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SUPPORTING TEXT 
Attachment and Entry. The precise mechanism of chlamydial attachment and entry into host cells is 

uncharacterized, but is likely to rely upon host cell outer membrane and ECM molecules. As entry into 

the host cell is an absolute requirement for completion of the developmental cycle, multiple redundant 

chlamydial adhesins are likely, putatively including OmcB and members of the diverse Pmp family of 

membrane proteins [1]. Entry into the host cell via clathrin-based endocytosis has been demonstrated, 

although the current consensus is that multiple mechanisms are likely [2]. Accordingly, several possible 

host receptors have been proposed [1], particularly ECM and membrane-bound proteoglycans. Heperan 

sulfate proteoglycans are involved in chlamydial attachment [3], and host sulfation pathways are needed 

for successful chlamydial attachment [4]. While the 1 hpi time may be outside of the window of 

attachment and initial invasion, several sulfation enzymes that modify heperan sulfate (heperan sulfates 3-

O-sulfotransferase 3B1, 6-O-sulfotransferase 2 and 6-O-sulfotransferase 3, and iduronate-2-sulfatase) or 

chondroitin sulfate (chondroitin sulfate synthase 3; CHSY3) are highly expressed at 1 hpi. 

Transcriptional evidence for attempted dampening of epithelial innate immune responses. The 

pathology associated with chlamydial disease is an adverse outcome of host inflammation (reviewed by 

[5]). Repeated stimulation, either from long-term infection or successive re-infections, leads to tissue 

damage and scarring. There is evidence that Chlamydia exploits immune and inflammatory pathways for 

survival [6-8]. Under the cellular paradigm of chlamydial pathogenesis [9], infected epithelial cells are the 

first responders to chlamydial infection, initiating and promoting the immune response [6-8,10]. Thus, 

subverting or dampening this response may contribute to the adverse consequences of infection. We 

identify several in vitro host cell transcriptional responses to infection, including putative modulation of 

innate responses through cytokines, chemokines and the inflammasome, which can be interpreted in the 

context of immune dampening.  

  

Mucins are heavily glycosylated proteins produced by epithelial cells that are secreted or membrane-

bound [11]. MUC-5B and MUC-6 are down regulated at 1 hpi, and MUC-16 (CA-125) is up-regulated at 

both 1 and 24 hpi. In the guinea pig model of chlamydial infection, heavy mucus production is observed 

early in infection, demonstrating a possible in vivo correlate of increased mucin gene expression. In 

humans, MUC-16 is produced by corneal and conjunctival cells, and by epithelial cells within the 

respiratory and female reproductive tracts [12]. If the observed differential expression of mucin genes 

translates to mucin protein production, chlamydial pathogenesis may be impacted in several ways. Up-

regulation of MUC-16 has been found to aid immune evasion by ovarian tumors by suppressing the 

natural killer (NK) cell response [13], although there is no evidence of such immune suppression 

associated with chlamydial infection. Increased mucin production may obstruct infection by forming a 
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physical barrier against pathogen invasion [14]. Mucins and TLRs may cooperate to strengthen the 

mucosal immune response to pathogens, as several mucins are TLR ligands and there is evidence of 

crosstalk between mucin and TLR signaling pathways [15]. Alternatively, increased mucin expression 

may hinder the immune response by sequestering other TLR ligands or by physically “masking” the TLR 

[15], preventing or delaying activation.  

  

Members of these putative feedback loops may be useful diagnostic markers for chlamydial tissue 

damage. For example, increased tenascin-C mRNA and protein levels often precede obvious tissue 

damage or inflammation, and are used as predictive markers for fibrosis and inflammation in myocarditis 

[16,17]. Furthermore, serum tenascin-C levels in inflammatory bowel disease are found to correlate with 

disease severity [16,17]. Thus, there is potential for the paracrine moieties identified above to be markers 

of chlamydial disease in both local tissues and serum. In addition to this diagnostic potential, members of 

these putative positive feedback loops could also be targets for therapeutic intervention to prevent 

scarring.  

  

Tissue damage releases factors that act as damage-associated molecular patterns (DAMPs), and stimulate 

inflammatory processes [18,19]. Decorin is a proteoglycan in the extracellular matrix (ECM) in the small 

leucine-rich proteoglycan (SLRP) family; it participates in collagen fibril formation but also acts as a 

powerful DAMP on release from the ECM [20]. Soluble decorin induces proinflammatory signaling and 

is recognized as an endogenous ligand of TLR2 and TLR4 [20,21]. Decorin-induced signaling appears to 

orchestrate multiple pathways and may be a crucial regulator of the inflammatory response to cellular 

damage [20]. We find that decorin (DCN) is strongly down-regulated at 1 hpi, providing support for the 

attenuation of some inflammatory signals on chlamydial infection.  

  

Production of antimicrobial peptides and proteins (AMPs) is an evolutionarily conserved host response to 

infection [22]. The AMP azurocidin 1 (AZU1), also known as heparin-binding protein (HBP) [23-25], is a 

chemoattractant and activator of monocytes and macrophages that enhances cytokine release and 

phagocytosis [22]. Azurocidin may also act as an alarmin [26]. At 1hpi, the gene encoding azurocidin 

(AZU1) is strongly down regulated compared to mock-infected cells; reduced AZU1 production may 

attenuate the adaptive immune response.  

