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Abstract
Chlamydia trachomatis is a bacterial pathogen with a large socioeconomic impact:
it is the leading cause of preventable blindness worldwide, and the most prevalent
sexually transmitted infection in the United States. Despite its importance, relatively
little is known about the molecular mechanisms that Chlamydia employs to invade
epithelial cells, manipulate the secretory pathway, evade innate immune responses and
acquire nutrients from its host. Chlamydia, like many other intracellular pathogens, is
known to use a type III secretion mechanism to deliver bacterial effector proteins
directly to the host cell cytoplasm. These effectors are thought to be the principle actors
involved in co-opting host cell functions. TepP is an effector protein that is pre-loaded
into infectious Chlamydia particles, and that is secreted early during infection, but whose
function is unknown. We took large-scale, unbiased approaches to identify genes whose
transcription is modified during the course of infection in a TepP-dependent manner
(microarrays), and proteins that interact with TepP and and/or whose phosphorylation
is altered by the absence of TepP (proteomics). We used biochemical techniques, cell
biology, and molecular techniques to validate interactions identified using large-scale
methods, and to further probe the molecular mechanism underlying these connections.
In sum, we have determined that TepP contributes to four major phenotypes: changes in
the host cell cytoskeleton, modification of the host cell phosphoproteome, bacterial
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replication, and interferon-dependent gene activation. We have additionally determined
that TepP interacts with the Crk family of host cell adaptor proteins, and the class 1
phosphoinositol-3-kinase (PI3K). Cell lines where the levels or activity of TepP
interacting partners were modified by deletion, knockdown, or inhibitors, showed that
these host proteins are important for the growth of Chlamydia during infection, but are
not required for all TepP-dependent phenotypes. TepP not only interacts with PI3K but
also induces its activation during infection. Finally, we have determined that the
requirements for phosphorylation of TepP are complex, but that the Src kinases are
largely responsible for its phosphorylation. Additionally, Src kinases are required for
some TepP-dependent phenotypes, but are not required for the recruitment of TepPinteracting proteins during infection.
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1. Introduction
1.1 Chlamydia trachomatis infection
Chlamydia trachomatis is a gram-negative obligate intracellular bacterium,
meaning that it must reside within a host cell to survive (1, 2). The Chlamydiaceae infect
nearly all types of eukaryotic hosts from humans to amoebas, often causing disease (1-3).
Three of the species that cause disease in humans include C. trachomatis, C. pneumoniae,
and C. psittaci. C. trachomatis is the causative agent of many diseases, including both
ocular and sexually transmitted infections, while C. pneumoniae and C. psittaci infect the
lungs (the latter of which has a broad host range) (3, 4). The most clinically common C.
trachomatis has a not only causes harmful diseases, but is all very costly to treat (5-8).
There are several different serovars (distinct variations) of C. trachomatis.
Serovars A, Ab, B, Ba, and C are all specialized in infecting ocular epithelial cells which
cause trachoma, and if left untreated leads to blindness (9). Chlamydia is the leading
cause of preventable blindness worldwide. Approximately 1.9 million individuals
suffered from blindness or visual impairment in 2015 (World Health Organization and
Center for Disease Control (10, 11)). In addition to the ocular serovars, serovars D-K
cause primarily sexually transmitted infections (STI), while serovars L1, L2, L2a, and L3
are more commonly known for inducing lymphogranuloma venereum, an infection of
the lymph nodes proximal to the infection entry site, but can also cause disease in the
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genital tract and rectum (10, 12). C. trachomatis is the fastest growing STI of bacterial
origin in the United States. There were 2.86 million new cases estimated in the United
States in 2015 (Center for Disease Control (11)). This number is in stark contrast to other
STIs which have far lower cause numbers; for example, Gonorrhea had a total of
approximately 395 thousand cases in 2015 (Center for Disease Control (11)).
Chlamydia is a very important pathogen with a large socioeconomic impact of
over $16 billion in total medical costs annually (Center for Disease Control (10, 11)).
There is a great need to understand how this pathogen causes disease to develop
treatment and/or vaccines.

1.2 C. trachomatis developmental cycle
C. trachomatis has a very unique developmental cycle which in some ways
resembles a fungal life cycle more than a bacterial replication cycle. C. trachomatis has
two main developmental forms which are responsible for 1) infection/invasion and 2)
replication. The first is the elementary body (EB) which is the infectious but nonreplicative form. The EB is similar to a fungal spore as the Chlamydia EB is highly
condensed and extremely difficult to penetrate due to the high degree of disulfide
crosslinking of outer membrane proteins, which function to protect it from the
extracellular environment (13). The EB was previously thought to be metabolically inert
was recently found to have limited metabolic capacity (14, 15). The second
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developmental form is the non-infectious but replicative reticulate body (RB). The RB
does not contain the high degree of disulfide crosslinking of outer membrane proteins
and is responsible for the replication of bacteria during infection (13). In addition to the
two main developmental forms the bacteria may also take the form of an intermediate
body (IB),the transition state from RB to EB, and an aberrant body (AB), a stress-related
form that allows Chlamydia to persist through penicillin and IFN-γ treatment (16).
The Chlamydia life cycle takes approximately 48 - 72 hours to complete in host
cells. The EB will first attach and invade inward becoming engulfed in a membrane
bound vacuole which is termed the inclusion (17). Once internalized the EBs then began
to migrate to the perinuclear region where they begin to differentiate into RBs at
approximately 4 to 8 hours post infection (hpi). Once differentiated the RBs will
continue to replicate and divide enlarging the inclusion until approximately 24 hpi. The
RBs will then begin to asynchronously differentiate back into EBs. By 48-72hpi, the
inclusion will take up the majority of the host cell and will either extrude from the cell or
lyse the host cell to release EBs. After the release of EBs the infection cycle can be
repeated (Figure 1).
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Figure 1: Chlamydia trachomatis developmental cycle
Each developmental form plays a distinct role during infection. The EB is
preloaded with proteins that are designed to facilitate entry into the host cell as well as
establish an early inclusion. The RB is largely responsible for obtaining nutrients,
growth, and replication and thus has a set of proteins which allow for its major
functions. The two developmental forms express different proteins and have different
transcriptomes (14, 18, 19). A constant throughout the lifecycle is that Chlamydia must
manipulate its host cell in order to survive.
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1.3 C. trachomatis and the type III secretion system
Chlamydia manipulates its host in order to replicate, evade the immune system,
and survive during infection by transferring proteins from within the bacteria to the
ouside through specialized secretion systems. Gram-negative bacteria have all or just
some of the 6 secretion systems (Type I-VI) as well as the secretion of outer membrane
vesicles (20, 21). Chlamydiae however, has been defined thus far to have 3 main secretion
systems: Type II, Type III, and Type V (22-25). Type II secretion Chlamydiae is a two-step
process in which proteins must first cross the inner membrane using the Sec system, a
transport system that allows translocation of proteins into the periplasmic (between the
inner and outer membrane) space, before being secreted through the outer membrane
pore. The type V secretion system is also known as the auto-transporter system. Type V
secretion is also a 2 step process in which the proteins cross the inner membrane through
the Sec system and then self-integrate into the outer membrane to facilitate secretion.
Though both secretion systems are important in C. trachomatis, the majority of known
Chlamydia secreted proteins or effectors are secreted through the Type III secretion
system.
The type III secretion (T3S) system is a molecular machine which spans the outer,
inner, and host cell membranes to allow for the delivery of proteins directly from the
bacteria into the host cell during infection (26). Unlike other bacteria, T3S system in C.
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trachomatis is encoded by genes scattered across the genome (27). The T3S is composed
of approximately 20 -25 proteins which make up the injectisome, the syringe like
apparatus that spans the bacterial inner and outer membrane, and the translocon, which
acts as the tip like protein complex allowing for contact dependent secretion of proteins
(Figure 2). In addition to the apparatus and the translocon, C. trachomatis comes
equipped with a number of chaperone proteins which facilitate the translocation of
effector proteins to the apparatus and their secretion (27).
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Figure 2: The Type III secretion system
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1.4 Discovery of novel effector proteins.
The T3S system is a contact mediated secretion system which only secretes its
target proteins once it has engaged a host. In some bacteria, such as Shigella flexneri, T3S
can be induced by using artificially produced liposomes that mimic the host cell lipid
rafts or by altering calcium levels (28). Artificial stimulation of secretion can identify
targets of secretion in a cell free in vitro system. However, because Chlamydia cannot be
cultured in a cell free system it has not been possible to use this approach to identify T3S
effector proteins.
An alternative approach to identify potential T3S effectors is to identify proteins
with a putative T3S signal sequence. The T3S signal sequence may include mRNA
motifs, chaperone and effector binding consensus, and a peptide signal sequence located
in the N-terminal of the effector (29, 30). By taking into account amino acid sequence,
secondary structure, and potential interactions with chaperone proteins, an algorithm
was developed to predict if the first 100 amino acids of any given bacterial protein
contains a T3S signal sequence (29, 30). Using this method, several Chlamydia proteins
with putative T3S signal sequences were identified, including the inclusion membranes
proteins (Incs) that are secreted during Chlamydia infection (23, 31).
Before the development of recombinant DNA approaches in C. trachomatis,
experimental validation that a Chlamydia protein was a substrate of T3S relied on the

8

function of the T3S machinery of other pathogenic bacteria, such as Shigella flexneri and
Yersina sp. (31, 32). These systems have been used by many research groups as evidence
that putative Chlamydia effectors are targets of T3S (31-34) and as tools to identify novel
effector proteins (34).
The secretion of some effector proteins require the function of accessory
chaperone proteins (35, 36). New effectors have been identified based on their ability to
bind to these T3S chaperones. Chlamydia genomes encode for homologs of class I, II, and
II T3S secretion chaperones (37-39). C. trachomatis encodes at least six T3S chaperones
including Slc1, Mcsc, and Scc1-4. Immunoprecipitation (IP) of the Chlamydia chaperone
protein Slc1, allowed for the identification of bound effectors (33).
Taken together these approaches have been useful in identifying novel effector
proteins in Chlamydia.

1.5 The known type III secreted effectors and their function
during infection.
There are numerous identified and verified T3S effector proteins. For clarity, I
will first discuss the effectors that act early during infection followed by those which act
mid-cycle, then those which help the bacteria to evade the host cell immune system
throughout infection, and finally the proteins which are responsible for late-stage
progression/cycle exit.
Early effector proteins
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Early effector proteins include the Translocated actin recruiting phosphoprotein
(Tarp), CT694, CT695, CT166, and CT875. Tarp is the best characterized effector protein
and it is phosphorylated at tyrosine residues upon translocation into the host cell. Tarp
also induces changes in the actin cytoskeleton to facilitate bacterial entry, both directly
through its F-actin and G-actin binding domains and through the recruitment of the
Arp2/3 complex (40-43). The function of CT694 and CT695 early during infection is less
clear. CT694 binds to AHNAK, a host protein which is important for cell migration and
neuroblast formation, while CT695 has no currently defined role during infection (44,
45). CT166, a partially characterized cytotoxin encoded by C. trachomatis serovar D, has
been proposed to induce ADP ribosylation of the small GTPase Rac1 to induce cell
rounding during infection. CT166 has also been proposed to inhibit the mitogen
activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and
phosphatidylinositide 3-kinase (PI3K) signaling pathways through its DXD motif (46,
47). Finally, CT875 recruits the host cell adaptor proteins, Crk I and II, to the nascent
inclusion during infection (33). These effectors are predicted to facilitate bacterial entry
and establishment of the early inclusion.
Mid-cycle Effectors
After invasion of the host cell, the EBs migrate to the microtubule organizing
center (MTOC) and the transition from EBs to RBs occurs. At the MTOC, nascent
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inclusions fuse together to form a single inclusion. Migration to the MTOC is likely
facilitated by effectors that manipulate microtubule based motors. It has been suggested
that a complex of inclusion membrane proteins (Incs) organized in microdomains help
to facilitate movement to the MTOC (48). These microdomains are also associated with
active Src family kinases (SFKs). The activity of SFKs is important for transport along
microtubules (48). Inc B has also been shown to bind to dynenin, a major component of
the dynenin motor complex, also allowing for transport (49).
RAB, SNARE, and sorting nextin proteins are recruited to the inclusion
presumably to allow vesicular fusion and acquisition of nutrients by the bacteria (50).
Some of the Chlamydia Inc family proteins interact with these membrane trafficking
proteins during infection (51-55). Additional Incs also mediate interactions with the host
cell cytoskeleton elements (51-55). The Inc protein InaC for instane is partially
responsible for the formation of an actin cytoskeletal cage at the inclusions and proper
positioning of Golgi elements (56).
Effectors that manipulate the innate immune system and promote survival
Throughout infection Chlamydia suppresses innate immune signaling. Early
during infection Chlamydia activates pro-survival signals through the activation of the
MEK/ERK and WNT signaling pathways, as well as through PI3K activation (50).
Effectors have been proposed to do this in C. pneumoniae, but have not yet been well
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defined for C. trachomatis. Chlamydia also regulates interferon (IFN) activation during
infection presumably to promote the survival of the host cell and the bacteria.
Interestingly, C. trachomatis effectors both activate and represses IFN activation. For
instance, CT875 activates a subset of IFN activated genes early during infection while
Chlamydia promoter of survival (Cpos) dampens IFN activation later during infection
(33, 57). Additional Inc proteins have been associated with the suppression of proapoptotic stimuli during infection (58). In addition, Chlamydia also regulates NFκB
signaling, which plays dual roles in activating innate and adaptive immunity (59). The
T3S effectors ChlaDub1 and ChlaDub2, which are deubiquitinases, along with the
protease CT441, are proposed to modulate NFκB signaling during infection (60-62).
Late Cycle Effectors
At the end of the infectious cycle Chlamydia can be released from infected cells by
extrusion of the inclusion from the host cell or induce lysis of the host cell. Little is
known about how Chlamydia induces lytic exit but it does result in the death of the host
cell in a reproducible step wise manner in which the inclusion membrane, nucleus, and
cell membrane lyse. The type II secreted effector protein, CPAF has been suggested to
important for post lytic events and is an incredibly active protease (25, 63). Extrusion on
the other hand must occur through cell vesicular pathways. CT228 an Chlamydia Inc
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recruits MYPT1, a member of the myosin phosphatase pathway, to the inclusion
membrane to presumably facilitate extrusion of the bacterial containing pathogen (51).

1.6 Tarp - a multifunctional effector protein.
Tarp was first identified as a T3S effector protein in 2004 when it was proposed
to be responsible for bacterial invasion of epithelial cells (64). Tarp is tyrosine
phosphorylated upon its translocation into epithelial cells. These phospho-tyrosine
residues presumably provide docking sites to mammalian proteins to perform new
functions that benefit the pathogen, as has been shown for the tyrosine phosphorylated
effectors TirA and CagA from Enteropathogenic Escherichia coli (EPEC) and Helicobacter
pylori respectively (65-69).
Identifying the kinase responsible for the phosphorylation of Tarp during
infection proved to be problematic. Tarp has complex kinase requirements, in that it can
be phosphorylated by not only the Src family kinases (SRC, YES, and FYN) but also by
Abl kinases (70, 71). Recombinant Tarp is phosphorylated by purified Src kinases and by
Abl. Both kinases are recruited to inclusions and are found in their active
(phosphorylated) forms (70, 72, 73).
A comparision of Tarp across Chlamydiales revealed that Tarp has several
tyrosine rich repeat regions which vary in number among the different Chlamydia
species (41). Expression of various forms of Tarp helped determine that the
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phosphorylation of Tarp is not required for F-actin recruitment to bacterial entry sites
(41). Nonetheless, phosphorylated Tarp domains can recruit multiple proteins. Synthetic
phosphopeptides derived from Tarp’s phosphorylation domains bind to multiple Src
homology domain (SH2) and phosphotyrosine binding (PTB) proteins (74).These include
high affinity binding partners such as the tyrosine kinases Abl, Arg, and SFK, along with
host cell adaptor proteins SHC1 and Crk, and PI3K (74). Kegg and IPA analysis of the
type of proteins that bind to phospho-Tarp suggest a role in EGFR and MAPK singlaing
pathways (74). A highest affinity binding partner of phospho-Tarp is SHC1. SHC1
stimulates the MEK/ERK signaling pathway to provide a pro-survival signal during
infection. Indeed siRNA knockdown of SHC1 expression led to a decrease in the
activation of the MEK/ERK signaling pathway and an increase in cell death during
infection (74). Taken all together these data suggest that the phosphorylation of Tarp
may act as a pro-survival signal by modulating the function of SHC1.
Purified Tarp directly associates with G-actin and induces polymerization in in
vitro assays (42). Defined actin binding domains are important for bacterial entry and are
conserved across Chlamydiales (75). Tarp actin binding domains interact with both Factin and G-actin filaments at two distinct sites (76).
Tarp can also indirectly recruit the Arp2/3 complex to generate branched actin
(43). These may occur through Tarp phosphopeptides mediated interaction with the
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Sos1/Eps8/Abi1 signaling complex, Vav2 and Rac1 (77). Chlamydia EBs associates with
these proteins early during infection and siRNA knockdowns of these factors decreases
the efficiency of bacterial entry in HeLa cells (77). Tarp additionally binds to Vinculin, a
membrane cytoskeleton protein which crosslinks integrins and F-actin at cell junctions.
Vinculin is recruited to the bacterial site of entry, presumably through Tarp (78). Tarp
also interacts with FAK through a paxillin like domain (79). Overall Tarp both interacts
directly with actin and host cell proteins and complexes which modulate actin
polymerization.
Chlamydia recently became genetically tractable through the use of forward
genetics and plasmid transformations (80). It is speculated that it Tarp is essential for the
bacteria because a dominant negative version of Tarp in C. trachomatis inhibits bacterial
entry and actin polymerization during infection (81).

15

2. Characterization of TepP dependent phenotypes *Portions of this
chapter have been published in (33).

2.1 Introduction *Work within this section was completed in our laboratory by Yi-Shan Chen and
previously published in (33).

To identify new Chlamydia trachomatis T3S secreted effector proteins our lab
looked for interacting partners of the T3S chaperones; Slc1 and Mcsc. These chaperone
proteins were immunoprecipitated directly from Chlamydia EBs under native conditions
and interacting partners were identified by qualitative mass spectrometry (ms) (Figure
3) (33). Slc1 interacted with multiple proteins including the previously known T3S
secreted effectors; CT694, CT695, and Tarp, as well as CdsD, a component of the T3S
secretion basal apparatus, and finally 2 proteins of unknown functions; CT875 and
CT080 (33). These interactions were verified by co-IP and immunoblot analysis of a
subset of proteins (33). CT875 is one of the most abundant Chlamydia specific protein
found in EBs (19). Because CT875 interacts with a chaperone protein and has been
predicted to contain a T3S signal (26) we hypothesized that it is secreted from the
bacteria during infection, which we confirmed by immunofluorescence (IF) microscopy
with specific antibodies raised against CT875 (Figure 4) (33).
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Figure 3: Abbreviated network of C. trachomatis chaperone interactions.

