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Abstract

Bacteria while infecting a host brings a group of arsenals with it in terms of antigens/ligands to
pathogenize the host. Host immune cells on the other hand induce innate immune (pro-
inflammatory) responses and adaptive immune responses against them to win the battle and clear
out infections. In the thesis work, we have studied two of these bacterial ligands namely, Vibrio
parahaemolyticus OmpU (VpOmpU) and SteA of Salmonella enterica Typhimurium for their role

in modulation of host innate immune responses.

V. parahaemolyticus is a non-invasive, marine bacterium, which causes severe gastroenteritis in
humans upon consumption of raw or undercooked sea food. The role of VpOmpU in pathogenesis
of V. parahaemolyticus was not explored till date. In our attempt to characterize VpOmpU for
modulation of host’s innate immune responses, we have observed that it induces pro-inflammatory
responses in macrophages and monocytes via TLR2-MyD88-IRAK-1-MAPKinases-AP-1 and NF-
kB pathway. TLR2 forms hetero-dimer either with TLR1 or TLR6 to recognize different ligands.
We have shown that VpOmpU is recognized by both TLR1/2 and TLR2/6 hetero-dimer in
macrophages. This is the first report of a natural ligand recognized by both TLR1/2 and TLR2/6

hetero-dimers.

Salmonella enterica Typhimurium is an invasive Gram negative bacterium which has been known
to cause gastroenteritis in humans known as salmonellosis and typhoid-like disease in mice. It is
equipped with a specialized machinery called the type-3 secretion system through which it
translocate various effector proteins directly into the host cytoplasm. These effectors then
modulate various host-responses and help the bacteria to survive in the host. We are showing that,
SteA, an effector protein of S. Typhimurium suppresses host-immune responses by interfering with
NF-kB activation. We have further elucidated the mechanism that SteA employs to suppress this
pathway.

So far, the two enteric bacterial ligands that we have studied in the thesis work have differential
effect on host’s immune responses, such as, VpOmpU activates, whereas, SteA suppresses host’s

immune system.



These observations suggest the complexity inflicted by the antigens/ligands in the bacterial
pathogenesis and, this underscores the need to study in great detail, the role of bacterial ligands in

host modulation, to be able to design effective therapy or vaccine.
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Synopsis: Unravelling the host immunomodulation by two gram negative enteric bacterial

ligands.
Introduction

Various Gram-negative bacteria infect humans and cause enteric diseases. These bacteria employ
various strategies to infect the host and in turn the host also deploys its immune system to fight off
the infection and kill the invading bacteria. The human immune system consists of the innate
immune system and the adaptive immune system. The innate immune cells sense the bacterial
invasion first, they recognize specific patterns on the bacteria and induce a pro-inflammatory
response. This, further leads to the secretion of various cytokines to inform other immune cells of
the infection. The innate immune response also activates the adaptive immune system. The bacteria
also modulate the host immune system in various ways to be able to establish an infection. In this
study, we have studied how OmpU, an outer membrane protein of Vibrio parahaemolyticus and
SteA, a translocation effector of Salmonella enterica Typhimurium as modulate host’s innate

immune responses.
Aim 1- To study the host immunomodulation by OmpU of Vibrio parahaemolyticus

Aim 2- To study the host immunomodulation by SteA of Salmonella enterica Typhimurium

Aim 1: To study the host immunomodulation by OmpU of Vibrio parahaemolyticus

Vibrio parahaemolyticus is a gram negative, non-invasive bacteria which is majorly found in the
marine and estuarine waters. V. parahaemolyticus is known to infect humans and cause acute
gastroenteritis upon consumption of raw or undercooked sea food, in addition to this, V.
parahaemolyticus infection may also lead to septicaemia and death. Its pathogenesis is mainly
attributed to haemolysins- Thermostable Direct Haemolysin (TDH) and TDH- related Haemolysin
(TRH). The strains deficient in the major toxins TDH and TRH have also been found to be virulent
indicating additional factors involved in its virulence. Some factors such as Thermolabile
Haemolysin (TLH) and effectors secreted by the type-lll secretion system and the type-VI
secretion systems have also been implicated in its virulence, although to a much lesser extent. V.

parahaemolyticus is also equipped with a master regulon called ToxRS which regulates many of



the virulence genes including TDH and TRH. In addition to these, ToxRS has also been known to
regulate a major outer membrane protein OmpU, indicating its requirement in the pathogenesis.
OmpU is a porin present across Vibrio sp. and has been found to have varied roles towards host
responses in different species. For example, OmpU of V. vulnificus has been found to have a role
in adhesion, in V. splendidus, OmpU helps in both adhesion and invasion. Also, OmpU of V.
cholerae has been shown to induce programmed cell death. Additionally, OmpU from some of the
Vibrio species have been shown to be immunogenic. Pertaining to this, OmpU from V.
alginolyticus and V. harveyi have also been developed as a vaccine candidate. OmpU of V.
parahaemolyticus (VpOmpU) has also been found to be immunogenic in yellow croaker fish.
However, a detailed immunological characterization of the cellular responses evoked by VpOmpU
has not been carried out as yet. Therefore, we were interested in understanding how OmpU
modulates immune cells such as macrophages and monocytes. Towards this, we have formulated

the following objectives:

1) To purify OmpU from Vibrio parahaemolyticus

2) To check if OmpU modulates innate immune cells

3) To probe how OmpU is recognized by the innate immune cells

4) To understand the underlying signalling mechanism of innate-immunomodulation

Objective 1- To purify OmpU from Vibrio parahaemolyticus

OmpU is present across Vibrio species and has been characterized as a porin protein in many of
the species. However, VpOmpU has not been characterized as a functional porin till date. To be
able to characterize VpOmpU as a porin and to probe its role in host-modulation, we purified it
from the outer membrane of Vibrio parahaemolyticus. We employed detergent based extraction
of all the outer membrane proteins of V. parahaemolyticus and then subjected them to anion
exchange and size exclusion chromatography to purify VpOmpU from the outer membrane.
Further, we did a Far-UV Circular Dichroism analysis of VpOmpU and found it to majorly consist
of B-sheets. This result is in accordance with the predicted structure of VpOmpU generated using
the crystal structure of Vibrio cholerae OmpU (70 % similarity to the sequence of VpOmpU).



Then, using liposome swelling assay we confirmed that VpOmpU acts as a porin, similar to the

other OmpU proteins.
Objective 2- To check if OmpU modulates innate immune cell functions

The innate immune system of the host is the first to recognize an intrusion by a pathogen. The
innate immune cells namely the monocytes and macrophages, then secrete various cytokines to
signal other cells about the infection. Therefore, we first checked whether VpOmpU could elicit
an immune response in monocytes and macrophages. Towards this, we used THP-1 (human
monocytic cell line) and RAW 264.7 (murine macrophage cell line). We observed that, in response
to VpOmpU, both RAW 264.7 macrophages and THP-1 monocytes produce pro-inflammatory
cytokines namely TNFa and IL-6. In addition to these, RAW 264.7 macrophages produce Nitric
oxide in response to VpOmpU. Altogether, these results indicated that VpOmpU elicits a pro-

inflammatory response in monocytes and macrophages.
Objective 3- To probe how OmpU is recognized by the innate immune cells

To be able to sense pathogens, monocytes and macrophages have been equipped with specialized
receptors called the Pattern Recognition Receptors (PRR) which identify distinct patterns or
moieties on the pathogen called the PAMPs or Pathogen associated molecular patterns. This
PAMP-PRR interaction then leads to the activation of a signalling cascade resulting in the
production of various cytokines. Since, VpOmpU induced the production of pro-inflammatory
cytokines by macrophages and monocytes, it must have been recognized as a PAMP by a PRR
present on these cells. There are four classes of PRRs namely- Toll- like receptors (TLR),
Nucleotide-binding Leucine rich repeat containing receptors (NLR), RIG-like receptors (RLR) and
C-type lectin receptors (CLR). Each of these PRR class is specialized in recognizing specific
patterns from the pathogens i.e. bacteria, fungi, virus or parasites. Of these, TLRs are known
majorly to recognize bacterial PAMPs. There are various TLRs in a cell localized either on the cell
surface or in the endosomes. These TLRs either homo-dimerize or hetero-dimerize to recognize
and induce a downstream signalling cascade. Therefore, to induce VpOmpU-mediated pro-
inflammatory response, we probed whether TLRs could recognize VpOmpU as a PAMP.
Interestingly, we found that VpOmpU is being recognized by different TLR- dimers in monocytes
and macrophages i.e. it is being recognized by TLR1/2 dimer in monocytes and by both TLR1/2
and TLR2/6 dimers in macrophages. This result is intriguing since these TLR pairs are specialized



to recognize different patterns, yet VpOmpU is being recognized by both TLR2 heterodimers in
macrophages, but not in monocytes. Till date, apart from VpOmpU, no other natural PAMP had
been demonstrated to show itself differentially in different cell types.

Objective 4- To wunderstand the underlying signalling mechanism of innate-

immunomodulation

Upon TLR activation, a downstream signalling cascade is initiated leading to the activation of
transcription factors which transcribe genes related to pro-inflammatory responses. In our study,
we have observed that upon recognition of VpOmpU, the TLRs on both macrophages and
monocytes recruit MyD88 which is an adaptor molecule. MyD88 further recruits IRAK-1, a kinase
which phosphorylates downstream molecules leading to the degradation of IkB (inhibitor of NF-
kB) and the activation of MAP-kinases (p38 and JNK). This further activates the sub-units of both
NF-kB and AP-1 transcription factors. In RAW 264.7 cells, c-Rel (sub-unit of NF-xB) and JunB,
c-Jun and c-Fos (sub-units of AP-1) were activated and in THP-1 cells, p65 (sub-unit of NF-kB)
and JunB, c-Jun, JunD and c-Fos (sub-units of AP-1) were found to be activated in response to
VpOmpU. Using TLR2-deficient mice, we also observed that the activation of MAP-kinases is
dependent on the TLR2-mediated recognition of VpOmpU.

Conclusion

This study showed that VpOmpU elicits a pro-inflammatory response in monocytes and
macrophages. VpOmpU is recognized by TLR1/2 heterodimers in THP-1 cells and by TLR1/2 and
TLR2/6 dimers in RAW 264.7 cells. The activation of TLRs further leads to a MyD88-IRAK1
dependent activation of p38 and JINK MAP-kinases leading to the activation of NF-xB and AP-1
transcription factors.

Aim 2- To study the host immunomodulation by SteA of Salmonella enterica Typhimurium

Salmonella enterica Typhimurium is a Gram-negative, invasive bacterium which causes
gastroenteritis in humans and typhoid-like disease in mice. Due to a high similarity (about 85 %)
with the typhoid causing bacteria S. typhi, it is widely used as a laboratory strain to study typhoid.

For its infection, S. Typhimurium uses a needle like machinery called the type-3 secretion system



(T3SS) to secrete about 40 effectors directly into the cytoplasm of the host cells. Many of these
effectors have been characterized to have roles in modulating host functions to help the invasion
and survival of the bacteria inside the host cell. Upon invasion, the bacteria forms a Salmonella
containing vacuole (SCV) where the bacteria are protected from the cellular environment and can
multiply. S. Typhimurium is known to utilize two T3SS i.e. T3SS1 and T3SS2 assemblies for its
infection. Both these T3SS secrete different set of effector proteins. The T3SS1 is used in the early
phases of infection and thus translocates effectors which help in invasion and suppression of
immune responses. On the other hand, T3SS2 is required at later stages of infection and
translocates effectors required for SCV maintenance, replication and dissemination of the bacteria.
Interestingly, some of the effector proteins have dual roles and are secreted by both the T3SS1 and
T3SS2. One such effector is Salmonella translocated effector A (SteA). The role of SteA in the
later phases of infection has been established in the control of membrane dynamics of the SCV.
However, its role in the early phases of infection remains unknown. Towards this, we wanted to
explore the role of SteA in the early phases of infection and thus have formulated the following

objectives:
1) To probe if SteA has a role in virulence of S. Typhimurium
2) How SteA affects the immune responses?

3) To probe the mechanism underlying the SteA-mediated effect on immune responses

Objective 1: To probe if SteA has a role in virulence of S. Typhimurium

S. Typhimurium causes typhoid-like disease in mice. So, first we deleted steA from the genome of
S. Typhimurium and compared the survival of BALB/c mice upon infection with wild type S.
Typhimurium (wt) or the deletion mutant of steA (AsteA). The mice infected with AsteA were
found to have a lower survival than those infected with wt. Also, the mice infected with AsteA
showed signs of septic shock syndrome such as pilorected fur, decrease in activity, decrease in
response to stimuli and closing of the eye. This indicated that SteA might play a role in virulence

by modulating the host-immune responses.



Objective 2: How SteA affects the immune responses?

To further understand whether there is a heightened immune responses, we have isolated cells
from the infected spleen and observed higher gene expression of the pro-inflammatory cytokine
TNFa in AsteA compared to the wt and the complement strains. Further, we observed an increased
TNFa production in response to AsteA than the wt in both murine macrophage cell line RAW
264.7 and the bone marrow derived macrophages (BMDM). The generation of an immune
response by macrophages employs a signalling cascade leading to the activation of NF-kB and
AP-1 transcription factors. The activation of AP-1 is mediated by the phosphorylation of MAP-
kinases. To understand how SteA affects the pro-inflammatory response, we checked the
phosphorylation status of MAP-kinases and the activation status of NF-«B after infection of RAW
264.7 cells with wt and AsteA strains. We found no difference in the phosphorylation of the MAP-
kinases in wt and AsteA infected cells. However, an increased activation of NF-kB was observed
in AsteA infected RAW 264.7 cells as compared to the wt infected cells. These data showed that,
SteA acts on the NF-«B pathway to suppress the immune responses.

Objective 3: To probe the mechanism underlying the SteA-mediated effect on immune

responses

For the activation of NF-«B, a signalling cascade phosphorylates IKK complex which further
phosphorylates IkB. IkB is the inhibitor of NF-kB and is bound to it in the inactivated state. The
phosphorylation of IkB leads to its degradation, rendering NF-xB active. We checked the
phosphorylation status of IKK and the total IkB levels in cells infected with wt and AsteA strains.
We observed no difference in the phosphorylation status of IKK in wt or AsteA infected cells.

However, total IkB levels were much lower in cells infected with AsteA than the wit.

The degradation of IkB is a result of its poly-ubiquitination. Ubiquitination is a multi-step pathway
which eventually utilizes an E3 Ligase complex to add the poly-ubiquitin chains to the substrate.
We further found that SteA interferes with the ubiquitination pathway of IkB. We also observed
that SteA does not interfere with the assembly of the E3 ligase complex, but binds to a component
of E3 ligase thus preventing complete activation of the ligase. This ultimately leads to suppression

of IxkB degradation, thus preventing the activation of NF-kB.



Conclusion

Mice infected with AsteA showed lower survival as compared to those infected with the wt. The
mice infected with AsteA displayed symptoms of septic shock, an overwhelming immune response
which seemed to be the cause of their lower survival. Further observations confirmed that SteA
suppresses pro-inflammatory responses generated by macrophages in response to S. Typhimurium
infection by inhibiting the ubiquitination of kB, thus preventing the activation of NF-«xB.
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1. Immune system and its components

In a world of co-existence with various micro-organisms such as viruses, bacteria, fungi and
parasites, the intrusion of our system by these micro-organisms is inevitable. To be able to
endure this, our body is equipped with a defence system called the immune system. The human
immune system comprises of the innate immune system and the adaptive immune system (1).
The innate immune system with which we are born (as the name suggests), whereas, the im-
mune system that is developed after birth is known as the adaptive immune system. The innate
immune cells are capable of recognizing distinct patterns on the invading microbes and hence
are the first responder to an invasion (2). They engulf and kill the invading pathogens and
secrete various chemical messengers such as cytokines and chemokines to inform and recruit
other cells at the site of infection and initiate inflammatory responses (1). The adaptive immune
system, upon activation, induces a pathogen-specific response and clears the infection and gen-

erates memory (1).

Similar to RBCs, both the innate and the adaptive immune cells or WBCs are derived from
haematopoietic stem cell. The immune cells originate from the myeloid or the lymphoid lineage
of the haematopoietic stem cell. The innate immune cells such as monocytes and macrophages
are derivatives of the myeloid lineage and the adaptive immune cells such as B-cells and T-

cells are derived from the lymphoid lineage (1) (Illustration 1).
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Illustration 1. Cells of the immune system
(parts of the illustration derived from https://www.ibiology.org/immunology/cells-immune-system/)
The haematopoetic stem cell differentiates to either the myeloid progenitor or the lymphoid pro-

genitor. All the immune cells are derived from either the lymphoid or the myeloid progenitor.

1.1 The innate immune cells involved in bacterial infection

The innate immune cells are responsible for the surveillance in the body for any invading path-
ogen and are the first to respond to an infection. The macrophages, monocytes, neutrophils and
dendritic cells are the major innate immune cells involved in the response to a bacterial infec-
tion (1).

Macrophages are the tissue-resident phagocytic cells. They are derived from monocytes and
are named differently in different organs such as Kupffer cells in the liver, osteoclasts in bone
and microglial cells in the brain. They recognize a pathogen and kill it by phagocytosis. They
also phagocytose infected cells to avoid the spread of infection. They secrete cytokines like
TNFa, IL-1B and IL-6 which lead to the generation of a pro-inflammatory response. Macro-

phages are also involved in adaptive immune responses by acting as antigen presenting cells.

Monocytes circulate in the bloodstream and migrate to the site of infection where they get
differentiated to macrophages upon sensing of pathogens or cytokine signals from other im-
mune cells. They secrete cytokines like TNFa, IL-1p and IL-6 which lead to the generation of

a pro-inflammatory response.
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Neutrophils are granulocytes and are proficient in killing the pathogens. They sense chemo-
kines secreted at the site of infection and are the first to reach the site of infection from the
blood.

Dendritic cells are highly proficient antigen-presenting cells and are responsible for the initi-
ation of the adaptive immune response. These cells reside in immature state in the non-lym-
phoid tissues and take up the antigen in cases of infection. They process the antigens and pre-

sent the antigens to the T-cells thereby activating the adaptive immune response.

Gamma delta T-cells are a distinct class of T cells carrying the xo receptors instead of the
conventional aff receptors. In addition to the T cell receptors, they also have Toll-like receptors
(TLR), scavenger receptors and Natural Killer cell receptors. They have also been shown to
interact with cells of the innate immune system like macrophages and dendritic cells and have
been indicated to act as antigen presenting cells. They are known to produce the pro-inflam-
matory cytokine IL-17 thereby mediating the recruitment and movement of neutrophils to the
site of infection. IL-17 also induces the activation of antimicrobial peptides thereby leading to

the eradication of bacterial and fungal pathogens.

Complement system involves various proteins which help in chemotaxis, opsonisation and
cytolysis of the pathogens. It involves a cascade of proteolytic reactions involving the C1, C2,
C4 complexes which eventually cleave C3 and C5 which lead to the formation of membrane
attack complex (MAC). MAC forms a transmembrane channel leading to osmotic lysis. The
complement system also helps in the clearance of the immune complexes and apoptotic cells.
It is known to help in the B-cell response and more recently has also been associated with the

T-cell mediated immune response.

2. The process of inflammation

A pathogen when invades our body, it first encounters the physical and chemical barriers of
the body like the mucosal layer on the gut epithelium, the hair in the nose, the lysozymes in the
tears, gastric acid in the stomach etc (1). If the pathogen is able to breach these barriers, the
macrophages residing in the tissue sense these pathogens. The macrophages then phagocytose
the pathogen and kill it. Additionally, they secrete various cytokines and chemokines, which
help in informing other immune cells of the intrusion. Neutrophils and monocytes, which are
present in the bloodstream, then, reach the site of infection and further help in killing the path-
ogen. Further, the flow of the lymphatic system brings the activated antigen-presenting cells

(such as dendritic cells) to the lymphoid organs, thus activating the adaptive immune system
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(1). Altogether, the responses initiated by the chemokines and cytokines is called inflammation.
Inflammation is characterized by four signs namely heat (calor), redness (rubor), pain (dolor)

and swelling (tumor), which are a result of the following stages of inflammation (1):

1. Release of cytokines from macrophages: Upon recognition of the pathogen the tissue-

resident macrophages secrete pro-inflammatory cytokines like TNFo and IL-6.

2. Vasodilation: It is the increase in diameter of the capillaries which is caused by various
cytokines like TNFa. This results in increased blood flow at the site of infection, result-
ing in increased access to circulating immune cells to the site of infection. This also
causes heat and redness at the infection site.

3. Increase in vascular permeability: Cytokines also increase the permeability of blood

vessels, resulting in the rush of circulating immune cells such as neutrophils and mon-

ocytes to the site of infection. This is the cause of swelling at the infection site.

2.1 Pro-inflammatory cytokines and chemokines
Cytokines and chemokines play a central role in the process of inflammation (as described
above). The following table describes various cytokines and chemokines and their roles in the

process of inflammation (Table 1).

Table 1. Pro-inflammatory cytokines and chemokines

Cytokine Main Source Function

Cytokines

TNFa Macrophages, monocytes, Den- Induction of cytokine production, pro-
dritic cells, NK cells, liferation, differentiation, cell death

CD4" lymphocytes

IL-1B Macrophages, Dendritic  cells, Proliferation, differentiation, cell
Monocytes death

IL-6 Macrophages, Dendritic  cells, Induction of cytokine production, dif-
Monocytes ferentiation, induction of acute phase

protein synthesis

IL-8 Macrophages, epithelial cells, en- Chemo-attractant of neutrophils
dothelial cells

IL-12 Dendritic cells, macrophages, neu- Cell differentiation, NK cell activation
trophils
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IFN-y T-cells, NK cells Anti-viral response
GM-CSF T-cells, macrophages, fibroblasts  Stimulate production of dendritic cells

from bone marrow precursors

Chemokines

CXCL3 Macrophages, mast cells, epithelial Recruitment of immune cells to the site
(MIP-1a) cells, neutrophils of infection

CCL4 Macrophages, mast cells, epithelial Regulation of pro-inflammation

(MIP-1B) cells, neutrophils
CCL20 Macrophages, neutrophils Movement of WBCs

3. How do innate immune cells recognize the pathogens?

The most crucial step in the process of inflammation, which marks the beginning of the immune
response against any pathogen is the recognition of the invading pathogen (2). For this, the
innate immune cells and the antigen-presenting cells are equipped with an array of receptors
called pattern recognition receptors (PRRs). As their name suggests, PRRs are receptors capa-
ble of recognizing specific patterns on the pathogen called the pathogen-associated molecular
patterns (PAMPSs)(3). Upon recognition of a PAMP by the PRR, downstream signalling is elic-
ited in the cells resulting in the generation of an immune response (4). Generally, four classes
of PRRs have been established till date namely Toll-like receptors (TLRs), Nucleotide-binding
Leucine-rich repeat containing receptors (NLRs), RIG-1 like receptors (RLRs) and C-type lec-
tin receptors (CLRs) (4).

3.1 Toll-like receptors (TLRs)

TLR is the best-characterized class of PRRs. These are present in the outer membrane and on
the endosomes (4). About 13 TLRs are known till date, each recognizes a different PAMP
which have been depicted in Illustration 2. Generally, surface TLRs include TLR1, TLR2,
TLR4, TLR5, and TLR6. The endosomal TLRs include TLR3, TLR7, TLR8 and TLR9 (5).
TLR4 was the first TLR discovered and was found to recognize lipopolysaccharide (LPS) (6).
In addition to LPS, TLRs have also been found to recognize various outer membrane proteins
of bacteria (7-9).
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lllustration 2. TLRs and their ligands
TLRs are mainly present on the plasma membrane or on the endosomal membrane. The local-

ization and the ligands of all the TLRs known till date have been depicted.

TLR generally consists of a Leucine-rich repeat (LRR) containing extracellular domain and a
TLR/IL-1R homology (TIR) domain at the cytoplasmic side. Upon recognition of a PAMP by

the extracellular domain, the downstream signalling is initiated by the TIR domain (10, 11).

3.2 TLR mediated pro-inflammatory response

The recognition of PAMPs by TLRs induces a signalling cascade leading to the activation of
transcription factors and induction of a pro-inflammatory response (5). TLRs are known to
form homo-dimers or hetero-dimers for ligand recognition followed by induction of the down-
stream signalling (10). The down-stream signalling is either MyD88-dependent or independent
manner depending on the recruitment of the adaptor protein-MyD88 or TRIF/TRAM to the
cytosolic TIR domain (2, 3).

3.2.1 MyD88-dependent signalling

MyD88 or Myeloid differentiation factor 88 is an adaptor involved in the canonical TLR-me-
diated signalling (4). The recognition of the ligand by TLR induces the recruitment of MyD88
to the TIR domain which helps in the recruitment of the IL-1 receptor activated kinase (IRAK)-
1 and IRAK-4 to the receptor complex leading to the phosphorylation of IRAK-1 by IRAK-4
(4). Phosphorylated IRAK-1 recruits and activates TRAF6 and activated TRAF6 then gets dis-

sociated from the receptor complex and activates TGFp-activating kinase-1 (TAK-1) with the
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help of adaptor proteins TAK-1 binding protein 1 and 2 (TAB1 and TAB2). TRAF6, a ubiquitin
ligase along with ubiquitin-conjugating enzyme 13 (UBC13) and Uev1A activates TAK-1 by
adding a polyubiquitin chain at lysine 63 of TAK-1. TAK-1 then activates the MAP-kinase
cascade or the IKK complex. The MAP-kinase cascade leads to the activation of the terminal
MAP-kinases- p38, JINK and ERK (4). MAP-kinases then generally activate the transcription
factor AP-1. On the other hand, the activated IKK complex phosphorylates IkB (inhibitor of
NF-xB). IkB is bound to NF-«B in the cytoplasm in the inactive state. Upon activation, phos-
phorylation of IkB leads to its polyubiquitination and degradation. This renders NF-kB free to
translocate to the nucleus. Both NF-kB and AP-1 are responsible for the transcription of genes
for pro-inflammatory cytokines namely TNFa, IL-6 etc. (4). The pathway has been described

in lllustration 3.

MyD88-dependent pathway MyD88-independent pathway

TLR

pathway e

Illustration 3. TLR-mediated MyD88-dependent and -independent pathway
Upon recognition of the ligand by the TLR, it recruits an adaptor molecule- MyD88 or
TRIF/TRAM. This recruitment leads to a signalling cascade leading to the activation of the
transcription factors AP-1, NF-xB or IRF3.

3.2.2 MyDB88-independent signalling
Apart from MyD88, some TLRs like TLR3 and TLR2 signal via the adaptor molecules- TRIF
(4, 12). TLRA4 can also mediate its signalling via TRIF, but it requires an additional protein
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called TRAM (4). TRIF after being recruited to the TLR generally recruit Receptor inducing
protein (RIP)-1 or TRAF3. RIP-1 binds to TRAF6 which then activates the IKK complex lead-
ing to the activation of NF-«xB transcription factor. TRAF3, on the other hand, activates TBK-
1 and IKKe which directly phosphorylates transcription factor IRF3 (4, 13) (Illustration 3).

4. The mechanisms of host-modulation by bacteria

Despite an elaborate mechanism to defend against pathogens, bacteria are able to establish an
infection in the host as they have also evolved various mechanisms of modulating the host’s
immune responses for its own pathogenesis. The bacterial outer membrane consists of various
components such as proteins, LPS etc. which are recognized by the host, resulting in a pro-
inflammatory response (14). Some bacteria such as Streptococcus pneumoniae, Haemophilia
influenzae, Neisseria meningitides etc. prevent this recognition by forming a capsule around
their surface, helping them to move around in the host’s system without being recognized and
establish an infection (15). Gram-negative bacteria have LPS in their outer membranes, which
is promptly recognized by TLR4 (16). To curb this recognition, various bacteria alter their LPS.
LPS is made up of an oligosaccharide core or lipid A and polysaccharide side chain called the
O-antigen. Salmonella enterica, upon infection, up-regulates the expression of PagL and PagP
which increase the deacylation and palmitoylation of the lipid A, reducing its ability to be
recognized by TLR4 (17, 18). Porphyromonas gingivalis has more than one type of LPS, which
act as both agonist and antagonist for the TLRs, thus reducing the activation levels of TLR4-

mediated pro-inflammatory responses (19, 20).

As previously described, phagocytosis of the pathogen is also an immune mechanism for clear-
ing of the pathogen from the host’s system, some bacteria such as Salmonella, Mycobacterium,
Listeria, Yersinia, etc. have devised strategies to avoid phagocytosis (21). Yersinia pestis se-
cretes effectors such as, YopH, YopE and YopT directly into the host cell via a type-three
secretion system (T3SS) which modulate the actin-machinery of the host (22). Since actin is
crucial for phagocytosis, these effectors affect the phagocytosis of the bacteria. Upon internal-
ization of the bacteria by the phagocytes, a phagosome is formed, which then fuses with lyso-
somes forming the phagolysosomes, resulting in killing of the phagocytosed bacteria (1). Some
bacteria avoid phagocytosis by escaping the phagosome. For example, Listeria monocytogenes
secrete a toxin called Listeriolysin O, which forms pores in the phagosomal membrane, helping
the bacteria to escape the phagosome (23). Some bacteria such as Mycobacterium tuberculosis

suppresses the maturation of phagolysosomes, thus, making the phagolysosome favourable for
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its replication (24). Salmonella enterica Typhimurium, does not prevent the maturation of
phagolysosomes, but secretes effectors which help in forming a niche for the bacterial replica-
tion upon acidification of the phagolysosomes (25). Coxiella burnetii is a bacteria, which has
adapted to the low pH of the phagolysosomes and replicates inside the acidified phagolysosome
(26).

In addition to these strategies, bacteria also can subdue the pro-inflammatory responses gener-
ated against the bacteria. S. Typhimurium and Shigella flexineri secrete effectors via T3SS
which suppress the pro-inflammatory responses. Interestingly, some bacteria induce pro-in-
flammatory responses to cause their pathogenesis. In some cases such as, in case of Salmonella,
induction of pro-inflammatory responses helps in increasing the niche for their replication (27)
and in bacterial infections involved in inflammatory diseases such as ulcerative colitis, pro-

inflammation is essential for the pathogenesis (28).

4.1 Immune-modulation by bacterial outer membrane proteins

Outer membrane proteins (OMPs) from various bacteria namely Neisseria sp., Helicobacter
pylori, Haemophilus influenzae, Salmonella sp. etc. have been shown to modulate host im-
mune responses in different ways (14). They are capable of modulating both the innate and the
adaptive immune responses of the host (lllustration 4). OmpS1 of Salmonella enterica Typhi,
Hib of Haemophilus influenzae and Omp16 of Brucella abortus are outer membrane proteins
which have been reported to induce pro-inflammatory responses in terms of production of
TNFa, IL-6 or nitric oxide (NO) in innate immune cells such as macrophages and monocytes
(29-31). OMPs from N. gonorrhoeae, N. meningitides, S. Typhimurium, Klebsiella pneu-
moniae, Legionella pneumophila etc. have been shown to activate the complement system,

which also helps in the generation of pro-inflammatory responses (32-36).

In addition to inducing pro-inflammatory responses in the host’s innate immune cells, some
OMPs have been reported to activate the adaptive immune system as well (14). The activation
of the adaptive immune system requires antigen presentation by dendritic cells and macro-
phages (1). Upon activation of the innate immune response, the expression of MHCs and the
co-stimulatory molecules such as CD80, CD86, CD40 etc. increases on the antigen-presenting
cells (APCs), which are required for the activation of T-cells (1). OMPs from Shigella sp.,
Salmonella sp., N. meningitidis have been reported to induce the expression of the co-stimula-
tory molecules on the dendritic cells (9, 30, 37-40). OMPs from Shigella dysenteriae, S. Typhi-

murium, N. meningitidis and N. gonorrheae have also been shown to induce the expression of
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co-stimulatory molecules on B-cells and cause the generation of IgM responses in these cells
(7, 41-45).

OmpU of V. cholerae has been shown to induce pro-inflammatory responses in monocytes and

macrophages (46). V. cholerae OmpU also translocates to the mitochondria and induces a pro-

grammed cell death (47).

TLR TLR T3SS

/ \ \ .... Effectors
Apoptosis Modulation of

Pro-inflammatory actin machinery
responses «—— Modulation of

immune responses ‘

' Vo Phagocytosis
Suppression of Apoptosis/

pro-inflammatory Pyroptosis

responses .
Modulation of

phagolysosome

Induction of adaptive
immune responses

Ilustration 4. Immunomodulation by Outer membrane proteins (OMPs) and
T3SS effectors.

OMPs and T3SS effectors of various bacteria have been shown to modulate various host

immune responses thereby helping the bacteria in causing their virulence.

4.2 Immune-modulation by effectors of the Type three secretion systems

The type three secretion system (T3SS) is a needle like complex which is assembled across the
host and the bacterial membranes. This system secretes proteins directly from the cytoplasm of
the bacterial cell to that of the host cell. Many bacteria namely Shigella, Yersinia, Salmonella
etc. have been reported to utilize the T3SS to translocate various effectors into the host cell for
their virulence. Some of these effectors have been shown to modulate host-immune responses
(Mustration 4). For example, SopE of Salmonella is known to induce pro-inflammatory re-

sponses in the host (48). OspG and OspF which are T3SS effectors secreted by Shigella and
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YopE and YopP/YopJ of Yersinia have been shown to suppress host’s pro-inflammatory re-
sponses (22, 49-54). Some effectors of Salmonella namely SptP, GogB, AvrA etc. have also

been shown to suppress the pro-inflammatory responses of the host (55-59).

Additionally, IpaB, an effector of Shigella is known to activate caspase-1 and induce a pro-
inflammatory cell death called pyroptosis (60). On the other hand, YopE of Yersinia has been
shown to suppress the activation of caspase-1 (61).

These complexities of pathogenesis processes underscores the need for the study of bacterial
pathogenesis in great detail, with emphasis on how individual bacterial ligands modulate host’s

immune responses. This will further help us in designing specific vaccines against the diseases.

5. Objectives of the study
In this study, we have explored how an outer membrane protein, OmpU of Vibrio parahaemo-
Iyticus and a T3SS effector, SteA of Salmonella enterica Typhimurium modulate the immune

responses of the host. Towards this, we have formulated the following aims:
Aim 1- To study the host immunomodulation by OmpU of Vibrio parahaemolyticus.

OmpU is an outer membrane protein present across Vibrio species and has been implicated
in virulence of various Vibrio sp. However, OmpU of V. parahaemolyticus is yet to be char-

acterized.

Aim 2- To study the host immunomodulation by SteA of Salmonella enterica Typhimurium
Salmonella enterica Typhimurium secretes various effectors into the host cell via a type three
secretion system. These effectors modulate host processes and help in the infection caused by
the bacteria. SteA is such an effector, whose function has not been fully characterized.
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Chapter 1:

To study the host-
immunomodulation by OmpU of

Vibrio parahaemolyticus
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1. Introduction
1.1 Vibrio parahaemolyticus and its pathogenesis

Vibrio parahaemolyticus is a Gram-negative, non-invasive bacteria which was discovered in
1951 in Japan after a major outbreak affecting about 272 people and causing 20 deaths. Since
then, many outbreaks have occurred in Japan, India, Europe, Africa, Chinaand U.S.A. (62-67).
Of the 802 outbreaks of foodborne illnesses in China, about 40 % have been reported to be due
to V. parahaemolyticus infection (68, 69). Although V. parahaemolyticus is known to infect
various marine species such as eels, shrimps, squids, lobsters, oysters, sardines, crabs etc., but
the major cause of the gastroenteritis outbreaks was found to be raw or undercooked fish and
shellfish (70). Upon consumption of raw or undercooked sea-food, the disease is almost inev-
itable. The patient develops symptoms such as acute diarrhoea, abdominal pain, fever, chills,
vomiting and nausea. The watery stools of the patients are also mixed with mucus and blood.
Additionally, wound infection by V. parahaemolyticus results in septicaemia and may lead to
death (71).

The pathogenesis of V. parahaemolyticus has majorly been attributed to haemolysins namely
thermostable-direct haemolysin (TDH), TDH-related haemolysin (TRH) and thermolabile hae-
molysin (TLH) (70). In addition to these, V. parahaemolyticus also utilizes the type three se-
cretion systems (T3SS-1 & 2) and the type six secretion system (T6SS-1 & 2) to secrete certain
proteins into the cytoplasm of the host cells (72). Of all these factors which have been attributed
to the pathogenesis of V. parahaemolyticus, TDH has been found to be a major player and has

been found in about 95 % of the clinical isolates (72).