  

At 1 hpi a secreted semaphorin is upregulated (SEMA3A). Semaphorins bind to membrane-bound plexin 

receptors and were originally identified as factors of axon repulsion or attraction in neuronal development 

[27]. Members of the semaphorin family are involved in immune responses, particularly in dendritic cell 
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(DC) trafficking and migration [28,29]. SEMA3A is a negative regulator of DC migration, as it inhibits 

migration along chemokine gradients and also suppresses T-cell proliferation [28]. Increased expression 

of SEMA3A in the early chlamydial-infected epithelial cell may have a spatiotemporal dampening effect 

on the attraction of DC subsets or other activated immune cells. SEMA3A expression has also been 

reported to enhance innate immune responses by exacerbating TLR-induced cytokine expression [28,30]. 

In turn, TLR activation induces SEMA3A [30], establishing a possible positive feedback loop that could 

contribute to the deleterious effects of chlamydial infection through differential inhibition of the adaptive 

response, and by amplification of innate responses that further promote inflammation.  

  

During infection, the Golgi apparatus is fragmented into ministacks that surround the inclusion [31]. 

Chlamydial appropriation of the Golgi apparatus may enable transfer of sphingomyelin to the inclusion 

[32]. Synthesis of sphingomyelin is a multistep process, beginning with ceramide synthesis on the ER, 

followed by CERT-mediated transfer to the Golgi and subsequent conversion to sphingomyelin by 

sphingomyelin synthases [33,34]. We find acyl-CoA-dependent ceramide synthase 6 (CERS6), which acts 

upon sphingosine to form ceramide, exhibits increased expression at 1hpi. We also find increased 

expression of sphingosine kinase 1 (SphK1), which also acts upon sphingosine to form the metabolite 

sphingosine 1-phosphate (S1P). S1P is a major signaling molecule involved in many biological processes, 

particularly immunity [35-37]. S1P acts both as a secondary messenger intracellularly, including 

epigenetic modifications of histone deacetylase (HDAC), and as an extracellular ligand of a closely 

related family of GPCRs (S1P1 – S1P5) that are expressed on immune cells [35]. Each of these receptors 

has a different but partially overlapping signaling pathway – thus the pattern of S1P receptors can confer 

either pro- or anti-inflammatory effects, depending on the cellular context [35,38]. A major outcome of 

S1P binding is recruitment of immune cells, with immune cell subsets responding differently to varying 

concentrations of S1P – low concentrations promote chemotaxis, whereas high concentrations of S1P are 

differentially inhibitory to immune cell subsets [39,40].  The observed up-regulation of SphK1 in early 

chlamydial infection and a putative concomitant increase in S1P may influence the recruitment and 

migration of different immune cell subsets to the site of infection. 

  

To summarize – consistent with the known biology of chlamydial infection, we observe overt induction 

of an early innate response, exemplified by transcriptional evidence for chemokine expression and TLR 

activation through known PRR sensing pathways. We also see transcriptional evidence of a putative 

dampening effect on several innate and signaling mechanisms that could subdue aspects of the immune 

response to chlamydial infection. However, we note that in vivo responses in animal models or human 

infections may not correlate with the optimized in vitro infections of immortalized epithelial cells used in 
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this study. We also note that these putative attenuating effects may not be a specific chlamydial strategy 

but a more general cellular response to intracellular infection. RNA-Seq analysis of additional infection 

times and differentiation of the general phagocytic response will help to better define specific Chlamydia-

induced changes to the dynamic innate response. 

  

Chlamydiae are recognized by a variety of membrane-bound and cytoplasmic sensors contained within 

the epithelial cell (reviewed by [7]). These sensors, termed pathogen recognition receptors (PRRs) detect 

a diversity of microbial conserved structures (pathogen-associated molecular patterns, PAMPs) [41]. 

Recognition of chlamydial PAMPs by host PRRs triggers upregulation of proinflammatory cytokines and 

chemokines that recruit immune cells to the infection site [7]. Recruitment and subsequent infiltration of 

immune cells to the site of infection is a feature of the in vivo immune response to Chlamydia, possibly 

playing a role in both the destruction and dissemination of infected cells [8].  The Toll-like receptors 

(TLRs) are key PRRs, with TLR2 and TLR4 activation associated with host cell detection of chlamydiae 

[7]. We detect up-regulation of TLR4 at 1 hpi, but we do not observe TLR2 induction in this dataset. 

However, we do find up-regulation of IRAK3 (interleukin-1 receptor-associated kinase; IRAK-M), which 

may function as a TLR2-specific negative regulator of TLR-signaling through the alternative NFκB 

pathway [42], suggesting TLR2 involvement. Conversely, TRIB3 (tribbles 3; SINK) is down-regulated. 

TRIB3 has been shown to inhibit NFκB via p65 phosphorylation [43,44]. Members of the tribbles family 

interact with several key intracellular signaling pathways, including the MAPK and PI3K signaling 

pathways [45] and appear to be critical checkpoints in coordinating cellular responses [45]. Repression of 

TRIB3 increases the TLR2/NFκB-mediated inflammatory response to Helicobacter pylori [46], 

suggesting TRIB3 may be a target for pathogens to modulate inflammation. In addition, PELI2, a Pellino 

E3 ubiquitin protein ligase family member, is strongly up-regulated at 1hpi. Members of the Pellino 

family of proteins function as upstream mediators of TLR signaling via polyubiquitylation of IRAKs [47] 

and thus may be part of the innate response to chlamydial infection. Further RNA-Seq analyses at a finer 

granularity over the course of infection will reveal more details of this rapid innate response. 