Figure 4: CT875 localizes to sites outside of the bacteria at 2 hpi. LPS (red)
stains the bacteria and CT875 (green) localizes to sites adjacent to internalized bacteria
(white arrows) after infection of HeLa cells. (Previously published and modified from
(33))
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Given that multiple effectors are secreted at the EB stage, we predicted that their
secretion is tightly controlled to fine tune the manipulation of the target host cell.
Salmonella, like Chlamydia, has an arsenal of T3S effector proteins, whose secretion is
temporally regulated (82). SopE2 and SptP are Salmonella secreted effectors important for
entry but are secreted at different times during infection (83). How a hierarchical
secretion system is achieved remains to be answered. It has been hypothesized that
chaperone binding affinities can contribute to the order in which effectors are secreted
(84). In one scenario, effectors with higher binding affinities for their cognate chaperones
will preferentially bind to the chaperone protein and be secreted first. Once the secretion
of the effector protein with the higher binding efficiency has occurred the chaperone
becomes available to bind an effector with a lower binding efficiency, thus enabling its
secretion. Consistent with this hypothesis Slc1 preferentially binds to Tarp, as Tarp can
outcompete CT875 in binding to Slc1 (33). Tarp is delivered into host cells and
phosphorylated in the by host cell kinases by 5 min post infection and presumably to
facilitate entry, while CT875 is not translocated until after 15-20 min (40, 41). Over all,
these findings suggested that Tarp is the first effector to be secreted during infection.

2.1.1 CT875’s is phosphorylated upon delivery to host cells
CT875 (CTL0255 for C.trachomatis serovar LGV-L2) has two predicted coiledcoiled domains (sequence prediction websites, ExPASy, SMART, Pfam, and InterPro)
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between amino acids (aa’s) 199-219 and 301-321. CT875 has no other domains with
significant homology to other bacterial or mammalian proteins (Figure 6).
Because Chlamydia infection leads to the appearance of a tyrosine phosphorylated
protein species of similar size to CT875, we assessed if this effector is phosphorylated
upon its translocation into the host. CT875 immunoprecipitated from infected host cells
displayed evidence of tyrosine phosphorylated by 30 minutes post infection (Figure 5)
(33). Because C. trachomatis does not encode for tyrosine kinases and CT875
immunoprecipitated from EBs alone was not phosphorylated (Figure 5), we concluded
that CT875 was phosphorylated by host kinases (33). An analysis by mass spectrometry
of CT875 from infected cells indentified phosphorylated peptides and indicated that
phosphorylation occurred at Y43, Y496, and Y504 as well as two serine residues (S410
and S415) (Figure 6) (33). Because of its phosphorylation and early translocation CT875
has been renamed, and will hence forth be referred to as, Translocated early phosphoProtein (TepP).
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Figure 5: TepP is phosphorylated at tyrosine residues during infection. TepP
was immunoprecipitated (IP) from infected HeLa cells or purified EBs. Immunoblot
analysis of IP material against TepP and pTyr. (Previously published and modified from
(33)).

2.1.2 TepP interacts with the signaling adaptor proteins Crk I/II.
Protein tyrosine phosphorylation events can facilitate signal transduction
cascades. We tested if TepP’s tyrosine phosphorylation sites promoted binding of host
proteins or acted to modulate signaling events (33). Two of the three tyrosine
phosphorylation sites (Y496 and Y504) were found to harbor the conserved pY-X₁-X₂-P
motif, an interaction site for SH2 binding domain containing proteins. Each individual
sequence was analyzed by computational algorithm (available from SH2PepInt:
http://modpepint.informatik.uni-freiburg.de/SH2PepInt/Input.jsp (85) or from
NetPhorest http://netphorest.info/ (86)) to determine potential binding partners of the
individual sites.
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Figure 6: Schematic of TepP’s phosphorylation sites, SH2 domain binding
sites, and coiled-coiled (cc) domains during infection. (Not drawn precisely to scale)
(Previously published and modified from (33)).
The highest predicted binding partner of the Y496 and Y504 is the host cell
adaptor protein Crk I/II (33). Crk I/II regulate a variety of cell functions including;
transcription, cytoskeletal rearrangements, and promoting receptor tyrosine kinase
(RTK) signaling (87). Crk I/II co-immunoprecipitates with TepP in infected cells (Figure
7A) (33) and Crk is recruited to the inclusion at both 1 and 8 hours post infection (Figure
7) (33). Overall, TepP is phosphorylated upon its translocation into the host cell
presumably to recruit Crk I/II to the inclusion during infection (Figure 8). Given the role
played by Crk proteins in mediating in cell signaling and many cell functions, we
postulate that TepP may influence the function of Crk proteins and host cell signaling.
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Figure 7: TepP interacts with and recruits Crk I/II to the inclusion during
infection. A: Time course of FLAG-TepP IP between 1 and 8 hpi. IB for TepP, pTyr, and
Crk I/II. B: WT infection of HeLa cells at 1 and 8 hpi with LPS (green) and Crk I/II (red).
(Previously published and modified from (33)).

Figure 8: Model of TepP secretion and function during infection. Slc1 is a
chaperone for TepP (Previously published and modified from (33)).

2.2 Genetic analysis of TepP deficient C. trachomatis mutants.
*Work within this section was completed in our laboratory by Yi-Shan Chen.

One major caveat in studying Chlamydia effector proteins is the lack of genetic
tools with which to definitively assess the role effectors. We previously created a library
of EMS induced C. trachomatis mutants (56). From this library we identified a strain with
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an early truncation mutant in TepP (W103*). In this mutant TepP is no longer expressed
at detectable levels. Because this mutant contained several additional mutations we
created a recombinant strain, following the protocol laid out by Nguyen et. al. (88), to
produce a strain with only 4 other background mutation known as CTL2-M062G1. The 4
background mutations proved too difficult to remove due as they are closely linked to
TepP. To further define the role of TepP we created two additional strains. CTL2M062G1 transformed with a plasmid expressing TepP-FLAG (+pTepP) expressed under
its native promoter. As a control strain we transformed CTL2-M062G1 with an empty
plasmid vector (+pVector) (Figure 9). TepP-FLAG is expressed in the +pTepP strain at
higher levels than WT bacteria, likely due to the increased copy number. Nonetheless,
TepP-FLAG is secreted and phosphorylated in a similar manner to WT TepP. Various
additional mutants of TepP-FLAG were generated and used throughout these studies,
all expressed in the CTL2-M062G1 background.
In addition, we generated insertional disruption mutants through the use of the
Targetron system (Sigma) to create a clean tepP mutation in C. trachomatis LGV-L2 strain
background. This strain ΔtepP::bla (ΔtepP) also showed no detectable levels of TepP
expression by western blot analysis (Figure 9). Having both an epitope tagged version of
TepP and a strain with a clean genetic background helped clarify the role of TepP during
infection.
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Figure 9: C. trachomatis strains used in this study and their expression of
TepP. Each strain and its associated name and details are listed on the top while the
bottom is a western blot demonstrating TepP expression at 4 hpi with an IB against TepP
(Top band) and Slc1 (bottom band).
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2.3 Identifying the kinases responsible for phosphorylating TepP
We sought to identify the host cell kinase(s) which are responsible for
phosphorylating TepP. Bacterial effector proteins are often targets of phosphorylation by
Src family kinases and Abl/Arg kinases (89). We used an in vitro phosphorylation assay
to determine if TepP is phosphorylated by the Src family of kinases (Figure 10). In this
assay, purified recombinant His-TepP expressed in E. coli was incubated with ATP and
cell lystates derived from: the recently immortalized human endocervical epithelial cells
(A2ENs), Mouse embryonic fibroblasts (MEFs), MEFs dervived from Src, Yes, and Fyn
kinase defiecent mice (SYF), SYF overexpressing c-Src (c-Src), MEFs derived from Abl
and Arg kinase deficient mice (Abl-/Arg-), and the Abl-/Arg- recused MEFs (Abl-/Arg+Abl/+Arg). All cell lystates, except those derived from SYF cells induced the
phosphorylation of recombinant TepP (Figure 10A). We next tested if the same kinase
requirements for TepP’s phosphorylation occured during infection. We took a FLAGTepP expressing C. trachomatis strain (+pTepP) and infected all of the cells lines
described above, immunoprecipitated TepP with anti-FLAG beads, and assessed the
degree of tyrosine phosphorylation by immunoblot analysis. TepP was phosphorylated
in all infected cell lines although the levels of phosphorylation were greatly decreased in
the SYF cell line and partially decreased in the Abl-/Arg- cell line (Figure 10B). This
observation suggests that TepP is predominately phosphorylated by the Src family
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kinases during infection. Furthermore, the Abl/Arg kinases and an additional kinase(s)
may also play a role in TepP phosphorylation during infection.

Figure 10: TepP is phosphorylated by Src kinases. A: In vitro kinase assay
showing TepP phosphorylation with an IB against pTyr (top band) and His-TepP
(bottom band). B: FLAG-TepP IP with anti-FLAG antibodies and and IB against pTyr
(top band) and FLAG-TepP (bottom band) with the input on the right and eluate on the
left.

2.4 TepP induces changes in the morphology of host cells
Many early effector proteins like Tarp of Chlamydia, CagA of H. pylori, and Tir of
Enteropathogenic E. coli (EPEC) all have been shown to induced changed in the host cell
cytoskeleton (68). Cytoskeletal rearrangements are important for many bacterial
processes including entry of the bacteria. TepP, is secreted into the host cell and
phosphorylated, much like both CagA and Tir. It may be possible that TepP modulates
the cytoskeleton and facilitates the entry of Chlamydia into the host cell. We first
evaluated our ΔtepP mutant for its ability to invade A2EN cells. We did this in two
ways; first by differential immunostaining of attached vs internalized bacteria. A2EN
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cells were infected with ΔtepP and WT bacteria, fixed stained and evaluated for the
number of bacteria that are outside (dual colored) and the number of bacteria that are
inside (one color), quantification showed no difference between the two strains (data not
shown). During this assay the bacteria are centrifuged onto the host cells, in a way
forcing attachment. To determine if there is an attachment and/or an entry defect we
compared the number of inclusions that formed at 10 hpi in A2ENs cells infected with
WT or ΔtepP with or without centrifugation. Under these conditions, the ΔtepP bacteria
enter cells at a similar level to WT bacteria to form early inclusions (Figure 11A). We
conclude that TepP is not required for bacterial attachment or entry into host cells. We
next tested if TepP is required for migration of the bacteria to the MTOC a process that
requires the function of Src kinases and coincides with TepP secretion (49), but we were
not able to identify any defect in the ΔtepP bacteria’s ability to aggregate at the
perinuclear site in infected cells (Figure 11B). Finally, given TepP’s interaction with Crk,
we hypothesized that TepP may regulate the function of the host cell cytoskeleton.
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Figure 11: TepP is not required for entry or for early inclusion establishment.
(A) Invasion of A2EN cells by WT and ΔtepP strains. It is shown as the percent of
inclusions observed in the cells infected either before or after centrifugation onto host
cells. There is no statistically significant difference as determined by a student’s t-test.
(B) A2EN cells infected with WT or ΔtepP bacteria and immuno-stained at either 12 or 24
hours post infection with an anti-Slc1 (green) antibody and Hoechst (blue).
We looked for global changes in the actin cytoskeleton in infected A2EN cells.
These cells are recently immortalized cervical epithelial cell lines (90). During infection
of A2EN monolayers we observed that TepP was required for Chlamydia to induce
robust changes in the host cell morphology of infected monolayers (Figure 12A). We
refer to this phenotype as “cell dispersion”, which can be observed 15 minutes post
infection. Infected cells loose cell-cell junctions, shrink, and migrate to form gaps in the
monolayer of cells (Figure 12B). This phenotype requires TepP as cell dispersion does
not occur in ΔtepP or pVector (nonsense mutant) strains and is rescued by expression of
TepP on a plasmid (pTepP) (Figure 12C). The dispersion phenotype is transient and
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infected cells will once again form a confluent monolayer by 24 hpi (data not shown).
We next tested if TepP’s phosphorylation is important for cell dispersion. Because Src
and Abl kinases are important for the full phosphorylation of TepP during infection we
treated A2EN cells with Gleevec an Abl/Arg kinase inhibitor and PP2 a Src kinase
inhibitor. Treatment of A2ENs with Src kinase inhibitors, but not Abl/Arg inhibitors
inhibit cell dispersion (Figure 13A and B). This is consistent with the notion that Srcmediated phosphorylation of TepP is required for cell dispersion, however we cannot
rule out the possibility that Src acts at a step downstream of TepP. Altogether our data
suggests that TepP modulates major changes in the host cell cytoskeleton during
infection and that these changes are Src dependent.
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Figure 12: TepP induces the dispersion A2EN monolayers of cells. A: DIC
image of cells infected with Mock, +pVector, and +pTepP bacteria. B: Cells fixed and
stained with whole cell stain (white) and DAPI (blue) after infection with WT and ΔtepP
strains. C: Quantification of the blank area seen during the cell dispersion phenotype.
Student’s t-Test identifies that WT bacteria significantly increases the area of the “cellfree” space during infection, ****p < 0.0001. ΔtepP there is a significant decrease in the
area of blank space between cells compared to Mock infected cells, p < 0.05. (Images
from A courtesy of Yi-Shan Chen)
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Figure 13: TepP-dependent cell dispersion does not occur after inhibition of
Src kinases. A: Quantification of the blank area seen during infection and PP2 inhibitor
treatment. Student’s t-Test identifies that there are no differences between infection
conditions. Cells were fixed and stained with whole cell stain (white). B: Quantification
of the blank area seen during infection and Gleevec inhibitor treatment. Student’s t-Test
identifies that WT and +pTepP bacteria significantly increases the area of the blank space
during infection, **p < 0.001.

31

2.5 TepP promotes C. trachomatis replication in A2EN cells
Given that the cell dispersion phenotype was apparent in A2EN cells but not
HeLa cells, we hypothesized that some TepP-dependent phenotypes are cell-type
dependent. We next tested if TepP was important for C. trachomatis replication in A2EN
cells. ΔtepP mutant bacteria yielded less infectious units than WT bacteria after infection
(Figure 14). This phenotype is cell line specific as infection of HeLa cells with ΔtepP and
WT strains yielded a similar number of infectious particles (Figure 14). In contrast,
infection of the kidney epithelial cell line, Vero cells, ΔtepP produces approximately half
the number of bacteria that WT bacteria does (Figure 14B).

Figure 14: The growth of the bacteria is dependent on TepP and is critical in
more biologically relevant cells. IFU burst assay, in which the A2EN, Vero, and HeLaCas9 cells were infected with either WT or ΔtepP bacteria for 48 hours. Cells were
osmotically lysed at 48 hours and re-infected. The output has been normalized to the
input bacterial numbers. Student’s t-test determined ** p< 0.001 and *** p< 0.0001.
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2.6 Conclusions and implications
Our laboratory identified the novel effector protein TepP that is secreted early
during infection by C. trachomatis and is phosphorylated in the host. Though TepP
generally lacks sequence homology to other proteins it’s phosphorylation creates
binding sites for proteins with SH2 domains. SH2 domains mediate protein-protein
interactions and we hypothesize that TepP use phosphorylation to bind to Crk I/II
inclusion early during infection (33).
Because of the timing of the translocation of TepP which can occur as early as 15
minutes post infection (Figure 5), we speculated that TepP is important for early
activities such as cell invasion and or Chlamydia migration to the MTOC. TepP does not
appear to be important for invasion into the host cell (Figure 11). TepP deficient bacteria
are capable of entering the host cell at the same rate of WT bacteria and of migrating to
the MTOC. Whether TepP plays a role in entry and migration of the bacteria during
infection of living tissues remains to be determined (91).
While TepP does not seem to play a prominent role in bacterial entry or
migration to the MTOC it leads to changes in the host cell cytoskeleton that can affect
the architecture of A2EN cells. The cell dispersion phenotype is reminiscent of a cell
process which occurs during development, wound healing, and cancer metastasis
known as epithelial to mesenchymal transition (EMT) (92). During EMT epithelial cell
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detach from one another, lose their polarity, and gain the ability to migrate and become
mesenchymal cells (92). H. pylori infection in gastric epithelial cells leads to a
hummingbird phenotype which is also very similar to EMT (93, 94). The induction of
this movement has been implicated in H. pylori’s ability to cause gastric cancer (95).
During the hummingbird phenotype the cells will detach from one another,
elongate/lengthen and migrate. This phenotype is induced by the H. pylori effector
protein CagA during infection (94). We can draw some interesting parallels between
CagA and TepP as both not only induce changes in the host cell, but both are
phosphorylated and both interact with the host cell Crk proteins. Chlamydia has been
correlated with an increased risk in cervical cancer (96). And it is known that EMT is
critical in cancer progression and in the metastatic processes (97). Whether the TepP
induced cell dispersion phenotype performs a similar role as CagA will require further
experimentation.
One potential reason why Chlamydia dismantles cell-cell junctions and induces
cell dispersion is to make more receptors available for EBs, possibly exposing the
basolateral side of cells as an alternative binding surface for Chlamydia (Figure 15). It
may be possible to test this hypothesis by infecting polarized A2EN cells or a 3D tissue
model with WT bacteria and the ΔtepP strain and compare the efficiency of the
generation of infectious units that are produced by these strains in these models.
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Figure 15: Model for Chlamydia induced cell dispersion allowing for a greater
amount of bacterial entry to occur.
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We showed that TepP is important for the generation of infectious progeny. This
phenotype is dependent on which cell line is being infected with A2EN cells showing
the largest growth defect between cell lines. A2EN cells, but not HeLa cells are
susceptible to TepP induced cell dispersion, further providing evidence that there are
cell line specific effects. A2EN cells form polarized monolayers which can be cultured
into 3D tissue models, and will even produce mucin (90, 98). The architecture and origin
of the cells greatly affect Chlamydia infection as investigated by Wyrick (99). So perhaps
as cell culture, imaging, and -omics techniques become more advanced it can lead to the
analysis of infections in a more biologically relevant system. We can use these
advancements to provide a more in depth study of Chlamydia and TepP during infection.

