopy. Arrowhead shows 

attachment of C. pneumoniae particle on the cell surface. Green, C. pneumoniae 

particles. Red (Evans blue), CD4
+
 T lymphocytes. (E) Specific-inclusion formation of C. 

pneumoniae in purified human CD4
+
 T lymphocytes under the observation with 

confocal laser immunofluorescence microscopy (at 3 days after infection). The Z-axis 

image shows that cross-pointing small inclusion is formed inside the cell. Arrow shows 

C. pneumoniae-specific inclusion. Yellow (inside cell) and Green (remaining bacteria 
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outside cell), C. pneumonia-specific inclusion. Red (Evans blue), CD4
+
 T lymphocytes. 
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