  

Innate immune processes are rapidly induced in chlamydial infection of epithelial cells via an NFκB-

dependent host response arising from TLR2 and TLR4 activation [5,7,48]. We find numerous 

components of the NFκB and MAPK complexes and TNF-α pathways are differentially expressed at 1 

hpi, including factors that precede an interferon type I response, consistent with known biology [7]. Three 

genes encoding members of the small interferon-induced transmembrane protein family (IFITM1, 

IFITM2 and IFITM3) are down-regulated, relative to mock-infected cells. This is unusual as IFITM 

expression is typically activated in response to bacterial or viral infection [49].  
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We also observe differential expression of constituents of a chlamydial-induced inflammasome complex.  

The cytoplasmic NOD (nucleotide oligomerization domain)-like receptors (NLRP) sense intracellular 

pathogens to induce an inflammatory response [7,50]. NLRP1 is up regulated at 1 hpi. Inflammasome 

components caspase-1, and caspase-4 (which activates caspase-1), and a caspase-1 inhibitor (caspase 

recruitment domain family protein; CARD-16; PSEUDO-ICE), are down regulated relative to mock-

infected cells at 1hpi. In addition to the TLR, CLR and NOD PRR sensors, host epithelial cells also 

possess cytosolic Rig-like receptors (RLR) that recognize nucleic acid PAMPs (typically viral) and 

subsequently induce innate immune processes [7,51].  Chlamydial infection induces a type 1 IFN 

response, presumably through recognition of chlamydial nucleic acid PAMPs [7]. As this response is not 

beneficial to the host, Nagarajan (2012) [35] hypothesized that the intracellular Chlamydia may be 

modulating these pathways for its own benefit.  Consistent with this hypothesis, we observe down-

regulation of the RLRs Rig-1 (RARRES3) and MDA5 (IFIH1) at 1hpi.  RNF125, an E3 ubiquitin ligase 

that negatively regulates Rig-1 [52] is also down-regulated at that time.   

  

At 3 hpi, Rank et al detected in vivo expression of numerous chemokines (CCL3, CCL20, CCL24, 

CCL25, CXCL15), chemokine receptors (CCR2, CCR6), and cytokines (IL1F8, IL-13 and TNF-α) in C. 

muridarum-infected mice [8]. Using C. trachomatis in human epithelial cells in vitro, we find IFN-ε, 

IL11, and IL32 are up regulated at 1hpi, while IL8 up-regulation is observed at both 1 and 24 hpi, 

consistent with previous findings [10]. The ILR1 and IL7R receptors are also up-regulated at 1 hpi, while 

the IL20RB receptor is down-regulated. We observe up-regulation of the chemokine CCL2, which recruits 

monocytes, memory T-cells and dendritic cells, and CXCL1, which attracts polymorphonuclear 

neutrophils (PMNs) at 1hpi. PMN activation and recruitment is associated with ascending infection of the 

genital tract and increased disease severity in mice (reviewed by [5]). The chemokine receptor CXCR7 is 

also up-regulated at 1hpi. Conversely, the chemokine CCL5 (RANTES) is down-regulated at 1 hpi. 

Differential expression of these various chemokine genes at 1 hpi supports rapid establishment of 

chemokine gradients in vitro.  

 

Differential expression of growth factors. We observe differential expression of many host growth 

factor genes at 1 hpi. Amphiregulin (AREG), epiregulin (EREG), epithelial mitogen homolog (EPGN), 

growth differentiation factor 15 (GDF15) and inhibin beta E (INHBE) are all down-regulated. 

Conversely, fibroblast growth factor 12 (FGF12), growth arrest-specific growth factor 6 (GAS6), 

heparin-binding EGF-like growth factor (HB-EGF), platelet derived growth factor C (PDGFC), an 

isoform of the profibrogenic transforming growth factor family (TGFB2, discussed further below) and 

vascular endothelial growth factor C (VEGFC) are all up-regulated. Thus, it is readily apparent that 
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chlamydial infection induces the expression of a complex array of growth factors, which are likely to 

have wide-ranging effects on infected and adjacent cells – for brevity we focus on two, amphiregulin and 

GAS6. 

 

One outcome of growth factor induction is the modulation of apoptosis – chlamydiae inhibit apoptosis to 

avoid destruction of the host cell prior to completion of the developmental cycle, and to minimize 

apoptotic immune activation from release of host cell components [53]. Amphiregulin (as well as 

epiregulin & HB-EGF) is a ligand of the ErbB family of tyrosine kinase receptors [54,55], which regulate 

diverse cellular signaling pathways that control complex cellular outcomes such as apoptosis or adhesion; 

notably, we also observe down-regulation of the ErbB3 receptor.  Amphiregulin, which is down-regulated 

here, is an abundant membrane-anchored glycoprotein that is activated by ADAM proteinase cleavage in 

response to external stimulus, and subsequently binds to ErbB receptors [56]. Amphiregulin also has anti-

microbial activity in vitro [57]. Amphiregulin dysregulation has been observed in several other bacterial 

infections, including Shigella flexneri [58], EHEC [59], Helicobacter pylori [60] and Neisseria 

gonorrhoeae [61], and has been associated with interference with host apoptosis pathways in these 

pathogens.  