2.7 Materials and Methods
Cell lines, bacterial strains and reagents
Chlamydia trachomatis serotype LGV-L2, strain 434/Bu, and subsequently derived strains
(WT, +pTepP, +pVector, and ΔtepP) were propagated in Vero cells maintained in
Dulbecco's Modified Eagle Medium (Sigma-Aldrich, St. Louis, Missouri, USA)
supplemented with 10% fetal bovine serum (Mediatech, Manassas, Virginia, USA). Vero,
and HeLa cells were propagated in Dulbecco's Modified Eagle Medium (Sigma-Aldrich,
St. Louis, Missouri, USA) supplemented with 10% fetal bovine serum (Mediatech,
Manassas, Virginia, USA). A2EN cells were propagated in keratinocyte-SFM medium
(Gibco, Life Technologies corp., Grand Island, NY, USA) supplemented with 10 % FBS,
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0.5 ng/mL human recombinant epidermal growth factor and 50 μg/mL bovine pituitary
extract. EBs were purified by density gradient centrifugation using Omnipaque 350 (GE
Healthcare, Princeton, New Jersey, USA) as previously described (19). All reagents used
are of analytical grade.
Generation of ΔtepP C. trachomatis strain
Recombinant C. trachomatis strains were generated through a modified version of the
CaCl₂ DNA transformation protocol previously described (100). TargeTron targeted
gene disruption system (Sigma Aldrich,) was used to insert a bla cassette at the tepP
locus, between amino acid 821 and 822 (ATCTCTCTGGATAATACAACGTCTGAGAAA
- intron – TTGCTCATGTCCAGC) in in LGV-L2 434/Bu. Plaque-purified recombinants
were expanded in Vero cells and proper targeting was by PCR with primers flanking the
insertion site, whole genome sequencing, and by western blot analysis with anti-TepP
antibodies.
Inhibitor treatment of Cells
Inhibitor again the Src family, Abl/Arg, and EGFR kinases were used. Cells were
pretreated at the given concentrations (Table 1) for 1 hour before infection began.
Inhibitor treatment was maintained throughout infection until time of collection. In
order to test inhibitor treatment efficiency phosphorylation was tested by total phosphotyrosine blots for both Src inhibitors and Abl/Arg inhibitors.
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Table 1: Inhibitor Concentration
Inhibitor

Activity Against

Concentration

Gleevec

Abl/Arg Kinases

20 uM

PP2

Src family Kinases

25 uM

PP3

EGFR Kinase (Control for PP2)

25 uM

SFK

Src family Kinases

20 uM

Indirect immunofluorescence staining
Human endocervical epithetial cells, A2ENs were seeded at a density of
approximately .08 x 10^6 cells/well in 24-well plates. The following day, cells were
incubated with LGV-L2 EBs at an MOI of 20 or an MOI of 100 where indicated.
Infections were synchronized by centrifugation (3000 rpm for 30 min) at 10°C followed
by a refresh of pre-warmed media (specified above) and then a transferring of the plates
to a 37°C, 5 % CO2 humidified incubator. At the indicated time points, the coverslips
were fixed either with 100% methanol on ice for 15 min or with 3%
formaldehyde/0.025% glutaraldehyde at room temperature for 20 min. Cells were then
permeabilized with 0.1 % TritonX-100 in phosphate buffer saline solution (PBS), blocked
with 5% BSA in PBS for 30 min and stained with antibodies against TepP (1:50), MOMP
(1:500)(1685, GeneTex), p110β (1:50) (Cell signaling #9411), Slc1 (1:500), Crk (1:50)(BD
Transduction Laboratories 610035 clone 22), CrkL (1:100) (Thermo Fisher Scientific PA528622), Eps8 (1:100) (Abcam ab96144), Whole cell stain (deep red) (Thermo Fisher
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Scientific H32721), and Hoechst (Thermo Fisher Scientific H3570) which was used for
staining nucleic acids.
Quantification of Cell dispersion phenotype
Confluent A2EN cells in a 24-well plate infected at an MOI of 100 using the
above protocol for fixation were fixed and stained with methanol, Whole cell stain, Slc1,
and Hoechst. Cells were imaged on Zeiss widefield microscope with a 20X objective and
3 fields were taken in 3 wells per sample. ImageJ was then used to invert the image and
adjust the threshold to exclude the background staining. The area of the blank space was
then calculated using by the analyze particles function. Total blank area was calculated
for each image, the mean was found, and standard error calculated. Graphpad Prism
was used to determine statistical difference with a student’s t-test.
Inside/Outside Staining
A2EN cells were infected at an MOI of 20 by centrifugation (3000 rpm for 30 min)
at 10°C followed by a refresh of pre-warmed media (specified above) and then a
transferring of the plates to a 37°C, 5 % CO2 humidified incubator. At 1 hpi, the
coverslips were fixed with 3% formaldehyde/0.025% glutaraldehyde at room
temperature for 20 min. Following fixation cells were blocked with 5% BSA in PBS for 30
min and subsequent staining with mouse anti-LPS (1:500) (GeneTex, GTX36870). Cells
were then permeabilized with 0.1% TritonX-100 in PBS. Following permeabilization cells
were blocked with 5% BSA in PBS for 30 min and subsequently stained with rabbit anti-
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MOMP (1:500). Cells were then stained with secondary antibodies (anti-rabbit and antimouse 555 and 488 respectively) and Hoechst (Thermo Fisher Scientific H3570) which
was used for staining nucleic acids. Coverslips were mounted on slides using Fluorsave
mounting media (CalBiochem). Slides were imaged using a confocal microscope (Leica
SP5 with diode (405 nm), Aragon ion (488 nm), double solid-state (561 nm) lasers).
Images were acquired using a 100x/1.4 NA oil objective (Leica).
Immunopreciptation (IP)
Antibodies against FLAG (conjugated to magnetic beads (Sigma M8823)) were
incubated for 2 hours at 4°C with total cell lysates collected from one 6-well plate of
A2ENs infected with the indicated C. trachomatis L2 strain. A2ENs were seeded at a
density of approximately 1 x 10^6 and infected the following day at an MOI of 100. Cells
were lysed in 750 μL of RIPA buffer (Sigma R0278) supplemented with 1X EDTA free
protease inhibitor cocktail (Roche, Basel, Switzerland) and Halt phosphatase inhibitor
(Thermo Risher Scientific 78428).
IFU burst assay
A2EN, Vero, and HeLaCas cells were seeded onto 96 well plates (15,000
cells/well) and 24 h later were infected with each one of the strains analyzed (three
biological replicates per time-point) with an MOI of approximately 0.5. For determining
input IFUs, a separate set of wells was infected in identical conditions. For the
calculation of input IFUs, cells infected for 24 hours were fixed with 100% Methanol
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(EMD Millipore) for 10 minutes on ice and stained with anti-LGV-L2 sera followed by
Alexafluor-conjugated secondary antibodies (Invitrogen Life Technologies, Carlsbad,
California, USA). Images were acquired in a Zeiss Axioskop 2 upright epifluorescence
microscope, at least 3 different fields per replicate. Inclusions were counted by
fluorescent microscopy. Input IFUs were very similar among the different strains.
Harvesting of output IFUs was done at 48 hpi, as previously described (101). Output
IFUs obtained were calculated by choosing an appropriate dilution (a MOI between 0.3
and 0.7) from serial dilutions of harvested seeds in Vero cells seeded onto 96 well plates.
After 24 hpi, cells were fixed, stained, and counted (as previously indicated). To
determine the infectious progeny generated per bacterium, total number of infected
progeny released (output) was divided by the total number of infectious particles in the
first sample (input). All statistics were calculated using Graphpad Prism.
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3. Identification and Characterization of TepP’s interacting
partners during infection.
3.1 Introduction
Infection of host cells by bacterial pathogens is mediated in part by secreted
effector proteins, some of which are phosphorylated by host kinases (33, 41, 94, 102).
Phosphorylation of these bacterial effector proteins is known to facilitate interactions
with host cell proteins during infection (103-105). For instance, CagA from H. pylori’s is
translocated to host cells during infection and is phosphorylated by Src and Abl kinases
(95). CagA uses these phosphorylation sites to interact with host cell proteins such as
Crk (95) in a very similar manner to what we propose for TepP. Enteropathogenic E. coli
(EPEC)’s Tir is phosphorylated by Abl and Fyn (a Src kinases family member) kinases
(102, 106). Tir uses its phosphorylation domains to interact with the host cell cytoskeletal
proteins N-WASP and Nck to activate actin polymerization as well as to recruit SHP-2
resulting in suppression of the host immune responses (102, 107). In addition, Tarp can
interact with PI3K, Eps8, SOS, and AbiI during infection and that these interactions are
proposed to be dependent on its phosphorylation state (74). Our data indicates TepP
interacts with Crk I/II and it is predicted to do this through its phosphorylation domain.
These observations suggest that phosphorylation of bacterial effectors by host kinases is
a recurring theme observed during infection of host cells by diverse bacterial pathogens,
and that the phosphorylation states of bacterial effectors facilitate the recruitment of host
cell proteins and pathogen derived modulation of signaling pathways (Figure 16). Two
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of the host cell proteins that are commonly co-opted by bacterial effector are PI3K and
Crk.

Figure 16: Bacterial induction of host cell signaling events through
phosphorylation of effector proteins. With H. pylori on the left, C. trachomatis in the
center, and EPEC on the right.

3.1.1 PI3K protects Chlamydia infected cells from cell death
PI3Ks are a family of phosphoinositide-specific lipid kinases. These kinases and
the lipids species they form regulate a variety of different cellular processes (108). There
are three classes of PI3Ks; Class I which are activated by cell surface receptors (generally
RTKs) primarily catalyze the synthesis of PI 3,4,5 P₃ (phosphatidylinositol-3,4,5triphosphoate) and indirectly lead to the synthesis of PI 3,4, P₂, both of which act as
intracellular signals (108). Class II and Class III PI3Ks synthesize PI3P from PI which is
involved in controlling vesicular trafficking (108). Phosphatidylinositol products,
primarily PI 3,4,5 P₃, of class I PI3Ks drive conformational changes in the
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serine/threonine protein kinase Akt, by directly binding its PH domain (109). These
conformational changes mediate the phosphorylation of Akt at Ser-473 and Thr-308,
which activates Akt (110). Activation of Akt is necessary for mammalian cell survival
since Akt regulates several cell pro survival pathways (110).
During bacterial and viral infections PI3K and Akt play an active role in
promoting host cell survival (111). For example, the Salmonella effector protein SopB
induces sustained activation of Akt during infection in order to block pro-apoptotic
cellular pathways (112). Much like Salmonella and other bacteria, Chlamydia must also
actively promote cell survival during infection by modulating PI3K activity. This is
based on the observation that inhibition of PI3K/Akt during infection sensitizes C.
trachomatis infected cells to cell death signals (113) and PI3K activation stabilizes the
anti-apoptotic Bcl-2 family member McI-1 (113). In addition to its role in stabilizing McI1, PI3K/Akt activation by Chlamydia can lead to the sequestration of the pro-apoptotic
protein, BAD, at the inclusion (away from the mitochondria) (114). Overall PI3K and Akt
can play an important role in maintaining the intracellular niche for Chlamydia to survive
during infection.

3.1.2 Crk proteins promote Chlamydia replication
The Crk family of adapter proteins is composed of 3 main isoforms present in
human cells: Crk I, Crk II, and CrkL. Each isoform contains a SH2 domain and an SH3
domain while Crk II and CrkL have an additional C-terminally located SH3 domain
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(115-117) (87). Phosphorylation of the SH2 domain of Crk isoforms, mediates Crk
binding to tyrosine phosphorylated residues in proteins containing conserved P-X₁-X₂-P
motifs (118). Once bound it interacts with additional proteins through its SH3 domain to
promote activity of bound proteins (115, 117, 119). Crk is involved in many host cell
processes including; signal transduction, maintenance of cytoskeletal elements,
transcription, immune signaling, and is also targeted by bacterial pathogens (87, 120).
Crk binds to STAT5 to induce the transcription of type I interferons and promotes
apoptosis through its binding to Weel/DOCK180/Abl (121-123). In addition to its role in
immune signaling, Crk activity is repurposed by pathogens to manipulate the host cell
cytoskeleton and facilitate bacterial invasion (reviewed in (120)). Crk is important for
pedestal, zipper, and lamellipodia formation during infection by E. coli, Yersina, and
Salmonella respectively (reviewed in (120)). The specific role of Crk during infection
however, can be difficult to pinpoint. This stems from the observations that individual
Crk isoforms can act in combination as heterocomplexes and can also compensate for the
loss of other isoforms that have been inhibited, knocked down, or knocked out (87, 124).
There is relatively little known about the role of Crk during Chlamydia infection.
Crk has not been directly shown to be important for entry of C. trachomatis during
infection of host cells. Crk has been proposed to be important for C. muridarum infection
based on a genome wide siRNA screen that was performed in SH2 cells to identify host
proteins important for Chlamydia infection (73). Additional hits from this screen included
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Abl kinase and its downstream pathways including Crk, WAVE, AbiI, and cortactin
(73), all of which are Crk binding partners. TepP interacts with Crk and TepP plays an
important role in promoting Chlamydia growth and for the manipulation of cytoskeletal
rearrangements, (data in chapter 2 and (33)), we hypothesize that Crk may play an
important role during Chlamydia infection.

3.2 TepP recruits PI3K and Crk to the nascent inclusion during
infection
To identify Chlamydia and host proteins that may assemble into TepP-containing
signaling complexes, we analyzed the +pTepP strain that expresses FLAG-TepP. A2EN
cells were infected for 4h with +pTepP or with +pVector as a control. Infected cells were
lysed under non-denaturing conditions and subjected to immunoprecipitation (IP) with
anti-FLAG antibodies. All proteins in the IP were identified by mass spectrometry. Our
IP analysis revealed that the major human proteins co-purifying exclusively with TepPFLAG included the catalytic (p110α, p110β) and regulatory (p85) subunits of PI3K, CrkL,
and glycogen synthase kinase (GSK) (Figure 17A). The specificity and avidity of these
interactions were verified by immunoblot analysis of FLAG-TepP IPs. CrkL, GSK and
both PI3K subunits (p110 and p85) co-precipitated with TepP during infection (Figure
17B). Reciprocal IP of CrkL and PI3K subunits also co-precipitated phospho-TepP
during infection (Figure 17C and D).
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Figure 17: TepP directly interacts with PI3K and CrkL during infection. (A)
TepP-FLAG immunoprecipitations and proteomic analysis from A2EN cells infected
with +pTepP and +pVector. TepP interactions during infection. The size of letter bubble
is proportional to the number of peptides that co-immunoprecitated with TepP during
infection. (B) FLAG immunoprecipitation during infection with +pTepP and +pVector
control at 4 hours post infection validates the proteomics findings. (C) CrkL
immunoprecipitation during infection with +pTepP and +pVector control at 4 hours post
infection. CrkL co-immunoprecipitates out TepP-FLAG during infection. (D) p110α
immunoprecipitation during infection with +pTepP and +pVector control at 4 hours post
infection. p110α co-immunoprecipitates out phosphotyrosine band the size of TepP.
(Data for part A and B courtesy of Yi-Shan Chen)
CrkL and PI3K bind to tyrosine phosphorylated Tarp in vitro (74). However,
PI3K and CrkL are prominent TepP-binding partners in vivo as assessed by co-IP. To
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assess the role of TepP in the recruitment of these proteins to nascent inclusions, we
infected A2EN cells with WT or ΔtepP strains and determined the localization of the host
binding partners by indirect immunofluorescence. Both PI3K (83%) and Crk L (90%)
were strongly recruited to intracellular bacteria by 4 hpi (Figure 18A and B). The
accumulation of GSK at inclusions was less apparent (48%) (Figure 18A and B). In
contrast, we observed very little association of either PI3K, CrkL or GSK with nascent
inclusions formed by TepP-deficient Chlamydia (Figure 19A and B). Because PI3K and
Crk proteins are involved in multiple signaling pathways and can impact the
organization of the cytoskeleton, activation of innate immune factors, and expression of
pro-survival signals (87, 108, 125-127), these data suggest that TepP recruits signaling
proteins in proximity to early inclusions to locally influence signaling events.
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Figure 18: Chlamydia induces the recruitment of CrkL and PI3K to the nascent
inclusion. (A) A2EN cells infected with WT bacteria fixed and stained and 4 hours post
infection. Chlamydia stained by anti-MOMP (green), anti-CrkL, anti-p110α, or antiGSK3β (red), and Hoechst (blue). (B) Quantification of Chlamydia (MOMP) and p110α,
CrkL, and GSK3β co-localization done on a single cell basis for both WT and ΔtepP
infection. Between 20 and 30 cells were quantified. (Raw images provided by Lee Dolat)
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Figure 19: TepP induces the recruitment of CrkL and PI3K to the nascent
inclusion. (A) A2EN cells infected with ΔtepP bacteria fixed and stained and 4 hours
post infection. Chlamydia stained by anti-MOMP (green), anti-CrkL, anti-p110α, or antiGSK3β (red), and Hoechst (blue). (B) Quantification of Chlamydia (MOMP) and p110α,
CrkL, and GSK3β co-localization done on a single cell basis for both WT and ΔtepP
infection. Between 20 and 30 cells were quantified. (Raw images provided by Lee Dolat)
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Overall these findings indicate that TepP is the main determinant of PI3K, CrkL
and GSK recruitment to nascent inclusions and an important factor for bacterial
replication.

3.3 Recruitment of PI3K and Crk to the nascent inclusion is TepP
dependent but TepP phosphorylation is not required for their
recruitment.
We hypothesized that TepP phosphorylation (Chapter 2) would mediate the
recruitment of SH2 and phosphotyrosine binding (PTB) domain proteins to modulate
signal transduction pathways. Supporting this hypothesis synthetic peptides of 15 aa’s
in length derived from TepP sequence with phosphorylated tyrosine residues Y43, Y496,
and Y504, but not their non-phosphorylated forms, bind to and co-IP Crk from cell
lysates (Figure 20).

Figure 20: TepP phosphorylated peptides bind and co-IP Crk I/II during
infection. Biotinylated peptides incubated with HeLa cell lystates were IP with
streptavidin beads and co-IP’d Crk I/II.
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Given that TepP is a prominent target of Src and PI3K and CrkL contain SH2
domains we first tested if Src activity would be required for the binding of these proteins
to TepP and their recruitment to nascent inclusions. We infected SYF and SYF +Src MEFs
with wild type C. trachomatis and assessed the recruitment of PI3K and CrkL to
intracellular bacteria by immunofluorescence microscopy. Although Src kinases are
required for efficient TepP phosphorylation they are not essential for the recruitment of
PI3K and CrkL to the inclusion (Figure 21). As a complementary approach, we
generated phenylalanine substitutions at the three tyrosine (Y43, Y496, and Y504)
identified as phosphorylation sites. This TepPY43F/Y496F/Y504F mutant was still capable of
forming complexes with PI3K and CrkL and allowed their recruitment to inclusions.
However, TepPY43F/Y496F/Y504F was still phosphorylated during infection as assessed by
phosphotyrosine immunoblots (Figure 22A and B), suggesting that additional TepP
tyrosine residues are phosphorylated.
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Figure 21: The Src kinases are not required for the recruitment of TepP
interacting proteins. MEF, SYF, and c-Src cells infected with WT bacteria fixed and
stained and 4 hours post infection. Chlamydia stained by anti-MOMP (green), anti-CrkL,
anti-p110α, or anti-GSK3β (red), and Hoechst (blue). (Raw images provided by Lee
Dolat)
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Figure 22: The TepPY43F/Y496F/Y504F mutant is still phosphorylated and still recruits
both CrkL and p110α. (A) A2EN cells infected with +pVector, +pTepP, and
+pTepPY43F/Y496F/Y504F and proteins were collected at 1, 2, and 4 hpi. Immunoblot analysis
with anti-p-Tyr and anti-FLAG. (B) A2EN cells infected with +pTepPY43F/Y496F/Y504F bacteria
fixed and stained and 4 hours post infection. Chlamydia stained by anti-MOMP (green),
anti-CrkL or anti-p110α (red), and Hoechst (blue).
Taken all together this data suggests that while Src kinases are important for the
full phosphorylation of TepP, these modifications do not appear to be essential for TepP
to interact with PI3K or CrkL in infected cells.
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3.4 TepP interacting proteins are important for the growth of the
bacteria during infection and are indepently recruited to early
inclusions.
PI3K and the Crk adaptors are important signal transducers in growth factor
mediated activation of receptor tyrosine kinases (87, 126). Both PI3K and CrkL have SH3
and SH2 domains that can mediate protein-protein interactions. Proteins that bind to
Crks at both the SH2 and SH3 domains include p85 (PI3K), paxillin, C3G, Abl, Arg, Cas,
and SOS (87, 126). Similarly the p110 and p85 PI3K subunits interact with a variety of
proteins including Fyn, Lyn, Src, Fak, and Bcr (108, 126, 128). During influenza infection,
the viral protein, NS1 binds to p85 and CrkL to activate PI3K activity (129, 130).
Furthermore, because CrkL and PI3K can interact with each other we tested the
possibility that the association of these proteins with TepP may be co-operative. We
generated HeLa cell lines lacking the p110α subunit of PI3K, CrkL, and CrkI/II by
CRISPR/Cas9-mediated gene disruptions (Figure 23B), infected them with C. trachomatis
expressing TepP-FLAG, and determined the degree of co-localization by indirect
immunofluorensence of PI3K or Crk with anti-MOMP antibodies. We did not detect any
major differences in the efficiency of co-localization of the bacteria with PI3K in CrkLdeficient HeLa cells and vice versa (Figure 23A) suggesting that CrkL and PI3K engage
TepP independently of each other.
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Figure 23: PI3K and CrkL associate with TepP on nascent inclusions
independently of each other and regulate Chlamydia replication. (A) All HeLa Cas9
cells infected with WT bacteria fixed and stained and 4 hours post infection. Chlamydia
stained by anti-CrkL or anti-p110α (red) and Hoechst (blue). (B) Crispr/Cas9 KO cell
lines. Each KO cell line does not express the targeted protein. Immunoblot done using
anti-p110α, anti-CrkL, anti-Crk I/II, and anti-tubulin. (C) IFU burst assay, in which the
HeLa Cas9 cells were infected with either WT or ΔtepP bacteria for 48 hours. Cells were
osmotically lysed at 48 hours and re-infected. The output has been normalized to the
input bacterial numbers. (Raw images provided by Lee Dolat)
Previous studies indicated that both PI3K and Crk proteins are important for the
replication of Chlamydia in the host cell (131). We assessed the efficiency of the various
HeLa edited cell lines to generate C. trachomatis infectious particles. PI3K-deficient HeLa
cells displayed ~50% defect in the generation of infectious EBs at 48 hpi. CrkL and
CrkI/II deficient lines only displayed mild defect (<25%) (Figure 23C). However, we did
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not observe differences in the generation of EBs between wild type and TepP-deficient
Chlamydia in HeLa cells. These findings indicate that any role for PI3K and Crk proteins
in enhancing Chlamydia replication is unlikely to be occurring through its interactions
with TepP.