1.1.1 Thermostable direct haemolysin (TDH) and TDH-related haemolysin (TRH)
TDH and TRH are both B-haemolysins and have been implicated as major virulence factors in
V. parahaemolyticus infection (73). The pore forming ability of these toxins seems to be the

major reason for their toxicity.

TDH is stable at 100 °C for 10 minutes, thus earned its name. In addition to haemolysis, TDH
has been known to cause enterotoxicity, cytotoxicity and cardiotoxicity in the host (73). TDH
forms a pore in the red blood cells (RBC) membrane causing its osmotic lysis. Due to RBC

lysis by TDH, V. parahaemolyticus forms a special ring around the colony when grown on
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Wagatsuma blood agar plates. This is called the ‘Kanagawa phenomenon’ (KP) (74, 75). In
addition to RBC, TDH forms pore in the membrane of other host cells, thereby increasing the
intracellular Ca?* levels and also leading to CI- secretion out of the cells (76). This leads to the
disturbance of the osmotic balance leading to cell expansion and thus cell death. Since TDH is
prevalent in about 95 % of V. parahaemolyticus strains, pore-forming property has been used
to detect V. parahaemolyticus (72). The genes encoding TDH (tdh) and TRH (trh) share about
70 % sequence similarity (73).

TRH was first identified from KP~ strain (77). TRH has been shown to be stable at 60 °C for
10 minutes (78). Similar to TDH, TRH also causes cell death by disturbing the osmotic balance
of the cell by activating CI- channels leading to CI- efflux and Ca?* influx (78).

Although TDH and TRH are major virulence factors, strains deficient in both tdh and trh genes
also showed virulence indicating contribution by other factors in the virulence of V. parahae-
molyticus (79, 80).

1.1.2 Thermolabile Haemolysin

Thermolabile haemolysin (TLH) is another toxin secreted by all the strains of V. parahaemo-
Iyticus (81). Like TDH and TRH, it also acts as a haemolysin (82, 83). In addition to its hae-
molytic activity, it acts as a lecithin-dependent phospholipase (70). Wang et al., demonstrated
that TLH is cytotoxic to epithelial cells (HeLa) and macrophages (RAW 264.7 cells) (71).
Further, the expression of TLH is increased in conditions similar to the human intestine, indi-

cating its role in the pathogenesis of V. parahaemolyticus (72).

1.1.3 Outer membrane proteins of V. parahaemolyticus

V. parahaemolyticus has a vast array of outer membrane proteins, many of which have been
implicated in its virulence. Most of the OMPs help V. parahaemolyticus to survive in the gut
of the host upon infection (84-86). Some OMPs also act as sensors of the host environment,
thereby inducing the expression of virulence-related genes. The free iron levels are low in the
host and it has been shown that the virulence of V. parahaemolyticus was enhanced in the iron
limiting conditions (84). PsuA and PvuA are OMPs which are iron sensors and have been im-

plicated in the enhanced virulence and increased expression of TDH (85, 86).

Antimicrobial peptides or defensins are present in the gut and are proficient in killing the bac-

teria (87). TolC, a transmembrane channel protein, has been found to be involved in providing
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resistance to antimicrobial peptides as it is a part of the efflux pump system, which is also
involved in antibiotic resistance (88). NorM, NhaD and VmrA are Na*/drug antiporter, hence,
help V. parahaemolyticus in acquiring resistance to various antimicrobial agents and drugs (89-
91). Another OMP, Multivalent adhesion molecule 7 (MAMT7) binds to fibronectin and phos-
phatidic acid, thus, helping in adhesion of V. parahaemolyticus to the host cell (92). Also, the
enolase present on the cell membrane of V. parahaemolyticus binds to plasminogen of the host
cell, thereby helping in adhesion (93). Adhesion of V. parahaemolyticus to the host cell is
necessary for the formation of the T3SS and T6SS machineries, which are then able to secrete

effectors involved in the pathogenesis of V. parahaemolyticus.

Iron MAM7
sensors (adhesin) Other OMPs
Na+/drug —
antiporters

Vibrio parahaemolyticus

T3SS

Illustration 5. Virulence factors of V. parahaemolyticus
Vibrio parahaemolyticus employs various virulence factors such as toxins namely TDH,
TRH and TLH; outer membrane proteins which act as adhesins, iron sensors and anti-

porters; and it also secretes effectors via the type three and type six secretion systems.

Being majorly a non-invasive bacteria, outer membrane proteins (OMPs) of V. parahaemolyt-
icus play an important role in manipulating host system. Vibrio outer protein (Vop) Q and
VopS are type three secretion system (T3SS)-1 effectors, which have been implicated in the
pathogenesis of V. parahaemolyticus. VopQ causes the deacidification of the lysosome, leading
to lysosomal rupture and hence, host cell lysis (94, 95). VopS suppresses the actin-modulation
of the host cells by acting on the GTPases, thereby affecting various functions of the host cell
like phagocytosis (96-98). VopC, VopL, VopV are T3SS-2 effector proteins which are in-
volved in actin modulations (99-102). VopA/P and VVopZ are also T3SS-2 effectors which sup-
press the MAP-kinase activation (103, 104). VopZ also helps in the intestinal colonization and

fluid accumulation by V. parahaemolyticus (105).
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In addition to these, some OMPs have been found to be up-regulated in conditions mimicking
the host environment, implicating their role in the virulence of V. parahaemolyticus. For ex-
ample, OmpV has been found to be up-regulated in low salt conditions indicating its role in
survival in the host environment and hence, in virulence of V. parahaemolyticus (106). Another
OMP which may have a role in the virulence of V. parahaemolyticus is Outer membrane pro-
tein U (OmpU). Itis controlled by the ToxRS regulon, which responds to environmental signals
and regulates most of the virulence factors of V. parahaemolyticus namely TDH, TRH, T3SS-
1, T3SS-2 implying the role of OmpU in its pathogenesis (107, 108).

1.1.3.1 Outer membrane proteins as vaccine candidates

OMPs have been shown to induce pro-inflammatory responses and also induce adaptive im-
mune responses, thus, providing protection against the infection. Hence, OMPs have been
widely tested for their use as vaccines or components of vaccines (14). PorB of N. gonorrhoeae
induces Th1 responses in mice (109); OprF of P. aeruginosa induces the production of IgG1
and provides protection against pulmonary infection (110); OmpA of Burkholderia pseudo-
mallei protects the mice against B. pseudomallei infection when injected intra-peritoneally
(111); OmpS1, OmpS2 and OmpA of S. typhi have been shown to provide protection against
S. typhi infection in mice (30, 112).

Various OMPs of Vibrio sp. have also been studied for their vaccine potential. OmpK of V.
harveyi, V. alginolyticus and V. parahaemolyticus provides protection against infection of path-
ogenic Vibrio sp. when injected in the fish- Epinephelus coioides (113). OmpW of V. algino-
Iyticus provides protection in Larimichthys crocea (114). Also, outer membrane vesicles (con-
taining various OMPs) of V. cholerae have been shown to provide resistance against V. chol-
erae infection in mice (115, 116).

Several OMPs of V. parahaemolyticus such as PsuA, PvuA, OmpW, OmpK and OmpV have
been shown to be immunogenic and provide protection in yellow croaker fish (Pseudosciaena
crocea) (86, 117). Also, OmpK, OmpA, LptD, LamB, VP0802, VP1243 and VP0966 have

been suggested to be immunogenic using an immunoproteomics approach (118).

In addition to these, OmpU of V. alginolyticus has been reported to provide protection in Lut-

janus erythropterus (119). V. parahaemolyticus OmpU has also been found to be immunogenic
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in the immunoproteomic screen and was found to be immunogenic in yellow croaker fish (117,
118).

1.1.3.2 Outer membrane protein U (OmpU)

OmpU is an outer membrane protein, which is present across various Vibrio sp. The V. para-
haemolyticus OmpU (VpOmpU), has high similarity to OmpU from other Vibrio sp. In many
of the Vibrio sp., it has been shown to be a porin and has also been indicated in their pathogen-
esis. In V. alginolyticus, OmpU helps the bacteria in acquiring antibiotic resistance (120).
OmpU of V. splendidus helps the bacteria in bile and anti-microbial peptide resistance (121).
In V. vulnificus, OmpU is reported to act as an adhesin (122). Further, in V. splendidus, OmpU

has been reported to help in adhesion and invasion (123).

V. cholerae, V. parahaemolyticus and V. vulnificus are human pathogens. V. cholerae OmpU
(VcOmpU) and VpOmpU share around 70 % homology between themselves. Further, the ex-
pression of VpOmpU is under the ToxRS regulon (107). Similarly, VcOmpU expression is
regulated by ToxR, a homologue of ToxRS (108). Further, V. cholerae OmpU has been re-
ported to help in resistance to bile and anti-microbial peptides, thus helping V. cholerae to
survive in the intestine of the host (124, 125). Similarly, VpOmpU has been found to be up-
regulated in the presence of bile, indicating the role of VpOmpU in the survival of the pathogen
in the host intestine during pathogenesis (126). V. cholerae OmpU has been shown to modulate
host responses (46, 47, 127, 128). VpOmpU was also found to be immunogenic in yellow
croaker fish (117) and could act as a potential vaccine candidate. Our laboratory characterized
the role of VcOmpU in host response modulation in great details (46, 47, 127, 128). However,
the immunomodulatory role of VpOmpU is yet to be characterized.

2. Objectives of this study

In this study, we have characterized how V. parahaemolyticus OmpU (VpOmpU) modulates

host-immune responses. Towards this, we have formulated the following objectives:
1) To purify OmpU from Vibrio parahaemolyticus

2) To check if OmpU modulates innate immune cells
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3) To probe how OmpU is recognized by the innate immune cells

4) To understand the underlying signalling mechanism of innate-immunomodulation

3. Materials and Methods
3.1 Ethics statement

All animal experiments were carried out in accordance with the guidelines of Committee for
the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) (No.
1842/GO/ReBiBt/S/15/CPCSEA). All the protocols for animal handling were approved by the
Institutional Animals Ethics Committee (IAEC) of Indian Institute of Science Education and
Research, Mohali (Protocols for the knockout mice: ISERM/SAFE/PRT/2017-2018/ 001).

3.2 Bacterial strains and chemicals

The V. parahaemolyticus strain was obtained from the Microbial Type Culture Collection
(MTCC) and Gene bank facility (MTCC Code 451) of the Institute of Microbial Technology,
Chandigarh, India. All the DNA modifying enzymes were obtained from New England Biolabs
(USA). Luria Bertani (LB) broth and antibiotics were from Himedia, Mumbai. Brain Heart
Infusion (BHI) media was from Fluka, USA. Plasmid and DNA isolation kits were obtained
from QIAGEN. Ni-NTA Agarose was obtained from QIAGEN. Most of the chemicals were

obtained from Himedia, Mumbai unless otherwise mentioned.

3.3 Cell lines and culture conditions

RAW 264.7 (a murine macrophage cell line) and THP-1 (a human monocytic cell line) used in
this study were obtained from the National Centre for Cell Science (NCCS), Pune, India. RAW
264.7 and THP-1 cells were maintained in RPMI 1640 supplemented with 10 % fetal bovine
serum (FBS), 100 units/ml of penicillin and 100 pg/ml of streptomycin (Invitrogen, Life Tech-
nologies, USA) at 37 °C and 5 % CO.. In all the experiments with VpOmpU, cells were pre-
treated with 10 pg/ml of Polymixin B (Sigma Aldrich, USA) for 30 min to prevent any LPS

contamination to interfere with the responses.
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3.4 Differentiation of bone marrow cells to bone marrow-derived macrophages
(BMDMs)

6-8 weeks old C57BL6 or TIr2”- or Myd88’ mice were euthanized and their femur and tibia
bones were extracted. The muscle tissue of the bones was then removed off and were then
washed with ice-cold PBS. They were then dipped in 70 % alcohol for 2 min and were trans-
ferred to RPMI 1640 media. Then, using sterile scissors, the epiphyses of the bones were cut
and the bone marrow cells were extracted by flushing the bones with RPMI 1640 media. These
bone marrow cells were then differentiated to bone marrow-derived macrophages (BMDMs)
using macrophage colony-stimulating factor (M-CSF). Briefly, cells were suspended in differ-
entiation media (RPMI 1640 supplemented with 10 % FBS, 100 units/ml of Penicillin, 100
ug/ml of Streptomycin, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids (NEAA),
1 % B-mercaptoethanol and 20 ng/ml of M-CSF) and plated in 24-well plates. They were incu-
bated at 37 °C with 5 % CO.. The media was changed every 2 days and fresh differentiation
media was added. The adhered cells obtained at day 7 were BMDMs and were used for further

experiments.

3.5 Cloning of VpOmpU

The full-length nucleotide sequence encoding the putative OmpU protein of V. parahaemolyt-
icus (VpOmpU) was retrieved from the NCBI server (available online at
http://www.ncbi.nlm.nih.gov/pubmed) (GenBank: HM042874.1). The N-terminal signal se-
quence of the VpOmpU protein was determined using SignalP (available online at
http://www.cbs.dtu.dk/services/SignalP/). The nucleotide sequence encoding VpOmpU, omit-
ting the N-terminal signal sequence, was amplified by polymerase chain reaction (PCR) using
the V. parahaemolyticus (MTCC strain Code 451) genomic DNA as the template and the fol-
lowing primers:

Forward- 5" TACATATGGCTGAACTTTACAACCAAG 3’

Reverse 5> CGGGATCCTTAGAAGTCGTAACGTAGAC 3’

The primer sequences were designed based on the VpOmpU nucleotide sequence (GenBank:
HMO042874.1), omitting the sequence for the N-terminal signal peptide.

The amplified PCR product was first cloned into the TA cloning vector (pTZ57R/T; Fermentas

Life Sciences), and transformed into E. coli TOP10 cells (Invitrogen). Transformed cells were
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screened for the positive plasmid harboring the cloned nucleotide sequence for VpOmpU gene
by PCR, using the gene-specific primers mentioned above. The cloned sequence encoding
VpOmpU was excised from the pTZ57R/T vector by restriction digestion with Ndel and
BamH1, re-cloned into the pET-14b bacterial expression vector (Novagen, Sigma-Aldrich),
and the recombinant pET-14b vector (pET-14b/VpOmpU) was transformed into the E. coli
TOP10 cells. The transformants were selected on ampicillin (50 pg/ml)-supplemented LB-agar
plates. Bacterial colonies were screened for the recombinant pET-14b/VpOmpU plasmid by
colony PCR using the gene-specific primers. Recombinant pET-14b/VpOmpU plasmid was
purified, and the construct was verified by DNA sequencing of the cloned nucleotide segment
for VpOmpU.

3.6  Over-expression and purification of VpOmpU

Recombinant pET-14b/VpOmpU plasmid was transformed into the E. coli Origami B cells
(Merck-Millipore). A single colony of E. coli Origami B cells harboring the pET-14b/VpOmpU
plasmid was inoculated into 20 ml LB media containing ampicillin (50 ug/ml), and the cells
were grown at 37 °C for overnight. For large scale protein expression, 1 litre of the LB media,
supplemented with 50 pg/ml ampicillin, was inoculated with 20 ml of the overnight-grown
seed culture and was grown at 37 °C. The protein over-expression was induced by addition of
1 mM isopropylthiogalactoside (IPTG) when the ODsoo 0f the culture media reached 0.4-0.6.
After induction for 3 h at 37 °C, the cells were harvested by centrifugation at 3,220 g for 30
min. The cells were re-suspended in 10 ml of 20 mM sodium phosphate buffer (pH 7.0) con-
taining bacterial protease inhibitor cocktail (Sigma Aldrich, USA). The cells were disrupted by
sonication. Insoluble inclusion body was separated from the soluble fraction of the cell lysate
by centrifugation at 18,500 g for 30 min. Presence of the majority of the recombinant VpOmpU
protein in the insoluble inclusion body fraction was observed by SDS-PAGE/Coomassie stain-
ing. The crude inclusion body was washed twice with the 20 mM sodium phosphate buffer (pH
7.0) containing 150 mM sodium chloride (PBS). Subsequently, the inclusion body was solu-
bilized in PBS, containing 8 M urea (10 ml of the urea-containing buffer was used to solubilize
the inclusion body obtained from 1 litre culture), by constant stirring at 25 °C. Insoluble debris
was separated by centrifugation at 18,500 g for 30 min at 4 °C. Recombinant VpOmpU protein
was further purified from the crude urea-solubilized inclusion body fraction by passing through
the Ni-NTA agarose affinity chromatography resins (QIAGEN) under denaturing condition in
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presence of 8 M urea. The urea-solubilized inclusion body fraction was adjusted with 10 mM
imidazole and was applied to the Ni-NTA agarose resin, pre-equilibrated with PBS containing
8 M urea (4 ml Ni-NTA agarose resin/10 ml of the solubilized inclusion body fraction). After
washing with 10-volumes of PBS containing 8 M urea and 40 mM imidazole, the bound protein
was eluted with PBS containing 8 M urea and 300 mM imidazole. The purity of the protein

was examined by SDS-PAGE and Coomassie staining.

3.7 SDS-PAGE

The SDS-PAGE gel used contained a stacking gel and a resolving gel. Both the stacking and
the resolving gels were prepared using the following solutions A, B and C (described below)
in the proportions given in Table 2. The pH of the stacking gel was 6.8 and that of the resolving
gel was 8.8. The resolving gel prepared was either of 10 % or 12.5 % acrylamide percentage.

Solution A: 29.2 % wi/v Acrylamide, 0.8 % wi/v bis-acrylamide in distilled water.
Solution B: 1.5 M Tris-Cl (pH 8.8), 0.4 % w/v SDS in distilled water

Solution C: 0.5 M Tris-Cl (pH 6.8), 0.4 % w/v SDS in distilled water

Table 2. Components of SDS-PAGE gel

Component = Stacking gel 10 % Resolving gel = 12.5 % Resolving gel

Solution A 0.45 ml 3ml 3.75ml

Solution B - 2.25ml 2.25 ml

Solution C 0.75 ml - -
Water 1.8 ml 3.75 Ml 3 Ml

3.8 Refolding of the recombinant VpOmpU protein
Purified recombinant VpOmpU protein was subjected to refolding by using rapid dilution
method. The purified protein in 8 M urea was diluted into the refolding buffer [PBS, containing
10 % glycerol, 0.5 % Lauryl dimethylamine N-oxide (LDAO) (Sigma Aldrich, USA)] at 25 °C
with constant shaking for 10 min. Diluted protein was further incubated at 4 °C for overnight
to allow optimal refolding of the protein. Thereafter, the refolding mixture was centrifuged at

18,500 g for 30 min at 4 °C to remove the insoluble aggregates formed during the refolding
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process. The soluble fraction was immediately subjected to size-exclusion chromatography by
passing through a Sephacryl S-200 column (1.6 x 60 cm; bed volume of 120 ml; flow rate used
was 1 ml/min) (GE Healthcare) equilibrated with the 10 mM Tris-HCI buffer (pH 7.6), con-
taining 10 mM NaCl and 0.5 % LDAO. Eluted Fractions containing the VpOmpU protein
(eluted at around 40 ml of elution volume) was analyzed by SDS-PAGE/Coomassie staining,
pooled, and concentrated by ultrafiltration using Millipore Ultra 10 kDa cut-off filters. Protein
concentration was estimated using the Bradford reagent (Sigma Aldrich, USA), using BSA as
the standard. The final soluble fraction of the purified form of the refolded recombinant
VpOmpU protein was analyzed by SDS-PAGE/ Coomassie staining. The N-terminal 6X His-
tag of the recombinant protein was removed by treatment with Thrombin (1 unit enzyme/ 300

ug of protein) for 2 h at 37 °C. The reaction was stopped with 2 mM PMSF.

3.9 Purification of wild type VpOmpU from the V. parahaemolyticus outer membrane
fraction

V. parahaemolyticus was grown in 2 litres of BHI media till the ODgoo of the culture reached
1.0. Bacterial culture was subsequently centrifuged at 2,050 g for 30 min. The bacterial cell
pellet was re-suspended in 20 mM Tris-HCI (pH 7.6), containing protease inhibitor cocktail
(Sigma Aldrich, USA), bacterial cells were lysed by sonication and were subjected to centrif-
ugation at 18,500 g for 50 min. The supernatant was collected and was subjected to ultracen-
trifugation at 320,000 g for 20 min. The pellet, thus obtained, was re-suspended in PBS, and
ultracentrifuged at 320,000 g for 20 min. The pellet was further subjected to treatment with 1
% N-sarkosyl in PBS for 30 min at 37 °C, and was ultracentrifuged at 105,000 g for 1 h. The
pellet was washed twice with 20 mM Tris-HCI (pH 7.6) at 320,000 g for 20 min and was then
subjected to treatment with 4 % Triton X-100 in 20 mM Tris-HCI (pH 8.0) for 20 min at 37
°C. The supernatant thus obtained contained the outer membrane proteins. The extracted pro-
tein fractions were incubated with 10 mM dithiothrietol (DTT) for 10 min at room temperature
and were further diluted 5-times with 20 mM Tris-HCI buffer (pH 7.6), containing 0.1 % Triton
X-100. The protein sample was loaded onto a DEAE-cellulose column, equilibrated with 20
mM Tris-HCI (pH 7.6) containing 0.1 % Triton X-100. Bound proteins were eluted with a
gradient of 50-250 mM NacCl in Tris-HCI (pH 7.6) buffer at the flow-rate of 1 ml/min. The

eluted fractions were subjected to SDS-PAGE/ Coomassie staining analysis for the detection
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of the eluted proteins. The eluted fractions were collected, and selectively pooled, and sub-
jected to size-exclusion chromatography on Sephacryl S-200 column (1.6 x 60 cm; bed volume
of 120 ml; flow rate used was 1 ml/min) (GE Healthcare) equilibrated with 10 mM Tris-HCI
(pH 7.6) buffer containing 10 mM sodium chloride and 0.5 % LDAO. The fractions eluted at
around 36 ml contained the purified form of VpOmpU protein as analyzed by SDS-PAGE/

Coomassie staining.

3.10 Immunological relatedness between the wild type and the recombinant VpOmpU
protein

Polyclonal antiserum was generated in rabbit using the purified refolded form of the recombi-

nant His-tagged VpOmpU protein as the antigen. The antiserum was raised in New Zealand

White rabbit using the ‘polyclonal antibody production service’ of Genei, India. The antisera

recognized the wild type VpOmpU extracted from the V. parahaemolyticus outer membrane

fraction in the immunoblot assay confirming the antigenic identity/immunological relatedness

between the wild type and recombinant form of VpOmpU generated in our study.

3.11 Sequence alignment and Protein structural model

Amino acid sequence alignment was generated with CLUSTALW using the server available
online (https://www.genome.jp/tools-bin/clustalw) and was visualized with ESPript (http://es-
pript.ibcp.fr/ESPript/ESPript/).

VpOmpU polypeptide sequence was subjected to BLAST search in the NCBI server
(http://blast.ncbi.nim.nih.gov/Blast.cgi) against the protein sequences having experimentally
determined  three-dimension  structure in the Protein Data Bank (PDB,;
http://www.rcsb.org/pdb/home/home.do). The most suitable template was found to be OmpU
of Vibrio cholerae (PDB entry: 6EHB). Therefore, a homology-based structural model of
VpOmpU was generated based on the structural coordinates of 6EHB using the SWISS-
MODEL server (http://www.expasy.org/spdbv/). Protein structural models were visualized
with PyMOL [DeLano WL, the PyMOL Molecular Graphics System (2002) found online
(http://pymol.org)].
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3.12 Far-UV circular dichroism (CD)

The far-UV CD spectra were collected on an Applied Photophysics Chirascan spectropolar-
imeter equipped with Peltier-based temperature control system, using a 5 mm path-length
quartz cuvette. Far-UV CD spectra of the purified refolded recombinant VpOmpU and wild
type VpOmpU (extracted from the V. parahaemolyticus outer membrane fraction) were rec-
orded between 200-260 nm. Protein concentrations were adjusted at 1.5-3.0 uM in 10 mM Tris-
HCI buffer (pH 7.6), containing 10 mM NaCl and 0.5 % LDAOQO. Resulting spectra were aver-
aged (average of three spectra), and were corrected with the corresponding buffer spectra. All

the spectra were recorded at 25 °C.

3.13 Liposome-swelling assay

Functional channel-forming activity of VpOmpU (wild type and the refolded recombinant pro-
teins) in the membrane lipid bilayer was performed by the conventional liposome-swelling
assay following the method described by Nikaido et al. (129), with slight modifications. Lipo-
somes were prepared with egg yolk phosphatidylcholine (Sigma Aldrich, USA) and di-
cetylphosphate (Sigma Aldrich, USA) following the method described earlier, with modifica-
tions. Phosphatidylcholine (4.7 mg dissolved in 500 pl chloroform) and dicetylphosphate (0.10
mg dissolved in 1 ml of chloroform: methanol mixture, 1:1 volume ratio) were mixed together
in a round-bottom flask, and the lipid film was allowed to generate by evaporating in a vacuum-
desiccators for 4 h. To this completely dried and solvent-free lipid film, 1 ml of the VpOmpU
protein solution [in 5 mM Tris-HCI buffer (pH 7.6)] was added. The refolded recombinant
VpOmpU protein was used up to 25 pg/ml final concentration, and the wild type protein was
used up to 30 pg/ml final concentration. Control liposomes were prepared by mixing the dried
lipid film in 5 mM Tris-HCI buffer (pH 7.6), without the protein. Proteoliposomes and the
control liposomes were subjected to ultracentrifugation at 350,000 g for 15 min at 4 °C, and
washed thrice with 5 mM Tris-HCI buffer (pH 7.6). The pellets were dried under reduced pres-
sure in a vacuum desiccator for overnight, and then re-suspended in 0.6 ml of the same buffer
containing 15 % dextran-40,000 (Sigma Aldrich, USA) by incubating for 2 h at 25 °C. For the
liposome-swelling assay, 20 pul of the proteoliposomes or the control liposomes were mixed

rapidly in a cuvette with 580 pl of 30 mM sugar solutions (arabinose, glucose, sucrose and
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raffinose (Sigma Aldrich, USA)) in 5 mM Tris-HCI buffer (pH 7.6), and the ODa4oo was con-
tinuously monitored for 10 min at an interval of 10 s. The assay was carried out at room tem-

perature in triplicate sets.

3.14  Cell viability assay

1 x 10° cells were plated in 100 pl media in a 96-well plate and treated with different concen-
trations of VpOmpU for 24 h. The buffer (10 mM Tris-HCI with 0.5 % LDAOQ) was used as a
negative control. The amount of buffer added to the cells was the same as that of the highest
concentration of VpOmpU. The cell viability was quantified using MTT assay (EZ count Kit,
HiMedia Mumbai, India) by the manufacturer’s protocol. Briefly, 10 pul of MTT reagent was
added to each well. After 3-4 h, 100 pl of solubilization buffer was added to each well and was

mixed well by pipetting. The OD was measured at 595 nm using a plate reader (Bio-Rad, USA).

3.15 Quantification of nitric oxide (NO)

RAW 264.7 and THP-1 cells were plated at a density of 1 x 108/ml in a 6- well plate and were
treated with VpOmpU. At different time points, the supernatant was collected for quantification
of NO using Griess’ Reagent (Sigma Aldrich, USA). Equal volumes of Griess’ reagent and the
supernatant was mixed and incubated in the dark for 15 min and the optical density was meas-
ured at 540 nm. The NO was quantified using a standard curve prepared with different concen-
trations of Sodium Nitrite (Sigma Aldrich, USA). 1 pg/ml of E. coli lipopolysaccharide (LPS)
(Sigma Aldrich, USA) was used as a positive control in the experiments. Buffer (10 mM Tris-
HCI with 0.5 % LDAO) was used as a negative control. For time-dependent analysis, the buffer
was added in equal amount as VpOmpU, and for dose-dependent studies, amount of buffer
added was equivalent to the highest dose of VpOmpU.

3.16 Quantification of TNFo and IL-6

Cells were plated at a density of 1 x 10°/ml in a 6-well plate and were treated with VpOmpU.
At different time points, the supernatant was collected. TNFa and IL-6 were quantified by
ELISA (BD Biosciences, USA, Table 3) by the manufacturer’s protocol. 1 pg/ml of E. coli
Lipopolysaccharide (LPS) (Sigma Aldrich, USA) was used as a positive control in the experi-
ments. Buffer (10 mM Tris-HCI with 0.5 % LDAO) was used as a negative control. For time-
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dependent analysis, buffer was added in equal amount as VpOmpU and for dose-dependent

studies, amount of buffer added was equivalent to the highest dose of VpOmpU.

Table 3. ELISA kits used in this study

Cytokine Catalogue no.
For mouse samples For human samples
TNFa Capture: 551225 Capture: 551220
Detection: 554415 Detection: 554511
IL-6 BD OptEIA, 555240 BD OptEIA, 555220

3.17 Gene-expression analysis

2 x 10° cells were plated in 2 ml media and were treated for different time with 5 pg/ml of
VpOmpU. At all the time points, buffer (equivalent to the amount of VpOmpU being added)
was used as a control. Cells were then harvested and RNA was isolated according to the man-
ufacturer’s protocol using Nucleopore RNA isolation Kit (Genetix). The cDNA was then syn-
thesized using Verso-cDNA kit (Thermo-Fischer) (Table 4).

Table 4. Reaction for cDNA synthesis

Component Volume

5X cDNA synthesis buffer 4 ul

dNTP mix 2 ul

RT enhancer 1 ul

RNA primer 1l

Vero enzyme mix 1l

Template RNA (100-1000 ng) 1-10 wl
Nuclease free water Make up to 20 pl

The PCRs were done using Maxima SYBR Green gPCR master mix (Thermo Fischer) (Table
5) and the Eppendorf Realplex master cycler.

46



Table 5. Reaction for semi-quantitative PCR

Component Volume
SYBR green master mix Spul
cDNA 1ul
Primer mix (2.5 uM each) 1ul
Molecular grade water 3ul

Primers sequences were used from the primer bank (Table 6) and were synthesized by Inte-
grated DNA technologies. The fold change of gene expression in VpOmpU-treated cells was
calculated above the buffer-treated cells for each time point. Also, the C; values of both the

buffer-treated and VpOmpU-treated cells were normalized to the respective C; values of the

housekeeping genes.

Table 6.

Name of gene

Forward
TLR1

Reverse

Forward
TLR2

Reverse

Forward
TLR4

Reverse

Forward
TLR6

Reverse

List of primers used for gene expression studies

Primer sequences

Mouse
TGAGGGTCCTGA-
TAATGTCCTAC
AGAGGTCCAAATGCTT-
GAGGC
GCAAAC-
GCTGTTCTGCTCAG
AGGCGTCTCCCTC-
TATTGTATT
ATGGCATGGCTTACAC-
CACC
GAGGCCAATTTT-
GTCTCCACA
TGAGCCAAGA-
CAGAAAACCCA
GGGACATGAG-
TAAGGTTCCTGTT
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Human
CCACGTTCCTAAAGAC-
CTATCCC
CCAAGTGCTT-
GAGGTTCACAG
CCTCTCGGTGTCG-
GAATGTC
TCCCGCTCACTGTAA-
GAAACA
AGAC-
CTGTCCCTGAACCCTAT
CGATGGACTTCTAAAC-
CAGACCA
TGAATGCAAAAACCCTTC
ACC
CCAAGTCGTTTC-
TATGTGGTTGA



Myd88

B-Actin

GAPDH

HPRT

RPL13

RPLO

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

AGGACAAACGCCG-
GAACTTTT

GCCGA-
TAGTCTGTCTGTTCTAGT
GGCTG-
TATTCCCCTCCATCG
CCAGTTGG-
TAACAATGCCATGT
TGGATTTGGACGCATT-
GGTC
TTTGCACTGGTACGTGTT-
GAT
TCAGTCAACGGGG-
GACATAAA
GGGGCTGTACTGCTTAAC-
CAG
GGGCAGGTTCTGG-
TATTGGAT
GGCTCGGAAATGG-
TAGGGG
TGAGATTCGGGA-
TATGCTGTTGG
CGGGTCCTAGACCAG-
TGTTCT

3.18 Analysis of surface expression of TLRs

GGCTGCTCTCAACATGCGA

CTGTGTCCGCAC-
GTTCAAGA

AAGGTGAAGGTCGGAG-
TCAAC
GGGGTCATTGATGG-
CAACAATA
CCTGGCGTCGTGATTAG-
TGAT

AGACGTTCAG-
TCCTGTCCATAA
GCCATCGTGGCTAAACAG
GTA

GTT-
GGTGTTCATCCGCTTGC
AGAAACTGCTGCCTCATA-
TCCG
CCCCTGGAGATTTTAG-
TGGTGA

1 x 10° cells were plated in a 6-well plate and treated with 5 pg/ml of VpOmpU for different

time points. Buffer (10 mM Tris-HCI with 0.5 % LDAO)-treated cells were used as control.

Cells were then harvested and washed twice with flow cytometry buffer (PBS supplemented
with 1 % FBS and 0.05 % Sodium azide). RAW 264.7 cells were incubated with mouse Fc
block for 15 min at 4 °C and in THP-1 cells, isotype controls were used. RAW 264.7 and THP-
1 cells were then incubated with FITC-, PE- or APC- tagged anti-TLR antibody or the isotype

control for 1 h at 4 °C. Cells were then washed twice with ice-cold flow cytometry buffer and
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analyzed on a FACSCaliber flow cytometer (BD Biosciences, USA). The antibodies used for

flow cytometry are listed in Table 7.

Table 7. Antibodies used for flow cytometry

Antibody Company Catalogue no.
PE tagged anti-mouse TLR1 eBiosciences 12901180
FITC-tagged anti-human TLR1 Abcam AB59702
FITC-tagged anti-mouse/human TLR2 Biolegend 121805

APC- tagged anti-mouse TLR6 R&D Systems FAB1533A
PE- tagged anti-human TLR6 Biologend 334707

3.19 Neutralization of TLRs

Cells were plated in a 96- well plate at a density of 1 x 10° cells/ml. Cells were pre-treated for
1 h with 5 pg/ml anti-TLR neutralizing antibodies or the isotype controls and then treated with
5 nug/ml of VpOmpU. Supernatants were collected after 4 h for THP-1 cells and after 24 h for
RAW 264.7 cells. TNFo was then quantified using ELISA. Neutralizing antibodies against
mouse/human TLR2 (cat# 121802) and its isotype was from Biolegend and neutralizing anti-
bodies against human TLR1 (cat# mabg-htlrl), TLR6 (cat# mabg-htlr6) was from Invivogen.

3.20 Inhibitor studies

Cells were plated at a density of 1 x 10° cells/ml. Cells were then pre-treated for 1 h with
different pharmacological inhibitors and then were treated with 5 pg/ml of VpOmpU for 24 h
for RAW 264.7 cells and for 4 h for THP-1 cells. The supernatants were then collected and
analyzed for TNFa by ELISA. The inhibitors used in this study are listed in Table 8.

Table 8. Inhibitors used in this study

Inhibitor Company Catalogue no.
MLN4924 R&D Systems, USA 1502
SP600125 Sigma-Aldrich, USA 57067
VX745 Santa Cruz Biotechnology, USA  sc-361401
JNK-IN8 Santa Cruz Biotechnology, USA  sc-364745
IRAK inhibitor Sigma-Aldrich, USA 15409
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MG132 Sigma-Aldrich, USA M7449

3.21 siRNA knockdown

For THP-1, 7 x 10 cells were plated in a 24-well plate and were transfected using ONTARGET
plus siRNA against human TLR2, human TLR6, or ONTARGET plus Non-targeted siRNA
pool (Dharmacon, GE) using Dharmafect 1 according to the manufacturer’s protocol. The
knockdown was observed using flow cytometry at 48 h. After 48 h of transfection, cells were
treated with 5 pg/ml of VpOmpU for 4 h, after which the supernatants were collected and
analyzed for TNFa using ELISA. For RAW 264.7 cells, 2.5 x 10° cells were plated in a 24-
well plate and were transfected with ONTARGET plus siRNA against mouse TLR1, mouse
TLR6 or ONTARGET plus Non-targeted siRNA pool (Dharmacon, GE) using FUGENE HD
(Promega, USA) at a ratio of 1:5 (RNA: FUGENE) for 24 h. After which, knockdown was
analyzed by semi-quantitative PCR and cells were treated with 10 pg/ml of VpOmpU for 12 h.
Supernatants were then collected and TNFo was quantified using ELISA.