 

Putative interference with apoptotic pathways is also apparent for the up-regulated GAS6 growth factor. 

GAS6 is a ligand for Axl, a member of the TAM (Tyro3, Axl and Mertk) tyrosine kinase receptor family. 

GAS6 binding to Axl activates phosphoinositide 3-kinase (PI3K) and its downstream target, the 

serine/threonine protein kinase Akt [62-64]. The Gas6/Axl/PI3K/Akt pathway protects cells from 

apoptosis via multiple mechanisms [63,64]. For example, Akt activates ribosomal protein S6K (S6 

kinase) of the mTOR (mammalian target of rapamycin) pathway and phosphorylates BAD (Bcl2-

associated agonist of cell death), a pro-apoptotic protein [64]. In addition, C. trachomatis induces the 

PI3K/Akt pathway as part of an anti-apoptotic strategy where phosphorylated BAD is also sequestered to 

the chlamydial inclusion, possibly as part of a strategy to prevent mitochondrial-induced apoptosis [65]. 

However, the inducer of the PI3K/Akt pathway in chlamydial infection has not been identified. Our 

RNA-Seq data suggests that GAS6 may be one inducer. Strongly increased expression of S6 kinase 

(RPS6KA2) at 1hpi provides additional support for induction of Gas6/Axl/PI3K/Akt. The GAS6/TAM 

system is also a negative regulator of TLR signaling [66]; thus, increased expression of GAS6 may also 

help attenuate induction of TLR-induced inflammation.  

 

Disruption to cell-cell adhesion and signaling. Loss of epithelial adhesion is part of the reversible 

epithelial-to-mesenchymal transition developmental transition [67], implicated in the fibrotic sequelae of 
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chronic chlamydial infection [68]. In the preceding section, we noted significant differential expression of 

many ECM constituents that may contribute to the long-term adverse fibrotic sequelae of chlamydial 

disease. Combined with PMN-mediated displacement of infected cells [8], these ECM alterations may 

also contribute to sloughing and subsequent dissemination of infected cells, and cellular signaling. 

Cellular rounding and retraction from intercellular junctions have been observed both in vitro [69] and in 

vivo [70-72], also possibly contributing to sloughing and dissemination [73]. Consistent with this, we find 

disruption of inter-cell adhesion and communication mediated by the various intercellular junctions.  

 

Intercellular junctions preserve epithelial cell polarity and integrity, and mediate adhesion and signaling 

between cells, often by interaction with the actin cytoskeleton. Components of several different types of 

junctions are differentially expressed. For example, claudin-7 (CLDN7), a key component of the epithelial 

tight junction [74] is down-regulated, whereas GJA1 (connexin-43), a major element of the gap junction 

[75], is up-regulated. Several constituents of the epithelial adherans junction [76] exhibit differential 

expression at 1 hpi. AbLIM3, a member of the actin binding LIM family of proteins is up-regulated at 1 

hpi. The cadherins CDH6 and CDH13 are up-regulated at 1 hpi, but CDH3 and CDHR5 are down-

regulated at the same time. Two members of the transmembrane protocadherin family (PCDH9 and 

PCDH10), which may participate in adhesion or signaling [77], are also down-regulated. Tensin (TNS1), 

which is typically localized to focal adhesions and interacts with the cytoplasmic tails of integrin β 

subunits and actin [78], exhibits decreased expression at 1hpi. 

 

Another major component of the adherans junction complex, β-catenin (Armadillo), links cadherins with 

the cytoskeleton to regulate cellular adhesion processes [79]. β-catenin functionally integrates external 

interactions with the nucleus by transducing canonical Wnt signals to the nucleus, with subsequent 

transcriptional activation of numerous Wnt-responsive genes [79]. The Wnt-β-catenin signaling cascade 

and its myriad regulatory feedback loops are linked to many biological processes, including cellular 

development and differentiation, inflammatory responses and apoptosis [80]. In a recent study using an ex 

vivo fallopian tube model of C. trachomatis infection, β-catenin was sequestered to the chlamydial 

inclusion, with concomitant disruption to Wnt signaling and loss of epithelial homeostasis [68]. Our 

RNA-Seq data shows that members of this key signaling pathway are differentially expressed in 

Chlamydia-infected cells early in infection. FZD10, a member of the frizzled G-protein coupled receptor 

family that forms the Wnt signaling receptor complex [81], is down-regulated at 1 hpi. The cytoplasmic 

domain of the frizzled receptor complex activates disheveled, which modulates β-catenin levels [82]. 

Dapper1 is a negative regulator of disheveled [83,84]; we find increased Dapper1 expression in 

Chlamydia-infected cells at 1 hpi. DKK3 (dickkopf 3), a secreted glycoprotein that antagonizes Wnt 
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signaling [85], also exhibits increased expression at 1hpi. Runt-related transcription factor-3 (RUNX3), 

up-regulated at 1 hpi, forms a ternary complex with β-catenin/transcription factor-4 (TCF4; down-

regulated) to attenuate Wnt signaling [86]. Thus, several factors of the Wnt-β-catenin signaling cascade 

are dysregulated in early chlamydial infection. Modulation of Wnt pathways is consistent with our 

recurring theme of chlamydial attenuation of the early immune response to infection. Supporting this, 

altered expression of another Wnt antagonist, DKK1, has been linked to attenuation or evasion of the 

immune response by Rickettsia conorii [87].   