3.5 TepP modulate the activation of PI3K on nascent inclusions.
In the canonical PI3K/Akt signaling pathway, activation of RTK leads to the
recruitment of PI3K to the plasma membranes where it phosphorylates
phosphoinositide (4,5)-bisphosphate (PIP2) to generate phosphoinositide (3,4,5)trisphosphate (PIP3). PIP3 recruits Akt to the plasma membrane via its PH domain,
leading to its phosphorylation and activation (126, 132). Activated Akt is an important
regulator of multiple pro-survival signals (108, 109, 125, 126). Because Chlamydia
infection induces a PI3K-dependent phosphorylation of Akt (114), and TepP binds to
PI3K, we next tested if TepP contributed to the activation of PI3K and Akt during the
early stages of infection. A2EN cells were infected with either wild type or ΔtepP C.
trachomatis and the levels of Akt activation assessed by immunoblot analysis with
phospho-Akt antibodies. Surprisingly in HeLa Cas9 cells we did not observe an
infection-dependent increase in the phosphorylation of Akt at Ser473 (Figure 24A),
though this was only tested through 8 hpi. Akt activation by Chlamydia has been seen to
occur later during infection (114). Despite not seeing this induction however during
infection with WT bacteria we see a decreased amount of pAkt present potentially
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suggesting that TepP may be sequestering PI3K early during infection (Figure 24A and
B). This decrease in pAkt is present even when there is much more WT bacteria than
ΔtepP during infection (Figure 24 B) and PI3K is required for the phosphorylation of Akt
as we no longer see phosphorylation with PI3K inhibitor treatment.

Figure 24: TepP decreases the amount of pAkt during infection. pAkt
immunoblot with staining against AKT, p-AKT, p-Tyr (TepP band), Tubulin, and
MOMP. A) Has fairly similar levels of bacteria and B) shows that the TepP dependent
decrease of pAkt persists even in the presence of more WT bacteria.
Although Akt phosphorylation is a common readout of increased activation of
Class I PI3Ks, additional co-factors like PDK1 are required to phosphorylate Akt (19, 43).
The most direct measurement of PI3K activity is the generation of PIP3. To assess the
amounts and spatial distribution of PIP3 pools, we transfected cells with constructs
expressing EGFP fusions to the PH domains of Bhk and Akt that specifically bind to
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PIP3 (44, 45). We observed a marked proliferation of PIP3 positive intracellular puncta in
cells infected with wild type but not ΔtepP C. trachomatis. These puncta were not
observed in PI3K deficient cells, suggesting that TepP mediates the localized formation
of PIP3 though the activation of PI3K activity (Figure 25).

Figure 25: TepP’s influences PI3K activity during infection. (A) All HeLa cells
(WT or p110α KO) infected with WT or ΔtepP bacteria were fixed and stained and 4
hours post infection. Chlamydia stained by MOMP (red) and PIP3 enriched membranes
by AktPH-GFP (green). (B) Quantification of the punctate induced in a TepP dependent
manner was done on a per image basis with 7-10 fields total. Significance was
determined by a student’s t-test with * p< 0.01 and ** p< 0.001. (Raw images provided by
Lee Dolat)
Taken all together this data suggests that TepP is both involved in activating
PI3K to induce PIP3, not at the plasma membrane, but intracellularly, and potentially
that it is sequestering PI3K from the plasma membrane where it can activate Akt (Figure
26).
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Figure 26: TepP both activates and sequesters PI3K early during infection. (A)
Model in which TepP is present to sequester PI3K during infection and activate it to
generate PIP3 intracellularly. (B) Model in which TepP is not expressed by the bacteria
allowing for more pAkt to be produced around the cell membrane.
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3.6 Conclusions and implications
We originally hypothesized that the phosphorylation of TepP would mediate
most interactions with host factors, we determined that for PI3K and CrkL recruitment
to inclusion or its binding to TepP is not very sensitive to these posttranslational
modifications. TepP, like Tarp, can be phosphorylated during infection (2, 3). The Src
family of kinases predominately phosphorylates TepP in vitro but there are likely other
kinases capable of phosphorylating TepP during infection. We also determined that
introducing mutations in the 3 originally identified tyrosine phosphorylation sites did
not block all phosphorylation sites during infection. Although we hypothesized that
phosphorylation of TepP is required for recruitment/interaction of Crk and PI3K, but
both were recruited to the inclusion in Src kinases deficient cells and during infection
with the +pTepPY43F/Y496F/Y504F strain in A2EN cells. Immunoprecipitation of FLAG-TepP
from lystates of infected SYF cells or from lystate of A2ENs infected with
+pTepPY43F/Y496F/Y504F were both able to co-immunoprecipitate out PI3K and Crk (data not
shown). Therefore, neither the Src kinases nor the 3 known tyrosine sites are important
in mediating TepP’s protein-protein interactions with PI3K or with Crk. Only after more
comprehensive phosphoproteomic analysis of infected cells did we identify additional
phosphorylation sites, and possible SH2 binging domains (Chapter 4). Crk may interact
new sites and a proline rich region has been determined at the C-terminus of TepP
which could also facilitate PI3K binding. Further work and investigation is needed to
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determine the sites for protein-protein interactions of these proteins. This could be done
in vitro by alanine scanning mutagenesis of TepP or by creating truncations of TepP and
assessing for the ability of TepP to interact with purified Crk and/or PI3K.
Previous genome wide RNAi screens indicated that PI3K and Crk proteins are
required for optimal Chlamydia replication (73). These replication defects were
recapitulated in HeLa cells were p110α and Crk genes had been inactivated through
CRISPR/Cas9-mediated gene editing, with loss of p110α showing the greatest defect.
However, the growth defects seen are independent of TepP in HeLaCas9 cells, but WT
Cas9 cells do not demonstrate a TepP dependent replication defect like A2EN cells. Crk
and PI3K may be involved in; facilitating entry, activation of pathways important for
nutrient acquisition, and/or inactivation of cell defense mechanisms.
PI3K generates PIP3 and activates Akt through phosphorylation. Despite TepP’s
clear induction of PI3K activity by increased levels of PIP3 we do not see increased
levels of pAkt suggesting a lack of Akt activation. In fact, pAkt levels are mildly
repressed in the presence of TepP. Taken together, these observations suggest that TepP
plays an unexpected role in PI3K activation, where it induces the generation of PIP3
locally at the nascent inclusion, but it is repressing activation of Akt. It may be possible
that TepP recruitment of PI3K on nascent inclusion may potentially sequester it away
from the plasma membrane where it is responsible for activating Akt. PIP3 may play an
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important role in Chlamydia replication or inclusion dynamics during infection (Chapter
6).

3.7 Materials and methods
Cell lines, bacterial strains and reagents
Chlamydia trachomatis serotype LGV-L2, strain 434/Bu, and subsequently derived strains
(WT, +pTepP, +pVector, +pTepPY43F/Y496F/Y504F, and ΔtepP) were propagated in Vero cells
maintained in Dulbecco's Modified Eagle Medium (Sigma-Aldrich, St. Louis, Missouri,
USA) supplemented with 10% fetal bovine serum (Mediatech, Manassas, Virginia, USA).
Vero, and HeLa cells were propagated in Dulbecco's Modified Eagle Medium (SigmaAldrich, St. Louis, Missouri, USA) supplemented with 10% fetal bovine serum
(Mediatech, Manassas, Virginia, USA). A2EN cells were propagated in keratinocyte-SFM
medium (Gibco, Life Technologies corp., Grand Island, NY, USA) supplemented with 10
% FBS, 0.5 ng/mL human recombinant epidermal growth factor and 50 μg/mL bovine
pituitary extract. EBs were purified by density gradient centrifugation using Omnipaque
350 (GE Healthcare, Princeton, New Jersey, USA) as previously described (19). All
reagents used are of analytical grade.
IFU burst assay
HeLaCas cells were seeded onto 96 well plates (15,000 cells/well) and 24 h later were
infected with each one of the strains analyzed (three biological replicates per time-point)
with an MOI of approximately 0.5. For determining input IFUs, a separate set of wells
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was infected in identical conditions. For the calculation of input IFUs, cells infected for
24 hours were fixed with 100% Methanol (EMD Millipore) for 10 minutes on ice and
stained with anti-LGV-L2 sera followed by Alexafluor-conjugated secondary antibodies
(Invitrogen Life Technologies, Carlsbad, California, USA). Images were acquired in a
Zeiss Axioskop 2 upright epifluorescence microscope, at least 3 different fields per
replicate. Inclusions were counted by fluorescent microscopy. Input IFUs were very
similar among the different strains. Harvesting of output IFUs was done at 48 hpi, as
previously described (101). Output IFUs obtained were calculated by choosing an
appropriate dilution (a MOI between 0.3 and 0.7) from serial dilutions of harvested
seeds in Vero cells seeded onto 96 well plates. After 24 hpi, cells were fixed, stained, and
counted (as previously indicated). To determine the infectious progeny generated per
bacterium, total number of infected progeny released (output) was divided by the total
number of infectious particles in the first sample (input). All statistics were calculated
using Graphpad Prism.
Indirect immunofluorescence microscopy
A2EN cells were seeded at a density of approximately 8 x 10^4 cells/well on glass
coverslips pre-coated with 30 μg/mL collagen in 20 mM acetic acid (Spectrum) for 5 min
and rinsed twice with fresh media. HeLa cells were seeded at a density of 5 x 104
cells/well on glass coverslips. The following day, CTL2 EBs were added at the indicated
MOIs (20 or 100). Infections in A2EN cells were synchronized by centrifugation (500 x g
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for 5 min) at 10°C whereas infections in HeLa cells and MEFs were synchronized by
centrifugation (1,000 x g for 20 min) at 10°C.The media was replaced and the infected
cells transferred to a 37°C, 5 % CO2 humidified incubator. Coverslips were fixed with
ice-cold 100% methanol for 15 min, rehydrated with PBS (3 x 5 min washes), and
blocked with 2% BSA in PBS for 20 min
To assess the levels of PIP3 on early inclusions, HeLa cells were transfected with a
plasmid encoding PH-Akt-GFP. After 24h, cells were infected with CTL2 or CTL2
formaldehyde (Sigma) in
PBS for 20 min. Cells were quenched with 0.25% ammonium chloride (Sigma) and
permeabilized/blocked with 2% BSA containing 0.1% saponin for 30 min.
Rabbit antibodies against TepP (1:50) (6), p110α (1:100) (Cell signaling #9411), Slc1
(1:500) (6), Crk (1:50) (BD Transduction Laboratories 610035 clone 22), CrkL (1:100)
(Thermo Fisher Scientific PA5-28622) and a mouse antibody against MOMP (1:500)(sc57678, Santa Cruz) were diluted in PBS containing 2% BSA. Secondary antibodies
include Goat-anti-Mouse (H+L) Alexa Fluor 488 and Alexa Fluor 555 (Thermo Fisher
Scientific A11001 and A21422), and Goat-anti-Rabbit (H+L) Alexa Fluor 488 and Alexa
Fluor 555(Thermo Fisher Scientific A11034 and A21428), were diluted in PBS containing
2% BSA. Hoechst (Invitrogen; H3570) was diluted in PBS and incubated on the cells for
10 min. Coverslips were mounted on slides using Fluorsave mounting media
(CalBiochem).
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Cells were imaged using a confocal laser scanning microscope (LSM 880; Zeiss equipped
an Airyscan detector (Hamamatsu) and diode (405 nm), Aragon ion (488 nm), double
solid-state (561 nm), and helium-neon (633 nm) lasers. Images were acquired using a
60x/1.4 NA oil objective (Zeiss) and deconvolved using automatic Airyscan Processing
in the Zen Software (Zeiss). In Fig 6B, PH-Akt-GFP expressing HeLa cells were imaged
using the Zeiss AxioObserver Z.1 widefield microscope equipped with a motorized
stage and a camera (Axiocam MRm; Zeiss). Image were acquired using a 63x/1.4 NA oil
objective (Zeiss) and the AxioVision 4.1 software.
Image Processing
All images were processed using ImageJ open source software (ImageJ). Linear
adjustments were made for all images and max projections from Z-stacks are portrayed.
Quantification of recruitment of proteins to the nascent inclusion was performed in
ImageJ using the JACoP (Just another co-localization plugin) on a per cell basis on each
z-slice of an image. The percent co-localization was calculated using distance based colocalization and the % of positive thresholded pixels of MOMP that associate with
thresholded pixels of the either p110α, CrkL, or GSK3β proteins. Thresholds were set to
eliminate background signals in both MOMP and TepP associated protein channels.
Strictly set thresholds help to reduce the number of false positive co-localization
calculations. Quantification of PIP3-positive puncta (PH-Akt-GFP) was performed by
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using the Analyze Particles function in ImageJ. Strict thresholding parameters were
applied to reduce the number of false positives.
Immunoprecipitations
Antibodies against CrkL (PA5-28622), p110α (Cell Signaling Technology 4249S (α)), and
FLAG (conjugated to magnetic beads (Sigma-Aldrich, St. Louis, Missouri, USA M8823)
were incubated for 2 hours at 4°C with total cell lysates derived from 6x106 A2EN cells
infected with the indicated C. trachomatis CTL2 strains at an MOI of 100. Infected cells
were lysed in 750 μL of Radioimmunoprecipitation assay buffer (RIPA) buffer (Sigma
R0278) supplemented with 1X EDTA free protease inhibitor cocktail (Roche, Basel,
Switzerland) and Halt phosphatase inhibitor (Thermo Risher Scientific 78428). After a 2hour period, CrkL and p110α samples were incubated for 1 hour at 4°C with magnetic
protein A conjugated beads (SureBeads Protein A Magnetic Beads, Bio-Rad 161-4011).
All magnetic beads slurries were then washed 5X with 200 μL of lysis buffer and bound
proteins were eluted in Laemmli sample buffer and identified by western blot analysis.
Identification of TepP-FLAG interacting proteins.
Four 15 cm dishes of confluent human A2EN cells were infected either with CTL2M062G1 (tepPQ103*) or CTL2-M062G1 transformed with a plasmid expressing TepPFLAG. Cells were infected at an MOI of 50 by rocking at 4°C for 30 min in HBSS
(Hank’s Balanced Salt Solution) (Invitrogen Life Technologies, Carlsbad, California,
USA), following by shifting to 37°C after adding warm keratinocyte-SFM medium. After
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4 hours, cells were washed once with cold PBS and lyzed on ice by scrapping in lysis
buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 5 % glycerol; pH 7.4)
supplemented with 1 mM phenylmethylsulphonyl fluoride (PMSF), 1X EDTA-free
protease inhibitor cocktail (Roche, Basel, Switzerland) and Halt phosphatase inhibitor
(Pierce, Rockford, Illinois, USA). Cell debris was pelleted by centrifugation and the
supernatants were transferred to a new tube. Around 100 μl of anti-FLAG M2 magnetic
beads (M8823) were added to each tube and mixed by constant rotation at 4°C for 4
hours. After 5 washes with lysis buffer, the bound proteins were eluted with Pierce
Elution buffer (pH 2.8) (Pierce, Rockford, Illinois, USA)
Proteins were concentrated using 0.5 mL Amicon 10 MWCO filters into ammonium
bicarbonate. After concentration, samples were separated on a NuPAGE 4-12% Bis-TRIS
SDS-PAGE gel (ThermoFisher Scientific). After staining with Novex colloidal coomassie
stain (ThermoFisher Scientific), three bands were isolated for each sample, covering the
approximate molecular weight range from 20 kDa to 150 kDa. The three bands per
sample were excised, destained, and the proteins in the bands were digested with
trypsin according to the ‘‘In-Gel Tryptic Digestion Protocol’’ available at
(http://www.genome.duke.edu/cores/proteomics/sample-preparation/). Briefly, bands
were destained with 1:1 MeCN/water, reduced with 10 mM dithiothreitol and alkylated
with 20 mM iodoacetamide, then dehydrated in MeCN and swelled in 50 mM
ammonium bicarbonate containing 10 ng/ml trypsin. Digestion was carried out
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overnight at 37°C, and digestion was quenched and peptides were extracted using 0.1%
v/v TFA in 1:1 MeCN/water. Samples were dried and reconstituted in 10 ml 1/2/97 v/v/v
TFA/MeCN/water for mass spectrometry analysis. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for peptide sequencing was performed on a
nanoAcquity UPLC coupled to a Synapt G2 HDMS (Waters Corporation). Raw data was
processed in Mascot Distiller (Matrix Sciences) and Mascot Server v2.5 (Matrix Sciences)
was used for database searching. A custom *.fasta database was constructed from
combining the curated human proteome (uniprot.org) and Chlamydia trachomatis
L2/434/Bu genome along with common laboratory contaminants. Database searching
used 10 ppm precursors and 0.04 Da product ion tolerance, fixed carbamidomethylation
(Cys), variable oxidiation (Met) and deamidation (NQ). Database search results were
curated in Scaffold (Proteome Software) to a 0.38% peptide FDR and 0.5% protein FDR,
using decoy database searching and the PeptideProphet algorithm.
Generation of CRISPR/Cas9 KO cells
HeLa KO cell lines were generated by stable integration of vectors expressing single
guide (sgRNA) into Cas9 expressing HeLa cells. The following sgRNAs were used:
GAGGACATGGTGTTGGACCG (CRKL), GACTTTAGAATGCCTCCGTG (PI3KCA),
GGGGAGGTTGAGTCGGCAGG (CRK). To generate transducing viruses, HEK293T
cells were co-transfected with the vectors; pasPAX2, pCMV-VSV-G, and the sgRNA in
lentiGuide-Puro (addgene), three times at 12 hour intervals. Supernatants containing
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virus were collected from, filter sterilized (0.2 μm), and incubated with HeLa-Cas9 cells
(Duke Functional Genomics Core facility) at 48 and 72 hours. At 24 hours after the last
round of viral infections, the media was replaced with fresh media containing 5 μg/mL
of puromycin to select for stably transduced cells. Selection was continued until all cell
in mock virally infected cells were dead. Cells were then clonally isolated by limiting
dilution and ach cell line was assessed for protein expression by immunoblot analysis.
Generation of TepP mutants
TepP tyrosine phosphorylation mutants were generated using site directed mutagenesis
with the Q5 site-directed mutagenesis kit (New England Biolabs, E0554S). Each tyrosine
site (Y43, Y496, and Y504) was mutated individually to phenylalanines in the +pTepP
vector (6). Each version of the plasmid was transformed into C. trachomatis L2- M062G1
(TepP deficient strain) using a modified version of the CaCl₂ transformation protocol
previously described (54). Expression and translocation of TepP variants was verified
with FLAG anti-bodies in immunoblot and immunofluorescence staining.
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4. TepP induces changes in the phosphoproteome during
Chlamydia infection.
4.1 Introduction
Chlamydia is known to induce changes in the host cell phosphoproteome during
infection (133), including the tyrosine phosphorylation of proteins of approximately 70,
100, and 150 kDa in size (133). These phosphorylation events are also induced in human
spermatozoa, epithelial cells, fibroblasts, and macrophages suggesting that the induction
of phosphorylation is cell line independent (134, 135). The 70 and 100 kDa
phosphorylation changes are also Chlamydiae species dependent and can be found only
in C. trachomatis and C. muridarum infected cells (136).
There have been many attempts at identifying proteins that are tyrosine
phosphorylated during Chlamydia infection. Both the ~70 and 100 kDa bands are not
membrane associated and can be found in both soluble and insoluble fractions post
cellular fractionation (135). The 70 kDa band was additionally found to be
phosphorylated at serine residues (135). It was suggested that the 70 kDa was Cortacin
due to its presence at the inclusion during infection and because of its colocalization
with phosphotyrosine staining (135). All of the changes in the phosphoproteome where
presumed to be of host cell proteins, but that perception was changed when it was
recognized that bacterial effectors are also subject to phosphorylation upon translocation
into the host cell. Tarp was identified as a T3S effector that is rapidly phosphorylated
upon its entry into the host cell and contributes to the majority of the prominent 150 kDa
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immunoreactive band (64). Other groups sought to directly identify the phosphorylated
bands by immunoprecipitation with anti-phosphotyrosine antibodies couple with mass
spectrometric analysis of selected bands excised from protein gels (137). Based on this
analysis it was proposed that the 70 kDa immunoreactive band constituted Ezrin, a host
cell cytoskeleton protein (137). Two caveats of this approach however was that they only
cut small sections for mass spectrometry analysis and that database searches were likely
restricted to host cell proteins.
During out characterization of protein lystates collected from cells infected with
+pVector and ΔtepP we noticed that the major tyrosine phosphorylation bands at both
~70 kDa and 100 kDa were absent in cells infected with ΔtepP C.trachomatis (Figure 27
and (33)). As TepP is responsible for inducing the ~70 and 100 kDa immunoreactive
band during infection we decided to compare the phosphoproteome of cells infected
with the TepP deficient and complimented strains to identify these protein species.
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Figure 27: TepP induces changes in the tyrosine phosphorylation pattern of
infected cells. (A) Time course of C. trachomatis infections of HeLa cells. The 70 and 100
kDa bands, as indicated by the arrows, are absent in the +pVector strain but are present
during both WT and +pTepP infections. Immunoblots with anti-p-Tyr antibodies. (B)
WT and ΔtepP infection in A2ENs shows the same pattern in which TepP induces the
phosphorylation at 70 and 100 kDa, arrows. Immunoblot analysis stained with anti-pTyr, TepP, Tubulin, and MOMP.