3.22  Whole cell lysate preparation

RAW 264.7 and THP-1 cells (a confluent 100 mm petri-dish) were treated with 5 pg/ml of
VpOmpU and incubated at 37 °C for different time points. Cells were harvested at 2,000 g and
washed twice with PBS. The pellet was then resuspended in whole cell lysis buffer (50 mM
Tris-Cl, 150 mM NaCl, 0.1 % SDS and 0.1 % TritonX-100, pH 8) with mammalian protease
inhibitor cocktail (Sigma Aldrich, USA). This was then subjected to sonication at 10 A for 15s
with 3 pulses of 5 s each. Then, it was centrifuged at 16,000 g for 30 min. The supernatant was

collected as the whole cell lysate.

3.23 Nuclear lysate preparation

RAW 264.7 and THP-1 cells (a confluent 100 mm petri-dish) were treated with 5 pg/ml of
VpOmpU and incubated at 37 °C for different time points. Cells were then then harvested at
2,000 g for 5 min and washed twice with sterile PBS. The pellet volume was measured and it
was dissolved in 5 times the pellet volume in hypotonic buffer (10 mM HEPES pH 7.9 with
1.5 mM MgClz and 10 mM KCI) and centrifuged at 1,850 g for 5 min at 4 °C. Then, the pellet

was dissolved in hypotonic buffer with 0.5 M DTT and mammalian protease inhibitor and was

50



then incubated on ice for 15 min. This was then sonicated at 10 A for 15 s with 3 pulses of 5s
each and centrifuged at 3,300 g for 15 min at 4 °C. The pellet was then resuspended in 70 pul of
low salt buffer (20 mM HEPES pH 7.9, 1.5 mM MgCl, 20 mM KCI, 0.2 mM EDTA and 25
% glycerol) with 0.5 M DTT and mammalian protease inhibitor. To this, 30 pl of high salt
buffer (20 mM HEPES pH 7.9, 1.5 mM MgClz, 800 mM KCI, 0.2 mM EDTA and 25 % glyc-
erol) was added dropwise and incubated on ice for 10 min before subjecting to sonication at

10 A for 15 s. Then, it was incubated on ice for 30 min with periodic shaking and centrifuged
at 24,000 g for 30 min at 4 °C. The supernatant hence obtained contained the nuclear lysate.

3.24 Co-immunoprecipitation studies

Whole cell lysates were prepared (as previously described) and were incubated with 3 pg of
anti-TLR1, anti-TLR2 or anti-TLR6 antibody for 3 to 4 h with continuous low speed shaking
at 4 °C. Then, 20 pl of Protein A/G beads (# sc2003, Santa Cruz Biotechnologies, USA) was
added and it was subjected to continuous low speed shaking at 4 °C for overnight. Then, the
beads were washed thrice with whole cell lysis buffer by centrifugation at 6,000 g for 5 min at
4 °C. The beads were re-suspended in SDS-loading buffer and boiled for 10 min. The samples
were then run on SDS-PAGE gel and subjected to immunoblotting.

3.25 Immunoblotting

The whole cell lysates or the nuclear lysates were run on SDS-PAGE gel and were transferred
to PVDF membrane using wet transfer. After the transfer, the membrane was incubated with 5
% BSA for blocking. Then, it was incubated with various primary antibodies (incubated gen-
erally for 3 h for all the primary antibodies except for TLRs which were incubated for over-
night) which were purchased from different companies. Then, the blot was washed four times
with TBST (25mM Tris-HCI (pH 7.6, containing 137 mM NaCl and 0.1 % Tween 20). Further
blot was incubated with HRP-tagged secondary antibody (Sigma-Aldrich, USA) for 1 h and
washed four times with TBST following incubation. The immunoblots were then developed
using Clarity™ ECL Substrate (Bio-Rad, USA) and detected using LAS 4000 (GE Healthcare
Technologies, USA). The primary antibodies used in this study are listed in Table 9.
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Table 9.

List of antibodies used for immunoblotting under Aim 1

Antibody Company and Catalogue Antibody Company and Catalogue

against no. against no.

TLR1 Santa Cruz Biotechnologies, c-Fos Cell signalling technologies,
USA (# sc-514399) USA (# 2250BC)

TLR2 Santa Cruz Biotechnologies, P65 Santa Cruz Biotechnologies,
USA (# sc-21760) USA (# sc-372)

TLR6 Cell signalling technologies, Lamin B1 Santa Cruz Biotechnologies,
USA (# 12717S) USA (# sc-20682)

MyD88 Santa Cruz Biotechnologies, CRel Santa Cruz Biotechnologies,
USA (# sc-74532) USA (#sc-71)

p-p38 Cell signalling technologies, P38 Cell signalling technologies,
USA (# 4511BC) USA (# 8690BC)

p-JNK Cell signalling technologies, JNK Cell signalling technologies,
USA (# 9251BC) USA (# 9252BC)

p-IkB SAB4504445 IxkB Santa Cruz Biotechnologies,

USA (# sc-847)

c-Jun Cell signalling technologies, GAPDH Santa Cruz Biotechnologies,
USA (#9165BC) USA (# sc-25778)

Jun B Cell signalling technologies, p-actin Santa Cruz Biotechnologies,
USA (#3753BC) USA (# sc-81178)

JunD Santa Cruz Biotechnologies, PCNA Biolegend, USA (# 307902)

USA (# sc-74)

3.26 Densitometric analysis

The densitometric analysis of the western blots was done using the Image J software (Rasband,
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://im-
agej.nih.gov/ij/, 1997-2018). The band intensities of IkB were normalized to the respective
band intensities of the loading control GAPDH. For co-immunoprecipitation studies, the fold
changes of the band intensities in the VpOmpU-treated cells were calculated above the band

intensities in the buffer-treated cells. For analysis of the phosphorylation status of p38 and
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JNK, the band intensities of p-p38 or p-JNK were calculated above the band intensities of p38
or JNK, respectively.

3.27 Statistical analysis

Data were expressed as mean + SD or SEM. The statistical analysis was done using Student’s
two-sided t-test and the p values less than 0.05 were considered significant. The p values indi-
cated are *p<0.05, **p< 0.01, ***p<0.001, ns p>0.05.

4. Results

4.1  Identification and analysis of putative OmpU from Vibrio parahaemolyticus
Analysis of the V. parahaemolyticus genome revealed the presence of a gene sequence encod-
ing a putative OmpU protein (130), composed of 330 amino acid residues with a predicted
molecular mass of 35.6 kDa. This putative OmpU of V. parahaemolyticus (VpOmpU) showed
60-90 % sequence similarity with the OmpU proteins of the related Vibrio species (Figure 1A).
Homology-based structural modelling based on the crystal structure of V. cholerae OmpU
(131) showed typical porin-like B-barrel architecture of VpOmpU (Figure 1B).
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V.harveyi .........
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Figure 1. Amino acid sequence alignment and homology-based structural model of
VpOmpU.

(A) Amino acid sequence alignment of VpOmpU and OmpU porins from related Vibrio spe-

cies showed its homology with OmpU of other Vibrio sp.. The region corresponding to the

signal sequence is marked. (B) Homology-based structural model of VpOmpU based on the
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crystal structure of VcOmpU (PDB ID: 6EHB). Based on this analysis, this putative OmpU,
which is probably a porin, was selected for purification and its functional characterization.

4.2 Purification of VpOmpU from the outer membrane of Vibrio parahaemolyticus
Wild type VpOmpU (wt-VpOmpU) was purified from the outer membrane fraction of the

V. parahaemolyticus. Bacterial cells were grown in BHI broth, cells were lysed, and bacterial
membrane fractions were harvested upon fractionation with 1 % N-sarkosyl. Subsequently, the
outer membrane proteins were extracted via solubilisation with 4 % Triton X-100. VpOmpU
was purified from the solubilized membrane fraction by anion-exchange chromatography on
DEAE-cellulose in presence of 0.1 % Triton X-100, followed by size-exclusion chromatog-
raphy on Sephacryl S-200 in presence of 0.5 % LDAO. Homogeneity of the purified wild type
VpOmpU preparation was analyzed by SDS-PAGE and Coomassie staining (Figure 2).
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Figure 2. Purified VpOmpU from the outer membrane of V. parahaemolyticus.
SDS-PAGE/Coomassie staining analysis of the purified form of wtOmpU extracted from the
V. parahaemolyticus outer membrane fraction.

4.3 Overexpression, purification and refolding of recombinant VpOmpU

The wild type VpOmpU thus obtained was limited in quantity for the functional characteriza-
tion of VpOmpU. So, to obtain large quantity of the VpOmpU protein, and also to reduce the
LPS contamination, we cloned and expressed VpOmpU in E. coli. The nucleotide sequence
encoding VpOmpU without the N-terminal signal sequence was cloned into the bacterial ex-
pression vector pET14b, and was transformed into the E. coli Origami B cells. The pET14b
vector allowed expression of the recombinant VpOmpU (r-VpOmpU) with an N-terminal 6X

Copyright © 2019 American Society for Microbiology. Infect. Inmun 87:e00809-18.
https://doi.org/10.1128/IA1.00809-18.
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His tag that would allow affinity purification of the recombinant protein using Ni-affinity chro-
matography. The N-terminal signal sequence (Figure 1A) was omitted from the cloned con-
struct to avoid the possible incorporation of the recombinant protein into the bacterial mem-
brane fractions.

Upon overexpression of the recombinant protein in the E. coli Origami B cells via IPTG in-
duction, majority of the VpOmpU was found to be present in the form of insoluble inclusion
bodies (Figure 3A). The recombinant form of His-tagged VpOmpU was solubilized from the
insoluble inclusion bodies using 8 M urea, and was purified by Ni-NTA Agarose affinity chro-
matography under the denaturing condition in 8 M urea.

The denatured form of purified recombinant VpOmpU in 8 M urea was refolded by dilution in
a buffer containing 0.5 % LDAO and 10 % glycerol. Upon refolding, the majority of VpOmpU
remained in the soluble form, and was separated from the insoluble aggregated fractions of the
protein via centrifugation (Figure 3B). Refolded VpOmpU was further purified by size-exclu-
sion chromatography on Sephacryl S-200 (Figure 3B). Homogeneity of the purified form of
the recombinant His-tagged VpOmpU preparation was analysed by SDS-PAGE and Coo-
massie staining (Figure 3B). The cloning and purification of recombinant VpOmpU was done

by Dr. Ranjai Kumar.
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Figure 3. Purification of recombinant VpOmpU

(A) Overexpression of recombinant VpOmpU in E. coli. Protein overexpression was induced
with 1 mM IPTG, cells were lysed, the soluble fraction of the cell lysate (lane 1) and insol-
uble inclusion body fraction (lane 2) were analysed by SDS-PAGE/Coomassie staining. The
band corresponding to the recombinant VpOmpU is marked. The majority of the VpOmpU
protein was found to be associated with the insoluble inclusion body fraction. Lane M, mo-
lecular weight markers. (B) Purification of refolded recombinant VpOmpU as analysed by
SDS-PAGE/Coomassie staining. The recombinant form of VpOmpU was refolded by rapid
dilution in a buffer containing 0.5 % LDAO (lane 1). Refolded VpOmpU was further purified
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by size-exclusion chromatography on Sephacryl S-200 (lane 2). Lane M, molecular weight

markers. Molecular weight markers are indicated.

Further, the His-tag was removed from recombinant VpOmpU by thrombin cleavage. The size
of the recombinant VpOmpU without the His-tag was compared to the wild type VpOmpU as
observed by western blotting using the antisera generated against the recombinant VpOmpU
(Figure 4).

- W
Figure 4. Immunoblot analysis of recombinant and wild type VpOmpU using anti-
VpOmpU antisera
Lane 1, purified form of refolded recombinant His-tagged VpOmpU; lane 2, purified form

of refolded recombinant VpOmpU after removal of the N-terminal His-tag; lane 3, wt-

VpOmpU extracted from the V. parahaemolyticus outer membrane fraction.

4.4  Far-UV CD spectra of VpOmpU reveals its B-sheet rich structure

Consistent with their B-barrel structural assembly, Gram-negative bacterial porins display far-
UV CD profiles showing typical signature of the f-sheet-rich architecture. In the same direc-
tion, we examined the structural characteristics of the VpOmpU protein by monitoring the far-
UV CD profiles of the recombinant and the wild type form of the protein.

Wild type VpOmpU displayed a symmetric far-UV CD spectrum, with a sharp negative ellip-
ticity minimum at 218 nm, suggesting a $-sheet-rich structural organization of the protein (Fig-
ure 5A). The far-UV CD profile of the refolded recombinant protein also showed an ellipticity

minimum at 218 nm suggesting B-sheet-rich structure of recombinant VpOmpU (Fig 5B).
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Figure 5. The recombinant VpOmpU and wt-VpOmpU have similar structures
(A-B) Far UV CD-spectra of wild type (A) and recombinant VpOmpU (B) showed negative
ellipticity minima at around 218 nm for both the proteins indicating a $-sheet rich structures

of both the wild type and the recombinant forms of VpOmpU.

The B-sheet-rich structure of the wt-VpOmpU and the r-VpOmpU were similar to those

observed with the typical bacterial outer membrane porin proteins.

4.5 Liposome-swelling assay demonstrates porin-like channel-forming property of
VpOmpU

Porins are typically characterized by their ability to form channels in the membrane lipid bi-
layer, allowing free diffusion of small molecules up to a definite size limit as per the size con-
straint imposed by the corresponding pore diameter. Therefore, we wanted to explore whether
the VpOmpU protein could show any such porin-like channel-forming ability in the membrane
lipid bilayer of synthetic lipid vesicles or liposomes. Channel-forming property of VpOmpU
was assayed using the conventional liposome-swelling assay. In this assay, liposomes incorpo-
rating the VpOmpU protein were subjected to treatment in presence of sugars of varying mo-
lecular sizes. Formation of VpOmpU channel in the liposome membranes would allow free
diffusion of water into the lipid vesicles resulting into the swelling of the liposomes. The
VpOmpU channel, however, would not allow the passage of the sugars/saccharides having
molecular sizes larger than the pore diameter. Such saccharides would act as the osmoprotect-
ants, and thus those would presumably suppress the liposome-swelling response. Based on such
notion, both the wild type and the refolded recombinant form of the VpOmpU proteins, incor-
porated in the liposome membranes, were examined using the liposome-swelling assay (Figure
6A, 6B). It was observed in both the cases that in the presence of monosaccharides, such as
arabinose and glucose, there was a steady increase in the liposome-swelling response. In the

presence of disaccharide sucrose, liposome-swelling responses of wild type and recombinant
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VpOmpU were prominently suppressed, while trisaccharide raffinose severely compromised
the liposome-swelling on the proteoliposomes made up of the wild type and the recombinant
proteins (Figure 6A, 6B). These results clearly suggested that the VpOmpU indeed displayed
porin-like channel-forming property with a definite pore size, thus allowing free diffusion of
solutes within the specific size limit. The VpOmpU channel allowed free diffusion of the mon-
osaccharides, while the permeability efficiency decreased progressively in case of the disac-
charides, and even further in case of the trisaccharides of larger molecular sizes. It is also im-
portant to note here that the refolded form of the recombinant VpOmpU showed similar trend
in the channel-forming ability (i.e. monosaccharide>disaccharide>trisaccharide) as observed
with the wild type protein, thus showing functional integrity of the recombinant protein gener-

ated in our study (Figure 6C).
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Figure 6. The recombinant VpOmpU and wt-VpOmpU show similar channel-forming

ability

(A-C) The refolded recombinant form and the wild type VpOmpU protein showed nearly

similar trend in the liposome-swelling response. Control liposomes, liposome preparation

lacking VpOmpU; proteoliposomes, liposomes containing VpOmpU. (C) The initial rates

of the liposome swelling response (calculated from the slope of the linear fitting of the data

over the initial period of 50 seconds) are shown in the table (r-VpOmpU: for recombinant
VpOmpU; wt-VpOmpU: for wild type VpOmpU).

Based on these observations it could be concluded that the recombinant VpOmpU was struc-

turally and functionally similar to the native wild type OmpU of V. parahaemolyticus.
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4.6 VpOmpU induces pro-inflammatory responses in monocytes and macrophages

As a part of the functional characterization we explored the host-immunomodulatory role of
VpOmpU. Generally, bacterial ligands, known as PAMPs (pathogen associated molecular pat-
tern) are recognized by PRRs (pattern-recognition receptors) of the innate-immune cells such
as macrophages and monocytes leading to their activation that results in the production of var-
ious pro-inflammatory molecules, such as nitric oxide (NO) (132, 133), TNFa and IL-6 (4).
Therefore, to probe whether VpOmpU acts as a PAMP, RAW 264.7 cells (a murine macro-
phage cell line) and THP-1 cells (a human monocytic cell line) were treated with 10 ug/ml of
recombinant VpOmpU. At different time points, supernatants were analysed for TNFa and IL-
6 by ELISA. A time-dependent analysis of TNFa and IL-6 in response to 10 pg/ml of VpOmpU
showed a maximum production of both the cytokines at 24 h in RAW 264.7 cells (Figure 7A,
7C). However, in THP-1 cells, maximum TNFa production was observed at 4 h (Figure 7B)

and maximum IL-6 production was observed at 8 h (Figure 7D).
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Figure 7. VpOmpU induces pro-inflammatory responses in THP-1 monocyte and
RAW 264.7 macrophage

(A-B) Maximum production of TNFa was observed at 24 h in RAW 264.7 cells (A), and
at 4 h in THP-1 cells (B), in response to VpOmpU. (C-D) Maximum production of IL-6
was observed at 24 h in RAW 264.7 cells (B), and at 8 h in THP-1 cells (D), in response to
VpOmpU. RAW 264.7 and THP-1 cells were treated with 10 pug/ml of recombinant
VpOmpU for different time points and supernatants were analysed for TNFo (A) and 1L-6
(B) production by ELISA. (A-D) LPS (1 pg/ml) was used as a positive control for all the
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experiments. Bar graphs are expressed as mean + SEM from three to four independent
experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus buffer-treated cells).

A similar time-dependent analysis of NO production in RAW 264.7 cells treated with 10 pg/ml
of VpOmpU showed a maximum NO production at 24 h. (Figure 8A). THP-1 cells did not
produce NO in response to VpOmpU as observed by a time-dependent analysis of VpOmpU
treated cells (Figure 8B).

A = B x
Buffer
=301 JVpOmpu ns
125- LPS §15 ns
=~ ek = ns ns
2207 o 10
= @
£ 151 W e
=

Z 10/ 5 .|

5- ﬂ ﬂ

0 0 T T )

4h 8h 12h 24 h

Buffer 4h  8h 12h 24h

+ VpOmpU

Figure 8. RAW 264.7 macrophages produce Nitric oxide in response to VpOmpU
(A-B) Nitric oxide (NO) production was observed in VpOmpU-treated RAW 264.7 cells (A)
but not in THP-1 cells (B). RAW 264.7 cells and THP-1 cells were treated with 10 pg/ml of
recombinant VpOmpU and incubated for different time points. Supernatants were analyzed
for NO (in terms of nitrite). Bar graphs are expressed as mean + SEM from three to four
independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus buffer-treated
cells).

Further, RAW 264.7 cells and THP-1 cells were treated with different concentrations of re-
combinant VpOmpU. Supernatants were analysed for TNFao and IL-6 by ELISA at the time
point where maximum cytokine production has been observed. A dose-dependent increase in
TNFa (Figure 9A) and IL-6 (Figure 9B) were observed in both the cell types. A similar dose-
dependent analysis of NO production was quantified in the supernatant of RAW 264.7 at 24 h
post-treatment. RAW 264.7 cells produced comparable amounts of NO in response to different

concentrations of VpOmpU ranging from 3 pg/ml to 10 pg/ml (Figure 9C).
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Figure 9. Pro-inflammatory cytokines TNFa and IL-6 are produced in response to
VpOmpU in a dose-dependent manner

(A-B) A dose-dependent increase in TNFa (A) and IL-6 (B) production is noticed in both
RAW 264.7 and THP-1 cells in response to different doses of VpOmpU. Cells were incu-
bated with different doses of recombinant VpOmpU, and following incubation supernatants
were collected and analysed for TNFa and IL-6 production. RAW 264.7 cells and THP-1
cells incubated with VpOmpU for 24 h and 4 h, respectively, for TNFa production (A), and
for 24 h and 8 h, respectively, for IL-6 production (B). (C) Similar extent of NO production
was observed when RAW 264.7 cells were treated with different doses of recombinant
VpOmpU and incubated for 24 h. (A-C) LPS (1 ug/ml) was used as a positive control for
all the experiments. Bar graphs are expressed as mean + SEM from three to four independ-
ent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus buffer-treated cells).

Further, we have done MTT assay to examine cell mortality rate in response to different doses
of recombinant VpOmpU following 24 h of incubation. The cell mortality in response to
VpOmpU was comparable at doses upto 10 ug/ml and it is in the range of 30-40 % in case of
RAW 264.7 cells and about 5-15 % in case of THP-1 cells (Figure 10).
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Figure 10. Cell viability was minimally affected in response to different doses of
VpOmpU in both RAW 264.7 and THP-1 cells
RAW 264.7 and THP-1 cells were treated with different doses of VpOmpU for 24 h and
then, the viability was measured using MTT assay. Bar graphs are expressed as mean + SEM
from three to four independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05

versus buffer-treated cells).

These results show that VpOmpU can activate macrophages and monocytes to induce pro-

inflammatory responses.

4.7 Wild type (wt)-VpOmpU and recombinant (r)-VpOmpU induce similar pro-in-
flammatory responses in macrophages and monocytes

We next wanted to compare the pro-inflammatory responses generated by the cells upon treat-
ment with wild type and recombinant VpOmpU. For this, we treated both RAW 264.7 and
THP-1 cells with equal amount (5 pg/ml) of each of the proteins, and analysed the supernatants
for TNFa and IL-6 at the time point, where maximum amount of the respective cytokine was
observed in the time-dependent analysis (Figure 3A-B). We observed that comparable amount
of TNFa (Figure 11A) and IL-6 (Figure 11B) were being produced in response to wild type
and recombinant VpOmpU in both RAW 264.7 and THP-1 cells.
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Figure 11. Comparable production of TNFa and IL-6 in response to wt-VpOmpU and
r-VpOmpuU.

Comparable production of TNFo and IL-6 was observed in both RAW 264.7 and THP-1
cells in response to similar doses of purified wild type VpOmpU (wt-VpOmpU) and recom-
binant VpOmpU (r-VpOmpU). (A-B) RAW 264.7 and THP-1 cells were treated with 5 pg/ml
of wt-VpOmpU or r-VpOmpU, and incubated for 24 h and 4 h respectively, for TNFa (A),
and for 24 h and 8 h, respectively, for IL-6 measurements (B). Bar graphs are expressed as
mean = SEM from three independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns
p>0.05 versus wt-VpOmpU-treated cells).

Based on this result, recombinant form of VpOmpU was used in all the subsequent experi-

ments.

4.8 VpOmpU elicits the pro-inflammatory responses via TLR-signalling pathway

The observation that VpOmpU induces a pro-inflammatory response in monocytes and mac-
rophages reflected upon the possibility that VpOmpU may be recognized as a PAMP by PRRs
on the host cells. One of the major classes of PRRs which recognize bacterial PAMPs is the
Toll-like receptors (TLRs) (4). Since V. parahaemolyticus are non-invasive bacteria, VpOmpU
will be most likely recognized as a PAMP by the surface TLRs present on the cells. Therefore,

a time-course analysis of gene-expression of surface TLRs was done in VpOmpU-treated RAW
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264.7 and THP-1 cells. An increase in gene-expression of TLR2, TLR1 and TLR6 was ob-
served in RAW 264.7 cells, whereas, an up-regulation of TLR2 and TLR1 was observed in

THP-1 cells (Figure 12).
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Figure 12. Up-regulation in gene-expressions of TLR1, TLR2 and TLR®6 in response
to VpOmpU

Up-regulation in gene-expressions of TLR1, TLR2 and TLR6 at different time points in re-
sponse to VpOmpU in RAW 264.7 and of TLR1 and TLR2 in THP-1 cells. Following treat-
ment with VpOmpU, cells were harvested to isolate total RNA. Further, cDNA was gener-
ated, and subjected to RT-PCR. The Ct values obtained were normalized to the respective Ct
values of the house-keeping genes. Fold change is calculated above buffer treated cells and

bar graphs are expressed as mean + SD from three independent experiments.

Further, we checked the surface expression of TLR1, TLR2 and TLR6 in both RAW 264.7 and
THP-1 cells. In accordance with the gene-expression analysis, we observed an increase in the
surface expression of TLR1, TLR2 and TLR6 in RAW 264.7 cells, while in THP-1 cells, an
increase in surface expression of TLR1 and TLR2 was observed (Figure 13A, 13B).
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Figure 13. Surface expression analysis of TLR1, 2 & 6 in RAW 264.7 and THP-1 cells
(A-B) Increase in surface expression of TLR1, TLR2 and TLR6 in RAW 264.7 (A), and
TLR1 and TLR2 in THP-1 cells (B) in response to VpOmpU. RAW 264.7 (A) and THP-1
(B) cells were treated with VpOmpU and analysed for surface expression of TLRs by flow

cytometry.

The above data indicated that TLR1 and TLR2 could be involved in recognition of VpOmpU
in THP-1 cells, whereas, in RAW 264.7, TLR1, TLR2 and TLR6 could be involved in recog-
nition of VpOmpU.

To confirm the involvement of TLR2, we used neutralizing antibody. Upon neutralizing TLR2,
we observed a significant decrease in the pro-inflammatory cytokine production in both THP-
1 and RAW 264.7 cells compared to the control-treated cells, in response to VpOmpU (Figure
14). This result confirmed that TLR2 is probably involved in recognition of VpOmpU in both

monocytes and macrophages.
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Figure 14. TLR2 seems to be involved in VpOmpU-mediated signalling

Decrease in TNFa-production upon TLR2-neutralization in VpOmpU-treated RAW 264.7 and
THP-1 cells compared to the isotype pre-treated VpOmpU-treated cells and only VpOmpU-
treated cells. Cells were pre-treated with neutralizing antibody and the isotype for 1 h, fol-
lowed by VpOmpU treatment for 24 h in RAW 264.7 and for 4 h in THP-1 cells. Supernatants
were analysed for TNFa by ELISA. Bar graphs are expressed as mean £ SEM from three
independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus cells treated

with VpOmpU only).

To further confirm the involvement of TLR2 in monocytes, we performed siRNA-mediated
knock-down of TLR2 in THP-1 cells (Figure 15A), and observed a decrease in cytokine pro-
duction upon treatment of TLR2 knocked-down cells with VpOmpU (Figure 15B).
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Figure 15. TLR2 is involved in VpOmpU-mediated response in THP-1 cells

(A) TLR2 was knocked down in THP-1 cells. THP-1 cells were transfected with siRNA for
TLR2 and the knockdown was confirmed by flow cytometry after 48 h. (B) Decrease in TNFa
production in response to VpOmpU upon knock-down of TLR2 by siRNA in VpOmpU-
treated THP-1 cells compared to the non-targeted siRNA-treated VpOmpU-treated cells. Fol-

lowing siRNA knockdown, cells were treated with VpOmpU for 4 h and supernatant was
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analysed for TNFa by ELISA. Bar graphs are expressed as mean + SEM from three independ-
ent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus non-targeted siRNA-
transfected VpOmpU-treated cells).

To confirm the involvement of TLR2 in macrophages, we used bone marrow-derived macro-
phages (BMDMs) from TIr2” mice and wild type mice. We treated the BMDMSs with
VpOmpU, and compared the cytokine production following 24 h incubation. We observed sig-
nificantly less production of TNFa and IL-6 in TIr2”- BMDMs as compared to the wild type
BMDMs (Figure 16).
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Figure 16. TLR2 is involved in VpOmpU-mediated response in macrophages

Decrease in TNFa and IL-6 production by VpOmpU-treated BMDMs differentiated from
TIr2"- mice compared to the wild type control. Bar graphs are expressed as mean + SEM
from three independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus

VpOmpU-treated cells from wild type mice).

Altogether, these data confirmed that TLR2 is involved in recognition of VpOmpU in both
monocytes and macrophages.

In response to a PAMP, TLRs are known to dimerize and activate the downstream signalling,
and TLR2 is known to make hetero-dimers with TLR1 or TLR6, gene expression profile (Fig-
ure 12) and surface expression profile (Figure 13) suggested that in RAW 264.7 cells,
VpOmpU could be recognized by both TLR1/2 and TLR2/6 hetero-dimers, while in THP-1
cells, VpOmpU could be recognized by TLR1/2 hetero-dimer only.

Therefore, to find out the hetero-dimerizing partner of TLR2, we pulled-down the VpOmpU-
treated cell lysates with anti-TLR2 antibody, and observed that both TLR1 and TLR6 co-im-
munoprecipitated with TLR2 in RAW 264.7 cells (Figure 17A). To further confirm this result,
we immunoprecipitated VpOmpU-treated RAW 264.7 cell lysates with anti-TLR1 and anti-
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TLR6 antibodies, and observed co-immunoprecipitation of TLR2 along with both TLR1 (Fig-
ure 17B) and TLR6 (Figure 17C). VpOmpU also co-immunoprecipitated with TLR2, TLR1,
and TLR6 (Figure 17A-C).
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Figure 17. VpOmpU is recognized by both TLR1/2 and TLR2/6 in macrophages
(A-C) In RAW 264.7 cells, VpOmpU associates with TLR2, TLR1 and TLR6 as evidenced
in co-immunoprecipitation (co-IP) and reverse co-IP studies using anti-TLR2, anti-TLR1
and anti-TLR6 antibodies. (A) TLR1 and TLR6 were co-immunoprecipitated with TLR2 in
VpOmpU-treated RAW 264.7 cells as observed by immunoblotting and densitometric anal-
ysis of the bands. (B) TLR2 was co-immunoprecipitated with TLR1 in VpOmpU-treated
RAW 264.7 cells as observed by immunoblotting and densitometric analysis of the bands.
(C) TLR2 was co-immunoprecipitated with TLR6 in VpOmpU-treated RAW 264.7 cells as
observed by immunoblotting and densitometric analysis of the bands. (A-C) Cell lysates
were prepared after 15 min of VpOmpU treatment and were immunoprecipitated with anti-
TLR1 or anti-TLR2 or anti-TLR6 antibody, and the IP lysates were further analysed for
TLRs co-immonoprecipitated together to find out the receptor complex. For the densitomet-
ric analysis, the band intensities of TLR1, TLR2, TLR6 or VpOmpU in the VpOmpU-treated
samples were estimated above the respective band intensities in the buffer-treated samples.
Bar graphs are expressed as mean £ SEM from three independent experiments (*p<0.05,

**p< 0.01, ***p<0.001, ns p>0.05 versus band intensities in the buffer-treated cells).

These data indicated that TLR2 is probably hetero-dimerizing with both TLR1 and TLR6 in
response to VpOmpU in RAW 264.7 macrophages. In case of THP-1 cells we observed that
TLR1, but not TLR6 co-immunoprecipitated with TLR2 in response to VpOmpU treatment
(Figure 18A). To further confirm this result, we did reverse co-IP of VpOmpU-treated THP-1
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cell lysates with anti-TLR1 and anti-TLR6 antibodies, and observed co-immunoprecipitation
of TLR2 along with TLR1 (Figure 18B), but not with TLR6 (Figure 18C). Consistent with this
VpOmpU co-immunoprecipitated with only TLR2 and TLR1, but not with TLR6 (Figure 18A-
C). These data indicated that in THP-1 cells TLR2 is probably hetero-dimerizing with TLR1
but not TLR6 in response to VpOmpU.
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Figure 18. VpOmpU is recognized by TLR1/2 and not by TLR2/6 hetero-dimers in
THP-1 cells

(A-C) VpOmpU associates with TLR1 and TLR2 in THP-1 cells as observed by co-IP and
reverse co-IP using anti-TLR2, anti-TLR1 and anti-TLR6 antibodies. (A) TLR1 was co-
immunoprecipitated with TLR2 in VpOmpU-treated THP-1 cells as observed by immunob-
lotting and densitometric analysis of the bands. (B) TLR2 co-immunoprecipitated with
TLR1 in VpOmpU-treated THP-1 cells as observed by immunoblotting and densitometric
analysis of the bands. (C) TLR2 did not co-immunoprecipitate with TLR6 in VpOmpU-
treated THP-1 cells as observed by immunoblotting and densitometric analysis. (A-C) Cell
lysates were prepared after 15 min of VpOmpU treatment and were immunoprecipitated with
anti-TLR1 or anti-TLR2 or anti-TLR6 antibody, and the IP lysates were further analysed for
TLRs co-immonoprecipitated together to find out the receptor complex. For the densitomet-
ric analysis, the band intensities of TLR1, TLR2, TLR6 or VpOmpU in the VpOmpU-treated
samples were estimated above the respective band intensities in the buffer-treated samples.
Bar graphs are expressed as mean £ SEM from three independent experiments (*p<0.05,

**p< 0.01, ***p<0.001, ns p>0.05 versus band intensities in the buffer-treated cells).
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The co-immunoprecipitation data suggested the involvement of both the TLR1/2 and TLR2/6
hetero-dimers in recognizing VpOmpU in RAW 264.7 cells, unlike only the TLR1/2 hetero-
dimers in THP-1 cells.

Further, to confirm the above results we used neutralizing antibodies against TLR1 and TLR6
in THP-1 cells followed by treatment with VpOmpU. We observed reduced production of
TNFa in cells pre-treated with TLR1 but not with TLR6 neutralizing antibodies, confirming
the involvement of TLR1/2 hetero-dimer, and not TLR2/6 hetero-dimer in VpOmpU-mediated
pro-inflammatory responses in THP-1 cells (Figure 19A). Also, no decrease was observed in
TNFa after siRNA knock-down of TLR6 in THP-1 cells (Figure 19B and Figure 19C).
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Figure 19. TLR®6 is not involved in VpOmpU-mediated pro-inflammatory response in
THP-1 cells
(A) Decrease in TNFa production with anti-TLR1, but not with anti-TLR6 neutralizing an-
tibody in VpOmpU-treated THP-1 cells compared to isotype pre-treated VpOmpU-treated
and only VpOmpU-treated cells. Bar graphs are expressed as mean + SEM from three inde-
pendent experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ns p> 0.05 versus cells treated with
VpOmpU only). (B) TLR6 was knocked down in THP-1 cells. THP-1 cells were transfected
with siRNA against TLR6 and the knockdown was confirmed by flow cytometry after 48 h.
(C) No decrease in TNFa production in THP-1 cells with knockdown of TLR6 by siRNA
compared to the non-targeted siRNA-transfected control, in response to VpOmpU. Follow-
ing siRNA knockdown, cells were treated with VpOmpU for 4 h and supernatant was ana-
lysed for TNFa by ELISA. Bar graphs are expressed as mean £ SEM from three independent
experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus non-targeted siRNA-trans-
fected VpOmpU-treated cells).

Altogether, these results confirmed the involvement of TLR1/2 dimer in VpOmpU-mediated

pro-inflammatory response in THP-1 cells.
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Further, to confirm the TLR hetero-dimers involved in recognition of VpOmpU in macro-
phages, we knocked down TLR1 and TLR6 using siRNA in RAW 264.7 cells (Figure 20A).
Upon TLR6 knock down, a decrease in TNFa production was observed (Figure 20B). How-

ever, when TLR1 was knocked down, there was no significant decrease in TNFa production

(Figure 20B).
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Figure 20. TLR6 is the major player in VpOmpU-mediated pro-inflammatory re-
sponse in RAW 264.7 cells

(A) TLR1 and TLR6 was knocked down in RAW 264.7 cells. RAW 264.7 cells were trans-
fected with siRNA against TLR1 and TLR6 and the knockdown was confirmed by gene-
expression analysis after 24 h. (B) Decrease in TNFa production with siRNA-mediated
knockdown of TLR6 but not with TLR1 compared to non-targeted siRNA-transfected con-
trol in RAW 264.7 cells in response to VpOmpU. (H-1) Bar graphs are expressed as mean *
SEM from three independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 ver-
sus VpOmpU-treated cells transfected with non-targeted siRNA).