 

Integrins are heterodimeric membrane proteins that connect the actin cytoskeleton to the ECM, and are 

integral to signal transduction [88].  Integrins are widely expressed, and every nucleated cell in the body 

possesses a specific integrin “signature”. 18 possible α-subunits and eight β-subunits assemble into 24 

different integrins, which bind collagens, laminins, or RGD-containing proteins [88,89]. Some integrins 

will also bind soluble ligands or cellular receptors [88,89]. We find that two genes encoding the integrin 

α4 (ITGA4, CD49d) and α11 subunits (ITGA11) are up-regulated at both 1 and 24 hpi. Integrin α11 

typically forms a heterodimer with β1 (α11β1). As part of the collagen-binding subfamily of integrins, it 

may participate in the formation of focal adhesions typically formed around a transmembrane core of an 

integrin heterodimer [88]. Integrin α4 is found as a heterodimer with β1 (α4β1, VLA4) or β7 (α4β7, 

LPAM-1); these heterodimers are typically found on leukocytes and are associated with leukocyte 

activation, homing and trafficking, as well as interactions with the ECM via fibronectin [88]. α4β7+ 

memory T-cells have been demonstrated to accumulate in the endocervix of women infected with C. 

trachomatis [90], but it is not clear why integrin α4 would be expressed on an epithelial cell. However, 

irrespective of function, this unusual pattern of increased α4 and α11 integrin expression may be useful 

for immunophenotyping of Chlamydia-infected epithelial cells. 

 

Our data also shows that the conserved Notch signaling cascade is altered by chlamydial infection. We 

find that the Notch3 receptor is strongly expressed at both 1 and 24 hpi relative to mock-infected cells. At 

1 hpi, we also observe increased expression of delta and Notch-like epidermal growth factor-related 

receptor (DNER), a known Notch ligand [91]. The Notch signaling cascade is initiated by ligand binding 

to the Notch receptor, which triggers ADAM/γ-secretase-mediated cleavage [92]; as noted above, we 

observe differential expression of several ADAM proteases that could participate in this cleavage. Notch 

signaling determines diverse aspects of cell fate, including growth, differentiation and survival [93-95], 

however recent evidence suggests that there is also crosstalk between Notch and inflammatory pathways, 

including the NF-κB, TLR and Wnt pathways [93]. Notch expression has been shown to negatively 

regulate the TLR4-mediated inflammatory response [96]. Notch signaling has not previously been linked 
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with chlamydial infection; the Notch3/DNER induction observed here may represent another facet of 

putative chlamydial interference in the immune response through attenuating the pro-inflammatory 

outcomes of TLR and Wnt pathway activation. 

 

Remodeling of the cytoskeleton, membrane and lipid trafficking mechanisms. Upon attachment and 

invasion, chlamydiae co-opt the host cytoskeleton through secreted effectors that interact with host actin, 

or manipulate cytoskeletal regulatory factors [97,98].  Some of these host factors have been previously 

identified in chlamydial infection, including Rho GTPases, and phosphoinositides (PIs) [97,98]. Many of 

the differentially expressed host genes identified by our RNA-Seq data are directly relevant to 

chlamydial-induced cytoskeletal rearrangements, reflecting the central role of the cytoskeleton to 

infection and pathogenesis.   

 

Following invasion of the host cell, the chlamydiae-bearing endosome is rapidly remodeled into the 

chlamydial inclusion (reviewed by [32]). This is likely to occur by modification of the cytoskeleton and 

incorporation of chlamydial proteins into the inclusion membrane. A primary outcome of this remodeling 

is the dissociation of the modified inclusion from endosomal trafficking pathways, thus avoiding 

phagolysomal fusion. Once established, the mature chlamydial inclusion is stabilized by the formation of 

an actin and intermediate filament scaffold that encapsulates it [99]. At 1hpi, expression of α-actin 

(ACTC1) itself is strongly up-regulated, as is α-internexin (INA), a class IV intermediate filament. Several 

components of myosin are also differentially expressed; myosin VB (MY5B) is down-regulated, whereas 

light chain myosin 9 (MYL9) and tropomyosin-α (TPM1) increase. We observe decreased expression of 

three Rho GTPases (RhoU and RhoV, and the Rac subfamily member RhoG). The Rho GTPase-activating 

proteins ARHGAP4 and ARHGAP31 exhibit decreased and increased expression respectively. The Golgi-

localized guanine nucleotide exchange factor FGD1 is also down-regulated at 1hpi. Both FGD1 and 

ARHGAP31 activate the Rho GTPase Cdc42 [100,101]. Cdc42 is part of membrane trafficking regulation 

from the Golgi complex and actin dynamics of the early endosome, and is a factor in chlamydial entry 

[102]. DIAPH2 (diaphanous homolog 2), which interacts with RhoD, and is thus involved with endosome 

dynamics and actin cytoskeletal reorganization [103], is up-regulated. The actin scaffolding protein, 

AKAP12 (A-Kinase-Anchoring Protein 12) is up-regulated at 1 hpi.  The GTPase dynamin (DNM1), 

involved in scissioning of newly formed endocytic vesicles from the cell surface (particularly clathrin-

mediated endocytosis) or the Golgi apparatus [104], exhibits increased expression at 1 hpi.  