4.2 Identification of TepP dependent changes in the
phosphoproteome of infected cells by quantitative mass
spectrometry.
Approximately 3% of the human genome encodes for kinases and nearly 30% of
all proteins expressed are phosphorylated at some point (138-140). Phosphorylation is a
very dynamic process and can change rapidly in response to a range of intra and
extracellular stimuli (140, 141). Protein phosphorylation can be identified by several
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approaches. First, if antibodies are available against the protein of interest, the target
protein can be immunoprecipitated and phosphorylated residues identified by mass
spectrometry. This approach is highly sensitive and useful for known protein targets.
However, if the aim is to identify global phosphorylation changes in response to stimuli
or specific kinases it is best to use broad enrichment strategies prior to identification by
mass spectrometry (142). Enrichment of phosphorylated peptides is commonly
completed in one of two ways. Chemical modification such as; affinity tagging and
thiophosphorylation (141, 143-147) can provide peptide enrichment in a non-direct
manner. Direct enrichment of phosphorylated peptides can be achieved with
phosphotyrosine/serine/threonine antibodies, immobilized metal affinity
chromatography, and cation exchange (Fe3+4, Zr4+5, and Ti4+6) (148-159).
Once enriched the peptides, and corresponding proteins can be identified by
mass spectrometry. Quantitative phosphoproteomic analysis is typically done in of 2
ways: label and label free. One of the most common methods for labeled quantification
is using Stable Isotope Labeling by Amino Acids in cell culture (SILAC) (160). SILAC for
Chlamydia infected cells may not allow for us to identify the Chlamydia proteins due to
suboptimal labelling of Chlamydial proteins with heavy amino acids and SILAC in
general may introduce additional quantitative variation (161). SILAC has been used to
identify changes in the host cell proteome and the host cell proteins on the inclusion
during Chlamydia infection, but has not been used to identify Chlamydia proteins (162,
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163). Label-free proteomics generally allows for more flexible experimental designs but
does require rigorous analytical and informatic requirements to ensure reproducibility
(161, 164). We chose a label-free quantitative phosphoproteomic approach to identify the
changes in protein phosphorylation during infection.
We took two approaches to identify the changes that occur to the
phosphoproteome upon Chlamydia infections: phosphotyrosine immunoprecipitation
and titanium dioxide enrichment. Phosphotyrosine immunoprecipitation selects directly
for tyrosine phosphorylated peptides, while TiO₂ enrichment uses ion exchange to select
for the polar phosphate groups present on tyrosine/serine/threonine phosphorylated
peptides. We took whole cells from 16 6-well plates to give us approximately 1.5 mg of
total protein. These cells had been infected with +pTepP or +pVector bacteria with an
MOI of 100 for 4 hours. For quantification we analyzed 3 biological replicates for each of
the following three samples: mock infected, +pTepP, and +pVector infected cells. In
collaboration with the Duke proteomics core facility we lysed the cells, digested proteins
with trypsin, enriched for phosphorylated peptides by the affinity-based methods listed
above, and identified the phosphorylated peptides using liquid chromatography tandem
mass spectrometry (lc-ms/ms) (Figure 28).
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Figure 28: Identification of the phosphoproteome during infection. (A)
Schematic of the samples processing, where infected cells are lysed, digested, and
phosphopeptides enrichment takes place and samples are identified use lc-ms/ms. (B) pTyr immunoblot of samples sent for phosphoproteomic analysis.
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4.2.1 Titanium dioxide enrichment and phosphoproteomic analysis
identifies major changes during infection in the serine and threonine
phosphorylated proteins.
Titanium dioxide (TiO₂) enrichment and phosphoproteomic analysis of infected
cells has allowed for us to gain insight into the phosphorylation of proteins in response
to C. trachomatis infection. Using TiO₂ enrichment we identified 757 unique
phosphorylated peptides. Principle component analysis (PCA) illustrated that each
sample population was unique compared to each other, and that even though there is
variation between biological replicates there are no major outliers from their associated
groups (Figure 29). The most distinct population of phosphopeptides was found in the
Mock infected cells (Figure 29). This suggests that infection, independent of TepP, is
inducing changes in phosphoproteome. Of these changes that are induced during
infection there is a distinct set of differences that can be attributed specifically to TepP.
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Figure 29: PCA of TiO₂ enrichment and phosphoproteomic analysis by lcms/ms. The distinct groups are represented by color Mock (green), +pVector (red),
Quality control (QC, a mix of all samples, black), and +pTepP (blue). The third axis (PC3)
is represented by the size of the circle.
We calculated the fold change of peptide counts between +pTepP, +pVector, and
Mock infected samples. There were 44 peptides whose phosphorylation status changed
in response to TepP during infection with a fold change greater than 1.5 fold and a
significance of <0.15 as determined by a Student’s T-test (Table 2). Of the 44
phosphorylated peptides which met our criteria the two most highly TepP regulated
peptides are associated with Calpastatin and Stathmin whose phosphorylation is
decreased and increased respectively.
Calpastatin: Calpastatin is an inhibitor of calpain, and its phosphorylation can affect its
localization and activity (165-168). Calpastatin is phosphorylated at multiple sites (over
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20) with several of these leading to the activation of this inhibitor (166). Calpain,
Calpastatin’s inhibitory substrate, promotes the degradation of p53 (169). Bacteria have
been shown to modulate Calpain’s activity during infection to manipulate the host cell
and promote p53 degradation (170). Calpain is activated during Shigella flexneri infection
and is important in promoting p53 degradation to impair cell death during infection
(170). CagA from H. pylori additionally induces p53 degradation through PI3K and Akt
activity (171, 172). Chlamydia also decreases p53 levels during infection (173, 174). We
hypothesize that TepP may impact the function of calpastatin, by down regulating its
phosphorylation, which could help to stabilize calpain and contribute to p53
degradation.
Stathmin: Stathmin is a microtubule-destabilizing protein which a downstream target of
many signal transduction pathways (175). Stathmin acts as a tubulin sequestration
protein to destabilize microtubules (176, 177) and plays an important role in the cellcycle with phosphorylation inactivating stathmin (reviewed in (178). Listeria protein
ActA interacts with stathmin during infection (179, 180) and many secreted bacterial
protein including Chlamydia’s CopN are thought to act in a microtubule destabilizing
manner (181). TepP may be promoting the inactivation of stathmin activity during
infection by increasing its phosphorylation state (the consequences of this particular
phosphorylation site on stathmin function remain to be determined) and indirectly
regulating microtubules dynamics during infection.
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Table 2: Table of phosphorylated peptides with a fold change greater than 1.5
fold of +pVector vs. +pTepP (up regulated in response to TepP (green) and down
regulated in response to TepP (red)) and a p-value less than 0.15 as determined by a
student’s t-test.
Peptide Counts
Fold
Identified Peptide (Protein Name)

+pVector

+pTepP

Mock

Change

p-value

Calpastatin

74.19777

147.8193

80.5621

-18.68008

0.15632

Serine/arginine-rich splicing factor 9

50.48753

139.4893

91.37866

-8.61474

0.082108

Tumor suppressor p53-binding protein 1

52.26266

136.8542

95.36694

-4.132032

0.113665

Neuroblast differentiation-associated protein AHNAK

11.2312

10.02421

14.79522

-3.050527

0.005757

Neuroblast differentiation-associated protein AHNAK

3.410119

20.45545

11.84597

-3.029551

0.00065

Myristoylated alanine-rich C-kinase substrate

20.51186

63.0184

15.22809

-2.987663

0.017324

Myristoylated alanine-rich C-kinase substrate

13.56296

43.41629

18.10455

-2.783362

0.006135

Transmembrane and coiled-coil domains protein 1

24.94768

101.2628

85.89249

-2.608038

0.093065

Neuroblast differentiation-associated protein AHNAK

15.28851

8.871777

37.60853

-2.58958

0.01632

Ephrin type-A receptor 2

33.78287

101.7528

10.21525

-2.533877

0.118446

Src substrate cortactin

21.01737

20.59111

25.52436

-2.07482

0.033655

Periphilin-1

6.032154

76.33511

74.17572

-2.072367

0.131946

Alpha-S1-casein

25.77903

62.95812

48.88964

-2.051041

0.093212

182 kDa tankyrase-1-binding protein

41.53862

27.98861

50.68767

-2.031942

0.158902

Myristoylated alanine-rich C-kinase substrate

24.99086

44.37685

49.82102

-2.010292

0.060299

Myosin phosphatase Rho-interacting protein

21.26224

31.57841

37.63332

-2.00588

0.034303

Protein FAM83H

24.1874

33.14286

7.154141

-1.94636

0.052804

LIM domain only protein 7

21.13741

22.80075

13.50144

-1.871713

0.041477

Src substrate cortactin

28.62345

31.1395

24.44594

-1.858667

0.088758

Sodium-coupled neutral amino acid transporter 1

6.982382

35.47994

6.120184

-1.797743

0.04738

Myristoylated alanine-rich C-kinase substrate

20.39676

64.18365

12.46263

-1.78303

0.158494

OCIA domain-containing protein 1

10.09616

38.35134

17.02417

-1.707224

0.067935

Lysophospholipid acyltransferase 2

20.38705

47.15464

21.31099

-1.651511

0.130749

HIV Tat-specific factor 1

16.5445

14.51382

8.830356

-1.622981

0.036975

Ladinin-1

12.96456

11.76747

11.20545

-1.613137

0.019322

Transmembrane and coiled-coil domains protein 2

1.230159

36.28047

18.15141

-1.528884

0.127151

DNA replication licensing factor MCM2

7.656805

17.163

8.771416

-1.485205

0.020002

Putative RNA-binding protein 15

22.33637

16.78829

8.747126

1.45574

0.076165

Apoptotic chromatin condensation inducer in the nucleus

16.85839

15.57369

7.772845

1.47923

0.04869
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Peptide Counts
Identified Peptide (Protein Name)

+pVector

+pTepP

Mock

Fold
Change

p-value

Bcl-2-associated transcription factor 1

38.14275

7.599536

57.01226

1.63781

0.089583

Src substrate cortactin

32.43192

22.23259

24.38284

1.67266

0.078765

E3 SUMO-protein ligase RanBP2

21.4192

16.80755

62.37007

1.76868

0.026006

Thyroid hormone receptor-associated protein 3

16.39639

33.34325

19.56982

1.80919

0.137773

Collagen alpha-1(XVII) chain

12.5287

14.33198

7.185267

1.83151

0.017591

RNA-binding protein 14

8.73079

27.09455

19.06043

2.0156

0.080849

Collagen alpha-1(XVII) chain

28.36831

25.05297

26.55338

2.01735

0.052504

Collagen alpha-1(XVII) chain

39.05766

44.13008

31.24721

2.21665

0.152313

Bcl-2-associated transcription factor 1

37.60538

23.03272

90.02332

2.49511

0.02559

Thioredoxin-related transmembrane protein 1

60.14694

47.54306

28.54794

2.74846

0.131999

Nuclear receptor corepressor 2

105.8802

35.47989

157.0565

2.93707

0.086848

LIM domain and actin-binding protein 1

85.76958

45.26149

132.6587

4.15818

0.083272

Transcription intermediary factor 1-beta

136.0076

60.95491

41.87715

4.69846

0.141104

Stathmin

67.60446

18.58291

83.19938

5.45084

0.005006

Ingenuity Pathway Analysis (IPA) was performed on the differentially
phosphorylated proteins between +pTepP and +pVector, from the 50 total
phosphorylated peptides identified. The major host cellular pathways that are being
impacted by TepP are: Cell morphology, cellular assembly and organization, and cell-tocell signaling and interaction.
We also performed a motif analysis using Motif-X (http://motifx.med.harvard.edu/index.html) on the peptides that are differentially phosphorylated in
the presence of TepP. Such analysis can help identify candidate kinases that are involved
in these phosphorylation events. We identified two main common motifs that are
preferentially phosphorylated in the presence of TepP (Figure 30). The first is a proline
directed motif which does not correspond directly to a kinase. The second is an arginine
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directed motif which is a known CAMKII consensus motif. CAMKII, or
Ca2+/calmodulin-dependent protein kinases II, is involved in various calcium signaling
pathways (182), and is well-studied in neuronal cells (183). In epithelial cells CAMKII
has been implicated in the regulation of tight junctions (184). Interestingly, CAMKII
inhibition up-regulates epithelial barriers by increasing the number and size of tight
junctions (184). Our proteomic data suggests that CAMKII is more active which could
lead to a down regulation in epithelial barriers and less tight junctions.

Figure 30: There are two main motifs overrepresented in phosphorylated
peptides that increase in response to TepP-expressing Chlamydia. The first is a proline
motif: SP and the second is an arginine motif of R-x-x-S.
TiO₂ enrichment followed by lc-ms/ms allowed us to identify robust changes in
the phosphoproteome during infection, largely theorine and serine phosphorylation
changes. We have also indirect evidence that CAMKII is activated in a TepP dependent
manner during infection. Overall, infection alters the phosphoproteome and TepP is
required for a subset of these changes.
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4.2.2 Immuno-precipitations of tyrosine phosphorylated proteins
identifies major TepP-dependent changes during infection.
The TiO₂ enrichment approach is limited in that it primarily selects for the most
abundant modification: serine and threonine phosphopeptides. Tyrosine
phosphorylated peptides only comprise ~0.1% of the totally number of phosphopeptides
and TiO₂ enrichment only led to the indentification of 12 tyrosine phosphorylated
peptides out of a total of 757 peptides. To increase the representation of this important
post translational modification we performed an immunoprecipitation of
phsophotyrosine-containing proteins from Chlamydia infected cells at 4 hpi, followed by
a phosphoproteomic analysis (Figure 28). We identified a total of 1,192 unique peptides
of which 913 were phosphorylated, and 739 were tyrosine phosphorylated. The 739
phosphorylated peptides correspond to 431 phosphoproteins in total. A principle
component analysis (PCA) of the z-scored 739 phosphotyrosine peptides identified that
each sample population was distinct from one other and had low variance between
replicates. The largest difference seen is between mock infected cells and infected cells
(Figure 31).
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Figure 31: PCA analysis of pY IP enrichment of phosphopeptides and lc-ms/ms
analysis. The distinct groups are represented by color Mock (green), +pVector (red),
Quality control (QC, a mix of all samples, black), and +pTepP (blue). The third axis (PC3)
is represented by the size of the circle.
To identify the changes that are induced by TepP-expressing bacteria during
infection we used a strict multiple hypothesis corrected p-value to focus on the peptides
that are significantly enriched in a TepP-dependent manner. We determined that TepP
induces the phosphorylation of Epidermal growth factor receptor kinase substrate 8,
Tarp, Abl kinase, and Crk during infection (Figure 33). Each of these protein exhibited a
p < 0.2 and a fold change greater than 1.5 fold upregulation in the presence of TepP
(Table 3).