Although, by co-immunoprecipitation studies both TLR1/2 and TLR2/6 hetero-dimers seemed
to be involved (Figure 17), but the siRNA knock-down (Figure 20B) implied that TLR®6 is the
major player for the recognition of VpOmpU in RAW 264.7 cells.

4.9 MyD88 and IRAK-1 are involved in TLR-mediated signalling by VpOmpU

TLR activation signal can be mediated through MyD88-dependent or -independent pathway
(16). If MyD88 is recruited to the receptor complex as a result of TLR activation, it most cer-
tainly recruits IRAK-1 to the receptor complex (16). Gene-expression analysis showed an up-
regulation of MyD88 in VpOmpU-treated THP-1 and RAW 264.7 cells indicating its involve-
ment in VpOmpU-mediated TLR-signalling (Figure 21A, 21B).
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Figure 21. MyD88 could be involved in VpOmpU-mediated signalling
Increase in gene-expression of MyD88 in VpOmpU-treated RAW 264.7 and THP-1 cells at
different time points. Fold change is calculated above buffer-treated cells and bar graphs are

expressed as mean = SD from three independent experiments.

Further, we observed that MyD88 co-immunoprecipitated along with TLR2 when lysates of
VpOmpU-treated RAW 264.7 (Figure 22A) and THP-1 cells (Figure 22B) were pulled-down

using anti-TLR2 antibody.
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Figure 22. MyD88 is recruited to the TLR complex in response to VpOmpU
(A-B) MyD88 co-immunoprecipitated with TLR2 upon VpOmpU treatment in RAW 264.7
cells (A) and THP-1 cells (B) as evidenced by immunoblotting and densitometric analysis of
the bands. Bar graphs are expressed as mean = SEM from three independent experiments

(*p<0.05, **p<0.01, ***p<0.001, ns p>0.05 versus band intensities in the buffer-treated

cells).

These data suggested that VpOmpU-mediated TLR signalling involved MyD88. Further, we
have confirmed the involvement of MyD88 by using MyD88-deficient (Myd88”) transgenic
mice, wherein the TNFa and IL-6 production in response to VpOmpU by the BMDMs from
the Myd88~- mice was significantly lower than that from the wild type mice (Figure 23).
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Figure 23. MyD88 is involved in VpOmpU-mediated responses

Decrease in TNFo and IL-6 production in VpOmpU-treated BMDMs differentiated from
Myd88”- mice compared to the wild type control. Bar graphs are expressed as mean + SEM
from three independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus

VpOmpU-treated BMDMs from wild type mice).

Further, to check whether, IRAK-1 is involved in VpOmpU-mediated signalling, we used a
pharmacological inhibitor of IRAK-1. We observed a considerable decrease in the pro-inflam-
matory cytokine production in the VpOmpU-treated cells with the use of IRAK-1 inhibitor in
both RAW 264.7 and THP-1 cells (Figure 24).
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Figure 24. IRAK-1 is involved in VpOmpU-mediated responses

Decrease in TNFa production with use of IRAK-1 inhibitor in response to VpOmpU treat-
ment in RAW 264.7 and THP-1 cells. Bar graphs are expressed as mean + SEM from three
independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus cells treated

with VpOmpU only).

These observations confirmed that in macrophages and monocytes the pro-inflammatory re-
sponses generated on recognition of VpOmpU by the TLRs involve MyD88 and IRAK-1.
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4.10 NF-kB transcription factor is involved in TLR-mediated signalling of VpOmpU

In general, TLR activation ultimately leads to the activation of transcription factor NF-xB (4).
Upon pre-treatment of the cells with NF-«B inhibitor (MLN4924) followed by VpOmpU stim-
ulation, a decrease in the production of TNFa was observed in both RAW 264.7 cells and THP-
1 cells compared to VpOmpU-treated cells (Figure 25). These data indicated that NF-xB might

be involved in VpOmpU-mediated pro-inflammatory responses.
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Figure 25. NF-kB seems to be involved in VpOmpU-mediated pro- inflammatory response
Decrease in production of TNFa in response to VpOmpU with the use of inhibitor of NF-xB
(MLN4924) in both RAW 264.7 and THP-1 cells. Bar graphs are expressed as mean + SEM
from three independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus cells
treated with VpOmpU only).

In an unstimulated cell, NF-xB remains bound to its inhibitor IkB and are present in the cyto-
plasm. Activation of the IRAK-1/4 complex results in the activation of signalling cascades that
leads to the phosphorylation and degradation of IxB rendering NF-«B free to translocate to the
nucleus and transcribe the genes for pro-inflammatory cytokines. There are five members in
the NF-kB subfamily. They either hetero-dimerize or homo-dimerize and depending on the
subunits and their nature of dimerization the cell exerts pro- or anti-inflammatory responses
(134). Majorly, p65 and/or c-Rel are the members of the NF-xB family which dimerize with
p50 to transcribe pro-inflammatory genes. Therefore, phosphorylation and degradation of IkB
is crucial for activation of NF-«xB (134). In VpOmpU-treated RAW 264.7 and THP-1 cells, we
observed phosphorylation and degradation of IkB indicating the probable activation of NF-xB
(Figure 26A). Further, we also observed nuclear translocation of c-Rel in RAW 264.7 cells and
p65 in THP-1 cells (Figure 26B).
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Figure 26. VpOmpU induces the phosphorylation and degradation of IxB leading to
NF-kB translocation to the nucleus

(A) Increase in phosphorylated kB and decrease in total IkB in response to VpOmpU with
increase in time in both RAW 264.7 and THP-1 cells. Cells were treated with VpOmpU and
incubated for different time points. Whole cell lysates were prepared and analysed by west-
ern blotting for phosphorylated- and total IxB. p—actin and GAPDH were used as loading
controls for the whole cell lysates. (B) Translocation of NF-kB subunits namely c-Rel in
RAW 264.7 and p65 in THP-1 from the cytoplasm to the nucleus in response to VpOmpU.
Lamin B1 was used as a loading control for nuclear lysates and p—actin and GAPDH were

used as loading controls for the cytoplasmic lysates.

Altogether these experiments confirmed that NF-«B is involved in VpOmpU-mediated pro-

inflammatory responses.

4.11 AP-1 transcription factor is involved in VpOmpU-mediated signalling

Apart from NF-«B, another transcription factor namely, AP-1 is also known to be involved in
pro-inflammatory responses (16). To probe, whether, AP-1 has a role in VpOmpU-mediated
pro-inflammatory response, we first used a chemical inhibitor against AP-1 (SP600125). We
observed a decrease in the production of TNFo in VpOmpU-treated RAW 264.7 and THP-1
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cells in presence of the inhibitor (Figure 27), indicating a role of AP-1 transcription in

VpOmpU-mediated pro-inflammatory response.
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Figure 27. AP-1 transcription factor could be involved in VpOmpU-mediated responses
Decrease in the production of TNFa in response to VpOmpU in the presence of AP-1 inhib-
itor (SP600125) in both RAW 264.7 and THP-1 cells. Bar graphs are expressed as mean *
SEM from three independent experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 ver-
sus cells treated with VpOmpU only).

The sub-units of AP-1 transcription factor are divided majorly into two families- Fos and Jun.
The members of Fos and Jun families generally hetero-dimerize and form AP-1 to function as
a transcription factor (135). Further, nuclear fractions of VpOmpU-treated RAW 264.7 and
THP-1 cells were analyzed for the involvement of AP-1 sub-units in VpOmpU-mediated pro-
inflammatory processes. By looking at the AP-1 sub-unit levels in the nuclear lysates, we came
to the conclusion that in VpOmpU-treated RAW 264.7 cells, AP-1 subunits such as, JunB, c-
Jun and c-Fos and in THP-1 cells, AP-1 subunits such as, JunB, JunD, c-Jun and c-Fos could

be involved (Figure 28).
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Figure 28. AP-1 family members increase in the nucleus in response to VpOmpU
Increase in AP-1 family members in the nuclear lysates of VpOmpU-treated cells, namely
JunB, c-Jun, c-Fos in RAW 264.7 and JunB, c-Jun, c-Fos and JunD in THP-1 cells. Lamin

B1 was used as a loading control for nuclear lysates.
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4.12 VpOmpU leads to the activation of MAP-kinases

Generally, MAP kinase activation leads to the activation of AP-1 (16). To probe whether MAP
kinases are involved in VpOmpU-mediated pro-inflammatory responses in RAW 264.7 and
THP-1 cells, we checked the phosphorylation level of both JNK and P38. We observed phos-
phorylation (indicative of activation status) of both P38 and JNK in RAW 264.7 (Figure 29A)

and THP-1 cells (Figure 29B).
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Figure 29. P38 and JNK MAP-kinases are activated in response to VpOmpU

(A-B) Increased phosphorylation of p38 and JNK in RAW 264.7 (A) and THP-1 cells (B) in
response to VpOmpU as evidenced by immunoblot and densitometric analysis of the bands.
Whole cell lysates were analysed for the phosphorylation of p38 and JNK at different time
points following VpOmpU treatment. Total p38 and JNK in the cells were also probed. Den-
sitometric analysis of the immunoblots confirmed increased phosphorylation of p38 and JINK
in RAW 264.7 cells in response to VpOmpU. For the densitometric analysis, the band inten-
sities of p-p38 or p-JNK in the samples were calculated above the band intensities of p38 or
JNK, respectively, and fold changes upon VpOmpU treatments were estimated with respect
to the buffer-treated cells. Bar graphs are expressed as mean+ SEM from three independent
experiments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus band intensities in the

buffer-treated cells).

Further, we observed decrease in cytokine production in VpOmpU-treated cells, pre-treated

with chemical inhibitors against JNK and P38 (Figure 30).
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Figure 30. P38 and JNK are involved in VpOmpU-mediated pro-inflammatory response
Decrease in TNFa, in response to VpOmpU upon pre-treatment with inhibitors of the MAP-
kinases p38 (VX745) and INK (JNK-IN8) in RAW 264.7 and THP-1 cells. Bar graphs are
expressed as mean + SEM from three independent experiments (*p<0.05, **p< 0.01,

***p<0.001, ns p>0.05 versus cells treated with VpOmpU only).

Altogether, these results showed that P38 and JNK MAP kinases are involved in VpOmpU-

mediated pro-inflammatory responses.

4.13 TLR2 activation by VpOmpU leads to the MAP-kinase activation

A recent report showed that OmpU of V. cholerae, which is about 70 % similar to VpOmpU
induced the activation of P38 by a TLR2-mediated pathway, but, the activation of JNK in mac-
rophages was found to be dependent on its recognition by the scavenger receptor CD36 (128).
So, to probe whether the activation of MAP-kinases in response to VpOmpU was TLR2-me-
diated, we investigated the phosphorylation levels of P38 and JNK in BMDMs from

TIr2”- mice. We found that in the absence of TLR2, MAP-kinases (p38 and JNK) were not
activated in response to VpOmpU (Figure 31).

78



A  wrBmDMs  VpOmpU JINK p3s
* *%
Buffer 15’ 30’ 20 * ns 3 —
- —_—
- ' §p-JNK 811_5 %
= c P
3 » © ©
R« S 2
K=} T
P8 Sos =
[T [T
- - ool L , , N
— e — - Buffer 15’ 30’ Buffer 15’ 30’
p-Actin + VpOmpU +VpOmpU
B 71ir2”-BMDMs VpOmpU INK p38
Buffer 15 30’ 15 T ns 15

- 4 1

SEE -~
SEE

ns ns
- i1
il 1.0
;i 05
- e - 5]
30’

B8 B3
Buffer 15’ 30 Buffer 15

= s (-Actin L = M
B + VpOmpU + VpOmpU

N
o

Fold change
o

Fold change

Figure 31. MAP-Kkinase activation in response to VpOmpU is TLR2-dependent
(A-B) Increased phosphorylation of p38 and JNK in VpOmpU-treated BMDMs from wild
type mice (WT), while no change in phosphorylation status of p38 and JNK in the VpOmpU-
treated BMDM obtained from the TIr2” mice. Densitometric analysis of the immunoblots
show increased phosphorylation of JNK at 15 min, and of p38 at both 15 min and 30 min in
the wild type BMDMSs, and no change in phosphorylation status of JNK and p38 in the TIr2-
' BMDMs in response to VpOmpU. For the densitometric analysis, the band intensities of
p-p38 or p-JNK in the samples were calculated above the band intensities of p38 or JNK,
respectively, and fold changes upon VpOmpU treatments were estimated with respect to the
buffer-treated cells. Bar graphs are expressed as mean £ SEM from three independent exper-
iments (*p<0.05, **p< 0.01, ***p<0.001, ns p>0.05 versus band intensities in buffer-treated
cells). p—actin and GAPDH were used as the loading controls in the immunoblots of the

whole cell lysates.

5. Conclusions and Discussion
OmpU is a major outer membrane protein which is present across the Vibrio species. In most

of the Vibrio species it plays a role in pathogenesis and modulation of host immune function.
In V. alginolyticus and in V. harveyi, OmpU has been considered as a vaccine candidate (119,
136). OmpU of V. parahaemolyticus (VpOmpU) has also been reported to be immunogenic in
yellow croaker fish (117), though it has not been well elucidated.

Many porins such as PorB of Neisseria meningitides (137), OmpS1 and OmpS2 of Salmonella
typhi (30) have been found to induce pro-inflammatory responses. In this study, we have char-
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acterized the role of VpOmpU in modulating host’s innate immune responses. We have ob-
served that VpOmpU activates macrophages and monocytes in terms of production of pro-
inflammatory mediators, such as, TNFa and IL-6 in both macrophages and monocytes (Figure
7) and nitric oxide (NO) in macrophages (Figure 8). Further, to identify the pattern recognition
receptor (PRR) which recognizes VpOmpU, we started with the cue that, since VpOmpU is
present on the outer membrane of V. parahaemolyticus which is a non-invasive bacteria, it
could be recognized by the surface PRRs of the cell. Of the surface PRRs, TLRs are mostly
involved in the recognition of bacterial ligands (4). TLR1, TLR2, TLR4, TLR5, and TLR6 are
the common surface TLRs (5). Generally, upon activation, TLRs form homo- or hetero-dimers,
such as TLR2 forms hetero-dimer either with TLR1 or TLR6, whereas, TLR4 forms homo-
dimer (138). Various other outer membrane proteins like PorB of Neisseria meningitidis (8)
and OspA of Borrelia spirochetes (139) have been shown to be recognized by TLR1/2 hetero-
dimers. Also, OmpA, an outer membrane protein of Shigella flexneri (140) and OmpS2 of

S. typhi (30) are known to be recognized by TLR2/6 heterodimers. We observed that VpOmpU
mediates its pro-inflammatory response through TLR2 in both monocytes and macrophages
(Figure 14, 15, 16). Further, towards finding the binding partner of TLR2, we observed that
TLR1 co-immunoprecipitated with TLR2 in VpOmpU-treated THP-1 monocyte (Figure 18),
whereas, in macrophage both TLR1 and TLR6 co-immunoprecipitated with TLR2 (Figure 17).
Even reverse co-immunoprecipitation with anti-TLR1 and anti-TLR6 antibodies confirmed the
result (Figure 17, 18). This result is particularly intriguing since, to the best of our knowledge,
this is the first report where a natural PAMP (VpOmpU) is being recognized by both TLR1/2
and TLR2/6 heterodimers. As mentioned earlier, while TLR1/2 and TLR2/6 heterodimers have
been known to recognize discrete ligands, a previous report indicated the recognition of a syn-
thetic lipoprotein (Pam,CSK4 which is a diacylated lipoprotein) by both the TLR1/2 and
TLR2/6 heterodimers (141, 142). Buwitt et al. (141) also showed that recognition of a ligand
by TLR6 does not completely depend on the acylation of the ligand, but also on the peptide
sequence and the overall structure of the protein ligand. However, Farhat et al. (142) showed
that this difference in ligand recognition did not alter the downstream signalling elicited by the
dimers. They also speculated that this difference in ligand recognition was necessary to in-
crease the array of ligands recognized by the cells. Further, our study showed that, though
VpOmpU is recognized by both TLR1/2 and TLR2/6 in macrophages, TLR2/6 is the preferred
dimer for the induction of downstream signalling cascades (Figure 20).
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Bacterial porins of S. enterica Typhimurium (143), PorB of N. meningitidis (137), OmpA of S.
flexineri (140), P2 porin of Haemophilus influenzae (144) and OmpU of V. cholerae (127) have
previously been reported to induce NF-kB or AP-1 mediated pro-inflammatory responses. In
the present study, we have shown that VpOmpU-mediated activation of the TLR- signalling
leads to the activation of the transcription factors NF-kB and AP-1 in both THP-1 monocytes
and RAW 264.7 macrophages (Figures 25-28). AP-1 is activated by upstream MAP kinases
(4). Furthermore, in this study, we have also shown that the activation of MAP kinases (P38
and JNK) is TLR2-dependent (Figure 31). These data suggested that a difference in the recog-
nition of VpOmpU by the TLR1/2 or TLR2/6 heterodimer does not affect the downstream
signalling elicited by it.

1. Recognition RAW 264.7 cells VPOmpU  1yp g cells
by TLR TLR1/2 TLR1/2
TLR6/2

3. Production of
pro-inflammatory
cytokines

Cytokines-

2. Activation of TNFa, IL-6

NF-kB and AP-1

llustration 6. Immunomodulation by VpOmpU
VpOmpU is recognized by TLR1/2 in THP-1 monocytes and by TLR1/2 and TLR2/6 in RAW
264.7 macrophages. This further results in a MyD88-dependent signalling leading to the acti-
vation of NF-xB and AP-1 transcription factors thereby leading to the production of a pro-

inflammatory response.

As mentioned earlier, VpOmpU shares about 70 % sequence identity with V. cholerae OmpU
(VcOmpU). Similar to VcOmpU, VpOmpU is also porin in nature (Figure 6). As previously
mentioned extensive studies from our laboratory characterized the host immunomodulation by
VcOmpU (46, 47, 127, 128). In this study we have attempted to characterize the VpOmpU and

we have noticed certain similarities and dissimilarities in the host-immunomodulatory nature
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of these two porins. Work from our laboratory has shown that VcOmpU is recognized only by
TLR1/2 in both monocytes and macrophages (127), whereas, in this study we have shown that
VpOmpU can be recognized by TLR1/2 in monocytes but in macrophages both TLR1/2 and
TLR2/6 recognize VpOmpU, with TLR2/6 being favourable for the induction of pro-inflam-
matory responses (Figure 20). Further, in case of VpOmpU, the activation of both the MAP
kinases (P38 and JNK) are mainly TLR-dependent (Figure 31) but in case of VcOmpU, only
P38 MAP kinase activation is dependent on TLR-mediated signalling in macrophages (128).
Altogether, our study showed that VpOmpU elicits pro-inflammatory responses via TLR1/2 in
monocytes and TLR2/6 in macrophages. Recognition of VpOmpU by the TLR hetero-dimer
leads to MyD88-IRAK-1-dependent activation of NF-kB and AP-1 transcription factors to-
wards the generation of pro-inflammatory response.

Since, VpOmpU was capable of activating the immune system and generating a pro-inflam-
matory response. Hence, it may prove to be a potential adjuvant for the vaccine against Vibrio

infections.
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Chapter 2:
To study the host-

immunomodulation by SteA of

Salmonella enterica Typhimurium
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1. Introduction

1.1  Salmonella enterica types and disease

Salmonella is a genus of Gram-negative bacterium belonging to the Enterobacteriaceae family.
S. enterica consists of about 2500 serovars and serotypes, most of which can infect humans
(145). It is caused by the consumption of contaminated meat, poultry, milk, eggs or even fruits
and vegetables. Disease caused by S. enterica can be divided into two types namely, gastroen-
teritis (local disease) and typhoid (systemic disease) (145). The gastro-enteric disease caused
by non-typhoidal Salmonella is called salmonellosis. Salmonellosis is majorly caused by S.
enterica Enteritidis and S. enterica Typhimurium (S. Typhimurium) and may be lethal for im-
mune-compromised individuals (145). According to WHO, Salmonella is one of the four lead-
ing causes of all diarrheal diseases and non-typhoidal Salmonellosis (NTS) has claimed about
600,000 deaths worldwide. Invasive NTS is the emerging cause of death in the sub-Saharan
areas where the fatality rate is about 20-47 % (www.who.int/news-room/fact-sheets/detail/sal-
monella-(non-typhoidal)). Further, the emergence of multi-drug resistant Salmonella has wors-
ened the situation. Typhoid is a systemic infection which is characterized by high fever, nausea,
headache and diarrhoea. S. enterica Typhi and S. enterica Paratyphi majorly cause typhoid in
humans. According to a recent WHO report, annually about 11 to 20 million cases of typhoid
are reported worldwide. Of these, typhoid causes about 128,000 to 160,000 deaths every year
(https://www.who.int/features/ga/typhoid-fever/en/). In addition to this, Salmonella infections
have also been linked to some cancers like gall bladder cancer (146). S. enterica Typhi is about
85 % similar to S. enterica Typhimurium or S. typhimurium which causes a typhoid-like sys-
temic disease in mice and thus, has been widely used as model strain to study salmonellosis.

1.2 Infection of S. Typhimurium

S. Typhimurium enters the host through oral route, survives the gastric acidity and comes in
contact with the intestinal epithelium. In response to the bacteria, an inflammatory response is
elicited by the intestinal cells which leads to the production of tetrathionate. Tetrathionate pro-
vides Salmonella with an advantage to thrive over gut bacteria which are unable to survive in
such an environment (147). Salmonella uses the microfold cells or M-cells of the intestinal
epithelium to breach the mucosal barrier of the gut (148). Further they are engulfed by the

macrophages and dendritic cells in the intestine. Salmonella is able to hijack these immune
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cells and the epithelial cells for its survival and replication. Upon invasion of these cells, Sal-
monella forms a Salmonella containing vacuole (SCV) and resides protected in these vacuoles.
It replicates in the SCV and disseminates to other organs or cells of the host (145). To be able
to survive and multiply in the immune cells, which are otherwise fatal for the pathogen, Sal-
monella is equipped with two T3SSs which secrete a repertoire of effectors involved in modu-
lating various functions of the host cells (149, 150) (lllustration 6). The Salmonella genome
encodes about five major Salmonella pathogenicity islands (SPI) which encode various genes.
Of these, the majority of effectors and the T3SS are either encoded or regulated by the SPI-1
and SPI-2 (151, 152).

1. Invasion
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h Lo 7. Dissemination to
4, Macrophage . n. 3. Dissemination other cells and organs
infection ' fram cells

TNFa, IL-6,
IL-1p \
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E Release from b

macrophages

Illustration 7. The infection cycle of Salmonella upon its encounter with the gut epi-
thelium of the host.

Upon ingestion of contaminated food, Salmonella encounters and invades the intestinal epithe-

lium where it replicates and disseminates from the basolateral side of the epithelium. Salmonella

infects the macrophages present at the basolateral side of the epithelium leading to generation of

pro-inflammatory responses. Salmonella form a niche in the macrophages and disseminate to

other organs and cells of the host.

1.3 Type three secretion systems (T3SS) of Salmonella Typhimurium
It is a needle-like complex which connects the bacterial and the host cytoplasm. Many proteins

called effectors are translocated via T3SS from the bacterial cytoplasm directly to the host
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cytoplasm. These effectors modulate host functions to help the bacteria to thrive in the cell.
The T3SS of Salmonella was first visualized using Transmission electron microscopy (TEM)
in 1998, which revealed that it consisted of two outer rings, 2 inner rings and a long needle like
stem (149). Later, the complete repertoire of proteins involved in forming the apparatus were
discovered using high throughput cryo-EM (153) (lllustration 7). Salmonella uses the T3SS
twice during its lifecycle in a cell which secrete different effectors depending on the stage of
infection i.e. T3SS-1 secretes effectors which help in the early phases of infection and T3SS-2
is used at the later stages of infection (154).

= T3SS-1 T3SS-2
Inner

.© | Membrane
E Basal body InvA, InvG, PrgH, PrgK, SsakK, SsaD, SsaC,
Q o
3 Outer OrgA, OrgB, Invl, SpaO  Ssal, SsaM, SpiC, SsaV

Membrane

Needle PrgJ, Inv) SsaP, SsaG, SseB

k73 Cell Translocon SipB, SipC, SipD SseC, SseD
£ | Membrane

... Effectors

lllustration 8. The type three secretion system apparatus
Salmonella utilizes two type three secretion systems (T3SS) namely T3SS-1 and T3SS-2. It
assembles the T3SS consisting of a basal body, a needle complex and a translocon using

various proteins.

1.3.1 T3SS-1 and the effectors secreted by it

The T3SS-1 is formed first and secretes effectors which help the bacteria for functions related
to invasion and formation of SCV such as actin modulation, suppression of immune responses
etc. Most of the genes involved in T3SS-1 apparatus formation (lllustration 7) and regulation
of T3SS-1 effector proteins are present in a gene cluster called the Salmonella pathogenicity
island 1 (SPI-1) (155, 156). The gut environment is sensed by the bacteria leading to the ex-
pression of the SPI-1 genes. The process of invasion begins with the induction of membrane
ruffling, which is caused by the effector SopB (157). In addition to membrane ruffling, various
other actin modulations are caused by the effectors such as SopE, SopE2, SipA and SipC which

are also required for its invasion (158, 159). Upon internalization of the bacteria, the effector
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SptP restores the architecture of the cell by subduing the activations induced by SopB, SopE
and SopE2 (160). SopB and SptP are also involved in the formation of early SCV (161, 162).
After the formation of the early SCV, it moves towards the nucleus. The juxta-nuclear posi-
tioning of SCV is necessary for nutrient uptake and intra-vacuolar replication. SipA and SopB,
in addition to the T3SS-2 effectors (SifA, SseF and SseG) help in the positioning of the SCV.
As previously described, induction of inflammation is also necessary for the infection of Sal-
monella, some effectors including SopE, SopE2, SopB induce a pro-inflammatory response
leading to loosening of tight junctions of the intestinal epithelium, thus, enhancing trans-epi-
thelial migration of Salmonella (158). SptP, which subdues the actin rearrangements induced
by these effectors, also suppresses the inflammation induced by them (55). After entering the
cells, it is necessary to suppress its immune responses for the survival of Salmonella inside the
host. Some effectors like AvrA are known to suppress the immune responses of the cell gener-
ated against Salmonella (57, 58, 163). Also, apoptosis may be induced in the cells, if the infec-
tion is irreparable. Interestingly, AvrA and SopB also suppress apoptosis in epithelial cells,
helping the bacteria to survive in the host (58, 164). Another form of programmed cell death
called pyroptosis has been found to be induced by SipB, PrgJ and flagellin (165-168). Pyrop-
tosis is an inflammatory cell death majorly induced in macrophages and dendritic cells which

helps in increasing the inflammation and in dissemination of the bacteria to other organs.

1.3.2 T3SS-2 and the effectors secreted by it

The T3SS-2 (lllustration 7) is formed across the SCV membrane and translocates effectors
from the cytoplasm of Salmonella to cytoplasm of the host’s cell. It secretes effectors which
majorly help in the maturation of SCV, maintenance of SCV and the dissemination of bacteria
to other cells. The genes related to T3SS-2 are either expressed or controlled by those present
in the gene cluster, SPI-2 (169). The environment of the SCV leads to the expression of the
SPI-2 genes. As previously mentioned, the effectors namely SifA, SseF and SseG help in the
positioning of the SCV close to the nucleus (170-172). SifA, SselJ, SseF, SseG and SopD?2 are
involved in the formation of filaments called Salmonella induced filaments (SIFs) (170-174).
SIFs are required for nutrient acquisition which is necessary for the replication of the Salmo-
nella inside the vacuole. Upon maturation of SCV, an F-actin meshwork is formed around the
SCV in many cell types including epithelial cells and macrophages (175). This meshwork has

been thought to be involved in protecting the SCV. SteC has been found to be responsible for
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the formation of this meshwork (176). SspH2 also associates to the F-actin meshwork (173). It
has been shown that SrfH is involved in increasing the motility of macrophages thereby helping
in the dissemination of the bacteria (177). Some T3SS-2 effectors like SpvB and SseL also
induce apoptosis in epithelial cells or macrophages respectively (178, 179). SpvB, SspH1, and
SseL are also known to suppress the immune signalling of the cell (180-182). Other effectors
like SopD2, SseF and SseG have been shown to suppress the antigen presentation on dendritic
cells and also, T-cell proliferation, thereby suppressing the host’s immune response against

Salmonella (183).

1.3.3 Effectors secreted by both T3SS

In addition to effectors which are secreted by T3SS-1 or T3SS-2, some effectors are secreted
by both the secretion systems and may have different roles in both the conditions. SopD, SIrP,
SspH1, GtgE, SpvD, SpvC, PipB2, SteE, SteA, GogB are the effectors discovered till date to
be secreted by both the T3SSs (145). SopD has been shown to be involved in the induction of
inflammation and fluid accumulation in the Salmonella-infected intestines (184). Additionally,
in association with the T3SS-1 effector SopB, it has been shown to be involved in invasion of
Salmonella into epithelial cells (157). SopD has also been implicated in intra-macrophage rep-
lication and the systemic spread of the disease (184, 185). GtgE helps in the maintenance of
the SCV (186) and PipB2, along with other T3SS-2 effectors, has been found to help in SIF
formation (187). Some of the effectors have also been implicated in host immune-modulation.
SIrP and SspH1 are E3-ubiquitin ligases which cause host cell’s death and suppress pro-in-
flammatory responses respectively (180, 188). SpvC and SpvD also suppress pro-inflammatory
responses by acting on the MAP-kinase and the NF-«B pathway respectively (189, 190). Alt-
hough, some of the roles of these effectors have been discovered, many others are yet to be
deciphered. In this study, we have explored the role of SteA, which is also secreted by both the
T3SSs.

1.4 SteA

SteA or Salmonella translocation effector A is secreted by both the T3SSs (191). SteA has been
implicated to have a role in virulence and has been found to localize to the trans-golgi network
(191). SteA is also present in typhoid causing strains namely S. enterica Typhi and S. enterica
Paratyphi, which share more than 90 % sequence similarity with each other, indicating that it

may also be necessary for human infections. It has been shown that the deletion of steA (AsteA)
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does not affect the invasion or the replication of Salmonella in the macrophages (192). A mi-
croarray-based study indicated that SteA might have a role in extracellular matrix organization,
cell proliferation and may also be involved in the suppression of immune responses of the host
(193). A recent study showed that lesser SIF formation and abnormal SCV (one SCV with
more than one bacterium) were observed in the absence of SteA. They further hypothesized
that SteA may be involved in membrane fission after the replication of bacteria in the SCV
(194). SteA was also observed to be localized on the SCV membrane. Another study showed
that SteA binds to phosphatidylinositol 4-phosphate (PI14P), which is involved in membrane
trafficking in the Golgi (195). The role of SteA in the control of membrane dynamics was
shown to be due to its secretion via T3SS-2 (194). However, the role of SteA in the early phases

of infection remained to be elucidated.

2. Objectives of this study
In this study, we have probed the role of SteA in the early phases of infection i.e. upon its
secretion via T3SS-1. Towards this, we formulated the following objectives:

1) To probe if SteA has a role in virulence of S. Typhimurium
2) To probe how SteA affects the immune responses

3) To probe the mechanism underlying the SteA-mediated effect on immune responses

3. Materials and Methods

51  Ethics statement

All animal experiments were carried out in accordance with the guidelines of Committee for
the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) (No.
1842/GO/ReBiBt/S/15/CPCSEA). All the protocols for animal handling were approved by the
Institutional Animals Ethics Committee (IAEC) of Indian Institute of Science Education and
Research, Mohali (IISERM/SAFE/PRT/2016-2018/004, 010, 015).

5.2 Bacterial strains and chemicals

Salmonella enterica Typhimurium SL1344 strain was a kind gift from Dr. Mahak Sharma
(IISER Mohali). The Aspi2 S. typhimurium 14028 strain was a kind gift from Dr. Francisco
Ramos-Morales (University of Seville, Spain) (196). The P22 phage transduction method was
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used to construct Aspi2 SL1344 and Aspi2AsteA SL1344 strains. The strains and plasmids used
in this study are listed in Table 10. All the DNA modifying enzymes were obtained from New
England Biolabs (USA). Luria Bertani (LB) broth and antibiotics were from Himedia, Mumbai.
Plasmid and DNA isolation kits were obtained from QIAGEN. Most of the chemicals were

obtained from Himedia, Mumbai unless otherwise mentioned.

Table 10. Strains and plasmids used in this study

Strains Genotype or description Reference

E. coli

TOP10 Strain used for cloning Invitrogen

Origami B Strain used for expression of gene Merck-Millipore

Dam’ Strain used for cloning, where methyla- Kind gift from Dr. Ram K.
tion interferes with digestion Yadav

S. Typhimurium

Wit Wild type SL1344 A kind gift from Dr. Mahak
Sharma
AsteA steA::KmR This study
Compl steA::KmR, pACYC177-steA (with na- This study
tive promoter)
compl-H steA::KmR, pACYC177-steA-His (with This study
native promoter)
14028 Aspi2 spi2::CmR A kind gift from Dr. Fran-
cisco Ramos-Morales
SL1344 Aspi2 spi2::CmR This study
Aspi2AsteA spi2::CmR, steA::KmR This study
Plasmids Description Reference
pKD13 Template used for amplifying Kanamy- A kind gift from Dr.
cin Cassette Rachna Chaba
pKD46 Plasmid expressing A-red recombinase A kind gift from Dr.
Rachna Chaba
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pACYC177
PACYC177-steA
pACYC177-steA-
His

PGEXAT3

PGEXA4T3-steA
pcDNA3.1(+)

PCDNAS3.1(+)steA

pGL4.32
pPRL

pGADC1

PGADC1-IxB

pGADC1-Rbx1

PGADC1-Skpl

pGADT7

pGADT7-Cullinl

pGBDUC1

pGBDUC1-steA

Bacterial expression plasmid used for A kind gift from Dr.

complementation

steA with its native promoter cloned in

pACYC177

His-tagged steA with its native promoter

cloned in pACYC177
Plasmid expressing GST

Plasmid expressing GST-tagged SteA

Mammalian expression plasmid

Mammalian expression plasmid express-

ing HA-tagged SteA

NF-kB promoter reporter plasmid

Plasmid expressing Renilla luciferase

Yeast expression plasmid with activation

domain (AD)

Yeast expression plasmid with activation

domain (AD) fused with IkB

Yeast expression plasmid with activation
domain (AD) fused with Rbx-1
Yeast expression plasmid with activation
domain (AD) fused with Skp-1

Yeast expression plasmid with activation

domain (AD)

Yeast expression plasmid with activation
domain (AD) fused with Cullin-1

Yeast expression plasmid with binding

domain (BD)

Yeast expression plasmid with binding
domain (BD) fused with SteA
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Rachna Chaba
This study

This study

A kind gift from Dr. Mahak
Sharma

This study

Akind gift from Dr. Kausik
Chattopadhyay

This study

Promega, USA (cat# 8491)
A kind gift from Dr. Rajesh
Ramachandran

A kind gift from Dr.
Shravan Mishra

This study

This study
This study
A kind gift from Dr. Ram
K. Yadav
This study
A kind gift from Dr.

Shravan K. Mishra
This study



5.3 Cell lines and culture conditions

RAW 264.7 (a murine macrophage cell line) was obtained from the National Centre for Cell
Science (NCCS), Pune, India and HEK 293 (a human kidney epithelial cells line) was obtained
from American Type Culture Collection (ATCC). The RAW 264.7 cells were maintained in
RPMI 1640 supplemented with 10 % fetal bovine serum (FBS), 100 units/ml of penicillin and
100 pg/ml of streptomycin (Invitrogen, Life Technologies, USA) at 37 °C and 5 % CO,. HEK
293 cells were maintained in DMEM supplemented with 10 % fetal bovine serum (FBS), 100
units/ml of penicillin and 100 pg/ml of streptomycin (Invitrogen, Life Technologies, USA) at
37 °Cand 5 % CO..