 

Filamin C (FLNC), which crosslinks actin filaments into networks, acts as a scaffold for the binding of 

Rho GTPases and their regulators, and also aids in membrane anchoring of the cytoskeleton [105] is up-



 10 

regulated at 1 hpi. Filamins and other components of the cytoskeleton also interact with signaling 

pathways that regulate the cytoskeleton and other cellular activities [105]. The phosphoinositide INPPL1 

(inositol polyphosphate phosphatase-like 1; SHIP-2), forms complexes with FLNC that are localized to 

membrane ruffles [106]; INPPL1 expression is up-regulated at 1hpi. INPPL1 may also participate in 

vesicle trafficking (see below). β-arrestin, which participates in clathrin-mediated endocytosis and actin 

reorganization [107] exhibits decreased expression at 1 hpi. Several other genes that are likely to regulate 

or alter cytoskeletal function have either increased (ankyrin-G; ANK3) or decreased (scinderin, SCIN) 

expression at 1hpi. The actin binding protein calponin 3 (CNN3) is up-regulated at both 1 and 24 hpi. 

Scinderin, an actin severing protein is down-regulated at 24 hpi as well. 

 

Formins have a critical role in nucleation and catalysis of actin polymerization. Formins are found at the 

fast-growing (“barbed”) end of the actin filament [108,109]. Formins also directly bind and regulate 

microtubule networks [110]. Chlamydial inclusions interact with microtubules through the chlamydial 

inclusion membrane proteins (Incs); this interaction enables inclusion trafficking to the microtubule-

organizing center (MTOC) [111,112]. Formin 1 (FMN1) and formin 2 (FMN2) are both up-regulated at 1 

hpi. FMN1 is also up-regulated at 24 hpi. The microtubule-associated proteins MAP1A and MAP1B are 

also up-regulated at 1 hpi. Three members (KIF21B, KIF27 and KLA6) of the kinesin superfamily of 

microtubule motor proteins, likely involved with intracellular vesicle transport [113,114], are down-

regulated at 1hpi.  

 

In addition to trafficking of the chlamydial inclusion to the MTOC, the inclusion also intercepts both 

vesicular and non-vesicular mediated pathways to obtain host-derived lipids (reviewed by[115]). 

Pathogens that reside in intracellular vacuoles often use subsets of host Rab GTPases to form and 

maintain these membrane-bound spaces [116]. Rabs are regulated by antagonizing enzymes that convert 

inactivating GDP-bound Rabs to the active GTP-bound forms. Chlamydiae target multiple Rab-dependent 

pathways at various times over the course of the developmental cycle, either by recruiting or excluding 

them from the inclusion; numerous Rabs decorate the inclusion and are likely to impact inclusion 

trafficking and avoidance of lysosomal fusion  (reviewed by [98]). At 1hpi, we find differential 

expression of several Rab GTPases and related ADP-ribosylation-like factors (ARLs) that have not 

previously been linked to chlamydial infection. RAB32 and RAB3B demonstrate increased expression, 

whereas RAB17 expression is decreased. RAB32 is a critical component of the mitochondrial-associated 

membrane (MAM) of the smooth endoplasmic reticulum [117]. The MAM is a major cellular signaling 

hub that controls cellular metabolism and apoptosis via the controlled exchange of calcium between the 

ER and mitochondria [118]. RAB3B negatively regulates IgA transport by directly binding the polymeric 
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IgA receptor (plgR) [119]. plgR binds and transports dimeric IgA to the apical surfaces for processing 

into the IgA secretory component [119], which is a major defense molecule against mucosal pathogens. 

Thus increased expression of both RAB32 and RAB3B has obvious consequences for putative chlamydial 

subversion of mitochondrial-mediated metabolism or apoptosis mechanisms, and mucosal immunity 

respectively. Similar to RAB3B, RAB17 is also involved with receptor-mediated transcytosis to apical 

membranes [120,121], and down-regulation of RAB17 has been linked to cancer cells exhibiting a more 

mesenchymal morphology [122]. Decreased expression of RAB17 in chlamydial-infected cells may be 

part of an epithelial-to-mesenchymal transition [73] that leads to loss of adhesion and subsequent 

sloughing of infected cells, contributing to ascending infection.  

 

The GTP-controlled ADP-ribosylation-like factors (ARLs), ARL10 and ARL15 are both strongly 

expressed at 1 hpi, whereas ARL4D shows decreased expression. In general, ARLs function in vesicle 

trafficking from the Golgi, regulation of membrane lipid composition, and interaction with cytoskeletal 

factors [123]. ARL4D is tightly associated with the mitochondrial inner membrane, where it causes 

mitochondrial fragmentation on activation [124]. Down-regulation of ARL4D may be part of the 

chlamydial anti-apoptotic strategy that confers apoptotic resistance to infected cells. An early chlamydial 

impact on mitochondrial function is further supported by decreased expression of numerous 

mitochondrial genes, including multiple components of the mitochondrial NADH dehydrogenase 

complex (MT-ND1, MT-ND2, MT-ND4, MT-ND4L, MT-ND5, MT-ND6), cytochrome b (MT-CYB), 

cytochrome c oxidase II, (MT-CO2), phosphoenolpyruvate carboxykinase 2 (PCK2) and ATP synthase 6 

(MT-ATP6). 