84

Table 3: Table of peptides with increased levels of tyrosine phosphorylation upon
infection with TepP-expressing C. trachomatis.
Phosphorylation

Fold

p-

Phosphorylated Peptide corresponding Protein Name

Site

Change

value

TepP

Y496/Y504: SH2 domain

106.95

0.030

TepP

Y496/Y504: SH2 domain

1000

0.078

CT288

Y367

4.87

0.078

Epidermal growth factor receptor kinase substrate 8

Y540: SH3 domain

40.04

0.078

Epidermal growth factor receptor kinase substrate 8

Y540: SH3 domain

16.36

0.078

TepP

Y488: SH2 domain

161.88

0.105

Epidermal growth factor receptor kinase substrate 8

Y774: Effector Region

16.76

0.119

TepP

Y511: SH2 domain

266.25

0.133

TepP

Y55

43.5

0.113

TepP

Y43

101.45

0.192

Tyrosine-protein kinase ABL1

Y393: cell growth

7.89

0.192

Epidermal growth factor receptor kinase substrate 8-like protein 2

Y678

40.87

0.192

Proto-oncogene C-crk

Y92: SH2 domain

4.59

0.192

4.2.2.1 Identification of novel phosphorylation sites in TepP.
The most prominent tyrosine phosphorylated protein we identified TepP itself.
Analysis of each phosphopeptide allowed us to identify 3 novel tyrosine
phosphorylation sites (Figure 32). Prominent phosphorylation sites are located at the cterminus of TepP, with the tandem repeats of Y496 and Y504 having the highest spectral
counts and Y488 with the second highest count numbers.
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Figure 32: TepP is tyrosine phosphorylated on 6 different sites during
infection. 4 of these sites as shown surrounded by a red box, are SH2 domain binding
sites.
A TepP mutant containing all identified phosphorylation sites mutated to
phenylalanines was constructed to see if a “true” phosphorylation deficient mutant
could be made. Unfortunately, this particular TepP variant did not express in C.
trachomatis despite efficient transformation of bacteria (data not shown). Mutations at
the Y55 phosphorylation site seem to destabilize or inhibit efficient translation of TepP
as a TepP construct with mutations in all five phosphosites, except Y55, does express
protein and is still phosphorylated (data not shown).
4.2.2.2 Identification of novel tyrosine phosphorylated Chlamydia effector protein.
We identified 3 bacterial proteins that are tyrosine phosphorylated during
infection. These proteins include: Tarp, which as reviewed above has been previously
identified as tyrosine phosphorylated, TepP, and CT288. CT288 is an uncharacterized
protein found in EBs (19). It is predicted to be an inclusion membrane protein and has a
T3S signal sequence (19). We immunoprecipitated CT288 from infected of A2EN cells
and were able to identify and verify that it is tyrosine phosphorylated (Figure 33).
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Figure 33: CT288 is tyrosine phosphorylated during infection. CT288 was IP
from A2EN cells at 4 hpi followed by immunoblot analysis with anti-p-Tyr and antiCT288.
2.2.2.3 Eps8 is a major target of TepP dependent phosphorylation events and the
major contributor to the 100 kDa Chlamydia induced phosphorylation band.
The major, by spectral counts and fold change, phosphorylation events in the
host cell phosphoproteome that is induced upon TepP translocation into the host cell is
the phosphorylation of Epidermal growth factor receptor (EGFR) kinase substrate 8
(Eps8). Eps8 has two splice forms; with a predominant form of approximately 100 kDa
and a second less common of 70 kDa in size (185). Eps8 was first identified as a
downstream substrate of EGFR-mediated signaling (185). Its major role is as an adaptor
protein to link RTKs, and their extracellular signals to the regulation of the cytoskeleton
(186-191). Eps8 has several domains, including; phosphotyrosine binding domain (PTB),
SH3, and an effector region which is responsible for directly polymerizing actin and for
binding to cytoskeletal modifying proteins (192-195).
Infection with C. trachomatis expressing TepP (WT or +pTepP) specifically
induces the phosphorylation of Eps8 on 2 tyrosine residues. Tyrosine 540 which is
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located in the Eps8 SH3 domain (Figure 34). The Eps8 SH3 regulates its function (192),
by acting as an auto-inhibitory region of the effector region. Once phosphorylated the
SH3 domain releases this auto-inhibition allowing the C-terminus of the protein to bind
actin modifying proteins and polymerize actin (196). The second phosphorylation sites is
located at tyrosine 774 (Figure 36). This phosphorylation site is located in the effector
region and can be found in a helix domain (H5) which is important for actin binding and
polymerization (197).

Figure 34: Eps8 domains and TepP induced phosphorylation sites. TepP
phosphorylation sites are highlighted in magenta.
Chlamydia infection induces the phosphorylation of an approximately 100 kDa
protein but that protein has not yet been identified. Given that the size of this phosphospecies matched the size of Eps8 we sought to test if Eps8 is the major contributor to the
tyrosine phosphorylation band found during infection by constructing an Eps8-deficient
cell line by CRISPR/Cas9 KO mediated gene editing. These cells no longer expressed
Eps8 and lost the 100 kDa phosphorylation band upon infection with WT bacteria
(Figure 35).
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Figure 35: Eps8 is the major contributor to the Chlamydia induced 100 kDa
phosphorylation band during infection. A) WT HeLa Cas9 (left) and Eps8 KO HeLa
Cas9 (right) cells infected with WT C. trachomatis and immunoblot analysis of p-Tyr. B)
Eps8 immunoblot of WT and Eps8 HeLa Cas9 cells shows that there is no longer protein
expressing in the KO cells.
Our tyrosine phosphoproteomic analysis revealed that there are multiple
changes during infection. We identified novel phosphorylation sites on TepP and that
the T3S secreted effector CT288 is phosphorylated during infection. We additionally
identified that the major Chlamydia induced phosphotyrosine bands during infection are
Tarp at 150 kDa, TepP at 70 kDa, and Eps8 at 100 kDa.

4.3 TepP dependent phosphorylation and recruitment of Eps8 to
the nascent inclusions during infection.
To test if TepP indeed induces the phosphorylation of Eps8 we infected A2ENs
with WT, +pTepP, ΔtepP, or +pVector for 4 hours, collected cell lystates,
immunoprecipitated Eps8, and assessed phosphorylation levels by immunoblot analysis
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with anti-p-tyr antibodies (Figure 36). We observed that the phosphorylation of Eps8 is
TepP dependent. Based on the phosphorylation sites on Eps8, we predict that TepP may
activate Eps8. When activated Eps8 associates with AbiI and SOS (198, 199). AbiI, SOS,
and Eps8 have previously been suggested to be recruited to bacterial entry sites in a
Tarp dependent manner (43). Eps8 siRNA mediated gene silencing decreases bacterial
invasion (43). The authors postulated that the Eps8/AbiI/SOS/Tarp complex facilitates
bacterial entry into the host cell (43). However, our data suggests that TepP is a major
factor contributing to phosphorylation of Eps8 during infection. We tested if TepP is also
important for the recruitment of Eps8 to the nascent inclusion by immunofluorescence
microscopy. TepP is required for the recruitment of Eps8 to the early inclusions
beginning at 30 minutes post infection and increasing until at least 4 hours post infection
(Figure 37). We did not observe Eps8 co-localization with the bacteria at early time
points (<10 minutes) post infection. This conflicting data may be cell line specific as we
do see variation in rate of Ep8-punctate formation in different cell lines. Eps8-punctate
formation is TepP dependent regardless of the cell line origin and the loss of TepP
completely abolishes Eps8 localization to the nascent inclusion during Chlamydia
infection (Figure 37).
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Figure 36: Eps8 immunoprecipitation from infected cell shows
phosphorylation only in the presence of TepP. Immunoblot analysis with Eps8 and ptyr.

Figure 37: Eps8 co-localizes with the nascent inclusion in a TepP dependent
manner during infection. Top left and middle) Immunofluorescence with LPS (red),
Eps8 (green), and DAPI (blue) at 4 hpi in A2EN cells infected with WT or ΔtepP bacteria.
Top right and Bottom) Quantification of Eps8 punctate that co-localize with LPS
punctate at 10 mpi, 30 mpi, 1 hpi, and 4 hpi. * denotes p-value >0.01 and *** denotes pvalue > 0.0001 by student’s t-test.
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We next tested if TepP directly interacts with Eps8. It does not appear that TepP
forms a stable complex with Eps8 as neither TepP nor Eps8 co-immunoprecipitate from
infected A2EN cells at 4 hpi (data not shown). Thus, TepP is inducing the
phosphorylation and recruitment of Eps8 without forming a direct complex with it.
Eps8 was originally identified as a downstream target of EGFR activation (185).
Despite being a direct substrate of EGFR, and potentially additional RTKs, Eps8 is
mainly phosphorylated by the Src family kinases (200). We tested if the Src kinases are
required for TepP induced phosphorylation of Eps8 during infection by
immunoprecipitating Eps8 from SYF and c-Src complemented cells. Indeed, Eps8 is
phosphorylated during infection only in the presence of Src kinases (Figure 38 A).
Phosphorylation is important for Eps8’s activity, but it is unknown if phosphorylation is
important for its localization. We assessed the localization of Eps8 in the SYF cell lines
and found that it associates with nascent inclusions during infection of both the SYF, cSrc, and WT MEF cell lines (Figure 38 B). Additionally, A2ENs treated with Src kinases
inhibitors still recruited Eps8 to the nascent inclusion during infection (data not shown).
Taken together this demonstrates that the phosphorylation of Eps8 is not important for
its targeting to the nascent inclusion.
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Figure 38: Eps8 is phosphorylated by the Src kinases during infection, but its
phosphorylation is not required for its recruitment to the nascent inclusion. A) Eps8
immunoprecipitation from SYF infected cells with either +pTepP or +pVector bacteria at
4 hpi. Immunoblot analysis against p-Try and Eps8. B) MEF, SYF, and c-Src cells were
infected with WT bacteria at an MOI of approximately 10 and fixed and stained at 4 hpi
with anti-MOMP (red) and Eps8 (green), and Hoerst (blue).
Overall, these observations indicate that TepP induces the phosphorylation and
recruitment of Eps8 to bacteria. The recruitment of Eps8 in A2ENs begins at 30 min and
become more robust over time. Interestingly, TepP also induces the formation of Eps8
foci that do not always co-localizes with the bacteria at 4 hours post infection (data not
shown). Finally, Eps8’s phosphorylation by the Src kinases has no effect on its
recruitment to bacteria during infection.
93

4.4 Conclusions and implications.
Chlamydia induces robust changes in the phosphorylation of proteins during
infection (Figure 39). We determined that TepP is required for a proportion of these
changes (Figure 39) in both host and Chlamydia proteins. This data set, although limited
to only one time point at 4 hours post infection, provides novel insights into Chlamydia’s
regulation of the host cell and of the modification of Chlamydia proteins by the host cells,
including the changes in the phosphorylation of Calpastatin, AHNAK, cortactin,
Stathmin, and Bcl-2-associated transcription factor 1. All of these proteins have the
potential to influence Chlamydia infection.
We identified additional tyrosine phosphorylation sites on TepP that may
contribute to mediating protein-protein interactions as two of these generate SH2
binding domain sites. All of the predicted SH2 binding domains are in the C-terminal
region within amino acids 488 – 511. Individual mutants and mutant combinations
could be tested for their ability to co-immunoprecipitate PI3K and Crk proteins during
infection, although the combination of tyrosine to phenylalanine mutations of all 6
identified phosphorylation sites led to a proteins that was poorly expressed.
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Figure 39: Representative sampling of Chlamydia and TepP induced changes
in the phosphoproteome during infection.
We observed the tyrosine phosphorylation of CT288 during infection. Tarp
phosphorylation was also altered in the presence of TepP (data not shown). Tarp is
phosphorylated by both the Src and Abl kinases during infection (71). TepP induces the
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phosphorylation of Abl and Crk (Table 3), both of which can affect the activity of Abl,
which may explain the change in the phosphorylation of Tarp. Additional possibilities
may include the regulation of protein levels within and outside of the bacteria or
regulation of the secretion of Tarp in response to loss of TepP.
We propose that TepP regulates the cytoskeleton during infection (Chapter 2) by
modulating the phosphorylation state of Eps8. We proposed a model in which TepP
induces the dissassembly of tight junctions to allow for increased available of Chlamydia
receptors during infection (Figure 15). Eps8 regulates the localization of the tight
junction proteins Zo-1 and occludin and helps to increase the turnover of VE-cadherin to
regulate tight junctions (198, 201, 202). Chlamydia-mediated re-localization of Eps8
during infection may regulate tight junctions (Figure 40). Loss of Eps8 leads to tight
junction disassembly, decrease in blood-barrier functions, and increased cell motility
which contribute to EMT and cancer cell invasion (198, 203-209). Corroborating evidence
for the regulation of tight junctions is suggested by the activation of CAMKII by TepP.
CAMKII activation helps to decrease the number of tight junctions (184). It appears that
TepP regulates cell contacts in multiple ways during infection.
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Figure 40: TepP regulates tight junctions through the localization of Eps8 from
tight junctions during infection.
TepP increases the phosphorylation of Stathmin leading to its inactivation and a
greater stabilization of microtubules during infection. Chlamydia destabilizes
microtubules during infection through CopN. Chlamydia may use CopN to inhibit cell
division, a role similar to stathmin, during infection and Chlamydia accumulates CopN
around 20 hpi (32, 181). TepP maybe important to help to stabilize microtubules, by
promoting the inhibition of Stathmin, early during infection to facilitate migration to the
MTOC.
Finally, TepP decreases the phosphorylation of Calpastatin. Calpastatin is an
inhibitor of calpain which degrades p53 and is activated by phosphorylation (165-169).
TepP could be promoting the degradation of p53 during infection, which in Chlamydia
infected cells occurs in a PI3K-Akt dependent manner, but this has only been proposed
late during infection (174). Since TepP interacts with and activates PI3K (Chapter 3)
97

perhaps this interaction in combination with its down regulation of the activity of
Calpastatin enhance p53 degradation.