5.4 Differentiation of bone marrow cells to bone marrow-derived macrophages
(BMDMs)

6-8 weeks old Balb/c mice were euthanized and their femur and tibia bones were extracted.
The muscle tissue of the bones was then removed off and were then washed with ice-cold PBS.
They were then dipped in 70 % alcohol for 2 min and were transferred to RPMI 1640 media.
Then, using sterile scissors, the epiphyses of the bones were cut and the bone marrow cells
were extracted by flushing the bones with RPMI 1640 media. These bone marrow cells were
then differentiated to bone marrow-derived macrophages (BMDMs) using macrophage colony-
stimulating factor (M-CSF). Briefly, cells were suspended in differentiation media (RPMI 1640
supplemented with 10 % FBS, 100 units/ml of Penicillin, 100 pg/ml of Streptomycin, 1 mM
sodium pyruvate, 0.1 mM non-essential amino acids (NEAA), 1 % B-mercaptoethanol and 20
ng/ml of M-CSF) and plated in 24-well plates. They were incubated at 37 °C with 5 % CO..
The media was changed every 2 days and fresh differentiation media was added. The adhered

cells obtained at day 7 were BMDMs and were used for further experiments.

5.5 Deletion of steA gene from the genome of S. Typhimurium

SteA in the genome of S. Typhimurium was replaced with a Kanamycin cassette by one-step
inactivation method following the protocol by Datsenko and Warner (197). Briefly, Kanamycin
cassette was amplified from the plasmid pKD13 using primers- SteA H1P2 and SteA H2P1
(Table 11). The amplified Kanamycin cassette with flanking regions corresponding to the
flanking regions of the steA gene in the S. Typhimurium genome was digested with Dpn1, gel

extracted and transformed into S. Typhimurium expressing the A-red recombinase via the
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helper plasmid pKD46 by electroporation. The colonies were selected on Kanamycin plates

and screened by colony PCR. The deletion mutant of AsteA was then transduced to a clean

background (S. Typhimurium SL1344) using P22 phage. For complementation, steA gene of

S. Typhimurium (www.ncbi.nlm.gov.in) was cloned in pACYC177 (a kind gift from Dr.

Rachna Chaba, 1ISER Mohali) using restriction cloning and was transformed in the deletion

mutant of SteA (AsteA) background. The primers used in this study are listed in Table 11.

Table 11. Primers used in this study

Name of primer

SteA H1P2

SteA H2P1

Forward
SteA
Reverse

SteA-GST Forward

Reverse

Forward
SteA-HA

Reverse

Forward
SteA compl

Reverse

Forward
SteA compl-H

Reverse

Forward
TNFa

Reverse

Forward
IL-6

Reverse

Sequence 5°-3°
AGTCTGATTTCTAACAAAACTGGCTAAACATAAAC-
GCTTTATTCCGGGGATCCGTCGACC
GACATATAAAGCTATTGAGCAAAATTTGAAGGAG-
TAGGATATGTGTAGGCTGGAGCTGCTTCG
GCGCCATATGATGCCATATACATCAGTTTC
CGCGGGATCCTTAATAATTGTCCAAATAGT
ATTGTTGGATCCCCATATACATCAGTTTCTAC
GTTATTCTCGAGTTAATAATTGTCCAAATAGTTATG

CCATATTGGATCCCCACCATGCCATATACATCAG-
TTTCTACC
AAGCTATCTCGAGTTAAGCGTAATCTGGAACATCG-
TATGGGTAATAATTGTCCAAATAGTTATGG-
TAGCGAG

ACCTGGATCCAAGCAGCATAAGATCAGGCCG
CGTGACGTCTTAATAATTGTCCAAATAGTTATGG
ACCTGGATCCAAGCAGCATAAGATCAGGCCG
CGTGACGTCTTAGTGATGATGATGATGATGA-
TAATTGTCCAAATAGTTATGG
CCCTCACACTCAGATCATCTTCT
GCTACGACGTGGGCTACAG
TAGTCCTTCCTACCCCAATTTCC
TTGGTCCTTAGCCACTCCTTC
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Forward TTACTGGATCCATGTTTCAGCCAGCTGGGCAC

B Reverse TCGGTCGTCGACTTATAATGTCAGACGCTGGCC
Forward TTACTGGATCCATGGCGGCGGCGATGGATGT

R Reverse TCGGTCGTCGACCTAATGCCCATACTTCTGGAA
Forward TTACTGGATCCATGCCTACGATAAAGTTGCAG

S Reverse TCGGTCGTCGACTCACTTCTCTTCACACCATT

_ Forward CACCATGTCATCAAACAGGAGTCAGAAT

cullin-t Reverse TCGGTCGTCGACTTAAGCCAAGTAACTGTAGGT
Forward ATTGTTGGATCCCCATATACATCAGTTTCTAC

SteA Y2H Reverse GTTATTGTCGACTTAATAATTGTCCAAATAGTTATG

P1 GTGTAGGCTGGAGCTGCTTC

P2 GGTCGACGGATCCCCGGAAT

K1 GAGGCTATTCGGCTATGACTG

K2 TTCCATCCGAGTACGTGCTC

5.5.1 Electro-competent cell preparation

An overnight bacterial culture was used to inoculate 50 ml of Super-optimal broth (SOB; 2 %
Tryptone, 0.5 % Yeast extract, 8.56 mM NaCl, 2.5 mM KCI, 10 mM MgCl, pH 7). At an
ODs0o 0f 0.1, 10 mM of arabinose (Sigma-Aldrich, USA) was added to the culture. Then, at an
ODsoo of 0.4-0.5, the bacteria were pelleted at 4 °C by centrifugation at 3,300 g for 15 min.
The supernatant was discarded and the pellet was washed with 50 ml of ice-cold sterile 10 %
glycerol. Then, the bacteria were pelleted at 4 °C by centrifugation at 3,300 g for 15 min. A
total of four such washes were done using 50 ml, 25 ml and 2 washes with 12 ml of sterile 10
% glycerol. The pellet obtained after the last wash was resuspended in the residual 10 % glyc-
erol (i.e. the glycerol left after discarding supernatant- about 300 ul). This was then aliquotted
in autoclaved micro-centrifuge tubes (MCT) with 50 ul in each MCT and stored at -80 °C.

5.5.2  Transformation using electroporation

The DNA (20 ng to 500 ng) to be transformed was added to the electro-competent cell and

incubated for 10 min on ice. Parallelly, the 1 mm electro-cuvettes (cat# 1652089, Bio-Rad)
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were kept on ice. Then, the electro-competent cells and DNA mixture was added to the electro-
cuvettes without forming bubbles. Then, using an electroporator, a 1.8 V pulse of 1 s was
passed through the electro-cuvette. To this, 1 ml of SOC media (SOB with 20 mM Glucose)
was added immediately and transferred to an autoclaved MCT. That was then incubated at 37
°C (for Salmonella competent cells) or at 30 °C (for Salmonella containing pKD46 competent
cells) for 1 to 1.5 h with shaking. The bacteria were pelleted at 6,000 g for 3 min and 900 pl of
supernatant was discarded. The bacteria were then resuspended in rest of the media and plated
on LB agar (LA) plates containing required antibiotics. For transformation of the linear kana-
mycin cassette, the final concentration of 30 pg/ml of kanamycin was used in the LA plates.
The transformants were checked for deletion using kanamycin specific primers (i.e. P1, P2, K1

and K2) and gene-specific primers (Table 11).

5.5.3 P22 Phage transduction

One ml of an overnight culture of the donor strain was incubated with 4 ml of the P22 phage
broth for 9 h at 37 °C. Then, this was subjected to centrifugation at 6,500 g for 5 min. The
supernatant was then transferred to a fresh, autoclaved glass tube and chloroform was added to
it at a ratio of 100 pl chloroform per 1 ml of supernatant. This was then vortexed for 2 min and
left undisturbed till the chloroform settles at the bottom of the tube. The upper layer contained
the phage lysate, which was transferred to a fresh tube and stored at 4 °C after sealing with
parafilm. For the transduction of the recipient strain, the phage lysate was diluted 1:1000 to
1:10000 in LB and was mixed with the overnight culture of the recipient strain in 1:1 ratio i.e.
100 pl of culture was mixed with 100 pl of diluted phage lysate. After 30 min of incubation at
37 °C, this mixture was plated on LA plates containing antibiotics and 10 mM of EGTA and
incubated at 37 °C for overnight. The transductants were then streaked on green plates (2 g
Bacto-tryptone, 0.25 g Yeast extract, 1.25 g NaCl, 1.9 g Dextrose, 3.75 g Agar, 16.5 mg Methyl
blue, 0.16 g Alizarin yellow dissolved in 222.5 ml of distilled water). Then, the phage free light
green or white colonies were picked from the streaked green plates. This step was repeated 3-
4 times for phage clearing. To remove lysogens from this screen, a streak of phage broth (about
30- 50 pul) was made across the middle of a green plate. The colonies to be checked for lysogens
were streaked across the green plate perpendicularly to the phage broth streak and incubated at

37 °C for 12 to 16 h. the colonies which appeared to be light green or white before coming in
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contact with the phage broth streak and turned green after the contact were selected as the

lysogen free transductants (lllustration 8). These were then used for further experiments.

Phage broth

Incubated at
37 °Cfor12-16 h

Colonies R —

Colonies 1 and 3 are
lysogen-free transductants

Ilustration 9. Selection for lysogens on green plates
A streak of phage broth was placed at the centre of a green plate (depicted by red line), then,
the colonies were streaked across the phage broth and incubated for 12 to 16 h at 37 °C. The
colonies which appeared white prior to their contact with the phage broth and green after con-
tact were taken as the lysogen-free transductants.

5.6 Invivo (mice) experiments
5.6.1 Mice infection and scoring

Bacteria grown overnight in LB medium supplemented with 50 pg/ml of streptomycin were
sub-cultured and grown till log-phase at 37 °C. 6 to 8 weeks old Balb/c mice were infected
intra-peritoneally with 5 x 10° or 5 x 10’ log-phase bacteria and the survival of mice was mon-
itored for 24 h and 96 h respectively. For the mice infected with 5 x 10° bacteria we have
started monitoring the phenotypic changes in the mice 36 h post-infection (h. p. i.). The infected
mice were scored for their response to stimuli, the extent of decrease in activity, the extent of
eye closure and the pilorected fur on a scale of 1 to 4 as compared to the uninfected age matched
mice following the method as described by Shrum et al. (198). Briefly, each infected mice was
scored at 36 h.p.i. on a scale of 1 to 4 for the features described above. Then, the average of

the scores was calculated.

5.6.2 Colonization and splenic lysate preparation

6 to 8 weeks old Balb/c mice were infected intra-peritoneally with 5 x 10° log-phase bacteria.

At 36 h. p .i., spleens were isolated and homogenized in PBS using a sterile pestle.
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For colonization, the homogenate was subjected to lysis with 0.1 % Triton-X-100 at 37 °C for
30 min. The bacteria were enumerated after serial dilution on LB-agar (LA) plates supple-

mented with 50 pg/ml of streptomycin.

For splenic lysate preparation, the homogenate was pelleted by centrifugation at 2,000 g for 5
min and washed twice with PBS. Then, the pellet was treated with 500 pl of ACK lysis buffer
(154.95 mM NH4CI, 10 mM KHCO3 and 0.1 mM EDTA,; pH 7.2) at room temperature for 5
min. To stop the reaction, 100 ul of FBS was added to it and was centrifuged at 2,000 g for 5
min and washed twice with PBS. The pellet was then re-suspended in 70 pl of RIPA buffer (50
mM Tris-Cl (pH 8), 150 mM NaCl, 5 mM EDTA, 1 % NP-40, 0.5 % sodium deoxycholate and
0.1 % sodium dodecylsulphate) containing 1X mammalian protease inhibitor cocktail (Sigma-
Aldrich, USA) and sonicated at 10 A for three pulses of 5 s each. This was then centrifuged at
24,000 g for 30 min. The supernatant thus obtained was the splenic lysate.

5.6.3 TNFa and IL-6 gene expression in spleen

6 to 8 weeks old Balb/c mice were infected intra-peritoneally with 5 x 10° log-phase bacteria.
At 36 h. p .i., spleens were isolated and were subjected to ballooning with 10 % Collagenase
D in HBSS and incubated at 37 °C for 25 min. To stop the reaction, 100 pl of 0.5 M EDTA
was added and incubated at 37 °C for 5 min. This was then passed through a 40 um strainer
and 5 ml of ice-cold RPMI 1640 media supplemented with 10 % FBS was added to it. The cells
were then harvested at 2,000 g for 5 min and washed with PBS. The pellet was re-suspended
in 3 ml of 30 % Bovine Serum Albumin (Sigma-Aldrich, USA). To this, 1 ml of PBS was
added slowly along the wall of the conical tube to form a layer and was subjected to density
gradient centrifugation (with zero acceleration or deceleration) at 2,200 g for 30 min at 12 °C.
The interface of the two layers contained the mononuclear cells, which were then harvested
and RNA was isolated according to the manufacturer’s protocol using the Nucleopore RNA
isolation Kit (Genetix, India). The cDNA was then synthesized using Verso-cDNA Kit
(Thermo-Fischer, USA) using the reaction in Table 4 (in chapter 1).

The PCRs were done using Maxima SYBR green gPCR master mix (Thermo-Fischer, USA)
(Table 5 chapter 1) and the Eppendorf Realplex master cycler. Primer sequences were used
from the Harvard primer bank (Table 5 in chapter 1) and were synthesized by Integrated DNA
Technologies, USA.
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5.7 Cell based assays
5.7.1 Infection of cells

For inducing SPI-1 conditions, as described previously by Cardenal-Munoz et al. (199), bac-
teria were grown till stationary phase in LB broth supplemented with 0.3 M NaCl and appro-
priate antibiotics. Cells were plated in 24-well or 6-well plates at a density of 1 x 10° cells/ml
for overnight and infected with the stationary phase bacteria at a multiplicity of infection (MOI)
of 10:1 (for BMDMS) or 20:1 (for RAW 264.7 and HEK 293 cells) for 30 min. The media
containing the bacteria was removed and fresh media supplemented with 100 pg/ml of gen-
tamicin was added to the wells. After 1 h, this media was replaced with fresh media supple-
mented with 20 pg/ml of gentamicin for different time points depending on the assay. In all the
experiments, the invasion was checked after 2 h of infection by enumerating the bacteria after
the cells were lysed with 0.1 % Triton-X-100 (Himedia, India) in phosphate buffer saline or
PBS.

5.7.2 Quantification of TNFa and IL-6

RAW 264.7 and BMDMs were plated at a density of 1 x 10° cells/ml and infected with wt,
AsteA or compl strains at an MOI of 20:1 or 10:1 respectively. The supernatant was collected
after 8 h of infection and TNFa was quantified using ELISA (BD Biosciences, USA, Table 3
in chapter 1) as per the manufacturer’s protocol. Further, to confirm equal invasion in all the
experiments, cells were lysed after 2 h of infection with 0.1 % Triton-X-100 at 37 °C for 30
min and bacteria were enumerated on LA plates. The sets with unequal invasion were not an-
alysed for TNFa.

5.7.3 Transfection of HEK 293 cells

7 x 108 HEK 293 (a human kidney epithelial cell line) cells were plated in DMEM in a 90 mm
Petri-dish for whole cell lysate preparation and 2.5 x 10* HEK 293 cells were seeded on co-
verslips in a 24-well plate for co-localization studies. Cells were then transfected with 3 pg (for
whole cell lysates) or 1 pg (for co-localization experiment) of pCDNAS3.1(+) or
pCDNAS3.1(+)steA (Table 3) using Polyethyleneimine (PEI) at a ratio of 1:3 (DNA: PEI). The

media was changed after 8 h of transfection. Then, after 24 h or 36 h of transfection, the cells
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were stimulated with 10 ng/ml of TNFa for 15 or 30 min and whole cell lysates were prepared

or subjected to co-localization studies.

5.7.4 Whole cell lysate preparation

For infection:

Cells were plated at a density of 1.5 x 10%/ml in a 6-well plate for overnight. 4.5 x 10° cells (3
wells of 1.5 x 10%ml) were infected with wt, AsteA or compl for 30 min. Then, the bacteria
were removed and RPMI 1640 media containing 100 pg/ml of gentamicin was added to each
well for 30 min. The cells were then washed twice with sterile PBS and were then harvested at
2,000 g for 5 min. The pellet was then re-suspended in 70 to 100 ul of whole cell lysis buffer
(50 mM Tris-Cl, 150 mM NacCl, 0.1 % SDS and 0.1 % Triton-X-100, pH 8) with mammalian
protease inhibitor cocktail (Sigma-Aldrich, USA) and subjected to sonication at 10 A for 15 s
with a pulse of 5 s each. Then, it was centrifuged at 16,000 g for 30 min at 4 °C. The supernatant
thus obtained was the whole cell lysate. Additionally, the invasion was also checked by C.F.U.

counting for all the experiments.
For transfections:

After 24 h of transfection in HEK 293 cells (as described previously), cells were washed twice
with PBS and were harvested by centrifugation at 2,000 g for 5 min. The pellet was then re-
suspended in 150 to 200 ul of whole cell lysis buffer supplemented with mammalian protease
inhibitor cocktail. This was then subjected to sonication at 10 A for 15 s with a pulse of 5 s
each. Then, it was centrifuged at 16,000 g for 30 min at 4 °C and the supernatant obtained was

collected as whole cell lysate.

5.7.5 Nuclear lysate preparation

For infection with S. Typhimurium

4.5 x 108 cells (3 wells of 1.5 x 108/ml) of RAW 264.7 were plated in a 6-well plate overnight
for each sample and then, infected with wt, AsteA or compl for 30 min. Then, the bacteria were
removed and RPMI 1640 media containing 100 pg/ml of gentamicin was added to each well
for 30 min. Cells were then washed twice with sterile PBS and were then harvested at 2,000 g

for 5 min. The pellet volume was measured and it was dissolved in 5 times of the pellet volume
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in hypotonic buffer (10 mM HEPES pH 7.9 with 1.5 mM MgCl, and 10 mM KCI) and centri-
fuged at 1,850 g for 5 min at 4 °C. Then, the pellet was dissolved in hypotonic buffer with 0.5
M DTT and mammalian protease inhibitor and was then incubated on ice for 15 min. This was
then sonicated at 10 A for 15 s with 3 pulses of 5 s each and centrifuged at 3,300 g for 15 min
at 4 °C. The pellet was then resuspended in 70 pl of low salt buffer (20 mM HEPES pH 7.9,
1.5 mM MgClz, 20 mM KCI, 0.2 mM EDTA and 25 % glycerol) with 0.5 M DTT and mam-
malian protease inhibitor. To this, 30 pl of high salt buffer (20 mM HEPES pH 7.9, 1.5 mM
MgCl,, 800 mM KCI, 0.2 mM EDTA and 25 % glycerol) was added dropwise and incubated
on ice for 10 min before subjecting to sonication at 10 A for 15 s. Then, it was incubated on
ice for 30 min with periodic shaking and centrifuged at 24,000 g for 30 min at 4 °C. The su-

pernatant hence obtained contained the nuclear lysate.

5.7.6 Co-immunoprecipitation studies

Whole cell lysates were prepared (as previously described) and were incubated with 1-2 ug of
anti-HA, anti-His, anti-Cullin-1, anti-B-TrCP or anti-IxB antibody for 3 to 4 h with continuous
low speed shaking at 4 °C. Then, 20 pl of Protein A/G beads (# sc2003, Santa Cruz Biotech-
nologies, USA) was added and it was subjected to continuous low speed shaking at 4 °C for
overnight. Then, the beads were washed thrice with whole cell lysis buffer by centrifugation at
6,000 g for 5 min at 4 °C. The beads were re-suspended in SDS-loading buffer and boiled for
10 min. The samples were then run on SDS-PAGE gel and subjected to immunoblotting.

For IkB pull-down

HEK 293 cells were transfected with 3 pg of pcDNA3.1(+) or pcDNA3.1(+)steA (as described
previously). After 24 h of transfection, cells were treated with 20 nM of proteasomal inhibitor,
MG132 (Sigma-Aldrich, USA) for 3 hours. The cells were then stimulated with 10 ng/ml of
TNFa for 20 min and whole cell lysates were prepared. The whole cell lysates were then sub-

jected to co-immunoprecipitation with 2 pg of the anti-IxkB antibody as described above.

5.7.7 Immunoblotting

The whole cell lysates or the nuclear lysates were run on SDS-PAGE gel and were transferred
to PVDF membrane using wet transfer. After the transfer, the membrane was incubated with 5

% BSA for blocking. Then, it was incubated with various primary antibodies purchased from
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different companies. Then, the blot was washed four times with TBST (25mM Tris-HCI (pH
7.6, containing 137 mM NaCl and 0.1 % Tween 20). Afterwhich, it was incubated with HRP-
tagged secondary antibody (Sigma-Aldrich, USA) and washed four times with TBST. The im-

munoblots were then developed using Clarity™ ECL Substrate (Bio-Rad, USA) and detected
using LAS 4000 (GE Healthcare Technologies, USA). The primary antibodies used in this
study are listed in Table 12.

Table 12. List of antibodies used for immunoblotting under Aim 2

Antibody

against

IxB

GAPDH

PCNA

His

p-p38

p-INK

p-IxB

P38

JNK

P65

GST

Company and Catalogue
no.

Santa Cruz Biotechnologies,
USA (# sc-847)

Santa Cruz Biotechnologies,
USA (# sc-25778)
Biolegend, USA (# 307902)

Biolegend, USA (# 652502)

Cell signalling technologies,
USA (# 4511BC)

Cell signalling technologies,
USA (# 9251BC)
SAB4504445

Cell signalling technologies,
USA (# 8690BC)

Cell signalling technologies,
USA (# 9252BC)

Santa Cruz Biotechnologies,
USA (# sc-372)
Sigma-Aldrich, USA

(# 16-209)

Antibody

against

HA

p-IKKa/p

Ubiquitin

B-TrCP

Cullin-1

Rbx-1

Skp-1

Nedd8-Cul-

lin

Cand-1

Lamin B1

cRel
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Company and Catalogue
no.
Biolegend, USA (# 901501)

Cell signalling technologies,
USA (# 2697S)

Cell signalling technologies,
USA (# 3933S)

Cell signalling technologies,
USA (# 11984S)

Cell signalling technologies,
USA (# 4995S)

Cell signalling technologies,
USA (#BC)

Cell signalling technologies,
USA (# 2156T)

Abcam (# ab81264)

Cell signalling technologies,
USA (# 8759S)

Santa Cruz Biotechnologies,
USA (# sc-20682)

Santa Cruz Biotechnologies,
USA (# sc-71)



5.7.8 Luciferase reporter assay

2.5 x 10* HEK 293 cells were plated in 100 ul of DMEM in a 96-well plate and were transfected
with 0.1 pg each of NF-kB reporter plasmid pGL4.32 (Promega, USA) and renilla luciferase
plasmid (pRL) (Table 10) using Lipofectamine 3000 (Promega, USA) as per the manufac-
turer’s protocol. Additionally, in assays for studying the effect of endogenous expression of
SteA on NF-«B activation, cells were also transfected with pcDNA3.1(+) or pcDNA3.1(+)steA
in addition to pGL4.1 and pRL. After 18 h of transfection, the cells were either infected with
wt, AsteA and compl or stimulated with 10 ng/ml of TNFa for 6 h and 8 h respectively. The
dual luciferase assay kit (cat# E2920, Promega, USA) was used according to the manufactures’
protocol to analyse the luminescence corresponding to NF-xB activation (firefly luciferase)
and the renilla luciferase. The luminescence was detected using a plate reader (BMG Biotech,
Germany). The luminescence corresponding to NF-kB activation was normalized to that of
renilla luciferase (corresponding to the transfection efficiency). In infection based experiments,

the luminescence was also normalized to the invasion.

5.7.9 Co-localization studies

After 24 h of transfection in HEK 293 cells and TNFa stimulation for 30 min (as described
previously), cells were washed twice with PBS and were then fixed with 2.5 % of Paraformal-
dehyde (PFA) for 30 min at RT. Cells were then washed twice with PBS and incubated with
anti-IxB (1:750), anti-HA (1:250), anti-Cullin-1 (1:250) or anti-Cand-1 (1:500) antibodies for
45 min at room temperature (Table 12). Then, cells were washed thrice with PBS and incubated
with Alexa 488 conjugated anti-rabbit 1gG secondary antibody (1:500) (# A11034, Life Tech-
nologies, USA) and Alexa 568 conjugated anti-mouse IgG secondary antibody (1:500) (#
A11004, Life Technologies, USA) for 30 min at RT. All the antibody dilutions were prepared
in 0.2 % Saponin dissolved in PBS. The cells were washed thrice with PBS and were mounted
on glass slides using Fluoromount (Sigma-Aldrich, USA). The imaging was done using a Zeiss
Confocal microscope (for co-localization of IkB or Cullin-1 with SteA-HA) or Leica Confocal

microscope (for co-localization of Cand-1 with SteA-HA).

5.8 GST pull-down assay
The steA gene was cloned in the plasmid pGEX4T3 (Table 10) using restriction cloning. The
empty pGEXA4T3 and pGEX4T3-steA were each transformed to E. coli Origami B1 cells
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(Merck, Germany) by chemical transformation method. Then, using these transformants, GST
and GST-tagged SteA were overexpressed using 0.1 mM IPTG at 18 °C for 24 h. The bacteria
were pelleted at 2,050 g for 30 min at 4 °C. The pellet was re-suspended in PBS containing
bacterial protease inhibitor cocktail (Sigma-Aldrich, USA) and was subjected to sonication at
25 A for 15 min. Then, this was centrifuged at 18,500 g for 50 min at 4 °C and analysed by
SDS-PAGE. Both GST and GST-tagged SteA were found to be present in the soluble fractions.
Parallelly, the glutathione beads (Qiagen, USA) were washed twice with lysis buffer (50 mM
Tris-Cl, 150 mM NaCl, 0.05 % NP-40, pH 7.5). Then, to 10 ml of the soluble fraction contain-
ing GST or GST-tagged SteA, 300 ul of washed glutathione beads were added and incubated
at 4 °C with shaking. After 2 h of incubation, the beads were pelleted at 1,800 g for 5 min and
washed four times with lysis buffer. Then, the beads were incubated with 500 pl of 5 % BSA
in PBS for 90 min. Then, the beads were pelleted and washed 4 times with lysis buffer. To this,
whole cell lysate of un-stimulated RAW 264.7 cells was added and incubated at 4 °C for 3 to
4 h with shaking. Then, the beads were pelleted and washed 4 times with lysis buffer and re-
suspended in 40 pl of SDS-loading buffer. This was then boiled for 5 min and subjected to
SDS-PAGE and immunoblotting.

5.9 Yeast two-hybrid assay

The coding sequences of IkB, Skp-1, Rbx-1 and Cullin-1 from Mus musculus were taken from
www.ncbi.nlm.gov.in. A cDNA library was prepared according to the manufacturer's protocol
(Invitrogen, Life Technologies, U.S.A.) using RNA isolated (according to the manufacturer’s
protocol; Genetix, India) from untreated RAW 264.7 cells. IkB, Skp-1 and Rbx-1 were ampli-
fied from the cDNA library and cloned in pPGADC1 (Table 10) plasmid by restriction cloning.
Cullin-1 was amplified and cloned in pPGADT7 (Table 10) by gateway cloning method accord-
ing to manufacturer’s protocol (Thermo-Fischer, USA). The steA gene was amplified from the
S. Typhimurium genome and cloned in pGBDC1 plasmid (Table 10) by restriction cloning.
The cloned AD and the BD plasmids were co-transformed in yeast (PJ697a) and plated on
synthetic complete media deficient in leucine and uracil (SC-Leu, -Ura). The colonies thus
obtained were then spotted on plates with media deficient in leucine, uracil and histidine (SC-
Leu, -Ura, -His).
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5.10 Densitometric analysis

The densitometric analysis of the western blots was done using the Image J software (Rasband,
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://im-
agej.nih.gov/ij/, 1997-2018). The band intensities of IkB, IKKa/B, p65 or c-Rel were normal-
ized to the respective band intensities of the loading controls i.e. GAPDH for whole cell lysates
and PCNA for nuclear lysates. For co-immunoprecipitation studies, the fold changes of the
band intensities in the VpOmpU-treated cells were calculated above the band intensities in the
buffer-treated cells. For analysis of the phosphorylation status of p38 and JNK, the band inten-

sities of p-p38 or p-JNK were calculated above the band intensities of p38 or JINK, respectively.

5.11 Statistical analysis

Data were expressed as mean = SD or SEM. The statistical analysis was done using Student’s
two-sided t-test and the p values less than 0.05 were considered significant. The p values indi-
cated are *p<0.05, **p< 0.01, ***p<0.001, ns p>0.05.

6. Results

6.1 Deletion of steA from the genome of S. Typhimurium

SteA, being an effector which is translocated to the host cytoplasm via the T3SS during an
infection, its role would be best studied in an infection scenario. To be able to understand the
role of SteA in the infection of S. Typhimurium, we first deleted steA gene from the genome
of S. Typhimurium. We used the one-step inactivation method (197) wherein we replaced the
steA gene with a kanamycin cassette. To check the deletion, we used a combination of PCRs
using primers against the priming sites of kanamycin cassette (P1 and P2), internal regions in
kanamyecin cassette (K1 and K2) and the gene-specific primers. The PCR with P1-P2, K1-K2,
P1-K2 and P2-K1 were found to be positive for the two deletion mutants (labelled as 1 and 2)
and negative for the wild type S. Typhimurium (labelled as C) (Figure 32). The PCR using
gene-specific primers of steA gene was positive for wild type S. Typhimurium but negative for
the deletion mutants of steA (AsteA) (Figure 32). Altogether, this indicated that SteA was re-

placed with the kanamycin cassette in AsteA mutants.

105



Figure 32. SteA was deleted from S. Typhimurium

Agarose gel confirming the deletion of steA and its replacement with the kanamycin cassette.
C denotes the wild type S. Typhimurium, 1 & 2 are the deletion mutants and M denotes the
1 kb molecular weight marker. The deletion mutants 1 and 2 show amplicon of P1P2 (1300
bp), K1K2 (400 bp), P1K2 (876 bp), P2K1 (824 bp) and show no amplification for gene
specific primers (623 bp).

6.2 Effect of steA deletion on the virulence of S. Typhimurium in mice

To be able to understand whether SteA has a role in the virulence of S. Typhimurium, we
infected Balb/c mice intra-peritoneally with wild type S. Typhimurium (wt), AsteA and AsteA-
complemented with a plasmid expressing steA (compl). We found that the mice infected with
AsteA had lower survival than the wt- or the compl-infected mice (Figure 33A, 33B). Also,
mice infected with AsteA had pilorected fur, decreased activity, decrease in response to stimuli
and closed eyes, which are symptoms of a heightened immune response (198). We scored these
symptoms and found them higher in case of AsteA than wt or compl-infected mice (Figure
33C).
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Figure 33. Mice infected with AsteA have a lower survival and show symptoms of
heightened immune response

(A-B) Mice infected with AsteA showed lower survival than the wt or compl-infected mice. 6-
8 weeks old Balb/c mice were injected intra-peritoneally with 5 x 107 (A) or 5 x 10° (B) bacteria
(wt, AsteA or compl) and were monitored at every 6 h (A) or 12 h (B) post infection (h.p.i.) for
24 h or 96 h respectively. The survival percentage was calculated as [(No. of surviving mice/to-
tal no. of mice infected) x 100]. The graph shown represents the cumulated data (n=6) from
three independent sets with three mice (n=3) in each set. (B) Mice infected with AsteA showed
higher symptoms of heightened immune response than wt- or compl-infected mice. 6-8 weeks
old Balb/c mice were injected intra-peritoneally with 5 x 10° bacteria and were scored at 36
h.p.i. for septic shock symptoms namely pilorected fur, extent of decrease in activity, extent of
decrease in response to stimuli and the extent of closing the eye on a scale of 1 to 4. Each mice
was scored independently and the total score was averaged over the total mice in the group. The
graph represents mean + SEM from three independent sets. ***p <0.001, **p <0.01, *p <0.05,
ns p > 0.05 versus wt infected mice.

further investigate whether a higher immune response was being generated in mice infected

with AsteA, we checked the levels of TNFa, IL-6, IL-1p, IFNy, IL-12 and IL-10 in the serum
of infected mice at 24 h.p.i. and 36 h.p.i. We found a higher TNFa, IL-6, IFNy, IL-12 and IL-

10

in mice infected with AsteA than the controls (Fig. 34A-F). Further, we isolated spleens

from the infected mice and probed the gene-expression levels of TNFa and IL-6 in the mono-

nuclear cells of the spleen. We observed that TNFa and IL-6 gene expression levels were higher

in AsteA-infected mice than wt- or compl-infected ones (Fig 34G). We further wanted to check

whether this difference in expression of TNFo and IL-6 was due to lesser bacterial load in the

spleens of the infected mice. Towards this, we checked the bacterial load in spleens of mice
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infected with wt or AsteA and found no significant difference (Fig 34H). Altogether, this indi-

cated that SteA was involved in immune suppression during infection.
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Figure 34. Mice infected with AsteA showed higher immune response

(A-F) The levels of IL-6 (A), TNFa (B), IFNy (D), IL-12 (E) and IL-10 (F) were higher
in the serum of mice infected with AsteA than the wt- and compl-infected mice. 6-8
weeks old mice were infected with 5 x 10° wt, AsteA and compl strains. At 24 h.p.i.
and 36 h.p.i., blood was drawn from the infected mice and the serum was probed for
various cytokines using ELISA. Bar graph represents median from three mice (n=3), each
represented as a dot (¢). (G) TNFa and IL-6 gene expression was higher in splenic mononu-
clear cells of mice infected with AsteA than the wt- or compl-infected mice. The mononuclear
cells were isolated from the spleens of infected mice using density gradient centrifugation and
then, RNA was isolated from these cells. The cDNA was prepared from this RNA and gene

expressions of TNFa and IL-6 were calculated using semi-quantitative RT-PCR. Bar graph
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represents mean + SEM from three independent experiments. (H) No difference in the coloni-
zation of wt or AsteA in spleens of the infected mice. The bacteria were enumerated in the
spleen of the infected mice on LA plates and were normalized to the weight of the tissue. The
graph represents data from 9 mice (n=9) with each mice represented as a dot (). (A-B) 6-8
weeks old Balb/c mice were injected intra-peritoneally with 5 x 10° wt or AsteA strains and
spleens were isolated at 36 h.p.i. ***p <0.001, **p <0.01, *p <0.05, ns p > 0.05 versus wt-

infected mice.

6.3 SteA suppresses immune responses

S. Typhimurium is known to infect macrophages, which are immune cells (145). To further
confirm the role of SteA in immune suppression, we infected RAW 264.7 murine macrophages
and bone-marrow derived macrophages (BMDM) with wt, AsteA and compl and checked the
production of TNFa. We observed that cells infected with AsteA produced more TNFa than
wt- or compl-infected cells in both RAW 264.7 macrophages and BMDMs (Figure 35). This
confirmed that in the absence of SteA there is a heightened production of pro-inflammatory

cytokines indicating that SteA suppresses pro-inflammatory responses during S. Typhimurium

infection.
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Figure 35. A higher pro-inflammatory response is generated in RAW 264.7 macro-
phages and BMDM s in response to AsteA than wt or compl-infected cells
RAW 264.7 cells or BMDMs were infected with wt, AsteA or compl at an MOI of 20:1 (for
RAW 264.7 cells) and 10:1 (for BMDMs). Supernatants were collected after 8 h and ana-
lysed for TNFa using ELISA. Bar graphs represent mean + SEM from three independent
sets. ***p < 0.001, **p <0.01, *p <0.05, ns p > 0.05 versus wt infected cells.
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6.4 SteA does not act on the MAP-kinase pathway

A pro-inflammatory response may be dependent on the activation of the MAP-kinase pathway
(as described on page no. 17). The activation of the MAP-kinase pathway leads to the phos-
phorylation of the terminal MAP-kinases namely p38 and JNK (4). So, to be able to decipher
how SteA suppresses the pro-inflammatory responses, we checked the activation levels of p38
and JNK in RAW 264.7 cells infected with wt, AsteA or compl and found no difference in their
activation levels (Figure 36A, 36B) indicating that SteA was not acting on the MAP-kinase
activation cascade to suppress the pro-inflammatory response.
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Figure 36. SteA does not act on the MAP-kinase pathway

(A-B) SteA does not act on p38 (A) or INK (B) activation pathway. RAW 264.7 cells were
infected with wt, AsteA or compl at an MOI of 20:1. After 30 min of infection, whole cell
lysates were prepared and analysed for the activation of p38 (p-p38) and JNK (p-JNK) using
western blotting. GAPDH was used a loading control. Fold change in the densitometric val-
ues of p38 and JNK were calculated above those in wt infected cells. Bar graphs represent
mean = SEM from three independent sets. ***p < 0.001, **p <0.01, *p <0.05, ns p > 0.05

versus wt-infected cells.