 

Together with Rabs and ARLs, phosphoinositides (PIs) mediate membrane trafficking, particularly for the 

spatiotemporally regulated endolysosomal pathway [125]. Specific combinations of Rabs and PIs tag 

endolysosomal vesicles and distinguish their direction and specificity [125].  Similar to Rab regulation by 

GTP/GDP interconversion, phosphoinositides are interconverted between inactive and active forms by 

competing phospho-regulatory phosphatases and kinases. One of these interconversion steps is catalyzed 

by PIP5K and INPP5 [126]. Phosphatidylinositol-4-phosphate 5-kinase (PIP5K1B) phosphorylates 

phosphatidylinositol-4-phosphate (PtdIns(4)P) to form PtdIns(4,5)P2 (PIP2); inositol polyphosphate-5-

phosphatase (INPP5A) catalyzes the opposite phosphatase reaction of PIP2 to PtdIns(4)P. The kinase 

PIP5K1B is down-regulated at 1hpi, whereas the phosphatase INPP5A is up-regulated, indicating a 

putative enrichment of PtdIns(4)P and a concomitant decrease of PIP2. These phosphoinositide moieties 

have previously been associated with regulation of early endosomal trafficking [126]; PtdIns(4)P is also 

typically localized to the Golgi [127]. PtdIns(4)P is enriched on the chlamydial inclusion membrane 
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[128]. This inclusion localization, combined with the differential expression of PIP5K1B and INPP5 

observed here, firstly supports the concept that an altered PI profile on the chlamydial inclusion 

membrane may contribute to lysosomal avoidance by conferring a Golgi-like identity to the inclusion 

[128], and secondly, indicates that this “identity shift” is occurring early in infection.  

 

Several other genes encoding phosphoinositol-interacting proteins exhibit differential expression. Sorting 

nexins are cytoplasmic PI-binding proteins that play central roles in endosomal trafficking pathways, 

beginning at endocytosis [129]. Sorting nexin 10 (SNX10) and sorting nexin 18 (SNX18) are down-

regulated and up-regulated respectively at 1 hpi. In addition to the PI binding domain, SNX18 also 

contains a BAR domain, which interacts with membrane lipids and functions as a curvature sensor 

[130,131]. Three genes encoding proteins with pleckstrin homology (PH) domains (PLEKHA4, 

PLEKHA6 and PLEKHA7) are all down-regulated at 1 hpi. The PH domain confers a core fold that 

enables binding of various phosphatidylinositol phosphate isoforms [132]; down-regulation of these 

proteins is further support for putative chlamydial dysregulation or co-opting of PI signaling and 

endosomal trafficking. 

 

Chlamydiae require host-derived lipids, particularly for growth and maintenance of the dynamic 

inclusion, thus chlamydial acquisition and exploitation of host sphingolipids, glycerophospholipids and 

cholesterol has been intensively studied (reviewed by [133]). Host cytosolic phospholipase A2 is 

activated by chlamydiae to deacylate host phospholipids, which are then reacylated using chlamydial 

branched chain fatty acids and incorporated into the inclusion membrane [134]. We observe differential 

expression of several host phospholipase genes at 1 hpi: phospholipase A2 group XVI (PLA2G16) is 

down-regulated; phospholipase A2 receptor (PLA2R1) is up-regulated. Two variants of phospholipase C 

are differentially expressed – PLCE1 is up-regulated whereas PLCG2 is down-regulated. 

Glycosylphosphatidylinositol-specific phospholipase D1 (GPLD1) is also down-regulated in infected 

cells. This variability of host phospholipase expression may reflect a varying chlamydial requirement for 

the lipid precursors generated by each, or may represent targeting of host lipid-mediated signaling 

pathways. 

 

Transcriptional regulation. In the preceding sections, we noted dysregulation of several host-signaling 

pathways in early chlamydial infection. Consistent with these disruptions, we observe expression changes 

for thirty-four transcription factors. These are likely to have diverse and wide-ranging effects on the host 

cell and thus the invading pathogen. However, while this highlights the complexity of the cellular 

response to chlamydial infection, their function remains mostly opaque. Many are either poorly 
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characterized or have been examined with a specific phenotype in mind (for example, carcinogenesis) that 

are not immediately applicable to infection processes. Several are known to be controlled by some of the 

dysregulated signaling pathways noted earlier, for example TCF4, RUNX3, TLE2, LBH, and TBX3 are all 

Wnt-responsive [135-138]. The transcription factor TGFB1I1 (Hic-5), which is up-regulated at 1 hpi, 

functions as a molecular adapter coordinating multiple protein-protein interactions at the focal adhesion 

complex and in the nucleus. It links intracellular signaling with plasma membrane receptors, and plays a 

role in the regulation of Wnt and TGFβ signaling [139-141].  

 

The reversible epithelial-to-mesenchymal transition (EMT), which is the process of induced 

dedifferentiation of epithelial cells to cells with a mesenchymal phenotype [142], may play a role in 

chlamydial disease outcomes, as outlined above and by others [68,73]. EMT may contribute to 

chlamydial dissemination and ascending infection by enabling detachment of infected cells from the 

ECM. However, physical detachment of epithelial cells from their matrix may induce anoikis, a 

specialized apoptotic response that is normally induced in detached cells to prevent metastasis. Inhibition 

of anoikis is a key step in tumorigenesis [143], and may be required for ascending chlamydial infection. 