4.5 Materials and methods.
Cell lines, bacterial strains and reagents
Chlamydia trachomatis serotype LGV-L2, strain 434/Bu, and subsequently derived strains
(WT, +pTepP, +pVector, and ΔtepP) were propagated in Vero cells maintained in
Dulbecco's Modified Eagle Medium (Sigma-Aldrich, St. Louis, Missouri, USA)
supplemented with 10% fetal bovine serum (Mediatech, Manassas, Virginia, USA).
HeLa-Cas9 and Eps8 KO cells were propagated in Dulbecco's Modified Eagle Medium
(Sigma-Aldrich, St. Louis, Missouri, USA) supplemented with 10% fetal bovine serum
(Mediatech, Manassas, Virginia, USA). A2EN cells were propagated in keratinocyte-SFM
medium (Gibco, Life Technologies corp., Grand Island, NY, USA) supplemented with 10
% FBS, 0.5 ng/mL human recombinant epidermal growth factor and 50 μg/mL bovine
pituitary extract. EBs were purified by density gradient centrifugation using Omnipaque
350 (GE Healthcare, Princeton, New Jersey, USA) as previously described (19). All
reagents used are of analytical grade.
Sample preparation for phosphoproteomic analysis
Approximately 9x105 A2EN cells per well were plated in sixteen 6-well plates the day
before infection with EBs from C. trachomatis strains (+pVector and +pTepP) at an MOI
of 100, with SPG buffer used as a control. Cells were infected using 1mL of cold (10°C)
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media at 1,500 rpm at 10°C for 30 minutes. All plates were then brought up to
temperature by adding 2 mL of pre-warmed (42°C) media. Plates were then incubated as
normal in a 37°C incubator for 4 hours. Cells were washed with cold (10°C) PBS, and 0.5
mL of cold (10°C) PBS + protease inhibitor cocktail and phosphatase inhibitors was
added to each well. Cells were immediately scrapped and consolidated in a 50 mL
conical tube and spin down at 3,000 rpm for 5 minutes at 4 ºC to isolate un-lysed cells.
Supernatant was discarded and the cells re-suspend in 1 mL cold (10°C) PBS + protease
inhibitor cocktail and phosphatase inhibitors and spin down at 3,000 rpm for 5 minutes
at 4 ºC to isolate un-lysed cells. Supernatant was discarded and whole cell pellets were
immediately frozen down and stored at -80 ºC. All sample collection and washing was
done in a tissue culture hood under sterile conditions to reduce the amount of keratin
contamination.
Quantitative TiO₂ enrichment and lc-ms/ms
Sample Preparation. The Duke Proteomics Core Facility (DPCF) received 9 frozen cell
pellets delivered on dry ice. To each pellet, 200 uL of 0.25% ALS-1 surfactant in 50 mM
ammonium bicarbonate (pH 8.0) was added. Samples were subjected to four rounds of
probe sonication for 5s each with an energy setting of 30%. Samples were then
centrifuged at 12,000 g at 4C for 5 minutes. Protein concentrations were determined by
Bradford assay on the supernatant in duplicate (2 uL each assay). Total protein
concentrations ranged from 8.3 mg/mL to 10.2 mg/mL with total protein quantities
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ranging from 3.3mg to 4.1mg. The protein was then transferred to a -80C freezer and
stored for ~2 weeks further sample processing. Samples were thawed and 1.2 mg was
then removed from each and normalized to 2.0 mg/mL with 0.2% ALS-1 in 50 mM
ammonium bicarbonate. To each samples, 45 pmol of Casein_Bovine was added (30
fmol/ug lysate) as an intact protein as an internal standard for phosphopeptide
enrichment. All samples were then reduced for 20 min at 80C with 10 mM dithiolthreitol
and alkylated for 40 min at room temperature with 22 mM iodoacetamide. Trypsin was
added to a 1:50 ratio (enzyme to total protein) and allowed to proceed for 18 hr at 37C.
Samples were then acidified with 0.2% TFA (pH 2.5) for 2 hr at 60C to hydrolyze ALS
surfactant. Following centrifugation, supernatants were frozen and then lyophilized to
dryness.
TiO2 Enrichment. Lyophilized peptides were resuspended in 150uL of 1M glycolic acid
in 80% acetonitrile/1% TFA. Phosphopeptide enrichments were performed on a 200 uL
GL Bioscince TiO2 spin tip as per a standard protocol established in the DPCF:
http://www.genome.duke.edu/cores/proteomics/samplepreparation/documents/GL_Spi
nColumnProtocol_bmr_ejs_mt_061713.pdf . Eluted phosphopeptides were then
lyophilized to dryness and resuspended in 12 uL of 10 mM citric acid in 0.1%TFA/2%
acetonitrile. To create a QC pool to assess analytical reproducibility, 3 uL of each sample
was removed and pooled.
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Quantitative analysis of TiO₂ enriched samples. Quantitative LC/MS/MS was
performed on 4 uL (1/3) of each phosphopeptide enriched sample, using a nanoAcquity
UPLC system (Waters Corp) coupled to a Synapt G2 HDMS high resolution accurate
mass tandem mass spectrometer (Waters Corp.) via a nanoelectrospray ionization
source. Briefly, the sample was first trapped on a Symmetry C18 300 mm × 180mm
trapping column (5 μl/min at 99.9/0.1 v/v water/acetonitrile), after which the analytical
separation was performed using a 1.7 um Acquity BEH130 C18 75 mm × 250 mm column
(Waters Corp.) using a 5-min hold at DPCF –Report –Proj 3658 – Valdivia, TepP
Chlamydia infected cells 23% acetonitrile with 0.1% formic acid and then a 120-min
gradient of 3 to 30% acetonitrile with 0.1% formic acid at a flow rate of 400
nanoliters/minute (nL/min) with a column temperature of 55C. Data collection on the
Synapt G2 mass spectrometer was performed in a data-dependent acquisition (DDA)
mode with 0.3s precursor MS scan (Sensitivity Mode) followed by 3 MS/MS scans at 0.6s
each, for a max cycle time of 3s. A120s dynamic exclusion was employed to increase
depth of coverage. The total analysis cycle time for each sample injection was
approximately 3.0 hours. Sample order of data collection was interwoven between
conditions in order to minimize temporal bias, and run order is available upon request.
Following the 14 analyses, data was imported into Rosetta Elucidator v3.3 (Rosetta
Biosoftware, Inc), and all LC-MS/MS runs were aligned based on the accurate mass and
retention time of detected ions (“features”) using PeakTeller algorithm (Elucidator) and
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intensity-scaled based on a robust mean (10%) normalization of the identified
phosphopeptide features. The relative peptide abundance was calculated based on areaunder-the-curve (AUC) of aligned features across all runs. The overall dataset had
101,910 quantified isotope (peptide) groups. Additionally, 38,499 MS/MS spectra were
acquired for peptide sequencing by database searching. This MS/MS data was searched
against a SwissProt database (homo sapiens taxonomy, 20,273 forward entries created
on Feb 2014), which also contained a reversed-sequence “decoy” database for false
positive rate determination as well as Casein_Bovine as a surrogate internal standard.
Database searching was performed within Mascot Server (Matrix Science) and annotated
at a <1% peptide false discovery rate within Elucidator. Searching allowed variable
modification of N and Q (deamidation, +1 Da), M (oxidation, +16 Da), and STY
(phosphorylation, +80 Da). This analysis yielded identifications for 757 phosphopeptides
and 350 phosphoproteins across samples.
Quantitative phosphotyrosine IP and lc-ms/ms
Sample Preparation. The Duke Proteomics Core Facility (DPCF) received 9 frozen cell
pellets. To each pellet was added 300 uL of 100 mM ammonium bicarbonate and 384 mg
of urea (final concentration 8M). Samples were subjected to three rounds of probe
sonication for 5s each with an energy setting of 30%. Samples were then centrifuged at
12,000 g at 4C for 5 minutes. Protein concentrations were determined by Bradford assay
on the supernatant in duplicate (2 uL each assay). Total protein concentrations ranged
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from 8.3 mg/mL to 12.46 mg/mL with total protein quantities ranging from 5.8 mg to 8.7
mg (Supplemental Data Tab 1). 6.6 mg of each sample was removed and normalized to
8.31 mg/mL with 50 mM ammonium bicarbonate containing 8M urea. All samples were
then reduced for 20 min at 80C with 10 mM dithiolthreitol and alkylated for 40 min at
room temperature with 22 mM iodoacetamide. Samples were then diluted 1.6M urea
with 50 mM ammonium bicarbonate. Trypsin was added to a 1:50 ratio (enzyme to total
protein) and allowed to proceed for 18 hr at 37C. Samples were then acidified with 0.2%
TFA (pH 2.5) and subjected to C18 SPE cleanup (Sep-Pak, 50mg bed). Following elution,
all samples were then frozen and then lyophilized to dryness. Details regarding sample
preparation protocols are available upon request.
pY Antibody Enrichment. 6.6 mg digested peptide for each sample was resuspended in
1.0 mL IAP Buffer (Cell Signaling Technology) using vortex and brief bath sonication,
and transferred to an aliquot of pY-1000 PTMScan enrichment beads (Cell Signaling
Technology). IP was performed for two hours at 4C using end-over-end mixing. After
spinning to settle the beads and removing the supernatant, pY enrichment beads were
washed with three aliquots of PBS, one aliquot of water, and then eluted with two 50 ul
aliquots of 0.15% TFA in water, for approximately 10 minutes at room temperature.
Eluates were combined and taken through a C18 STAGE tip desalting cleanup, and
resulting peptides were dried via speedvac. Samples were then spiked with 100 fmol
pre-digested Bovine alpha casein.
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TiO2 Enrichment. Lyophilized peptides were resuspended in 65 uL of 1M glycolic acid
in 80% acetonitrile/1% TFA. Phosphopeptide enrichments were using p10 GL Bioscience
TiO2 spin tips as per a standard protocol established in the DPCF:
http://www.genome.duke.edu/cores/proteomics/samplepreparation/documents/GL_Spi
nColumnProtocol_bmr_ejs_mt_061713.pdf . Eluted phosphopeptides were then
subjected to stage tip C18 cleanups and then brought to dryness with lyophilization.
Samples were then resuspended in 20 uL of 10 mM citric acid in 0.1%TFA/2%
acetonitrile containing 10 fmol/uL yeast_ADH. To create a “QC pool” sample to assess
analytical reproducibility, 3 uL of each sample was removed and pooled.
Quantitative Analysis of pY phosphoproteome. Quantitative LC/MS/MS was
performed on 4 uL of each phosphopeptide enriched sample, using a nanoAcquity
UPLC system (Waters Corp) coupled to a Thermo QExactive Plus high resolution
accurate mass tandem mass spectrometer (Thermo) via a nanoelectrospray ionization
source. Briefly, the sample was first trapped on a Symmetry C18 300 mm × 180 mm
trapping column (5 l/min at 99.9/0.1 v/v water/acetonitrile), after which the analytical
separation was performed using a 1.7 um Acquity BEH130 C18 75 mm × 250 mm column
(Waters Corp.) using a 5-min hold at 3% acetonitrile with 0.1% formic acid and then a
90-min gradient of 3 to 30% acetonitrile with 0.1% formic acid at a flow rate of 400
nanoliters/minute (nL/min) with a column temperature of 55C. Data collection on the
QExactive Plus mass spectrometer was performed in a data-dependent acquisition
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(DDA) mode of acquisition with a r=70,000 (@ m/z 200) full MS scan from m/z 375 – 1600
with a target AGC value of 1e6 ions followed by 10 MS/MS scans at r-17,500 (@m/z 200)
at a target AGC value of 5e4 ions. A 20s dynamic exclusion was employed to increase
depth of coverage. The total analysis cycle time for each sample injection was
approximately 2-hours. Sample order of data collection was interwoven between
conditions in order to minimize temporal bias, and run order is available upon request.
Following the 9 LC-MS/MS analyses, data was imported into Rosetta Elucidator v3.3
(Rosetta Biosoftware, Inc), and all LC-MS/MS runs were aligned based on the accurate
mass and retention time of detected ions (“features”) which contained MS/MS spectra
using PeakTeller algorithm (Elucidator) and intensity-scaled based on a robust mean
(10%) normalization of the identified pY phosphopeptide features. The relative peptide
abundance was calculated based on area-under-the-curve (AUC) of aligned features
across all runs. The overall dataset had 23,849 quantified isotope (peptide) groups.
Additionally, 124,764 MS/MS spectra were acquired for peptide sequencing by database
searching. This MS/MS data was searched against a SwissProt_Human database and
Chlamydia database which also contained a reversed-sequence “decoy” database for false
positive rate determination as well as Casein_Bovine as a surrogate internal standard.
Database searching was performed within Mascot Server (Matrix Science) and annotated
at a Mascot ion tolerance of 20.0 which resulted in a peptide false discovery rate of
0.70%. Searching allowed variable M (oxidation, +16 Da), and STY (phosphorylation, +80
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Da). This analysis yielded identifications for 1,192 unique non-decoy peptides, of which
913 were phosphorylated and 739 were tyrosine phosphorylated. These 739
phosphopeptides corresponded to 431 phosphoproteins.
Principle Component Analysis (PCA)
PCA was performed on z-scored corrected phosphopeptides identified by mass
spectrometry for both the TiO₂ enriched phosphoproteome and the phosphotyrosine
enriched phosphoproteome. This analysis was conducted in the statistical program R
using the prcomp function within the stats package (210). The data was centered and
scaled (z-score transformed) prior to 2D dimensional plotting on PC axes 1 and 2 with
PC axis 3 denoted by size scaling. PC 1, PC 2, and PC 3, account for 56% and 78% of the
variance for TiO₂ and phosphotyrosine samples respectively.
Immunoprecipitations
Antibodies against Eps8 (BD Biosciences 610143), CT288 (lab generated), Abl (Abcam
ab15130), and p110α (listed above) were incubated for 2 hours at 4°C with total cell
lysates derived from 6x106 A2EN, SYF, and c-Src cells infected with the indicated C.
trachomatis LGV-L2 strains at an MOI of 100. Infected cells were lysed in 750 μL of RIPA
buffer (Sigma R0278) supplemented with 1X EDTA free protease inhibitor cocktail
(Roche, Basel, Switzerland) and Halt phosphatase inhibitor (Thermo Risher Scientific
78428). Post 2 hour incubation, CrkL and p110α samples were incubated for 1 hour at
4°C with magnetic protein A conjugated beads (SureBeads Protein A Magnetic Beads,
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Bio-Rad 161-4011). All magnetic beads slurries were then washed 5X with 200 μL of lysis
buffer and beads were boiled in Laemmli sample buffer and western blot analysis was
completed.
Indirect immunofluorescence staining
Human endocervical epithetial cells, A2ENs were seeded at a density of approximately
.08 x 10^6 cells/well in 24-well plates. The following day, cells were incubated with LGVL2 EBs at an MOI of 20. Infections were synchronized by centrifugation (3000 rpm for 30
min) at 10°C followed by a refresh of pre-warmed media (specified above) and then a
transferring of the plates to a 37°C, 5 % CO2 humidified incubator. At the indicated
time points, the coverslips were fixed either with 100% methanol on ice for 15 min or
with 3% formaldehyde/0.025% glutaraldehyde at room temperature for 20 min. Cells
were then permeabilized with 0.1 % TritonX-100 in phosphate buffer saline solution
(PBS), blocked with 5% BSA in PBS for 30 min and stained with antibodies against LPS
(1:500) (GeneTex, GTX36870) Eps8 (1:100) (Abcam ab96144), and Hoechst (Thermo
Fisher Scientific H3570) which was used for staining nucleic acids. Coverslips were
mounted on slides using Fluorsave mounting media (CalBiochem). Slides were imaged
using a confocal microscope (Leica SP5 with diode (405 nm), Aragon ion (488 nm),
double solid-state (561 nm) lasers). Images were acquired using a 100x/1.4 NA oil
objective (Leica).
Image Processing
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All images were processed using ImageJ open source software (ImageJ). Linear
adjustments were made for all images and max projections from Z-stacks are portrayed.
Quantification of recruitment of proteins to the nascent inclusion was performed in
ImageJ using the JACoP (Just another co-localization plugin) on a per cell basis on each
z-slice of an image. The percent co-localization was calculated using distance based colocalization and the % of positive thresholded pixels of LPS that associate with
thresholded pixels of Eps8. Thresholds were set to eliminate background signals in both
LPS and Eps8 channels. Strictly set thresholds help to reduce the number of false
positive co-localization calculations.
Generation of CRISPR/Cas9 KO cells
HeLa KO cell lines were generated by stable integration of vectors expressing single
guide (sgRNA) into Cas9 expressing HeLa cells. The following sgRNAs were used:
TTGATGCCAAGGGCAAAGTG (EPS8 1), TCATCTCTTCCAGTGTGATG (EPS8 2),
GCAATCAGTGACAGTAAAGG (EPS8 3). To generate transducing viruses, HEK293T
cells were co-transfected with the vectors; pasPAX2, pCMV-VSV-G, and the sgRNA in
lentiGuide-Puro (addgene), three times at 12 hour intervals. Supernatants containing
virus were collected from, filter sterilized (0.2 μm), and incubated with HeLa-Cas9 cells
(Duke Functional Genomics Core facility) at 48 and 72 hours. At 24 hours after the last
round of viral infections, the media was replaced with fresh media containing 5 μg/mL
of puromycin to select for stably transduced cells. Selection was continued until all cell

108

in mock virally infected cells were dead. Cells were assessed for Eps8 protein expression
by immunoblot analysis.
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5. TepP is required for the induction of interferon-dependent
transcripts during Chlamydia infection
5.1 Introduction
TepP interacts with multiple host cell proteins including PI3K and Crk adaptor
proteins, both of whom affect gene transcription directly and indirectly by activating
transcription factors (87, 108, 121, 122, 125). In addition, TepP may modify the activity of
several transcription factors by changing their phosphorylation state (Chapter 4). TepP’s
interaction with PI3K, Crk, and its potential to modify transcription factor activity led us
to hypothesize that TepP modulates the host cell’s gene expression during infection.
Chlamydia regulates innate immunity by actively and passively inducing type I
interferons (IFN) (33, 98, 211, 212). Dynamic regulation of IFNs by bacteria during
infection is critically important (213). IFNs can be detrimental to intracellular growth but
type I IFN activation can represses the adaptive immune system of the host (213).
Mycobacterium tuberculosis and Listeria monocytogenes also activate type I IFN responses
from their hosts during infection through the use of secreted effector proteins (214-219).
CrkL and PI3K modulate immune signaling during both bacterial and viral infections
(120, 122, 129, 130, 220, 221). We postulate that TepP regulates IFN-inducible genes
during infection.
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5.2 Microarray analysis of Chlamydia infected cells
We initially monitored TepP-dependent changes to the host cell transcriptome by
DNA microarray analysis. At the onset of these experiments, RNA sequencing was not
yet broadly used for transcriptional profiling. In addition, the DNA microarray platform
allowed for cross comparison to similar experiments performed with other intracellular
pathogens (215, 218, 222). We infected A2EN cells with C. trachomatis TepP mutants
transformed with +pTepP, +pVector, or mock infected cells and collected total RNA for
microarray analysis at 4 hpi from three biological replicates. We used the Affimetrix
U133 GeneChip, which is a single array representing 14,500 well-characterized human
genes. The chip has enough in depth coverage to study disease processes and its use has
been well documented for analyzing host responses to pathogens (223-225).
We collected RNA at 4 hpi as this represented the time at which we first observe
high levels of phosphorylated TepP. We observed that there are 57 TepP induced
transcripts changes with a >1.5 fold difference compared to uninfected cells (Figure 41).
Of the genes that were differentially expressed, the Interferon induced peptides with
tetratricopeptide repeats (IFITs) 1, 2, and 3 were most highly upregulated (Figure 41). In
contrast, TepP decreased the levels of IL6 and CXCL3 during infection (Figure 41). All of
these changes were verified by RT-qPCR analysis (Figure 41).
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Figure 41: TepP induces changes in host cell transcription during infection.
Cells infected with mock (grey), +pVector (light blue), or +pTepP (dark blue), show an
increase in the levels of IFIT 1, IFIT 2, and MAP3K8 and a decrease in IL6 and CXCL3
during infection. (Modified and previously published in (33)).
We performed a Gene ontology (GO) pathway analysis on all of the genes
differentially expressed with a fold change >1.5 (+/-) to identify if TepP-responsive genes
shared common functional annotations. There is an enrichment with a GO score of 3
(highly enriched) or higher in pathways defined by ‘response to other organisms’,
‘multi-organism transport’, and ‘interspecies interaction between organisms’ (Figure 42
A). The highest GO score came from ‘response to other organisms’, particularly by the
category ‘response to viruses’ (Figure 42 B). IFITs are upregulated in response to viral
infections (226), largely in response to type I and type III IFNs (227). IFIT 1 and 2 are
involved in antiviral responses by directly interacting with eIF3s, eukaryotic initiation
factor 3, which can suppress up to 60% of viral transcription (227). The IFITs have
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recently emerged as key anti-viral factors, but their role during bacterial infection has
not been explored (228). It is especially interesting that TepP is only inducing this small
subset of type I IFN genes.
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Figure 42: Transcriptional responses to TepP expressing C.trachomatis show
an enrichment for genes that respond to viral infections. A) GO enrichment analysis
with an emphasis on enriched gene categories. B) Breakdown of the response to other
organisms category reveal that TepP induces gene involved in response to viruses.

114

To determine how cellular responses to Chlamydia infection compared to other
intracellular bacteria we performed a comparative analysis of microarray studies to 4
different bacterial infection systems (215, 229, 230), and found that TepP induces the
expression of a very similar pattern of genes as M. tuberculosis of macrophages (Figure
43). The likelihood that expression patterns induced by +pTepP bacteria and WT M.
tuberculosis are similar to each other has a p-value 6.147x10-11 as determined by an
ANOVA test (Figure 43). In summary, TepP induces IFN-dependent genes, specifically
the IFITs, and the transcripts that it induces are most similar to those induced by M.
tuberculosis.

Figure 43: TepP induced transcription profiles are similar to those induced by
L. monocytogenes’s hemolysin (Hly) effector and to M. tuberculosis (Esx, secretion
competent strain) infection.
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5.3 Kinetics of gene activation by TepP expressing C.
trachomatis.
We performed a microarray analysis of cells infected with C. trachomatis at 2, 8,
and 12 hpi (Figure 45). We determined that the changes initially observed at 4 hpi
continued to increase throughout the 12 hours studied (Figure 45). RT-qPCR analysis of
the IFITs indicated that TepP-dependent changes peaked at 16 hpi and persisted until 24
hpi (data not shown).

Figure 44: TepP induces the activation of IFITs and other IFN induced
transcripts. TepP induced transcripts highlighted in a pink box.
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Figure 45: TepP overexpression induces robust transcription of IFIT genes at 12
hours post infection A) Heat map indicating changes in transcriptional responses of
A2EN cells infected with CTL2 (green), CTL2 overexpressing TepP (+pTepP)(red), CTL2
defective for TepP expression (+pVector)(orange), and Mock infected cells (x-axis
yellow). Black to yellow variation within the heat map indicates decrease to increase in
expression respectively B) qPCR analysis of A2ENs infected with CTL2 (green), CTL2
overexpressing TepP (+pTepP)(red), CTL2 defective for TepP expression
(+pVector)(orange), and Mock infected cells (yellow).
Based on the RT-qPCR and DNA microarray analysis we predicted that we could
use cell lines bearing an IFN stimulated response element (ISRE) luciferase reporter to
measure TepP-dependent modulation of type I IFN signaling (211). This assay while not
as sensitive or specific as RT-qPCR, it is quick, relatively simple, and cost effective. We
infected A2EN cells stably expressing firefly luciferase under the control of an ISRE and
assessed luciferase levels by cells infected with either Mock, +pTepP, +pVector, WT, or
ΔtepP at 12, 16, 24, 36, and 48 hpi. TepP induces continuous changes in IFN-inducible
genes over time (Figure 46). We first observed differences in the amount of luciferase
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activity by 12 hpi, which peaked at 24 hpi and began to decrease by 36 hpi. By 48 hpi the
amount of luciferase expression in response to infection with WT and ΔtepP bacteria was
equal (Figure 46). We concluded that the effect of TepP in modulating type I IFN gene
transcription is most prominent early during infection.

Figure 46: TepP activated ISRE promoter elements before 48 hpi. A2EN cells
were infected at various time points (shades of grey) with Blank (negative control),
Mock, DNA (positive control), ΔtepP, or WT bacteria. Luciferase activity is indicated in
the Y-axis by arbitrary units.