6.5 SteA suppresses IkB degradation
In addition to the MAP-kinase pathway, the pro-inflammatory responses may also be NF-xB
mediated (4). For the activation of NF-«B, a signalling cascade leads to the degradation of kB,

the inhibitor of NF-«kB. This allows NF-«kB to translocate to the nucleus and transcribe genes

110



related to inflammation (4). Since SteA does not seem to interfere with the MAP-kinase acti-
vation (Figure 36), we further checked the levels of total IkB in macrophages infected with wt,
AsteA and compl. We found the IkB levels to be lower in both RAW 264.7 and BMDMs in-
fected with AsteA than wt- or compl-infected cells (Figure 37A, 37B).
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Figure 37. SteA suppresses the degradation of IkB in macrophages

(A-B) IkB degradation was higher in RAW 264.7 cells (A) and BMDMs (B) infected with
AsteA than wt- or compl-infected cells. RAW 264.7 cells or BMDMs were infected with wit,
AsteA or compl at an MOI of 20:1 (for RAW 264.7 cells) and 10:1 (for BMDMs). Whole
cell lysates were prepared after 30 min and analysed for IkB levels by western blotting and
densitometry. GAPDH was used as a loading control. Fold change in the densitometric val-
ues of IkB were calculated above those in wt-infected cells. Bar graphs represent mean +
SEM from three independent sets. ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05 versus
wt-infected cells.

Further, to probe whether SteA affected the IkB levels in mice, we isolated spleen from mice
infected with wt, AsteA and compl and checked the IkB levels in the splenic lysates. We ob-
served more IkB degradation in the splenic lysates of mice infected with AsteA than the controls
(Figure 38).
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Figure 38. SteA suppresses IkB degradation in vivo
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IkB degradation was more in mice infected with AsteA than wt- or compl-infected mice.
6-8 weeks old Balb/c mice were infected with 5 x 10° bacteria. The spleen was isolated
at 36 h.p.i. and splenic lysates were analysed for [kB by western blotting and densitome-
try. GAPDH was used as a loading control. Fold change in the densitometric values of
IxB were calculated above those in wt-infected mice. Bar graphs represent mean + SEM
from three independent sets. ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05 versus wt

infected mice.

We further wanted to probe whether SteA alone could suppress kB degradation. Towards this,
we endogenously expressed SteA in HEK 293 cells using a plasmid containing steA
(pcDNA3.1(+)steA) and checked the degradation of kB after stimulation with TNFa (this part
of the work was done by Ms. Rhythm Shukla, MS final year student under my supervision).
We observed that IxB degradation was grossly affected in cells expressing SteA as compared
to the empty plasmid transfected cells (Fig 39).
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Figure 39. IkB degradation is suppressed in HEK 293 cells expressing SteA

HEK 293 cells were transfected with pcDNA3.1(+) or pcDNA3.1(+)steA and stimulated with
TNFa for 15 and 30 min. Whole cell lysates were then prepared and probed for IkB using
western blotting and densitometry. GAPDH was used as a loading control. Fold change in
the densitometric values of IkB were calculated above those in the untreated cells. Bar graphs
represent mean = SEM from three independent sets. ***p < 0.001, **p <0.01, *p <0.05, ns

p > 0.05 versus untreated cells.

Altogether, these results showed that IkB degradation was affected in presence of SteA.

6.6 SteA suppresses the NF-kB activation

In the inactive state, [kB binds to the NF-kB, restricting it in the cytosol. IkB degradation leads
to the translocation of NF-«B to the nucleus, leading to the transcription of various pro-inflam-
matory genes (as previously described). The NF-xB family consists of five members namely
RelA (or p65), RelB, c-Rel, p50 and p52 which form homo- or hetero-dimers and form a func-
tional NF-«B leading to a pro-inflammatory or anti-inflammatory response. Of these, p65 and
c-Rel are involved in the pro-inflammatory responses (134). So, we next wanted to check the
translocation of p65 and c-Rel to the nucleus, upon infection with wt, AsteA and compl. To-
wards this, we checked the levels of p65 and c-Rel in the nuclear lysates of RAW 264.7 mac-
rophages after infection with wt, AsteA and compl and found them to be higher in cells infected
with AsteA than the controls (Figure 40).
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Figure 40. Nuclear translocation of NF-kB subunits is higher in cells infected with AsteA
RAW 264.7 cells were infected with wt, AsteA or compl at an MOI of 20:1. After 30 min,
nuclear lysates were prepared and p65 and c-Rel (NF-kB family members) were analysed by
western blotting and densitometry. PCNA was used as a nuclear marker. Fold change in the
densitometric values of p65 or c-Rel were calculated above those in wt-infected mice. Bar
graphs represent mean £ SEM from three independent sets. ***p < 0.001, **p < 0.01, *p <

0.05, ns p > 0.05 versus wt infected cells.

Further, to confirm that SteA suppresses the NF-xB pathway, we transfected HEK 293 cells
with a NF-kB reporter plasmid and checked the activation levels of NF-kB upon infection with
wt, AsteA and compl (this part of the study was done by Ms. Rhythm Shukla). We found higher
NF-kB activation in cells infected with AsteA than the wt- or compl-infected cells (Fig 41A).
Furthermore, we checked the NF-«B reporter activity in HEK 293 cells expressing SteA, upon
TNFa stimulation (this part of the study was also done by Ms. Rhythm Shukla). We found NF-
kB activity to be much lower as compared to the empty plasmid transfected cells upon stimu-
lation with TNFa (Fig 41B).
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Figure 41. SteA suppresses the NF-kB activation

(A) NF-«B activation was higher in AsteA-infected HEK 293 cells than the wt- or compl-
infected cells. HEK 293 cells were transfected with NF-xB luciferase reporter plasmid and
the renilla luciferase plasmid (pRL). After 18 h of transfection, cells were infected with wt,

AsteA or compl at an MOI of 20:1. The NF-«B reporter activity was measured 8 h.p.i.; TNFa
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was used as a positive control. (B) Endogenous expression of SteA suppresses NF-kB acti-
vation. HEK 293 cells were transfected with NF-xB luciferase reporter plasmid and pRL
along with pcDNA3.1(+) or pcDNA3.1(+)steA for 24 h. cells were then stimulated with
TNFa and the NF-kB reporter activity was measured after 8 h. (A-B) Bar graphs represent
mean + SEM from three independent sets. ***p < 0.001, **p <0.01, *p < 0.05, ns p > 0.05
versus wt infected cells (A) or pcDNA3.1(+) transfected cells (B).

Altogether, these results confirmed that SteA was suppressing the NF-kB pathway to subdue

the pro-inflammatory responses.

6.7 SteA affects the ubiquitination of IxB

The degradation of IxB is dependent on its ubiquitination, which is initiated by the phosphor-
ylation of IkB. The upstream signalling leads to the phosphorylation of the IxB kinase (IKKa/p)
which then phosphorylates IkB (5). Therefore, we wanted to probe whether the observed dif-
ference in the total IkB levels (Figure 37) was due to the lesser activation of IKK. Towards
this, we infected RAW 264.7 macrophages and BMDMs with wt, AsteA and compl and
checked the levels of phosphorylated IKK o/ in the whole cell lysates. We observed no differ-
ence in the activation levels of IKKo/p in the presence or absence of SteA (Figure 42A), indi-
cating that SteA doesn’t act on the upstream signalling, which leads to the activation of IKKa/p.
As previously described, the activated IKK phosphorylates kB, which results in its ubiquiti-
nation. Therefore, next we wanted to check if the ubiquitination of IkB was affected in the
presence of SteA. Towards that we transfected HEK 293 cells with pcDNA3.1(+)steA or
pPcDNA3.1(+) empty plasmid and checked the ubiquitination of IkB upon TNFa stimulation in
the presence or absence of MG132. MG132 is a proteasomal inhibitor which prevents the deg-
radation of ubiquitinated proteins. To check the ubiquitination level of IxB, we immunoprecip-
itated IkB with anti-IkB antibody and checked the ubiquitination levels of IkB by immunob-
lotting. If SteA interferes with the ubiquitination of kB, the levels of ubiquitinated IxB in the
presence of MG132 will be lesser in cells expressing SteA than the empty-plasmid transfected
cells. In accordance with this, we observed that the ubiquitination levels of IkB were lower in
the presence of SteA as compared to the control (Figure 42B). This indicated that SteA was
somehow interfering with the ubiquitination of IxkB and was not acting on the upstream signal-

ling pathway.
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Figure 42. SteA affects the ubiquitination of IkB

(A) SteA doesn’t affect the activation of IKKa/p which is the upstream kinase of IkB. RAW
264.7 macrophages and BMDMSs were infected with wt, AsteA or compl at an MOI of 20:1
or 10:1 respectively. After 30 min, whole cells lysates were prepared and analysed for
phosphorylated IKK o/ by western blotting and densitometry. GAPDH was used a loading
control. Fold change in the densitometric values of p-IKKa/p was calculated above those
in wt-infected mice. Bar graphs represent mean + SEM from three independent sets. ***p
<0.001, **p < 0.01, *p <0.05, ns p > 0.05 versus wt infected cells. (B) Endogenous ex-
pression of SteA suppresses IkB ubiquitination. HEK 293 cells were transfected with
pcDNA3.1(+) or pcDNA3.1(+)steA for 18 h. The cells were then pre-treated with the pro-
teasomal inhibitor (MG132) for 3 h and stimulated with TNFa for 20 min. Whole-cell ly-
sates were prepared and immunoprecipitated with anti-IkB antibody. IkB and ubiquitin

were probed by western blotting.

6.8 SteA does not interfere with the assembly of the E3-ligase on IkB

The ubiquitination of IkB is a sequential reaction wherein the ubiquitin is first activated by the
ubiquitin activating enzyme (E1) and then is transferred to the ubiquitin-conjugating enzyme
(E2). The ubiquitin from the E2 is then transferred to the substrate (IxB in this case) by the E3

ligase complex which recognizes the substrate. The E3 ligase responsible for the ubiquitination
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of IxB consists of Skp-1, Cullin-1 and an F-box protein (SCF-E3 ligase complex) (200, 201).
The F-box protein called beta transducing repeat containing protein (B-TrCP) recognizes phos-
phorylated IkB. Skp-1 is an adaptor protein, which binds the Cullin-1 to B-TrCP. Cullin-1 is
bound to Rbx-1, which is the adaptor for the E2 complex.

First, we wanted to check whether SteA affects the assembly of the E3 ligase complex to phos-
phorylated IxB. Therefore, we infected RAW 264.7 cells with wt or AsteA and immunoprecip-
itated using anti-B-TrCP antibody and probed for the SCF complex and phosphorylated IkB.
We observed that the assembly of SCF E3-ligase complex at IkB was similar in the presence
or absence of SteA (Figure 43).
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Figure 43. SteA does not affect the assembly of SCF-E3 ligase on IkB
RAW 264.7 cells were infected with wt or AsteA at an MOI of 20:1. Whole cell lysates were
prepared after 30 min and immunoprecipitated with anti-p-TrCP antibody. SCF-E3 ligase
components and phosphorylated IkB were probed using western blotting.

Further, we have observed that SteA was co-localizing with kB in HEK 293 cells expressing
SteA upon stimulation with TNFa (Ms. Rhythm Shukla, Figure 44) indicating that SteA might

itself be associated to IkB or the E3 ligase complex.
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Figure 44. SteA and IkB colocalize upon TNFa stimulation in SteA expressing HEK
293 cells
HEK 293 cells were transfected with pcDNA3.1(+)steA for 18 h and stimulated with TNFa
for 30 min. Cells were then fixed and stained with anti-IxB, anti-HA (for SteA) primary
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antibodies and then, stained with Alexa 488-tagged and Alexa 568-tagged secondary anti-
bodies respectively. DAPI was used to stain the nucleus. Co-localization was quantified us-
ing Pearson’s correlation coefficient for 8-10 fields per experiment. Bar graphs represent
mean = SEM from three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05, ns

p > 0.05 versus unstimulated cells.

Next we wanted to check whether SteA itself was associated to this complex. For this, we
infected RAW 264.7 cells with AsteA and AsteA-complemented with his-tagged SteA (compl-
H) and checked its association to the SCF E3-complex by immunoprecipitation with anti-His
antibody. Interestingly, components of the SCF E3 complex and IkB were co-immunoprecipi-
tated with SteA (Figure 45A). Further, we also expressed HA-tagged SteA in HEK 293 cells
and immunoprecipitated using anti-HA antibody. We observed the components of the SCF E3

ligase and IkB to be co-immunoprecipitated with HA-tagged SteA also (Fig 45B).
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Figure 45. SteA seems to localize to the SCF E3 ligase complex assembled on IkB

(A) SCF E3 ligase components and IkB co-immunoprecipitate with SteA upon infection in
RAW 264.7 cells. RAW 264.7 cells were infected with AsteA and AsteA complemented with
His-tagged steA (compl-H) at an MOI of 20:1 for 30 min. Whole-cell lysates were prepared and
immunoprecipitated with anti-His antibody. (B) The components of SCF-E3 ligase and IkB co-
immunoprecipitate with SteA upon TNFa-stimulation in HEK 293 cells expressing HA-tagged
SteA. HEK 293 cells were transfected with pcDNA3.1(+) or pcDNA3.1(+)steA (expressing HA-
tagged SteA) for 18 h and stimulated with TNFa for 30 min. Whole-cell lysates were prepared
and immunoprecipitated with anti-HA antibody. (A-B) The components of SCF E3 ligase and
IxB were analysed by western blotting. GAPDH was used as loading control and was checked

prior to immunoprecipitation (pre-1P).
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Altogether, these results showed that SteA does not affect the assembly of the SCF E3 ligase

complex to kB, but also itself associate with it.

6.9 SteA binds to Cullin-1 of the SCF E3 ligase complex

Since, SteA seems associated with the SCF E3 ligase complex, it must be binding to one of the
components of the SCF complex or to kB itself. To probe this, we performed a yeast two-
hybrid screen for the association of SteA with IkB, Cullin-1, Rbx-1 or Skp-1 and found SteA
to bind to Cullin-1 (Figure 46).

AD SteA BD SteA BD
kB 0 (3] L0 1xB

Rbx-1[C N (BN Rbx-1
skp-1 L LU 0 o ¢ ES
Cullin-1 L O © ®© [
A ® O & AD
SC -Leu, -Ura SC -Leu, -Ura, -His

Figure 46. SteA interacts with Cullin-1 of the SCF E3 ligase complex

The components of the SCF E3 ligase complex and IxB were cloned in a vector containing
activation domain (AD) and steA was cloned in a vector expressing the binding domain (BD)
for the yeast two-hybrid screen. The AD and the BD vectors were co-transformed in yeast
and plated on synthetic complete (SC) medium without leucine and uracil (SC -Leu, -Ura).
The transformants were then serially diluted and spotted on SC -Leu, -Ura and SC without
leucine, uracil and histidine (SC -Leu, -Ura, -His). The plates were incubated at 30 °C for 2
days. The growth on SC -Leu, -Ura, -His plates corresponding to the co-transformation of
AD vector containing Cullin-1 and BD vector containing SteA showed the interaction of
Cullin-1 and SteA.

Further, it had been observed in our lab (by Ms. Rhythm Shukla) that SteA and Cullin-1 co-
localized in unstimulated condition and their co-localization did not change upon stimulation
(Figure 47A). This indicated that SteA binds to Cullin-1 even in the absence of stimulation. To
further confirm this, we did a GST-pull-down assay using GST-tagged SteA in unstimulated
RAW 264.7 cells. We found that Cullin-1 was associating with GST-tagged SteA (Figure 47B).
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Further, we immunoprecipitated HEK 293 cells expressing SteA-HA using anti-Cullin-1 anti-

body upon stimulation and found SteA to co-immunoprecipitate with Cullin-1 (Figure 47C).
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Figure 47. SteA interacts with Cullin-1 in the presence or absence of stimulation

(A) SteA co-localizes with Cullin-1 in unstimulated and stimulated HEK 293 cells express-
ing SteA. HEK 293 cells expressing HA-tagged SteA were stimulated with TNFa for 30 min.
Cells were then fixed and stained with anti-Cullin-1 and anti-HA primary antibodies and
then, stained with Alexa 488-tagged and Alexa 568-tagged secondary antibodies respec-
tively. DAPI was used to stain the nucleus. Co-localization was quantified using Pearson’s
correlation coefficient for 8-10 fields per experiment. Bar graphs represent mean + SEM
from three independent experiments. ***p <0.001, **p <0.01, *p <0.05, ns p > 0.05 versus
unstimulated cells. (B) Cullin-1 co-immunoprecipitated with GST-tagged SteA in unstimu-
lated RAW 264.7 cells. GST pull-down assay was done by using GST-tagged SteA and GST
alone with unstimulated RAW 264.7 cells and analysed with anti-Cullin-1 and anti-GST an-
tibodies by western blotting. (C) SteA co-immunoprecipitates with Cullin-1 upon stimulation
in HEK 293 cells expressing SteA. HEK 293 cells were transfected with pcDNA3.1(+) or
pcDNA3.1(+)steA (expressing HA-tagged SteA) for 36 h and stimulated with TNFa for 30
min. Whole-cell lysates were prepared and immunprecipitated with anti-Cullin-1 antibody.

SteA was analysed by western blotting using anti-HA antibody.

Altogether these results showed that SteA binds to Cullin-1 of the SCF complex even in the

absence of stimulation.

120



6.10 SteA suppresses the neddylation of Cullin-1 and dissociation of Cand-1

Since, SteA was binding to Cullin-1, thereby, suppressing the IkB degradation, we next wanted
to check how SteA and Cullin-1 association was affecting the ubiquitination of IkB. The acti-
vation of the E3 ligase complex requires another crucial step i.e. the neddylation (addition of
Nedd8 moiety) of Cullin-1. The neddylation of Cullin-1 causes a conformational change of the
E3 ligase which brings the ubiquitin and the substrate in close proximity, resulting in the trans-
fer of ubiquitin to the substrate (202). So, we first checked if SteA was affecting the neddylation
of Cullin-1 in HEK 293 cells expressing SteA. We found that, upon TNFa stimulation, the
neddylated Cullin-1 was less in cells expressing SteA than the empty plasmid transfected cells
(Figure 48A).

Cullin-1 remains bound to Cand-1 in the inactive state. Upon activation, Cullin-1 gets dissoci-
ates from Cand-1and gets neddylated. The observation that upon stimulation, Cullin-1 (as part
of the SCF complex) was associated with IkB (Fig) lead us to check if Cand-1 dissociation
from IkB was hampered in the presence of SteA. Therefore, we treated HEK 293 cells endog-
enously expressing SteA with the proteasomal inhibitor, MG132 and immunoprecipitated us-
ing anti-IxB antibody upon TNFa-stimulation. We found more Cand-1 to be co-immunopre-

cipitated with IkB in cells expressing SteA than empty plasmid transfected cells (Figure 48B).
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Figure 48. SteA suppresses neddylation of Cullin-1 and Cand-1 dissociation
(A) Cullin-1 neddylation is suppressed in HEK 293 cells expressing SteA. HEK 293 cells
were transfected with pcDNA3.1(+) or pcDNA3.1(+)steA for 24 h. Whole cell lysates were
prepared upon stimulation with TNFa for 30 min and analysed for Nedd8-Cullin-1 by
western blotting. Total Cullin-1 in the cells was also analysed and GAPDH was used as a
loading control. (B) SteA suppresses the Cand-1 dissociation from the SCF E3 ligase com-
plex on IxB. HEK 293 cells expressing SteA were stimulated with TNFa for 20 min upon
pre-treatment with MG132 (proteasomal inhibitor). Then, whole cell lysates were prepared

and immunoprecipitated with anti-IkB antibody. Cand-1 was analysed by western blotting.
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Since, Cullin-1 is bound to Cand-1 in the unstimulated state and we had previously observed
that SteA associates with Cullin-1 in the absence of stimulation. Therefore, we wanted to
check whether SteA was associating with Cand-1 as well in the absence of stimulation. To-
wards this, we checked the association of SteA with Cand-1 in a GST-pull-down assay using
GST-tagged SteA in unstimulated RAW 264.7 cells. We found Cand-1 bound to GST-SteA
(Figure 49).
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Figure 49. SteA binds to Cand-1 in unstimulated RAW 264.7 cells
Whole-cell lysates of untreated RAW 264.7 cells were subjected to a GST pull-down assay
with GST tagged SteA and Cand-1 was analysed by western blotting.

Further, we also checked the co-localization of SteA and Cand-1 in HEK 293 cells expressing
SteA in the presence or absence of TNFa-stimulation (this work was done by Ms. Rhythm
Shukla). We found SteA to co-localize with Cand-1 in both unstimulated and stimulated state
(Figure 50).
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Figure 50. SteA co-localizes with Cand-1 in the presence or absence of stimulation

HEK 293 cells expressing HA-tagged SteA were stimulated with TNFa for 30 min. Cells
were then fixed and stained with anti-Cand-1 and anti-HA primary antibodies, then with
Alexa 488-tagged and Alexa 568-tagged secondary antibodies respectively. DAPI was used

to stain the nucleus. Co-localization was quantified using Pearson’s correlation coefficient
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for 8-10 fields per experiment. Bar graphs represent mean + SEM from three independent

experiments. ***p <0.001, **p < 0.01, *p < 0.05, ns p > 0.05 versus unstimulated cells.

We had earlier observed similar co-localization of SteA and Cullin-1 as well, indicating that
SteA binds to the Cullin-1/Cand-1 complex in both stimulated and unstimulated state thus pre-

venting the dissociation of Cand-1 from Cullin-1.

6.11 SteA-mediated suppression of the pro-inflammatory responses is a T3SS-1-de-
pendent phenomenon

As previously described, SteA is an effector which is secreted by both the T3SS-1 and T3SS-
2 (48, 199). Therefore, we wanted to probe whether the suppression of pro-inflammatory re-
sponses by SteA is dependent on its secretion via T3SS-1 or T3SS-2. Since, the functions like
invasion and SCV formation are affected by T3SS-1/SPI-1 and use of T3SS-1/SPI-1 deletion
mutant can mask the SteA-mediated effect, therefore, we used a mutant deficient in SPI-2
(Aspi2) i.e. it was incapable of forming the T3SS-2 injectisome. This would ensure that SteA
was not being secreted by T3SS-2 and the effect on the pro-inflammatory responses hence
observed would solely be dependent on its secretion via T3SS-1. We infected RAW 264.7
macrophages and BMDMs with Aspi2 and a double deletion mutant of AsteA in Aspi2 back-
ground (Aspi2AsteA) and then checked the production of TNFa. We found that TNFa produc-
tion was higher in the absence of SteA even in the Aspi2 background (Figure 51). This was
similar to the TNFa production in the wt background.
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Figure 51. The suppression of pro-inflammatory responses by SteA is mediated by its
translocation via T3SS-1

RAW 264.7 macrophages and BMDMSs were infected with wt, AsteA, deletion mutant of

Aspi2 (spi2) and AsteA in Aspi2 background (Aspi2AsteA) at an MOI of 20:1 (for RAW

264.7 cells) and 10:1 (for BMDMs). After 8 h, supernatants were collected and analysed for
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TNFa using ELISA. Bar graphs represent mean = SEM from three independent experiments.
**%p < 0.001, **p < 0.01, *p <0.05, ns p > 0.05 versus unstimulated cells.

Since, in the absence of T3SS-2, the effect of SteA on the pro-inflammatory responses re-
mained unaltered, it confirmed that the suppression of pro-inflammatory responses by SteA is
a T3SS-1 mediated effect.

7. Conclusions and Discussion

S. Typhimurium secretes various effectors into the host cytoplasm via its T3SS-1 and -2 (150,
151, 169). These effectors modulate various host functions for the S. Typhimurium to survive
and replicate inside the host, thereby establishing an infection in the host. SteA is an effector
which is secreted by both the T3SSs (191, 199). It has been shown to be involved in the mem-
brane dynamics of SCV when being secreted by T3SS-2 (194). In this study, we have explored
the role of SteA in the early phases of infection i.e. when it is secreted by the T3SS-1. Towards
this, we first checked the survival of mice upon infection with wt, AsteA and compl. We ob-
served that the mice infected with AsteA had a lower survival than the wt or the compl-infected
mice (Figure 33). Further, we observed that the mice infected with AsteA showed symptoms of
a heightened immune response which indicated that SteA might have a role in suppression of
host’s immune responses (Figure 33). Upon bacterial infection, the immune system of the host
elicits a pro-inflammatory response, which helps in clearing of the bacteria from the host (203).
S. Typhimurium is known to suppress the pro-inflammatory responses for its benefit. Various
effectors like AvrA, GogA, GogB, SpvD etc. are secreted by S. Typhimurium which are known
to suppress the pro-inflammatory responses (56, 57, 190, 204). To confirm, whether SteA could
suppress pro-inflammatory responses of the host, we infected RAW 264.7 macrophages as well
as bone marrow-derived macrophages (BMDMs) with wt, AsteA and compl. We observed
higher TNFa production when cells were infected with AsteA than the wt-or compl-infected
cells (Figure 35). Further, we observed higher expression of TNFa and IL-6 genes in mononu-
clear cells obtained from the spleens of mice infected with AsteA than the wt or compl-infected
mice (Figure 34). These findings led us to believe that SteA was involved in immune suppres-

sion during infection.
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Generally, a pro-inflammatory response is generated in a cell via the activation of the transcrip-
tion factors NF-xB or AP-1 (16). AP-1 activation is mediated by the MAP-kinase signalling
cascade. The terminal MAP kinases P38 and JNK are activated in response to a stimulus, which
in turn activate AP-1 (16). Some effectors namely SpvC, SptP and AvrA are known to act on
the MAP-kinases to suppress pro-inflammatory responses (55, 58, 189). To probe if SteA was
suppressing the immune responses by acting on the MAP kinase pathway, we checked the
activation of P38 and JNK in RAW 264.7 macrophages and found them to be unaffected in the
presence or absence of SteA (Figure 36), suggesting MAP kinases, hence AP-1 pathway is not
affected by SteA. As mentioned previously, activation of NF-kB could also elicit pro-inflam-
matory responses. NF-kB remains bound to its inhibitor IkB in the inactive state. Upon activa-
tion, IxB is degraded and NF-kB translocates to the nucleus to transcribe pro-inflammatory
genes (4). Therefore, we checked the IkB levels in RAW 264.7 macrophages, as well as,
BMDMs infected with wt, AsteA or compl and observed that more IkB was being degraded in
AsteA-infected cells than the controls (Figure 37). Further, we observed similar effect on IkB
in splenic lysates of mice infected with wt, AsteA and compl (Figure 38). Further, the degrada-
tion of IxB was inhibited in HEK 293 cells expressing SteA, upon stimulation with TNFa
(Figure 39). This indicated that SteA probably acts on the NF-kB pathway to suppress pro-
inflammatory responses. To further confirm that SteA was acting on the NF-xB pathway, we
transfected HEK 293 cells with a NF-xB reporter plasmid and checked the NF-kB reporter
activity upon infection with wt, AsteA and compl. We observed higher NF-«B reporter activity
in cells infected with AsteA than wt or compl infected cells (Figure 41). Further, we also
checked the NF-xB reporter activity in HEK 293 cells expressing SteA upon TNFa stimulation
and found the NF-«xB activation to be lower than the empty plasmid transfected cells (Figure
41). Altogether, these observations confirmed that SteA was acting on the NF-kB pathway to

suppress the pro-inflammatory responses.

Further, our observation that higher IkB was being degraded in cells infected with AsteA, sug-
gested that SteA probably acts on the upstream signalling pathway leading to IxB degradation.
Therefore, we checked the activation levels of the upstream kinases, IKK which phosphorylates
IxB, a crucial step for IxB degradation and found no difference in the activation levels of IKK
in cells infected with wt, AsteA or compl (Figure 42). IKK phosphorylates kB, which then is
ubiquitinated and degraded (4). Therefore, further we checked, whether SteA was affecting the
ubiquitination of IkB and found that the ubiquitination of IkB was affected in the presence of

SteA (Figure 42).
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The ubiquitination of IkB is a multi-step process resulting in the Skp-1, Cullin-1, F-box (SCF)
E3 ligase complex adding ubiquitin to IxkB (201). The F-box protein which recognizes phos-
phorylated IkB is B-TrCP (201). Upon immunoprecipitation of lysates prepared from RAW
264.7 cells infected with wt or AsteA using anti-B-TrCP antibody, we observed no difference
in the assembly SCF E3 ligase complex at IkB in presence or absence of SteA (Figure 43).
Further, using confocal microscopy and immunoprecipitation studies, we observed that upon
activation (TNFa stimulation) SteA localizes with IkB in HEK 293 cells endogenously ex-
pressing SteA (Figure 44, 45). This indicated that, SteA associates with the SCF E3 ligase
complex on IkB upon stimulation. To further study the direct interaction of SteA with the com-
ponents of SCF E3 ligase complex or IkB, using yeast two-hybrid screen we found that SteA
directly interacts with Cullin-1 (Figure 46). Further, by using confocal microscopy also, we
observed that SteA co-localizes with Cullin-1 in HEK 293 cells endogenously expressing SteA
(Figure 47). Interestingly, we observed SteA and Cullin-1 co-localization in both stimulated
and unstimulated HEK 293-SteA cells (Figure 47). These results showed that binding of SteA

to Cullin-1 probably suppresses kB ubiquitination.

After assembly of the SCF E3 ligase complex on IkB, the neddylation of Cullin-1 is an essential
step (202). So, we checked the levels of Cullin neddylation in HEK 293 cells expressing SteA
and found them to be lesser in cells expressing SteA than empty plasmid transfected cells (Fig-
ure 48). In an inactive state, Cullin-1 remains bound to Cand-1 and upon activation, neddyla-
tion of Cullin-1 causes the dissociation of Cand-1 from Cullin-1 (205). Therefore, next to check
whether SteA interferes with the dissociation of Cand-1 from Cullin-1 in the SCF complex on
IxB in stimulated HEK 293 cells expressing SteA, we did immunoprecipitation using anti-IxB
antibody. We observed that Cand-1 dissociation was lesser in cells expressing SteA than empty
plasmid transfected cells (Figure 48) suggesting SteA inhibits the dissociation of Cand-1 from
Cullin-1, thus affecting neddylation and ubiquitination of I«B. Further, we also found that SteA
co-localizes with Cand-1 in HEK 293 cells in both the stimulated and unstimulated cells (Fig-
ure 50) suggesting SteA interacts with Cullin-1 and Cand-1 complex and inhibits their disso-

ciation.
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Ilustration 10. SteA-mediated suppression of the NF-kB pathway

Upon infection with AsteA Salmonella, a signalling cascade leads to the activation of IKKa/]3
which then phosphorylates IxB. Phosphorylated IkB is recognized by the SCF (Skp-1, Cullin-
1 and F-box protein, B-TrCP). Cullin-1 of SCF complex is then neddylated leading to the ac-
tivation of the E3 ligase thereby ubiquitinating IxB which is then degraded rendering NF-«B
free to translocate to the nucleus leading to a pro-inflammatory response. However, in the
presence of SteA, Cullin-1 neddylation is inhibited thereby suppressing the activation of the

E3 ligase, hence, suppressing the pro-inflammatory response.

Altogether, this study shows that SteA binds to the Cullin-1/Cand-1 complex, thereby prevent-
ing the neddylation and Cand-1 dissociation from Cullin-1 resulting in lesser ubiquitination
and degradation of IkB (Illustration 9). Since, SteA suppresses the degradation of IkB, it results
in reduced activation of the transcription factor NF-xB leading to a reduced pro-inflammatory

response by the host against S. Typhimurium.

Upon infection of the host by S. Typhimurium, an array of pro-inflammatory responses are
induced in the host. These immune responses help in the eradication of the infecting pathogen.
S. typhimurium is known to secrete various effectors like AvrA, GogB, SpvD, PipA, GogA etc.
to suppress these pro-inflammatory responses (56-59, 190, 204). This host-modulation by the

bacteria plays a very important role in helping the bacteria to survive and thereby replicate in
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the host. This study shows that SteA is another effector which helps in the suppression of the

host-immune responses which is a very crucial step in the pathogenesis of the S. Typhimurium.
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Infectious diseases are one of the leading causes of death worldwide and have claimed about
17 million deaths since 1995, according to WHO. Of these, about half of the deaths were caused
by bacterial infections (https://www.who.int/whr/1996/media_centre/press_release/en/in-
dex1.html). Diarrheal diseases alone accounted for about 3.1 million deaths since 1995
(https://www.who.int/whr/1996/media_centre/press_release/en/index1.html).  The  major
causes of diarrheal diseases include stomach flu, gastroenteritis and celiac diseases. Salmonella
sp., Shigella sp., Vibrio sp., Campylobacter sp. and some strains of E. coli majorly cause bac-

terial gastroenteric diseases.

The interaction of pathogenic bacteria and the host immune system is a continuous tussle i.e.
the host’s immune cells recognize pathogenic bacteria and activate various immune processes
which lead to clearing of the invading pathogen. The pathogenic bacteria, on the other hand,
employ different strategies to modulate the host immune responses and establish an infection.
The immune cells are equipped with specialized receptors called PRRs which recognize dis-
tinct patterns on the invading pathogen and thus, induce an inflammatory response against the
pathogen (3). A common strategy employed by the bacteria is to hide from the host’s immune
system either by infecting and dividing in an inaccessible area of the body or by modulating its
surface to portray as ‘self” to the immune system. For example, Neisseria meningitides and
Haemophilus influenzae form capsule around its surface to hide from the host’s immune system
(15). Salmonella enterica Typhimurium secretes enzymes which modify the lipid A on its sur-
face thereby reducing its recognition by the immune cells (17). Also, some bacteria like Staph-
ylococcus aureus and Streptococcus pyrogenes express Protein A and Protein G respectively,
which bind to the Fc regions of the antibody, thereby making them ineffective against the bac-
teria. Some bacteria like Shigella sp. also induce pro-inflammatory responses in the intestine
of the host to disrupt the epithelial barrier (206).

In this thesis work, we have studied how OmpU, an outer membrane protein of Vibrio para-
haemolyticus and SteA, an effector of Salmonella enterica Typhimurium modulate host im-
mune responses. Both V. parahaemolyticus and S. Typhimurium are Gram-negative bacteria
which cause gastroenteritis in humans and may also be fatal to the host if left unchecked. V.
parahaemolyticus may also cause septicaemia upon wound infections or in individuals with
compromised immune systems. S. Typhimurium is highly similar to S. Typhi which causes

typhoid in humans.
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With the emergence of multi-drug resistant bacteria, newer vaccines and drugs need to be for-
mulated to fight off these infections. Various outer membrane proteins are being tested for their
vaccine potential. Some outer membrane proteins like OmpS1 of S. Typhi, OprA of Pseudo-
monas aeruginosa and OmpA of Burkholderia pseudomallei have been found to provide pro-
tection to mice against their respective infections (30, 110-112). Interestingly, OmpU of V.
parahaemolyticus (VpOmpU) has also been found to be immunogenic in yellow croaker fish
(117). However, a detailed immunological characterization was required to understand the vac-

cine potential of VpOmpU.