We find several differentially expressed transcription factors that regulate anoikis in other systems. In an 

oncogenic context, the pro-apoptotic Maged1 (NRAGE) transcription factor interacts with a cytoplasmic 

component of the E-cadherin complex at the adherans junction, ankyrin-G, which binds and sequesters 

NRAGE to the cytoplasm [144]. EMT processes cause decreased expression of ankyrin-G, which in turn 

enables nuclear localization of NRAGE. The repressive activity of nuclear NRAGE on a variety of tumor 

suppressor genes then confers anoikis resistance [144]. In the infection context at 1 hpi, we find that 

ankyrin-G is up-regulated, while Maged1/RAGE is down-regulated. Thus at this early time prior to 

epithelial detachment, chlamydial-infected cells are still anoikis-sensitive by this mechanism. Study of 

later times in the infection cycle may reveal if anoikis inhibition plays a role in ascending infection. 

 

Evidence for epigenetic modification and non-coding RNA expression. Pathogen-mediated histone 

modification to amend host transcription is an emerging theme in bacterial pathogenesis [145], and has 

been identified in Chlamydia. The chlamydial effector, NUE, possesses histone methyltransferase 

activity; NUE translocates to the nucleus and methylates the histones H2B, H3 and H4, presumably 

altering host transcription [146]. In our data, several host genes encoding histones are differentially 

expressed in infected cells at 1 hpi, indicating that higher order chromatin composition might be altered 

by chlamydial infection. The linker histone H1F0 is down-regulated compared to mock-infected cells, 

whereas the linker histones HIST1H1B and HIST1H1D are up-regulated. The core histones HIST1H2AL 

and HIST1H3C are also up-regulated. While RNA-Seq does not reveal covalent modifications of histones, 
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this observed differential expression of histones and putative chromatin reorganization supports 

chlamydial orchestration of higher order chromatin dynamics. 

 

Transcriptomic analyses have revealed many non-coding RNAs (ncRNAs) in eukaryotic genomes. 

ncRNA overlap with exons, introns and intergenic regions and often exhibit complex expression patterns 

[147]. Once considered “noise”, many ncRNAs are now known as key transcriptional, post-transcriptional 

and epigenetic modulators of eukaryotic gene expression programs [148,149]. Many of the DE host 

transcripts detected by RNA-Seq are predicted ncRNA moieties, including micro-RNAs (miRNA), long 

non-coding RNAs (lncRNA), small nucleolar RNAs (snoRNA), antisense RNAs and apparent 

pseudogenes. Most of these ncRNAs are uncharacterized and may represent novel biological functionality 

relevant to chlamydial infection. For example, the miRNA miR24-2 is down-regulated at 1 hpi. miR24-2 

is known to modulate several apoptotic pathways; over-expression of miR24-2 will induce apoptosis by 

down-regulation of the histone variant H2AFX, as well as BCL-2, MDM2 and P21 [150]. Down-

regulation of the pro-apoptotic miR24-2 may be linked to chlamydial modulation of apoptosis. 

 

We find down-regulation of an lncRNA within the MAL2 gene at both 1 and 24 hpi, suggesting regulation 

of MAL2 transcription is altered by chlamydial infection. MAL2 is an integral membrane protein found in 

endosome vesicles being transported via transcytosis [151]. MAL2 interacts with the Rho GTPase Cdc42 

[152] and is thus a key element in endosome trafficking and lumen formation. Other cytoskeletal 

components that also interact with Cdc42 were identified above - both the Rho GTPase ARHGAP31 and 

the guanine nucleotide exchange factor FGD1 are differentially expressed; both are activators of Cdc42. 

Down-regulation of a MAL2 lincRNA lends further weight to the concept that dysregulation of factors 

that govern endosome dynamics is central to the avoidance of phagolysomal fusion by the chlamydial 

inclusion.  

 

Curiously, we find increased expression of two lncRNAs that are well known imprinted alleles under 

epigenetic control. Both MEG3 and H19 lncRNAs exhibit increased expression at both 1 and 24 hpi. The 

differentially methylated MEG3 (maternally expressed gene 3) is found within the human DLK1-DIO3 

genomic region, which also includes one of the largest miRNA clusters in the human genome [153,154]. 

The function of MEG3 is not understood but is thought to be involved in fundamental cell biology 

processes, including signaling, proliferation [155] and phagocytosis [156]. Deregulation of MEG3 has 

been reported in several tumors and it has been proposed to be a tumor suppressor [155]. It is not clear 

what role MEG3 plays in the context of chlamydial infection, however, increased expression will induce 

apoptosis [155], suggesting it may be participating in a cellular response to infection.  Increased 
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expression of the imprinted H19 lncRNA is similarly enigmatic. H19 is a highly transcribed differentially 

methylated lncRNA that is silenced in the methylated paternal copy and expressed in the hypomethylated 

maternal copy [157]; several miRNAs with biological activity are also encoded within H19 [158]. H19 

expression is tightly coupled to, and alternately regulated with, insulin growth factor 2 (IGF2) [157]. Its 

physiological role is unknown but may act as a tumor suppressor or as a regulator of a network of 

imprinted genes, as it is deregulated in many cancers and fetal growth syndromes in humans [157,158]. 

As with MEG3, it is not yet apparent what role is served by increased expression of H19 in Chlamydia-

infected cells. Nevertheless, it is evident that epigenetic and imprinting processes are relevant to 

chlamydial infection. 
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