5.4 TepP dependent IFN activation is STING and cyclic-dinucleotide dependent
Interferon stimulated genes can be activated in many different ways (reviewed in
(231)). During Chlamydia infection IFN activation is dependent on the intracellular
signaling protein; stimulator of interferon genes (STING) (211). STING is activated by
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intracellular bacterial DNA and bacterial cyclic-di-nucleotides (232-235). STING can also
sense cyclic-di-nucleotides produced by cGAS, a sensor of cytosolic DNA, presumably
from Chlamydia DNA (212). IFITs are traditionally known to be IFN, PAMP, and virally
induced proteins (236). To determine if the STING pathway is also required for the
activation of the IFITs by TepP we took HeLa cell lines where STING and IRF3 have
been deleted by CRISPR/Cas9 and infected them with Chlamydia for 16 hours. We
determined that the TepP-mediated increase in IFIT expression does not occur in the
STING and IRF3 KO cell lines (Figure 47). We next assessed if STING activation was due
to its ability to sense bacterial c-di-nucleotides produced by Chlamydia by infecting 293T
cells expressing a WT or a c-di-nucleotide blind version (STING R231A, identified in
(217)). We observed that the induction of IFITs only occurs in the presence of WT STING
and not STING R231A suggesting that TepP induction is mediated by bacterial c-dinucleotides (Figure 48).
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Figure 47: TepP induced IFIT activation during infection is dependent on
STING and IRF3. A) IFIT expression in IRF3 KO HeLa cells at 16 hpi. B) IFIT expression
in STING KO HeLa cells at 16 hpi.

Figure 48: TepP induction of IFITs is c-di-nucleotide dependent. A) IFIT
expression in non-STING expressing 293T cells at 16 hpi. B) IFIT expression in WTSTING expressing 293T cells at 16 hpi. C) IFIT expression in STING R231A expressing
293T cells at 16 hpi. HA-western indicates the expression of STING.

5.5 PI3K inhibits TepP dependent IFIT expression during
infection.
PI3K and CrkL participate in the activation of immune signaling pathways (30,
37, 38). CrkL interacts with STAT5 to regulate the translocation of this transcription
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factor to the nucleus and the transcription of type I interferons (30, 39), and PI3K helps
to initiate IFN response to TLR stimulation (237). We tested if PI3K and the Crk proteins
participate in the TepP-dependent induction of Type I IFN responses by monitoring the
expression IFITs in PI3K, CrkL and Crk I/II deficient HeLa cells. These cells (defined in
Chapter 3) were infected with either wild type or ΔtepP bacterial strains and IFIT
expression was assessed at 16 hours post infection. CrkI/II and CrkL-deficient HeLa cells
did not display any significant differences in their response to infection with wild type
or ΔtepP Chlamydia (Figure 49). In contrast, PI3K deficient cell lines displayed an
exaggerated IFIT response to wild type bacteria (Figure 49). These cell lines also
displayed a stronger response to cytoplasmic DNA, suggesting a broader role for PI3K
activity in modulating response to cytosolic nucleic acids. This role for PI3K in the
suppression of IFN has been previously described in dendritic cells (238). HeLa-Cas9
cells treated with the PI3K inhibitor LY294002 also displayed a heightened response to
both DNA and Chlamydia infection (Figure 50). Taken together these results suggest a
role for PI3K activity in regulating Type I IFN responses to nucleic acids.
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Figure 49: IFIT expression in HeLa Cas9 cell lines during infection with WT or
ΔtepP, and transfected with DNA. A) Cas9 cells show base line IFIT expression, with
the expected increase in the presence of WT bacteria and DNA but not ΔtepP. B) p110α
KO cells so increased response to infection and DNA. C) Crk-L KO cells show a similar
response to WT and ΔtepP infection. D) Crk I/II KO cells show a similar response to WT
and ΔtepP infection.
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Figure 50: HeLa cells treated with the PI3K inhibitor, LY294002 displays an
increased IFIT response to DNA transfection and bacterial infection. A) Control
treatment with DMSO B) Treatment with PI3K inhibitor LY294002.

5.6 Conclusions and future directions
Infections with TepP-expressing Chlamydia induce the expression of a subset of
interferon induced genes early during infection. This enhanced “IFN-like” response is
sustained until 36 hpi. TepP’s induction of the IFITs and other IFN-inducible genes is
similar to that of the gene transcription induced by M. tuberculosis and L. monocytogenes
during infection and is dependent on the nucleic acid sensor STING. Finally, PI3K, a
protein that associates with TepP, dampens IFN activation during infection. It may be
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possible that TepP is sequestering PI3K, from the plasma membrane and/or the nucleus,
during infection to reduce its inhibitory effects on IFN activation.
Type I IFN gene activation does occur in response to many bacterial infections
and can be both beneficial and detrimental to the host (213). The production of type I
IFNs in the host cell is not always protective against bacterial infection (239). In fact,
induction of a type I IFN suppresses adaptive immune responses and increase
susceptibility of the host to infection (reviewed in (240)). It is possible that TepP induced
IFN response is important to suppress adaptive immunity during infection.
In addition to modulating adaptive immunity we must take into account that the
responses we are seeing are largely virally induced responses (IFIT family, OASL family,
ISG15, and MX2). The IFITs have powerful and broad antiviral properties during viral
infections (228). Chlamydia is known to co-infect and likely to compete with viruses and
other bacteria while in the host (241). Herpes simplex virus (HSV) and Porcine epidemic
diarrhea virus (PEDV) induce Chlamydia persistence during co-infection (242, 243). TepP
induced IFIT expression early during infection may help to protect against viral coinfection and persistence.
Finally, it remains to be determined exactly how TepP is inducing type I IFNinduced gene transcription. During infection of macrophages M. tuberculosis
permeabilizes the pathogen containing vacuole (215). This allows for the leakage of
bacterial DNA into the cytosol which activates the STING signaling pathway leading to
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an increase in IFN-induced gene transcription (215). We hypothesize that TepP is
effecting inclusion stability during infection to allow for temporary permeabilization
and leakage of Chlamydia DNA and/or c-di-AMP into the host cytosol. In order to test
this hypothesis we will assess inclusion stability during infection with TepP-expressing
and non-expressing bacteria (both expressing β-lactamase) with cells expressing LiveBLAzer, a β-lactamase reporter assay. Live-BLAzer is a fluorescence resonance energy
transfer (FRET) assay in which the leakage of β-lactamase, which cleaves the senor
resulting in a loss of FRET, from a pathogen containing vacuole can be monitored in real
time to assess vacuole stability (215, 244-246).

5.7 Material and methods
Cell lines, bacteria strains, and reagents
Chlamydia trachomatis serotype LGV-L2, strain 434/Bu, and subsequently derived strains
(WT, +pTepP, +pVector, and ΔtepP) were propagated in Vero cells maintained in
Dulbecco's Modified Eagle Medium (Sigma-Aldrich, St. Louis, Missouri, USA)
supplemented with 10% fetal bovine serum (Mediatech, Manassas, Virginia, USA). HeLa
Cas9 and derivived cells were propagated in Dulbecco's Modified Eagle Medium
(Sigma-Aldrich, St. Louis, Missouri, USA) supplemented with 10% fetal bovine serum
(Mediatech, Manassas, Virginia, USA). A2EN cells were propagated in keratinocyte-SFM
medium (Gibco, Life Technologies corp., Grand Island, NY, USA) supplemented with 10
% FBS, 0.5 ng/mL human recombinant epidermal growth factor and 50 μg/mL bovine
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pituitary extract. EBs were purified by density gradient centrifugation using Omnipaque
350 (GE Healthcare, Princeton, New Jersey, USA) as previously described (19). All
reagents used are of analytical grade.
Microarray Analysis of Infected cells.
Approximately 0.86106 A2EN cells were seeded per well in 6-well plates the day before
experiment. Duplicate cell samples were mock infected, or infected with the TepP
mutant strain transformed with empty vector or the vector harboring wild type TepP at
an MOI of 10. Infections were synchronized by centrifugation at 3000 rpm for 30 min at
10uC, followed by an immediate shift to 37uC with pre-warmed cell culture media.
Samples were collected at 4 hpi using QIAGEN RNeasy Plus Mini Kit (QIAGEN,
Valencia, CA, USA) as described by the manufacturer. RNA integrity was assessed with
Agilent 2100 Bioanalyzer G2939A (Agilent Technologies, Santa Clara, CA, USA) and
quantified with a Nanodrop 8000 spectrophotometer (Thermo Scientific/Nanodrop,
Wilmington, DE, USA). Hybridization targets were prepared with MessageAmp
Premier RNA Amplification Kit (Applied Biosystems/Ambion, Austin, TX, USA) from
total RNA, hybridized to GeneChip Human Genome U133A 2.0 arrays in Affymetrix
GeneChip hybridization oven 645, washed in Affymetrix GeneChip Fluidics Station 450
and scanned with Affymetrix GeneChip Scanner 7G according to standard Affymetrix
GeneChip Hybridization, Wash, and Stain protocols (Affymetrix, Santa Clara, CA, USA).
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Data analysis was performed using Partek Genomic Suite 6.6 (Partek Inc., Saint Louis,
MO, USA).
RNA isolation and RT-qPCR
RNA was collected from 3 wells of a 6-well plate of infected cells at 16 hpi using the
RNeasy plus mini kit (Qiagen, 74134). A2EN, HeLa-Cas9, and HeLa-Cas9 KO cell lines
were seeded 24 hours prior to infection at a density of approximately 0.8 x 106 cells per
well. The cells were then infected with gradient purified EBs of either WT or ΔtepP
strains at an MOI of 10. As controls, cells were also mock infected or transfected with
5ug of a linearized bacterial plasmid (pET-24d), using jetPRIME transfection system
(Polyplus-transfection, VWR 89129-922). RT-qPCR was conducted using the Power
SYBR Green RNA-to-CT™ 1-Step Kit (Thermo-Fisher Scientific). To assess differential
gene expression of the IFIT1-2 (primers described in (6)) relative expression levels were
determined according to the comparative CT method (55) using β-actin mRNA as
reference for normalization.
LY249002 Inhibitor treatment, RNA isolation, and RT-qPCR
HeLa-Cas cells were seeded 24 hours prior to infection at a density of approximately 0.8
x 106 cells per well. Cells were incubated with DMSO (solvent only control) or the PI3K
kinase inhibitor LY294002 (Cell Signaling, 9901S) at a concentration of 20μM/mL for 1
hour prior to infection. Cells were then infected with gradient purified WT or ΔtepP EBs
at an MOI of 10. As a control, cells were also mock infected or transfected with 5ug of a
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linearized bacterial plasmid (pET-24d) using jetPRIME transfection system (Polyplustransfection, VWR 89129-922). RNA was collected from three wells of a 6-well plate at 16
hpi, DMSO or inhibitor treatment was maintained throughout infection. RT-qPCR was
conducted using the Power SYBR Green RNA-to-CT™ 1-Step Kit (Thermo-Fisher
Scientific). To assess differential gene expression of the IFITs (primers described in (6) )
relative expression levels were determined according to the comparative CT method,
using β-actin mRNA as reference for normalization. Mock, DNA, WT, and ΔtepP
infections were analyzed via log-transformed anova (aov function, "stats" package) in R
(56) with a priori contrasts between DMSO and LY294002 treated HeLa-Cas cells. WT
and DNA both showed significant (p<0.0001) differences between DMSO and LY294002
treated HeLa-Cas cells while there were no significant differences for Mock, and small
difference (p<0.05) during ΔtepP infection between DMSO and LY294002 treated HeLaCas cells. This was observed for both IFIT1 and IFIT2.
ISRE Luciferase Assay
For reporter cell line construction, lentiviruses containing an ISRE-luciferase
reporter (SABioscience) was used to stably transduce mouse embryo fibroblasts. These
cells were seeded in 96-well plates in triplicate and supernatants added from cells
treated with various IFN-inducing stimuli. Post stimulation, the media was removed
and cells were washed once with PBS. Cells were lysed in 100 μl of britelite plus reagent

128

per well (PerkinElmer) and the samples transferred to a white OptiPlate (PerkinElmer)
to measure luminescence on an EnSpire 2300 Multilabel Plate Reader (PerkinElmer).
Generation of CRISPR/Cas9 KO cells
HeLa KO cell lines were generated by stable integration of vectors expressing single
guide (sgRNA) into Cas9 expressing HeLa cells. The following sgRNAs were used:
GCTGGACCTGGGGCAACTGG (IRF3), TACCGGAGAGTGTGCTCTGG (STING). To
generate transducing viruses, HEK293T cells were co-transfected with the vectors;
pasPAX2, pCMV-VSV-G, and the sgRNA in lentiGuide-Puro (addgene), three times at
12 hour intervals. Supernatants containing virus were collected from, filter sterilized (0.2
μm), and incubated with HeLa-Cas9 cells (Duke Functional Genomics Core facility) at 48
and 72 hours. At 24 hours after the last round of viral infections, the media was replaced
with fresh media containing 5 μg/mL of puromycin to select for stably transduced cells.
Selection was continued until all cell in mock virally infected cells were dead. Each cell
line was assessed for protein expression by immunoblot analysis.
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6. Conclusions and Future Directions.
Chlamydia trachomatis is the causative agent of many diseases of significant
economic and public health importance (10). An in depth understanding of how C.
trachomatis manipulates its host cell is critical to understanding how it causes diseases
and to develop novel therapeutics and potential vaccines. Chlamydia controls its the host
cell (247) through the secretion of “effector” proteins by its type III secretion system (23,
24, 26, 31, 32). Our lab recently discovered a novel type III secreted effector protein,
Translocated early phospho-Protein (TepP) (33). This thesis addressed the molecular
functions of TepP.
To identify the role that TepP plays during infection we first asked what proteins
interact with TepP during infection. We immuno-precipitated TepP from infected cells
and used mass spectrometry to identify the co-associated proteins. The major proteins
associated with TepP during infection include all four subunits of PI3Kα and β, CrkL,
and GSK. We verified these interactions by immunoblot analysis, determined that these
proteins are recruited to early inclusion and that TepP is also required for the
recruitment (Chapter 3).
PI3K and the Crk proteins largely function as signaling and signal transducing
proteins (reviewed in (87, 126)). Both can act as linkers between extracellular signals,
such as those propagated by receptor tyrosine kinases, and intracellular changes (248,
249). PI3K and the Crks can modulate the host cell’s cytoskeleton, transcription, innate
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immune response, kinase activity, and vesicular trafficking (33, 87, 108, 109, 116, 117,
120-130, 132, 220, 221, 237, 250). These broad functioning proteins are also important for
import for Chlamydia replication (Chapter 3). In addition to identifying that these
proteins are important for infection we also determined that TepP induced the localized
activation of PI3K (Chapter 3). We hypothesize that TepP locally activates PI3K and may
sequester it away from the plasma membrane where it can activate Akt (as seen by
lowered pAkt levels during WT infection, Chapter 3), but also sequester it away from its
role in activating TepP dependent interferon gene transcription (Chapter 5). This
hypothesis will need further testing and a detailed observation of PI3K localization over
time throughout the host cell during infection with and without TepP to identify if TepP
is indeed sequestering PI3K.
While we have shown that PI3K is active on early inclusions (through the PIP3
sensor, Chapter 3), we do not yet know the role performed by active PI3K at these sites.
Salmonella modifies its pathogen containing vacuole (PCV) with PIP3 during infection
and this modification contributes to early PCV stability (251-253). There are many
proteins which contain FYVE and PX domains which directly bind to PIP3 and which
are important in endocytic membrane trafficking and receptor signaling (253-255). The
host cell sorting nexin proteins (SNXs) contain PX domains and are recruited to the
inclusion membrane during Chlamydia infection (162, 256). It has been proposed that this
recruitment of SNXs to the inclusion allows the bacteria to hijack SNX signaling and
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circumvent SNX-enhanced bacterial destruction (162, 256, 257). PIP3 binds directly to the
SNXs through their PX domains, and it could be speculated that TepP induced PI3K
activity and localized PIP3 generation facilitates SNX recruitment. However, PI3K
inhibition does not affect the localization of the SNXs during infection, suggesting that
this is not the case (257). Although not recruited the SNXs it may be possible to identify
if PIP3 is mediating protein localization to the inclusion by performing proteomic
analysis of isolated inclusions (following protocols previously performed by (162))
and/or PIP pull downs (PIP beads available from echelon) from WT and ΔtepP infected
cells early during infection.
Infection with TepP-expressing Chlamydia activates PI3K (Chapter 3), but also
induces robust changes to the phosphoproteome of infected cells (Chapter 4). We
identified the novel tyrosine phosphorylation of another type III secreted effector
protein, CT288 (Chapter 4), and the novel serine phosphorylation of CT005. We also
observed additional phosphorylation sites on TepP, which may provide additional sites
for protein-protein interactions which need to be analyzed to determine if these sites are
important for TepP interactions with PI3K, the Crks, or other proteins. Finally, we
observed that TepP induced the tyrosine phosphorylation of epidermal growth factor
receptor kinase substrate 8 (Eps8) and increases the activity of the host cell
Ca2+/calmodulin-dependent protein kinases II (CAMKII) (Chapter 4).
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Eps8 and CAMKII are both important modulators of cell contacts and of the
epithelial barrier (183, 184, 198, 258). Chlamydia is likely modulating their activity
through TepP (Chapter 4) which is consistent with the observation that TepP alters the
host cell cytoskeleton (Chapter 2). This alteration of the host cell cytoskeleton is
reminiscent of the changes that occur during the infection of epithelial cells by
Helicobacter pylori and of epithelial to meschemyal transition (EMT), in which the cells
detach from one another, elongate, and increase cell migration (Chapter 2 (93, 95)).
Further experiments will be performed to assess if TepP-expressing Chlamydia infected
cells display other hallmarks of EMT transition such as loss of epithelial markers Ecadherin and tight junctions while gaining mesenchymal markers such as increase in
fibronectin, smooth-muscle actin, and FGFR splice variants (259). While we have not yet
tested the ability of our A2EN cells to undergo EMT during Chlamydia infection, primary
epithelial cells infected with C. trachomatis exhibit EMT behaviors by transcriptional
changes and by loss of epithelial barriers and disruption of cell/cell contacts (260). This
provides evidence that Chlamydia can induce EMT in primary cells but one discrepancy
between our studies is the time during infection which is observed as EMT induction
was observed after 72 hpi (260). Profiling of EMT in A2EN cells, and even within
organoid cultures, over time during infection with TepP-expressing and non expressing
bacteria would allow for us to determine the role that TepP plays in Chlamydia mediated
EMT.
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Finally, we determined that TepP is important for Chlamydia’s full replication
potential (Chapter 2). We still do not understand how exactly TepP is impacting the
production of infectious bacteria but it appears that TepP is more important for bacterial
fitness some cell lines than in others (Chapter 2). Mouse model studies with TepP null
mutants should help us understand the role of TepP in bacterial replication in vivo, plus
the role of TepP induced IFN activation during animal infections. Type I IFNs can
suppress cell-mediated immunity during infection with Listeria monocytogenes (218, 240).
Although mice mount a protective response against Chlamydia reinfection sterilizing
immunity has not yet been reached (261). Sterilizing immunity is the ultimate goal for
vaccine (262). It would be interesting to see if TepP and its type I IFN activation play any
role in the primary immune response or if contributes to the lack of sterilizing immunity
during infection.
In conclusion we have identified that TepP hijacks host cell signaling pathways
during infection and it does so to promote bacterial survival. TepP interacts with PI3K
and Crk proteins, regulates protein phosphorylation, and transcriptional responses of
infected cells.
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Figure 51: TepP hijacks host cell signaling pathways during infection and it
does so to promote bacterial survival. A) Model with TepP B) Infection without TepP
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