We found that VpOmpU induces a pro-inflammatory response in macrophages and monocytes.
A pro-inflammatory response is characterized by the production of cytokines like TNFa and
IL-6 (Figure 7). Outer membrane proteins of bacteria such as S. Typhi, Haemophilus influenzae
and other Vibrio species like V. cholerae also induce pro-inflammatory responses in the host
(29, 30, 46, 112). The generation of a pro-inflammatory response is a result of the recognition
of the ligand by the PRRs present on the innate immune cells. Most of the bacterial ligands are
recognized by toll-like receptors (TLRs). TLRs form homo- or hetero-dimers to recognize a
PAMP and induce downstream signalling. For example, PorB of Neisseria meningitidis is rec-
ognized by TLR1/2 heterodimers (8) and OmpA of Shigella flexineri is recognized by TLR2/6
heterodimers (140). OmpU of V. cholerae, which shares about 70 % of sequence identity with
VpOmpU has been shown to be recognized by TLR1/2 heterodimers in both monocytes and
macrophages (127). Interestingly, VpOmpU was found to be recognized differently in mono-
cytes and macrophages i.e. it was being recognized by TLR1/2 heterodimers in THP-1 mono-
cytes (Figure 18) and by both TLR1/2 and TLR2/6 heterodimers in RAW 264.7 macrophages
(Figure 17). This was the first report wherein a natural ligand was being recognized by different
TLR-heterodimers. Previously, Pam>CSK4, a synthetic lipoprotein had been reported to be rec-
ognized by different TLR-heterodimers (141).

Upon probing the downstream signalling activated in response to VpOmpU, we found that
MAP-kinases (p38 and JNK) (Figure 29) and transcription factors NF-kB and AP-1 were being
activated in both the cell types (Figure 25-28). Porins of other bacteria namely S. Typhimurium,
Shigella flexineri, Haemophilus inflenzae, etc. also induce NF-kB and AP-1 mediated activa-

tion of pro-inflammatory responses (140, 143, 144).

In addition to outer membrane proteins, an upcoming class of proteins which are being studied

for their vaccine potential are the translocation effectors (207). Some bacteria like Yersinia,
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Shigella and Salmonella are known to translocate effectors to the host cytoplasm via the type
three secretion system (T3SS). These effectors modulate the host processes and help the path-
ogen in infection of the host cells. Since many of these effectors suppress host-immune re-
sponses, they are also being considered to be used as immune-therapeutics for various inflam-
matory disorders (207). However, a detailed characterization of these effectors and their roles

in immune modulation needs to be carried out.

S. Typhimurium also secretes various effectors via the T3SS to modulate the host cells for its
benefit. SteA is also a translocation effector and it has previously been shown to control the
membrane dynamics of the Salmonella containing vacuole (SCV) (194), which the bacteria
forms inside the cell to protect itself from the cell’s environment and replicate. In this study,
we have found that SteA suppresses the pro-inflammatory responses of the host by acting on
the NF-xB activation pathway (Figure 35, 40, 41). Suppression of the pro-inflammatory re-
sponses is a common strategy used by various bacteria. Yersinia and Shigella also secrete ef-
fectors via T3SS to subdue host’s pro-inflammatory responses. YopP/J of Yersinia suppresses
both the MAP-kinase and the NF-kB pathway to suppress the pro-inflammatory response (52,
53). Shigella flexineri T3SS effector IpaH4.5 has also been shown to suppress the NF-kB me-
diated pro-inflammation (208). Other effectors of S. Typhimurium like PipA and SpvD have
also been shown to act on NF-«B by cleaving RelA, an NF-kB family member and acting on
the recycling of NF-kB respectively (190, 204) thereby suppressing the pro-inflammatory re-

Sponses.

We further found that SteA acts on the IkB degradation pathway for this suppression (Figure
37-39). IkB is the inhibitor of NF-kB, which upon activation of the upstream signalling, is
ubiquitinated and degraded by the proteasomal degradation system (4). Effectors of various
bacteria have been shown to utilize ubiquitination or deubiquitination to modulate the host
functions. IpaH9.8 of Shigella flexineri promotes ubiquitination and degradation of NEMO,
which is involved in the activation of the NF-kB pathway, thereby suppressing NF-kB medi-
ated pro-inflammation (209). YopJ of Yersinia sp. has been found to act on IkB as a deubiqui-
tinase, thus preventing the nuclear translocation of NF-xB (51, 54). Some effectors of

S. Typhimurium namely AvrA and SseL are also known to suppress the degradation and ubig-
uitination of IkB (59, 181).

The ubiquitination of a substrate like IkB involves a series of reactions involving E1 ubiquitin

activating enzyme, E2 ubiquitin-conjugating enzyme and E3-ubiquitin ligase. The SCF (Skp-
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1, Cullin-1, F-box protein)-E3 ubiquitin ligase is responsible for the ubiquitination of IkB
(201). Some of the bacterial effectors like OspG of Shigella act on the E2 ubiquitin ligase which
is involved in the ubiquitination of IkB, thereby suppressing the NF-kB mediated pro-inflam-
matory responses (49). Another S. Typhimurium effector, GogB binds to Skp-1 of the SCF-E3
ligase complex to suppress the pro-inflammatory responses (56). Lactobacillus casei is also
known to down-regulate the transcription of Rbx-1, a component of the E3-ligase complex to
suppress IkB degradation (210). In this study, we found that SteA binds to Cullin-1 of the SCF-
E3 ubiquitin ligase and suppresses its neddylation to suppress the ubiquitination of IkB (Figure
46, 47). Interestingly, suppression of Cullin neddylation has been used as a mechanism to pre-
vent immune activation by the commensal bacteria (211). This shows that S. Typhimurium

seems to mimic the commensal bacterial mechanism to establish an infection in the host.

Altogether, this study on how ligands of two different bacteria modulate host immune re-
sponses sheds light on the diversity of strategies employed by the bacteria to establish an in-
fection in the host. This further highlights the importance of understanding the mechanisms
underlying these strategies, to be able to design vaccines or therapies using such bacterial lig-

ands.
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Differential Recognition of Vibrio parahaemolyticus OmpU by
Toll-Like Receptors in Monocytes and Macrophages for the

Induction of Proinflammatory Responses
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ABSTRACT Vibrio parahaemolyticus is a human pathogen, and it is a major cause of
severe gastroenteritis in coastal areas. OmpU is one of the major outer membrane
porins of V. parahaemolyticus. Host-immunomodulatory effects of V. parahaemolyti-
cus OmpU (VpOmpU) have not been elucidated yet. In this study, in an effort to-
wards characterizing the effect of VpOmpU on innate immune responses of the
host, we observed that VpOmpU is recognized by the Toll-like receptor 1/2 (TLR1/2)
heterodimer in THP-1 monocytes but by both TLR1/2 and TLR2/6 heterodimers in
RAW 264.7 macrophages. To the best of our knowledge, this is the first report of a
natural pathogen-associated molecular pattern (PAMP) recognized by both TLR1/2
and TLR2/6 heterodimers; so far, mainly the synthetic ligand Pam,CSK4 has been
known to be recognized by both the TLR1/2 and TLR2/6 heterodimers. We also have
shown that VpOmpU can activate monocytes and macrophages, leading to the gen-
eration of proinflammatory responses as indicated by tumor necrosis factor alpha
(TNF-a), interleukin-6 (IL-6), and NO production in macrophages and TNF-« and
IL-6 production in monocytes. VpOmpU-mediated proinflammatory responses in-
volve MyD88-IRAK-1 leading to the activation of mitogen-activated protein (MAP)
kinases (p38 and Jun N-terminal protein kinase [JNK]) and transcription factors
NF-kB and AP-1. Further, we have shown that for the activation of macrophages
leading to the proinflammatory responses, the TLR2/6 heterodimer is preferred
over the TLR1/2 heterodimer. We have also shown that MAP kinase activation is
TLR2 mediated.

KEYWORDS OmpU, TLR, Vibrio parahaemolyticus, innate immunity, proinflammatory
responses

ibrio parahaemolyticus is one of the human pathogens belonging to the genus

Vibrio. It is a Gram-negative, motile, marine bacterium which has been a major
cause of gastroenteritis worldwide. In addition to severe gastroenteritis, it can also
cause septicemia and eventually death in cases of wound infection. V. parahaemolyticus
infection occurs upon consumption of raw or undercooked seafood; hence, it is more
prevalent in coastal areas.

The virulence property of V. parahaemolyticus has been attributed mainly to ther-
mostable direct hemolysin (TDH) (1, 2) and TDH-related hemolysin (TRH) (3), but the
observation that TDH and TRH deletion strains retain some virulence indicates the need
for more research exploring other antigens of the bacterium for their contribution to its
pathogenesis (4, 5).

One such potential antigen is Vibrio parahaemolyticus OmpU (VpOmpU), which is a
major outer membrane protein of V. parahaemolyticus. OmpU is porin in nature, and it
is present in all of the Vibrio species. In addition to its porin function, in various species
of Vibrio, OmpU plays crucial roles in modulation of host cellular responses and
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FIG 1 Amino acid sequence alignment and homology-based structural model of VpOmpU. (A) Amino acid sequence alignment of VpOmpU and OmpU porins
from related Vibrio species. The region corresponding to the signal sequence is marked. (B) Homology-based structural model of VpOmpU based on the crystal

structure of VcOmpU (PDB entry 6EHB).

bacterial pathogenesis. For example, the OmpU proteins of V. cholerae and V. splendidus
help the bacteria in bile and antimicrobial peptide resistance (6, 7). In V. vulnificus,
OmpU is reported to act as an adhesin (8), and in V. alginolyticus, OmpU has been
reported to help the bacteria in acquiring antibiotic resistance (9). In V. splendidus,
OmpU has been reported to help in adhesion and invasion (10). V. cholerae OmpU has
been reported to cause programmed cell death (11). Further, the unique amino acid
sequence of V. cholerae OmpU and its highly conserved nature distinguish epidemic
strains from less pathogenic strains (12). This suggests that OmpU plays a critical role
in V. cholerae pathogenesis.

OmpU proteins from various Vibrio spp. were also tested for their ability to modulate
host immune responses and as potential vaccine candidates. OmpU has been devel-
oped as a vaccine candidate against V. alginolyticus, a fish pathogen (13), and against
V. splendidus, an oyster pathogen (14). Antibodies against OmpU of V. cholerae in
patient samples have also been reported (15). Though V. cholerae OmpU is one of the
favorite candidates for development of vaccines against the disease cholera, reports
from our lab challenge the candidacy, as they suggested that although V. cholerae
OmpU can activate the innate immune response (16), it can also translocate to host cell
mitochondria, thus inducing host cell death (11).

So far, no vaccine against V. parahaemolyticus has been reported. A report in 2007
indicated the production of antibody against V. parahaemolyticus OmpU (VpOmpU)
when it was injected into yellow croaker fish (17). This suggests that VpOmpU could
also be explored for its vaccine potential. For this, a detailed immunological charac-
terization of VpOmpU to better understand its role in host immunomodulation and
pathogenesis is required.

In this study, we have purified VpOmpU from wild-type and recombinant sources
and further examined how VpOmpU modulates the innate immune response in
vitro. We found that it generates a proinflammatory response in monocytes and
macrophages via a Toll-like receptor (TLR)-mediated signaling pathway. Our study
also shows the involvement of mitogen-activated protein (MAP) kinases and both
NF-kB and AP-1 transcription factors in induction of the VpOmpU-mediated proin-
flammatory response.

RESULTS

Identification and analysis of putative OmpU from Vibrio parahaemolyticus.
Analysis of the V. parahaemolyticus genome revealed the presence of a gene sequence
encoding a putative OmpU protein (18) composed of 330 amino acid residues with a
predicted molecular mass of 35.6 kDa. This putative OmpU of V. parahaemolyticus
(VpOmpU) showed 60 to 90% sequence similarity with the OmpU proteins of the
related Vibrio species (Fig. 1A). Homology-based structural modeling based on the
crystal structure of V. cholerae OmpU (19) showed a typical porin-like p-barrel archi-
tecture of VpOmpU (Fig. 1B).
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Based on this analysis, this putative OmpU, which is probably a porin, was selected
for purification from the outer membrane of V. parahaemolyticus. An attempt was also
made to express and purify the recombinant form of the protein by employing the
heterologous expression system in Escherichia coli. Wild-type and recombinant forms of
VpOmpU were also subjected to functional characterization.

Purification of VpOmpU from the outer membrane of Vibrio parahaemolyticus.
Wild-type VpOmpU (wt-VpOmpU) was purified from the outer membrane fraction of V.
parahaemolyticus. Bacterial cells were grown in brain heart infusion (BHI) broth, the cells
were lysed, and bacterial membrane fractions were harvested upon fractionation with
1% N-Sarkosyl. Subsequently, the outer membrane proteins were extracted via solubi-
lization with 4% Triton X-100. VpOmpU was purified from the solubilized membrane
fraction by anion-exchange chromatography on DEAE-cellulose in the presence of 0.1%
Triton X-100, followed by size exclusion chromatography on Sephacryl S-200 in the
presence of 0.5% lauryldimethylamine N-oxide (LDAO). Homogeneity of the purified
wild-type VpOmpU preparation was analyzed by SDS-PAGE and Coomassie blue stain-
ing (Fig. 2A).

Overexpression, purification, and refolding of r-VpOmpU. To obtain a large
quantity of the VpOmpU protein and also to reduce lipopolysaccharide (LPS) contam-
ination, we cloned and expressed VpOmpU in Escherichia coli. The nucleotide sequence
encoding VpOmpU without the N-terminal signal sequence was cloned into the
bacterial expression vector pET14b and was transformed into the E. coli Origami B cells.
The pET14b vector allowed expression of the recombinant VpOmpU (r-VpOmpU) with
an N-terminal 6XHis tag that would allow affinity purification of the recombinant
protein using Ni affinity chromatography. The N-terminal signal sequence (Fig. 1A) was
omitted from the cloned construct to avoid possible incorporation of the recombinant
protein into the bacterial membrane.

Upon overexpression of the recombinant protein in the E. coli Origami B cells via
IPTG (isopropyl-B-p-thiogalactopyranoside) induction, the majority of the VpOmpU was
found to be present in the form of insoluble inclusion bodies (Fig. 2B). The recombinant
form of His-tagged VpOmpU was solubilized from the insoluble inclusion bodies using
8 M urea and was purified by Ni-nitrilotriacetic acid (NTA) agarose affinity chromatog-
raphy under denaturing conditions in 8 M urea.

The denatured form of purified recombinant VpOmpU in 8 M urea was refolded by
dilution in a buffer containing 0.5% LDAO and 10% glycerol. Upon refolding, the
majority of VpOmpU remained in the soluble form and was separated from the
insoluble aggregated fractions of the protein via centrifugation (Fig. 2C). Refolded
VpOmpU was further purified by size exclusion chromatography on Sephacryl S-200
(Fig. 2C). Homogeneity of the purified form of the recombinant His-tagged VpOmpU
preparation was analyzed by SDS-PAGE and Coomassie blue staining (Fig. 2C). Further,
the His tag was removed from recombinant VpOmpU by thrombin cleavage. The size
of the recombinant VpOmpU without the His tag was compared to that of wild-type
VpOmpU by Western blotting using antiserum generated against the recombinant
VpOmpU (Fig. 2D).

The far-UV CD spectrum of VpOmpU reveals its B-sheet-rich structure. Consis-
tent with their B-barrel structural assembly, Gram-negative bacterial porins display
far-UV circular dichroism (CD) profiles showing a typical signature of B-sheet-rich
architecture. We examined the structural characteristics of the VpOmpU protein by
monitoring the far-UV CD profiles of the recombinant and wild-type forms of the
protein.

Wild-type VpOmpU displayed a symmetric far-UV CD spectrum, with a sharp neg-
ative ellipticity minimum at 218 nm, suggesting a 3-sheet-rich structural organization
of the protein (Fig. 2E). The far-UV CD profile of the refolded recombinant protein
also showed an ellipticity minimum at 218 nm, suggesting a 3-sheet-rich structure
of recombinant VpOmpU. The B-sheet-rich structures of the wt-OmpU and the
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FIG 2 Characterization of OmpU from Vibrio parahaemolyticus. (A) Lane 1, SDS-PAGE/Coomassie blue staining analysis of the purified form of
wt-OmpU extracted from the V. parahaemolyticus outer membrane fraction. Lane M, molecular weight markers. (B) Overexpression of recombinant
VpOmpU in E. coli. Protein overexpression was induced with 1 mM IPTG, cells were lysed, and the soluble fraction of the cell lysate (lane 1) and
the insoluble inclusion body fraction (lane 2) were analyzed by SDS-PAGE and Coomassie blue staining. The band corresponding to the
recombinant VpOmpU is marked. The majority of the VpOmpU protein was found to be associated with the insoluble inclusion body fraction.
Lane M, molecular weight markers. (C) Purification of refolded recombinant VpOmpU as analyzed by SDS-PAGE and Coomassie blue staining. The
recombinant form of VpOmpU was refolded by rapid dilution in a buffer containing 0.5% LDAO (lane 1). Refolded VpOmpU was further purified

(Continued on next page)
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r-VpOmpU were similar to those observed with typical bacterial outer membrane
porin proteins.

Liposome-swelling assay demonstrates a porin-like channel-forming property
of VpOmpU. Porins are typically characterized by their ability to form channels in the
membrane lipid bilayer, allowing free diffusion of small molecules up to a definite size
limit as per the size constraint imposed by the corresponding pore diameter. Therefore,
we wanted to explore whether the VpOmpU protein could show any such porin-like
channel-forming ability in the membrane lipid bilayer of synthetic lipid vesicles or
liposomes. The channel-forming property of VpOmpU was assayed using the conven-
tional liposome-swelling assay. In this assay, liposomes incorporating the VpOmpU
protein were subjected to treatment in the presence of sugars of various molecular
sizes. Formation of VpOmpU channels in the liposome membranes would allow free
diffusion of water into the lipid vesicles, resulting in swelling of the liposomes. The
VpOmpU channel, however, would not allow the passage of sugars/saccharides having
molecular sizes larger than the pore diameter. Such saccharides would act as the
osmoprotectants and thus would presumably suppress the liposome-swelling re-
sponse. Based on this notion, both the wild-type and refolded recombinant forms of
the VpOmpU proteins, incorporated in the liposome membranes, were examined using
the liposome-swelling assay (Fig. 2F). It was observed in both cases that in the presence
of monosaccharides, such as arabinose and glucose, there was a steady increase in the
liposome-swelling response (Fig. 2F). In the presence of the disaccharide sucrose, the
liposome-swelling responses of wild-type and recombinant VpOmpU were prominently
suppressed, while the trisaccharide raffinose severely compromised the liposome
swelling on proteoliposomes made up of the wild-type and the recombinant proteins
(Fig. 2F). These results clearly suggested that VpOmpU indeed displayed a porin-like
channel-forming property with a definite pore size, thus allowing free diffusion of
solutes within the specific size limit. The VpOmpU channel allowed free diffusion of the
monosaccharides, while the permeability efficiency decreased progressively in the case
of the disaccharides and even further in the case of the trisaccharides of larger
molecular size. It is also important to note here that the refolded form of the recom-
binant VpOmpU showed a trend in channel-forming ability (i.e., monosaccharide >
disaccharide > trisaccharide) similar to that observed with the wild-type protein, thus
showing functional integrity of the recombinant protein generated in our study
(Fig. 2F). Based on these observations, it could be concluded that the recombinant
VpOmpU was structurally and functionally similar to the native wild-type OmpU of V.
parahaemolyticus.

VpOmpU induces proinflammatory responses in monocytes and macrophages.
As a part of the functional characterization, we explored the host-immunomodulatory
role of VpOmpU. Generally, bacterial ligands known as pathogen-associated molecular
patterns (PAMPs) are recognized by pattern recognition receptors (PRRs) of the innate
immune cells such as macrophages and monocytes, leading to their activation, which
results in the production of various proinflammatory molecules, such as nitric oxide
(NO) (20, 21) and tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) (22).

Therefore, to probe whether VpOmpU acts as a PAMP, RAW 264.7 cells (a murine
macrophage cell line) and THP-1 cells (a human monocytic cell line) were treated with
10 ng/ml of recombinant VpOmpU. At different time points, supernatants were ana-
lyzed for TNF-a and IL-6 by enzyme-linked immunosorbent assay (ELISA). A time

FIG 2 Legend (Continued)

Infection and Immunity

by size exclusion chromatography on Sephacryl S-200 (lane 2). Lane M, molecular weight markers. (D) Immunoblot analysis of recombinant and
wild-type VpOmpU using anti-VpOmpU antiserum. Lane 1, purified form of refolded recombinant His-tagged VpOmpU; lane 2, purified form of
refolded recombinant VpOmpU after removal of the N-terminal His tag; lane 3, wt-OmpU extracted from the V. parahaemolyticus outer membrane
fraction. (E) Far-UV CD spectra of wild-type and recombinant VpOmpU show negative ellipticity minima at around 218 nm for both proteins. (F)
The refolded recombinant form and the wild-type VpOmpU protein show nearly identical trends in the liposome-swelling response. Control
liposome, liposome preparation lacking VpOmpU; proteoliposome, liposomes containing VpOmpU. The initial rates of the liposome-swelling
response (calculated from the slope of the linear fit of the data over the initial period of 50 s) are shown in the table (r-VpOmpU, recombinant

VpOmpU; wt-VpOmpU, wild-type VpOmpU).
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FIG 3 VpOmpU induces proinflammatory responses in THP-1 monocytes and RAW 264.7 macrophages. (A and B) Maximum production of TNF-« (A) and IL-6
(B) was observed at 24 h in RAW 264.7 cells and at 4 h and 8 h, respectively, in THP-1 cells in response to VpOmpU. RAW 264.7 and THP-1 cells were treated
with 10 ug/ml of recombinant VpOmpU for different times, and supernatants were analyzed for TNF-a (A) and IL-6 (B) production by ELISA. (C and D) A
dose-dependent increase in TNF-a (C) and IL-6 (D) production is seen in both RAW 264.7 and THP-1 cells in response to different doses of VpOmpU. Cells were
incubated with different doses of recombinant VpOmpU, and following incubation, supernatants were collected and analyzed for TNF-a and IL-6 production.
RAW 264.7 cells and THP-1 cells were incubated with VpOmpU for 24 h and 4 h, respectively, for TNF-a production (C) and for 24 h and 8 h, respectively, for
IL-6 production (D). (E) Nitric oxide (NO) production was observed in VpOmpU-treated RAW 264.7 cells. RAW 264.7 cells were treated with 10 ug/ml of
recombinant VpOmpU and incubated for different times. Supernatants were analyzed for NO (in terms of nitrite), and significant production of NO was observed
at 24 h. Similar extents of NO production were observed when RAW 264.7 cells were treated with different doses of recombinant VpOmpU and incubated for
24 h. For panels A to E, LPS (1 ng/ml) was used as a positive control for all of the experiments. (F) Cell viability in response to different doses of VpOmpU was
minimally affected in both RAW 264.7 and THP-1 cells. For panels A to F, results are expressed as mean * SEM from three or four independent experiments
(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus buffer-treated cells]). (G and H) Comparable production of TNF-a and IL-6 was observed in both
RAW 264.7 and THP-1 cells in response to similar doses of purified wild-type VpOmpU (wt-VpOmpU) and recombinant VpOmpU (r-VpOmpU). RAW 264.7
and THP-1 cells were treated with 5 ug/ml of wt-VpOmpU or r-VpOmpU and incubated for 24 h and 4 h, respectively, for TNF-a (G) and for 24 h and
8 h, respectively, for IL-6 (H). Results are expressed as mean *= SEM from three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns,
P > 0.05 [versus wt-VpOmpU-treated cells]).

dependency analysis of TNF-« and IL-6 in response to 10 wg/ml of VpOmpU showed a
maximum production of both cytokines at 24 h in RAW 264.7 cells (Fig. 3A and B).
However, in THP-1 cells, maximum TNF-« production was observed at 4 h (Fig. 3A) and
maximum IL-6 production was observed at 8 h (Fig. 3B). A similar time dependency
analysis of NO production in RAW 264.7 cells treated with 10 wg/ml of VpOmpU
showed a maximum NO production at 24 h (Fig. 3E). THP-1 cells did not produce NO in
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response to VpOmpU as observed by a time dependency analysis of VpOmpU-treated
cells (see Fig. S1 in the supplemental material).

Further, RAW 264.7 cells and THP-1 cells were treated with different concentrations
of recombinant VpOmpU. Supernatants were analyzed for TNF-« and IL-6 by ELISA at
the time point where maximum cytokine production had been observed. A dose-
dependent increase in TNF-« (Fig. 3C) and IL-6 (Fig. 3D) was observed in both cell types.
A similar dose dependency analysis of NO production was done with the supernatant
of RAW 264.7 cells at 24 h posttreatment. RAW 264.7 cells produced comparable
amounts of NO in response to different concentrations of VpOmpU ranging from
3 ng/ml to 10 ug/ml (Fig. 3E).

We also performed a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay to examine the cell mortality rate in response to different doses of
recombinant VpOmpU following 24 h of incubation. The cell mortality in response to
VpOmpU was comparable at doses up to 10 ug/ml and was in the range of 30 to 40%
for RAW 264.7 cells and about 5 to 15% for THP-1 cells (Fig. 3F).

These results show that VpOmpU can activate macrophages and monocytes to
induce proinflammatory responses.

Further, we wanted to compare the proinflammatory responses generated by the
cells upon treatment with wild-type and recombinant VpOmpU. For this, we treated
both RAW 264.7 and THP-1 cells with an equal amount (5 ng/ml) of each of the proteins
and analyzed the supernatants for TNF-a and IL-6 at the time point where the
maximum amount of the respective cytokine was observed in the time dependency
analysis (Fig. 3A and B). We observed that comparable amounts of TNF-« (Fig. 3G) and
IL-6 (Fig. 3H) were produced in response to wild-type and recombinant VpOmpU in
both RAW 264.7 and THP-1 cells.

Based on these results, the recombinant form of VpOmpU was used in all subse-
quent experiments.

VpOmpU elicits the proinflammatory responses via a TLR signaling pathway.
The observation that VpOmpU induces a proinflammatory response in monocytes and
macrophages reflected the possibility that VpOmpU may be recognized as a PAMP by
PRRs on the host cells. One of the major classes of PRRs that recognize bacterial PAMPs
is the Toll-like receptors (TLRs) (22). Since V. parahaemolyticus is a noninvasive bacte-
rium, VpOmpU will be most likely recognized as a PAMP by the surface TLRs present on
the cells. Therefore, a time course analysis of gene expression of surface TLRs was done
in VpOmpU-treated RAW 264.7 and THP-1 cells. An increase in gene expression of TLR2,
TLR1, and TLR6 was observed in RAW 264.7 cells, whereas an upregulation of TLR2 and
TLR1 was observed in THP-1 cells (Fig. 4A). In accordance with this, we observed an
increase in the surface expression of TLR1, TLR2, and TLR6 in RAW 264.7 cells, while in
THP-1 cells, an increase in surface expression of TLR1 and TLR2 was observed (Fig. 4B).

The above data indicate that TLR1 and TLR2 could be involved in recognition of
VpOmpU in THP-1 cells, whereas in RAW 264.7 cells, TLR1, TLR2, and TLR6 could be
involved in recognition of VpOmpU.

To confirm the involvement of TLR2, we used a neutralizing antibody. Upon neu-
tralizing TLR2, we observed a significant decrease in the proinflammatory cytokine
production in both THP-1 and RAW 264.7 cells, compared to that in isotype-treated
cells, in response to VpOmpU (Fig. 4C). This result confirms that TLR2 is probably
involved in recognition of VpOmpU in both monocytes and macrophages. To further
confirm the involvement of TLR2 in monocytes, we performed small interfering RNA
(siRNA)-mediated knockdown of TLR2 in THP-1 cells (see Fig. S2A in the supplemental
material) and observed a decrease in cytokine production upon treatment of TLR2-
knocked-down cells with VpOmpU (Fig. 4D). To confirm the involvement of TLR2 in
macrophages, we used bone marrow-derived macrophages (BMDMs) from TLR2~/~
mice and wild-type mice. We treated the BMDMs with VpOmpU and compared the
cytokine production following 24 h of incubation. We observed significantly less
production of TNF-a and IL-6 in TLR2~/~ BMDMs than in wild-type BMDMs (Fig. 4E).
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FIG 4 The VpOmpU-mediated proinflammatory response is TLR2 dependent. (A) Upregulation of gene expression of TLR1, TLR2, and TLR6 at different time
points in response to VpOmpU in RAW 264.7 cells and of TLR1 and TLR2 in THP-1 cells. Following treatment with VpOmpU, cells were harvested to isolate total
RNA. cDNA was generated and subjected to RT-PCR. The C; values obtained were normalized to the respective C; values of the housekeeping genes. Fold
change was calculated above buffer-treated cells, and results are expressed as mean = SD from three independent experiments. (B) Increase in surface
expression of TLR1, TLR2, and TLR6 in RAW 264.7 cells and of TLR1 and TLR2 in THP-1 cells in response to VpOmpU compared to the buffer-treated cells.
Cells were treated with VpOmpU and analyzed for surface expression of TLRs by flow cytometry. (C) Decrease in TNF-a production upon TLR2
neutralization in VpOmpU-treated RAW 264.7 and THP-1 cells compared to the isotype-pretreated VpOmpU-treated cells and cells treated with only
VpOmpU. Cells were pretreated with neutralizing antibody and the isotype for 1 h, followed by VpOmpU treatment for 24 h in RAW 264.7 cells and for
4 h in THP-1 cells. Supernatants were analyzed for TNF-«a by ELISA. Results are expressed as mean = SEM from three independent experiments (*, P <
0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus cells treated with VpOmpU only]). (D) Decrease in TNF-«a production in response to VpOmpU upon
knockdown of TLR2 by siRNA in VpOmpU-treated THP-1 cells compared to the nontargeted siRNA-treated VpOmpU-treated cells. Following siRNA
knockdown, cells were treated with VpOmpU for 4 h, and supernatant was analyzed for TNF-« by ELISA. Results are expressed as mean *= SEM from three
independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus nontargeted siRNA-transfected VpOmpU-treated cells]). (E)
Decrease in TNF-a and IL-6 production by VpOmpU-treated BMDMs differentiated from TLR2~/~ mice compared to the wild-type control. Results are
expressed as mean + SEM from three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus VpOmpU-treated cells from
wild-type mice]).
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These data confirmed that TLR2 is involved in recognition of VpOmpU in both mono-
cytes and macrophages.

In response to a PAMP, TLRs are known to dimerize and activate the downstream
signaling, and TLR2 is known to make heterodimers with TLR1 or TLR6. The gene
expression profile (Fig. 4A) and surface expression profile (Fig. 4B) suggested that in
RAW 264.7 cells, VpOmpU could be recognized by both TLR1/2 and TLR2/6 het-
erodimers, while in THP-1 cells, VpOmpU could be recognized by the TLR1/2 het-
erodimer only.

Therefore, to determine the heterodimerizing partner of TLR2, we pulled down the
VpOmpU-treated cell lysates with anti-TLR2 antibody, and we observed that both TLR1
and TLR6 coimmunoprecipitated with TLR2 in RAW 264.7 cells (Fig. 5A). To further
confirm this result, we immunoprecipitated VpOmpU-treated RAW 264.7 cell lysates
with anti-TLR1 and anti-TLR6 antibodies, and we observed coimmunoprecipitation
(co-IP) of TLR2 along with both TLR1 (Fig. 5B) and TLR6 (Fig. 5C). VpOmpU also
coimmunoprecipitated with TLR2, TLR1, and TLR6 (Fig. 5A to C). These data indicated
that TLR2 probably heterodimerizes with both TLR1 and TLR6 in response to VpOmpU
in RAW 264.7 macrophages. In the case of THP-1 cells we observed that TLR1, but not
TLR6, coimmunoprecipitated with TLR2 in response to VpOmpU treatment (Fig. 5D). To
further confirm this result, we did reverse co-IP of VpOmpU-treated THP-1 cell lysates
with anti-TLR1 and anti-TLR6 antibodies, and we observed coimmunoprecipitation of
TLR2 along with TLR1 (Fig. 5E) but not with TLR6 (Fig. 5F). Consistent with this, VpOmpU
coimmunoprecipitated only with TLR2 and TLR1 and not with TLR6 (Fig. 5D to F). These
data indicated that in THP-1 cells, TLR2 probably heterodimerizes with TLR1 but not
TLR6 in response to VpOmpU.

Therefore, the coimmunoprecipitation data suggested the involvement of both the
TLR1/2 and TLR2/6 heterodimers in recognizing VpOmpU in RAW 264.7 cells but
involvement of only the TLR1/2 heterodimer in THP-1 cells.

To confirm the above results, we used neutralizing antibodies against TLRT and TLR6
in THP-1 cells followed by treatment with VpOmpU. We observed reduced production
of TNF-a in cells pretreated with TLR1- but not with TLR6-neutralizing antibodies,
confirming the involvement of the TLR1/2 heterodimer and not the TLR2/6 heterodimer
in VpOmpU-mediated proinflammatory responses in THP-1 cells (Fig. 5G). Also, no
decrease in TNF-a was observed after siRNA knockdown of TLR6 in THP-1 cells (Fig. 5H
and S2B). Altogether, these results confirm the involvement of the TLR1/2 dimer in the
VpOmpU-mediated proinflammatory response in THP-1 cells.

To confirm the TLR heterodimers involved in recognition of VpOmpU in macro-
phages, we knocked down TLR1 and TLR6 using siRNA in RAW 264.7 cells (Fig. S2C).
Upon TLR6 knockdown, a decrease in TNF-a production was observed (Fig. 5I). How-
ever, when TLR1 was knocked down, there was no significant decrease in TNF-«
production (Fig. 5I).

Although both TLR1/2 and TLR2/6 heterodimers are indicated by coimmunoprecipi-
tation (Fig. 5A to C), the siRNA knockdown (Fig. 51) implies that TLR6 is the major player
in the recognition of VpOmpU in RAW 264.7 cells.

MyD88 and IRAK-1 are involved in TLR-mediated signaling by VpOmpU. The
TLR activation signal can be mediated through MyD88-dependent or -independent
pathways (23). If MyD88 is recruited to the receptor complex as a result of TLR
activation, it most certainly recruits IRAK-1 to the receptor complex (23). Gene expres-
sion analysis showed an upregulation of MyD88 in VpOmpU-treated THP-1 and RAW
264.7 cells, indicating its involvement in VpOmpU-mediated TLR-signaling (Fig. 6A).
Further, we observed that MyD88 coimmunoprecipitated along with TLR2 when lysates
of VpOmpU-treated RAW 264.7 (Fig. 6B) and THP-1 cells (Fig. 6C) were pulled down
using anti-TLR2 antibody. These data suggested that VpOmpU-mediated TLR signaling
involves MyD88. Further, we have confirmed the involvement of MyD88 by using
MyD88-deficient (MyD88~/7) transgenic mice, where the TNF-a and IL-6 production in
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FIG 5 Recognition of VpOmpU by TLR1/2 in THP-1 cells and by TLR1/2 and TLR2/6 in RAW 264.7 cells. (A to C) In RAW 264.7 cells, VpOmpU associates with
TLR2, TLR1, and TLR6 as evidenced in coimmunoprecipitation (co-IP) and reverse co-IP studies using anti-TLR2, anti-TLR1, and anti-TLR6 antibodies. (A) TLR1
and TLR6 were coimmunoprecipitated with TLR2 in VpOmpU-treated RAW 264.7 cells as observed by immunoblotting (IB) and densitometric analysis of the
bands. (B) TLR2 was coimmunoprecipitated with TLR1 in VpOmpU-treated RAW 264.7 cells as observed by immunoblotting and densitometric analysis of the
bands. (C) TLR2 was coimmunoprecipitated with TLR6 in VpOmpU-treated RAW 264.7 cells as observed by immunoblotting blotting and densitometric analysis
of the bands. (D to F) VpOmpU associates with TLRT and TLR2 in THP-1 cells as observed by co-IP and reverse co-IP using anti-TLR2, anti-TLR1, and anti-TLR6
antibodies. (D) TLRT was coimmunoprecipitated with TLR2 in VpOmpU-treated THP-1 cells as observed by immunoblotting and densitometric analysis of the
bands. (E) TLR2 was coimmunoprecipitated with TLR1 in VpOmpU-treated THP-1 cells as observed by immunoblotting and densitometric analysis of the bands.
(F) TLR2 did not coimmunoprecipitate with TLR6 in VpOmpU-treated THP-1 cells as observed by immunoblotting and densitometric analysis. For panels A to
F, cell lysates were prepared after 15 min of VpOmpU treatment and immunoprecipitated with anti-TLR1, anti-TLR2, or anti-TLR6 antibody, and the IP lysates
were further analyzed for TLRs coimmunoprecipitated together to identify the receptor complex. For the densitometric analysis, the band intensities of TLR1,
TLR2, TLR6, or VpOmpU in the VpOmpU-treated samples above the respective band intensities in the buffer-treated samples were estimated. Results are
expressed as mean = SEM from three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus band intensities in the
buffer-treated cells]). (G) Decrease in TNF-a production with anti-TLR1, but not anti-TLR6, neutralizing antibody in VpOmpU-treated THP-1 cells compared to
isotype-pretreated VpOmpU-treated cells and cells treated only with VpOmpU. Results are expressed as mean = SEM from three independent experiments

(Continued on next page)
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response to VpOmpU by BMDMs from the MyD88~/— mice was significantly lower than
that with the wild-type mice (Fig. 6D).

To examine whether IRAK-1 is involved in VpOmpU-mediated signaling, we used a
pharmacological inhibitor of IRAK-1. We observed a considerable decrease in the
proinflammatory cytokine production in the VpOmpU-treated cells with the use of the
IRAK-1 inhibitor in both RAW 264.7 and THP-1 cells (Fig. 6E).

These observations confirmed that in macrophages and monocytes, the proinflam-
matory responses generated on recognition of VpOmpU by the TLRs involve MyD88
and IRAK-1.

The NF-kB transcription factor is involved in TLR-mediated signaling of
VpOmpU. In general, TLR activation ultimately leads to the activation of transcription
factor NF-kB (22). Upon pretreatment of cells with an NF-«B inhibitor (MLN4924)
followed by VpOmpU stimulation, a decrease in the production of TNF-a was observed
in both RAW 264.7 cells and THP-1 cells compared to VpOmpU-treated cells (Fig. 7A).
These data indicated that NF-«kB might be involved in VpOmpU-mediated proinflam-
matory responses.

In an unstimulated cell, NF-«B remains bound to its inhibitor 1kB and is present in
the cytoplasm. Activation of the IRAK-1/4 complex results in the activation of signaling
cascades that lead to the phosphorylation and degradation of I«B, rendering NF-«B free
to translocate to the nucleus and transcribe the genes for proinflammatory cytokines.
There are five members in the NF-«B subfamily. They either heterodimerize or ho-
modimerize, and depending on the subunits and their nature of dimerization, the cell
exerts pro- or anti-inflammatory responses (24). In the majority of cases, p65 and/or
c-Rel is the member of the NF-«B family which dimerizes with p50 to transcribe
proinflammatory genes. Therefore, phosphorylation and degradation of I«B are crucial
for activation of NF-«kB (24). In VpOmpU-treated RAW 264.7 and THP-1 cells, we
observed phosphorylation and degradation of kB, indicating the probable activation of
NF-«B (Fig. 7B). Further, we also observed nuclear translocation of c-Rel in RAW 264.7
cells and of p65 in THP-1 cells (Fig. 7C).

Altogether, these experiments confirm that NF-«B is involved in VpOmpU-mediated
proinflammatory responses.

The AP-1 transcription factor is also involved in VpOmpU-mediated signaling.
Apart from NF-kB, another transcription factor, AP-1, is also known to be involved
in proinflammatory responses (23). To probe whether AP-1 has a role in VpOmpU-
mediated proinflammatory response, we first used a chemical inhibitor against AP-1
(SP600125). We observed a decrease in production of TNF-a in VpOmpU-treated
RAW 264.7 and THP-1 cells in the presence of the inhibitor (Fig. 8A), indicating a role
of AP-1 transcription in the VpOmpU-mediated proinflammatory response.

The majority of the subunits of the AP-1 transcription factor are in one of two
families, Fos and Jun. The members of the Fos and Jun families generally het-
erodimerize and form AP-1 to function as a transcription factor (25). Nuclear
fractions of VpOmpU-treated RAW 264.7 and THP-1 cells were analyzed for the
involvement of AP-1 subunits in VpOmpU-mediated proinflammatory processes. By
observing the AP-1 subunit levels in nuclear lysates, we came to the conclusions
that in VpOmpU-treated RAW 264.7 cells, AP-1 subunits JunB, c-Jun, and c-Fos could
be involved and that in THP-1 cells, AP-1 subunits JunB, JunD, c-Jun, and c-Fos
could be involved (Fig. 8B).

TLR2 activation by VpOmpU leads to the MAP kinase activation. Generally, MAP
kinase activation leads to the activation of AP-1 (23). To probe whether MAP kinases are

FIG 5 Legend (Continued)
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(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus cells treated with VpOmpU only]). (H) No decrease in TNF-a production in THP-1 cells with
knockdown of TLR6 by siRNA, compared to the nontargeted siRNA-transfected control, in response to VpOmpU. () Decrease in TNF-a production with
siRNA-mediated knockdown of TLR6, but not TLR1, compared to the nontargeted siRNA-transfected control in RAW 264.7 cells in response to VpOmpU. For
panels H and |, results are expressed as mean * SEM from three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus

VpOmpU-treated cells transfected with nontargeted siRNAJ).
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FIG 6 MyD88 and IRAK-1 are involved in VpOmpU-mediated proinflammatory responses. (A) Increase in gene expression of MyD88 in VpOmpU-treated RAW
264.7 and THP-1 cells at different time points. Fold change is calculated as value above that for buffer-treated cells, and results are expressed as mean = SD
from three independent experiments. (B) MyD88 coimmunoprecipitated with TLR2 upon VpOmpU treatment in RAW 264.7 cells as evidenced by immuno-
blotting and densitometric analysis of the bands. (C) MyD88 coimmunoprecipitated with TLR2 upon VpOmpU treatment in THP-1 cells as evidenced by
immunoblotting and densitometric analysis of bands. Results are expressed as mean *= SEM from three independent experiments (*, P < 0.05; **, P < 0.01;
*** P < 0.001; ns, P > 0.05 [versus band intensities in the buffer-treated cells]). (D) Decrease in TNF-a and IL-6 production in VpOmpU-treated BMDMs
differentiated from MyD88~/~ mice compared to the wild-type control. Results are expressed as mean = SEM from three independent experiments (¥, P < 0.05;
** P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus VpOmpU-treated BMDMs from wild-type mice]). (E) Decrease in TNF-a production with use of IRAK-1 inhibitor
in response to VpOmpU treatment in RAW 264.7 and THP-1 cells. Results are expressed as mean = SEM from three independent experiments (¥, P < 0.05; **,
P < 0.01; ***, P < 0.001; ns, P > 0.05 [versus cells treated with VpOmpU only]).

involved in VpOmpU-mediated proinflammatory responses in RAW 264.7 and THP-1
cells, we checked the phosphorylation levels of both JNK and p38. We observed
phosphorylation (indicative of activation status) of both p38 and JNK in RAW 264.7 (Fig.
9A) and THP-1 (Fig. 9B) cells. Further, we observed a decrease in cytokine production
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FIG 7 The NF-«B transcription factor is involved in VpOmpU-mediated proinflammatory responses. (A) Decrease in
production of TNF-a in response to VpOmpU with the use of an inhibitor of NF-«B (MLN4924) in both RAW 264.7
and THP-1 cells. Results are expressed as mean = SEM from three independent experiments (*, P < 0.05; **, P <
0.01; ***, P < 0.001; ns, P > 0.05 [versus cells treated with VpOmpU only]). (B) Increase in phosphorylated 1kB and
decrease in total IkB in response to VpOmpU with increase in time in both RAW 264.7 and THP-1 cells. Cells were
treated with VpOmpU and incubated for different times. Whole-cell lysates were prepared and analyzed by Western
blotting for phosphorylated and total I1kB. B-Actin and GAPDH were used as loading controls for the whole-cell
lysates. (C) Translocation of NF-«B subunits c-Rel in RAW 264.7 and p65 in THP-1 from the cytoplasm to the nucleus
in response to VpOmpU. Lamin B1 was used as a loading control for nuclear lysates, and B-actin and GAPDH were
used as loading controls for the cytoplasmic lysates.

in VpOmpU-treated cells pretreated with chemical inhibitors against JNK and p38 (Fig.
9C). To determine whether activation of MAP kinases was TLR2 mediated, we investi-
gated the phosphorylation levels of p38 and JNK in BMDMs from TLR2~/~ mice. We
found that in the absence of TLR2, MAP kinases (p38 and JNK) were not activated in
response to VpOmpU (Fig. 9D and E).
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FIG 8 The AP-1 transcription factor is involved in VpOmpU-mediated proinflammatory responses. (A) Decrease in
the production of TNF-« in response to VpOmpU in the presence of an AP-1 inhibitor (SP600125) in both RAW 264.7
and THP-1 cells. Results are expressed as mean * SEM from three independent experiments (*, P < 0.05; **, P <
0.01; ***, P < 0.001; ns, P > 0.05 [versus cells treated with VpOmpU only]). (B) Increase in AP-1 family members in
the nuclear lysates of VpOmpU-treated cells, namely, JunB, c-Jun, and c-Fos in RAW 264.7 cells and JunB, c-Jun,
c-Fos, and JunD in THP-1 cells. Lamin B1 was used as a loading control for nuclear lysates.

DISCUSSION

OmpU is a major outer membrane protein which is present across the Vibrio species.
In most of the Vibrio species it plays a role in pathogenesis and modulation of host
immune function. In V. alginolyticus and V. harveyi, OmpU has been considered as a
vaccine candidate (13, 26). OmpU of V. parahaemolyticus (VpOmpU) has also been
reported to be immunogenic in yellow croaker fish (17), though this has not been well
elucidated.

Many porins, such as PorB of Neisseria meningitidis (27) and OmpS1 and OmpS2 of
Salmonella enterica serovar Typhi (28), have been found to induce proinflammatory
responses. In this study, we have characterized the role of VpOmpU in modulating the
host’s innate immune responses. We have observed that VpOmpU activates macro-
phages and monocytes as indicated by production of proinflammatory mediators, such
as TNF-a and IL-6, in both macrophages and monocytes and of nitric oxide (NO) in
macrophages (Fig. 3). Further, to identify the pattern recognition receptor (PRR) which
recognizes VpOmpU, we started with the cue that since VpOmpU is present on the
outer membrane of V. parahaemolyticus, which is a noninvasive bacterium, it must be
recognized by the surface PRRs of the cell. Of the surface PRRs, TLRs are mostly involved
in the recognition of bacterial ligands (22). TLR1, TLR2, TLR4, TLR5, and TLR6 are the
common surface TLRs (29). Generally, upon activation, TLRs form homo- or het-
erodimers; e.g., TLR2 forms heterodimers with either TLR1 or TLR6, whereas TLR4 forms
homodimers (30). Various other outer membrane proteins, such as PorB of Neisseria
meningitidis (31) and OspA of Borrelia spirochetes (32), have been shown to be
recognized by TLR1/2 heterodimers. OmpA, an outer membrane protein of Shigella
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FIG 9 Proinflammatory response by VpOmpU involves TLR-mediated p38 and JNK MAP kinase activation. (A and
B) Increased phosphorylation of p38 and JNK in RAW 264.7 (A) and THP-1 (B) cells in response to VpOmpU as
evidenced by immunoblotting and densitometric analysis of the bands. Whole-cell lysates were analyzed for the
phosphorylation of p38 and JNK at different times following VpOmpU treatment. Total p38 and JNK in the cells
were also determined. Densitometric analysis of the immunoblots confirmed increased phosphorylation of p38 and
JNK in RAW 264.7 and THP-1 cells in response to VpOmpU. For the densitometric analysis, the band intensities of
p-p38 or p-JNK in the samples were calculated as those above the band intensities of p38 or JNK, respectively, and
fold changes upon VpOmpU treatment were estimated with respect to the buffer-treated cells. Results are
expressed as mean * SEM from three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P >
0.05 [versus band intensities in the buffer-treated cells]). (C) Decrease in TNF-a in response to VpOmpU upon

(Continued on next page)
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flexneri (33), and OmpS2 of S. Typhi (28) also are known to be recognized by TLR2/6
heterodimers. We observed that VpOmpU mediates its proinflammatory response
through TLR2 in both monocytes and macrophages (Fig. 4). Further, to find the binding
partner of TLR2, we did coimmunoprecipitation of VpOmpU-treated cell lysates with
anti-TLR2 antibody and observed that only TLR1 is present along with TLR2 in
VpOmpU-treated THP-1 monocytes, whereas both TLR1 and TLR6 are present along
with TLR2 in macrophages. Reverse coimmunoprecipitation with anti-TLR1 and anti-
TLR6 antibodies confirmed the result (Fig. 5). This result is particularly intriguing since,
to the best of our knowledge, this is the first report of a natural PAMP, i.e., VpOmpU,
being recognized by both TLR1/2 and TLR2/6 heterodimers. As mentioned above, while
TLR1/2 and TLR2/6 heterodimers have been known to recognize discrete ligands, a
previous report indicated the recognition of a synthetic lipoprotein (Pam,CSK,, which
is a diacylated lipoprotein) by both the TLR1/2 and TLR2/6 heterodimers (34, 35).
Buwitt-Beckmann et al. (34) also showed that recognition of a ligand by TLR6 depends
not only on the acylation of the ligand but also on the peptide sequence and the
overall structure of the protein ligand. However, Farhat et al. (35) showed that this
difference in ligand recognition did not alter the downstream signaling elicited by the
dimers. They also speculated that this difference in ligand recognition was necessary to
increase the array of ligands recognized by the cells.

Bacterial porins of S. enterica serovar Typhimurium (36), PorB of N. meningitidis (27),
OmpA of Shigella flexneri (33), P2 porin of Haemophilus influenzae (37), and OmpU of V.
cholerae (38) have previously been reported to induce NF-kB- or AP-1-mediated
proinflammatory responses. We have shown in the present study that VpOmpU-
mediated activation of TLR signaling leads to activation of the transcription factors
NF-«B and AP-1 in both THP-1 monocytes and RAW 264.7 macrophages (Fig. 7 and 8).
AP-1 is activated by upstream MAP kinases (Fig. 9). Furthermore, in this study we have
also shown that the activation of MAP kinases (p38 and JNK) is TLR2 dependent (Fig. 9).
These data suggest that a difference in the recognition of VpOmpU by the TLR1/2 or
TLR2/6 heterodimer does not affect the downstream signaling elicited by it.

VpOmpU shares about 70% sequence identity with V. cholerae OmpU (VcOmpU)
(Fig. 1). Like VcOmpU, VpOmpU is also porin in nature (Fig. 2). Extensive study from our
laboratory and others confirmed that VcOmpU is recognized only by TLR1/2 in both
monocytes and macrophages (38), whereas our present study shows that VpOmpU can
be recognized by both TLR1/2 and TLR2/6 in macrophages, with TLR2/6 being favorable
for induction of proinflammatory responses. Further, in the case of VpOmpU, the
activation of both MAP kinases (p38 and JNK) is mainly TLR dependent, but in the case
of VcOmpU, only p38 MAP kinase activation is dependent on TLR-mediated signaling
in macrophages (unpublished data).

Altogether, our study shows that VpOmpU elicits proinflammatory responses via
TLR1/2 in monocytes and via TLR2/6 in macrophages. Recognition of VpOmpU by the
TLR heterodimer leads to MyD88-IRAK-1-dependent activation of NF-«B and AP-1
transcription factors for such proinflammatory response generation.

FIG 9 Legend (Continued)

pretreatment with inhibitors of the MAP kinases p38 (VX745) and JNK (JNK-IN8) in RAW 264.7 and THP-1 cells.
Results are expressed as mean = SEM from three independent experiments (¥, P < 0.05; **, P < 0.01; ***, P < 0.001;
ns, P > 0.05 [versus cells treated with VpOmpU only]). (D and E) Increased phosphorylation of p38 and JNK in
VpOmpU-treated BMDMs from wild-type (WT) mice but no change in phosphorylation status of p38 and JNK in
VpOmpU-treated BMDMs from TLR2~/~ mice. Densitometric analysis of the immunoblots shows increased phos-
phorylation of JNK at 15 min and of p38 at both 15 min and 30 min in the wild-type BMDMs and no change in the
phosphorylation status of JNK and p38 in the TLR2—/~ BMDM:s in response to VpOmpU. For the densitometric
analysis, the band intensities of p-p38 or p-JNK in the samples were calculated as those above the band intensities
of p38 or JNK, respectively, and fold changes upon VpOmpU treatment were estimated with respect to the
buffer-treated cells. Results are expressed as mean = SEM from three independent experiments (*, P < 0.05; **, P
< 0.01; ***, P < 0.001; ns, P > 0.05 [versus band intensities in buffer-treated cells]). B-Actin and GAPDH were used
as the loading controls in the immunoblots of the whole-cell lysates.
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MATERIALS AND METHODS

Bacterial strains and chemicals. The V. parahaemolyticus strain was obtained from the Microbial
Type Culture Collection (MTCC) and Gene Bank facility (MTCC code 451) of the Institute of Microbial
Technology, Chandigarh, India. All of the DNA-modifying enzymes were obtained from New England
Biolabs (USA). Luria-Bertani (LB) broth and antibiotics were from Himedia, Mumbai, India. Brain heart
infusion (BHI) medium was from Fluka, USA. Plasmid and DNA isolation kits were obtained from Qiagen.
Ni-NTA agarose was obtained from Qiagen.

PCR amplification and DNA manipulation. The full-length nucleotide sequence encoding the
putative OmpU protein of V. parahaemolyticus (VpOmpU) was retrieved from the NCBI server (available
online at https://www.ncbi.nlm.nih.gov/pubmed) (GenBank accession no. HM042874.1). The N-terminal
signal sequence of the VpOmpU protein was determined using SignalP (available online at http://www
.cbs.dtu.dk/services/SignalP/). The nucleotide sequence encoding VpOmpU, omitting the N-terminal
signal sequence, was amplified by PCR using V. parahaemolyticus MTCC 451 genomic DNA as the
template. The following primer sequences were designed based on the VpOmpU nucleotide sequence
(GenBank accession no. HM042874.1), omitting the sequence for the N-terminal signal peptide: forward
primer, 5'-TACATATGGCTGAACTTTACAACCAAG-3’; reverse primer, 5'-CGGGATCCTTAGAAGTCGTAACGTA
GAC-3'. Ndel and BamHI restriction endonuclease sites (in italic) were incorporated in the forward and
reverse primers, respectively, so as to allow cloning of the amplified nucleotide sequence into the target
expression vector.

The amplified PCR product was first cloned into the TA cloning vector (pTZ57R/T; Fermentas Life
Sciences) and transformed into E. coli TOP10 cells (Invitrogen). Transformed cells were screened for the
positive plasmid harboring the cloned nucleotide sequence of the VpOmpU gene by PCR, using
the gene-specific primers mentioned above. Cloned sequence encoding VpOmpU was excised from the
pTZ57R/T vector by restriction digestion with Ndel and BamHI and recloned into the pET-14b bacterial
expression vector (Novagen), and the recombinant pET-14b vector (pET-14b/VpOmpU) was transformed
into the E. coli TOP10 cells. The transformants were selected on ampicillin (50 ng/ml)-supplemented LB
agar plates. Bacterial colonies were screened for the recombinant pET-14b/VpOmpU plasmid by colony
PCR using the gene-specific primers. Recombinant pET-14b/VpOmpU plasmid was purified, and the
construct was verified by DNA sequencing of the cloned nucleotide segment for VpOmpU.

Overexpression and purification of VpOmpU. Recombinant pET-14b/VpOmpU plasmid was trans-
formed into E. coli Origami B cells. A single colony of E. coli Origami B cells harboring the pET-14b/
VpOmpU plasmid was inoculated into 20 ml LB medium containing ampicillin (50 ng/ml), and the cells
were grown at 37°C overnight. For large-scale protein expression, 1 liter of LB medium supplemented
with 50 ug/ml ampicillin was inoculated with 20 ml of the overnight-grown seed culture and was grown
at 37°C. Protein overexpression was induced by addition of 1 mM IPTG when the optical density at 600
nm (ODg,,) of the culture medium reached 0.4 to 0.6. After induction for 3 h at 37°C, the cells were
harvested by centrifugation at 3,220 X g for 30 min. The cells were resuspended in 10 ml of 20 mM
sodium phosphate buffer (pH 7.0) containing bacterial protease inhibitor cocktail (Sigma-Aldrich, USA).
The cells were disrupted by sonication. Insoluble inclusion bodies were separated from the soluble
fraction of the cell lysate by centrifugation at 18,500 X g for 30 min. The presence of the majority of the
recombinant VpOmpU protein in the insoluble inclusion body fraction was observed by SDS-PAGE and
Coomassie blue staining. The crude inclusion bodies were washed twice with phosphate-buffered saline
(PBS) (20 mM sodium phosphate buffer [pH 7.0] containing 150 mM sodium chloride). Subsequently, the
inclusion bodies were solubilized in PBS containing 8 M urea (10 ml of the urea-containing buffer was
used to solubilize the inclusion bodies obtained from 1 liter of culture) by constant stirring at 25°C.
Insoluble debris was separated by centrifugation at 18,500 X g for 30 min at 4°C. Recombinant VpOmpU
protein was further purified from the crude urea-solubilized inclusion body fraction by passage through
Ni-NTA agarose affinity chromatography resins (Qiagen) under denaturing conditions in the presence of
8 M urea. The urea-solubilized inclusion body fraction was adjusted with 10 mM imidazole and was
applied to Ni-NTA agarose resin preequilibrated with PBS containing 8 M urea (4 ml Ni-NTA agarose
resin/10 ml of solubilized inclusion body fraction). After washing with 10 volumes of PBS containing 8 M
urea and 40 mM imidazole, the bound protein was eluted with PBS containing 8 M urea and 300 mM
imidazole. The purity of the protein was examined by SDS-PAGE and Coomassie blue staining.

Refolding of the recombinant VpOmpU protein. Purified recombinant VpOmpU protein was
subjected to refolding by the rapid-dilution method. The purified protein in 8 M urea was diluted into
refolding buffer (PBS containing 10% glycerol, 0.5% lauryldimethylamine N-oxide [LDAO] [Sigma-Aldrich,
USA]) at 25°C with constant shaking for 10 min. The diluted protein was further incubated at 4°C
overnight to allow optimal refolding of the protein. Thereafter, the refolding mixture was centrifuged at
18,500 X g for 30 min at 4°C to remove the insoluble aggregates formed during the refolding process.
The soluble fraction was immediately subjected to size exclusion chromatography by passage through
a Sephacryl S-200 column (1.6 by 60 cm; bed volume, 120 ml; flow rate, 1 ml/min) (GE Healthcare)
equilibrated with 10 mM Tris-HCI buffer (pH 7.6) containing 10 mM NaCl and 0.5% LDAO. Eluted fractions
containing the VpOmpU protein (eluted at around 40 ml of elution volume) were analyzed by SDS-PAGE
and Coomassie blue staining, pooled, and concentrated by ultrafiltration using Millipore Ultra 10-kDa-
cutoff filters. The protein concentration was estimated using the Bradford reagent (Sigma-Aldrich, USA),
using bovine serum albumin (BSA) as the standard. The final soluble fraction of the purified form of the
refolded recombinant VpOmpU protein was analyzed by SDS-PAGE and Coomassie blue staining. The
N-terminal 6XHis tag of the recombinant protein was removed by treatment with thrombin (1 unit of
enzyme/300 pg of protein) for 2 h at 37°C. The reaction was stopped with 2 mM phenylmethylsulfonyl
fluoride (PMSF).
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Purification of wild-type VpOmpU from the V. parahaemolyticus outer membrane fraction. V.
parahaemolyticus was grown in 2 liters brain heart infusion (BHI) medium until the ODg, of the culture
reached 1.0. The bacterial culture was subsequently centrifuged at 2,050 X g for 30 min. The bacterial cell
pellet was resuspended in 20 mM Tris-HCl (pH 7.6), containing protease inhibitor cocktail (Sigma-Aldrich,
USA), and the bacterial cells were lysed by sonication and subjected to centrifugation at 18,500 X g for
50 min. The supernatant was collected and subjected to ultracentrifugation at 320,000 X g for 20 min.
The pellet thus obtained was resuspended in PBS and ultracentrifuged at 320,000 X g for 20 min. The
pellet was further subjected to treatment with 1% N-Sarkosyl in PBS for 30 min at 37°C and was
ultracentrifuged at 105,000 X g for 1 h. The pellet was washed twice with 20 mM Tris-HCl (pH 7.6) at
320,000 X g for 20 min and was then subjected to treatment with 4% Triton X-100 in 20 mM Tris-HCI (pH
8.0) for 20 min at 37°C. The supernatant thus obtained contained the outer membrane proteins. The
extracted protein fractions were incubated with 10 mM dithiothreitol (DTT) for 10 min at room temper-
ature and were further diluted 5-fold with 20 mM Tris-HCI buffer (pH 7.6) containing 0.1% Triton X-100.
The protein sample was loaded onto a DEAE-cellulose column equilibrated with 20 mM Tris-HCI (pH 7.6)
containing 0.1% Triton X-100. Bound proteins were eluted with a gradient of 50 to 250 mM NaCl in
Tris-HCI (pH 7.6) buffer at a flow rate of 1 ml/min. The eluted fractions were subjected to SDS-PAGE and
Coomassie blue staining analysis for detection of the eluted proteins. The eluted fractions were collected,
selectively pooled, and subjected to size exclusion chromatography on a Sephacryl S-200 column (1.6 by
60 cm; bed volume, 120 ml; flow rate, T ml/min) (GE Healthcare) equilibrated with 10 mM Tris-HCI (pH 7.6)
buffer containing 10 mM sodium chloride and 0.5% LDAO. The fractions that eluted at around 36 ml
contained the purified form of VpOmpU protein as analyzed by SDS-PAGE and Coomassie blue staining.

Immunological relatedness between the wild-type and recombinant VpOmpU proteins. Poly-
clonal antiserum was generated in rabbit using the purified refolded form of the recombinant His-tagged
VpOmpU protein as the antigen. The antiserum was raised in a New Zealand White rabbit using the
Polyclonal Antibody Production Service of Bangalore Genei, India. The antiserum recognized the wild-
type VpOmpU extracted from the V. parahaemolyticus outer membrane fraction in the immunoblot assay,
confirming the antigenic identity/immunological relatedness between the wild-type and recombinant
forms of VpOmpU generated in our study.

Far-UV CD. The far-UV circular dichroism (CD) spectra were collected on an Applied Photophysics
Chirascan spectropolarimeter equipped with a Peltier-based temperature control system, using a 5-mm-
path-length quartz cuvette. Far-UV CD spectra of the purified refolded recombinant VpOmpU and
wild-type VpOmpU (extracted from the V. parahaemolyticus outer membrane fraction) were recorded
between 200 and 260 nm. Protein concentrations were adjusted to 1.5 to 3.0 wM in 10 mM Tris-HCI buffer
(pH 7.6) containing 10 mM NaCl and 0.5% LDAO. The resulting spectra were averaged (average of three
spectra) and were corrected with the corresponding buffer spectra. All of the spectra were recorded at
25°C.

Liposome-swelling assay. Functional channel-forming activity of VpOmpU (wild-type and refolded
recombinant proteins) in the membrane lipid bilayer was determined by the conventional liposome-
swelling assay following the method described by Nikaido and Rosenberg (39), with slight modifications.
Liposomes were prepared with egg yolk phosphatidylcholine (Sigma-Aldrich, USA) and dicetylphosphate
(Sigma-Aldrich, USA) following the method described earlier, with modifications. Phosphatidylcholine
(4.7 mg dissolved in 500 ul chloroform) and dicetylphosphate (0.10 mg dissolved in 1 ml of a chloroform-
methanol mixture [1:1, vol/vol]) were mixed together in a round-bottom flask, and the lipid film was
allowed to generate by evaporation in a vacuum desiccator for 4 h. To this completely dried and
solvent-free lipid film, 1T ml of the VpOmpU protein solution (in 5 mM Tris-HCI buffer [pH 7.6]) was added.
The refolded recombinant VpOmpU protein was used at up to a 25 ug/ml final concentration, and the
wild-type protein was used at up to a 30 ug/ml final concentration. Control liposomes were prepared by
mixing the dried lipid film in 5 mM Tris-HCI buffer (pH 7.6) without the protein. Proteoliposomes and the
control liposomes were subjected to ultracentrifugation at 350,000 X g for 15 min at 4°C and washed
thrice with 5 mM Tris-HCI buffer (pH 7.6). The pellets were dried under reduced pressure in a vacuum
desiccator overnight and then resuspended in 0.6 ml of same buffer containing 15% dextran 40,000
(Sigma-Aldrich, USA) by incubating for 2 h at 25°C. For the liposome-swelling assay, 20 ul of the
proteoliposomes or the control liposomes was mixed rapidly in a cuvette with 580 ul of 30 mM sugar
solution (arabinose, glucose, sucrose, and raffinose [Sigma-Aldrich, USA]) in 5 mM Tris-HCl buffer (pH 7.6),
and the OD,,, was continuously monitored for 10 min at intervals of 10 s. The assay was carried out at
room temperature in triplicate.

Sequence alignment and protein structural model. An amino acid sequence alignment was
generated with CLUSTALW using the server available online (https://www.genome.jp/tools-bin/clustalw)
and was visualized with ESPript (http://espript.ibcp.fr/ESPript/ESPript/).

The VpOmpU polypeptide sequence was subjected to a BLAST search in the NCBI server (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) against protein sequences having experimentally determined three-
dimensional structures in the Protein Data Bank (PDB) (http://www.rcsb.org/pdb/home/home.do). The
most suitable template was found to be OmpU of Vibrio cholerae (PDB entry 6EHB). Therefore, a
homology-based structural model of VpOmpU was generated based on the structural coordinates of
6EHB using the SWISS-MODEL server (http://www.expasy.org/spdbv/). A membrane-inserted structural
model of VpOmpU was constructed with the OPM server found online (http://opm.phar.umich.edu/
server.php). Protein structural models were visualized with PyMOL (http://pymol.org).

Cell lines and culture conditions. The RAW 264.7 (a murine macrophage cell line) and THP-1 (a
human monocytic cell line) cells (NCCS, Pune, India) used in this study were maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin, and 100 wg/ml of strepto-
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mycin (Invitrogen, Life Technologies, USA) at 37°C and 5% CO.,. In all of the experiments with VpOmpU,
cells were pretreated with 10 ng/ml of polymyxin B (Sigma-Aldrich, USA) for 30 min to prevent any LPS
contamination from interfering with the responses.

Cell viability assay. Cells (1 X 10°) were plated in 100 pl medium in a 96-well plate and treated with
different concentrations of VpOmpU for 24 h. The buffer (10 mM Tris-HCI with 0.5% LDAO) was used as
a negative control. The amount of buffer added to the cells was same as that for the highest
concentration of VpOmpU. The cell viability was quantified using the MTT assay (EZ Count kit; HiMedia,
Mumbai, India) according to the manufacturer’s protocol.

Quantification of NO. RAW 264.7 and THP-1 cells were plated at a density of 1 X 106/ml in a 6-well
plate and treated with VpOmpU. At different time points, supernatant was collected for quantification of
nitric oxide (NO) using Griess reagent (Sigma-Aldrich, USA). Equal volumes of Griess reagent and the
supernatant were mixed and incubated in the dark for 15 min, and the optical density was measured at
540 nm. The NO was quantified using a standard curve prepared with different concentrations of sodium
nitrite (Sigma-Aldrich, USA), and 1 ug/ml of E. coli lipopolysaccharide (LPS) (Sigma-Aldrich, USA) was used as
a positive control in the experiments. Buffer (10 mM Tris-HCI with 0.5% LDAO) was used a negative control.
For time dependency analysis, buffer was added in an equal amount as for VpOmpU, and for dose
dependency studies, the amount of buffer added was equivalent to that for the highest dose of VpOmpU.

Quantification of TNF-« and IL-6. Cells were plated at a density of 1 X 106/ml in a 6-well plate and
treated with VpOmpU. At different time points, supernatant was collected. TNF-a and IL-6 were
quantified by ELISA (BD Biosciences, USA) by the manufacturer’s protocol; 1 ug/ml of E. coli lipopoly-
saccharide (LPS) (Sigma-Aldrich, USA) was used as a positive control in the experiments. Buffer (10 mM
Tris-HCl with 0.5% LDAO) was used as a negative control. For time dependency analysis, buffer was
added in an equal amount as for VpOmpU, and for dose dependency studies, the amount of buffer
added was equivalent to that for the highest dose of VpOmpU.

Gene expression analysis. Cells (2 X 10°) were plated in 2 ml medium and treated for different time
with 5 ug/ml of VpOmpU. At all time points, buffer (equivalent to the amount of VpOmpU being added)
was used as a control. Cells were then harvested, and RNA was isolated according to the manufacturer’s
protocol using the Nuclepore RNA isolation kit (Genetix). The cDNA was then synthesized using the
Verso-cDNA kit (Thermo-Fischer). PCRs were done using the Maxima SYBR green quantitative PCR (qPCR)
master mix (Thermo Fischer) and the Eppendorf Realplex master cycler. The primer sequences used were
from the primer bank and were synthesized by Integrated DNA Technologies. The fold change of gene
expression in VpOmpU-treated cells was calculated as that above expression in the buffer-treated cells
for each time point. The threshold cycle (C;) values of both the buffer-treated and VpOmpU-treated cells
were normalized to the respective C; values of the housekeeping genes.

Analysis of surface expression of TLRs. Cells (1 X 106) were plated in a 6-well plate and treated
with 5 ug/ml of VpOmpU for different times. Buffer (10 mM Tris-HCl with 0.5% LDAO)-treated cells were
used as a control. Cells were then harvested and washed twice with flow cytometry buffer (PBS
supplemented with 1% FBS and 0.05% sodium azide). RAW 264.7 cells were incubated with mouse Fc
block for 15 min at 4°C and in THP-1 cells, isotype controls were used. RAW 264.7 and THP-1 cells were
then incubated with fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, or allophycocyanin (APC)-
tagged anti-TLR antibody or the isotype control for 1 h at 4°C. Cells were then washed twice with ice-cold
flow cytometry buffer and analyzed on a FACSCalibur flow cytometer (BD Biosciences, USA). FITC-tagged
anti-mouse/human TLR2 antibody, PE-tagged anti-mouse TLR1, FITC-tagged anti-human TLR1, and
PE-tagged anti-human TLR6 antibodies and the isotype controls were from eBioscience, and APC-tagged
anti-mouse TLR6 antibody was from R&D Technologies.

Neutralization of TLRs. Cells were plated in a 96-well plate at a density of 1 X 106 cells/ml. Cells
were pretreated for 1 h with 5 ug/ml anti-TLR neutralizing antibodies or the isotype controls and then
treated with 5 ug/ml of VpOmpU. Supernatants were collected after 4 h for THP-1 cells and after 24 h for
RAW 264.7 cells. TNF-a was then quantified using ELISA. Neutralizing antibodies against mouse/human
TLR2 and their isotypes were from BioLegend, and neutralizing antibodies against human TLR1 and TLR6
and the isotypes were from InvivoGen.

Inhibitor studies. Cells were plated at a density of 1 X 106 cells/ml. Cells were then pretreated for
1 h with different pharmacological inhibitors and treated with 5 ug/ml of VpOmpU for 24 h for RAW
264.7 cells and for 4 h for THP-1 cells. The supernatants were then collected and analyzed for TNF-a by
ELISA. The inhibitors for IRAK-1, AP-1 (SP600125), JNK (JNK-IN8), and p38 (VX745) were from Sigma-
Aldrich, USA, and the inhibitor for NF-«kB (MLN4924) was from Boston Biochem, United Kingdom.

siRNA knockdown. For THP-1 cells, 7 X 104 cells were plated in a 24-well plate and transfected using
ONTARGETplus siRNA against human TLR2 or human TLR6 or the ONTARGETplus nontargeted siRNA pool
(Dharmacon, GE), using DharmaFECT 1 according to the manufacturer’'s protocol. Knockdown was
observed using flow cytometry at 48 h (see Fig. S1A and B in the supplemental material). After 48 h of
transfection, cells were treated with 5 ug/ml of VpOmpU for 4 h, after which the supernatants were
collected and analyzed for TNF-a using ELISA. For RAW 264.7 cells, 2.5 X 10° cells were plated in a 24-well
plate and transfected with ONTARGETplus siRNA against mouse TLR1 or mouse TLR6 or with the
ONTARGETplus nontargeted siRNA pool (Dharmacon, GE) using FUGENE HD (Promega) at a ratio of 1:5
(RNA to FUGENE) for 24 h, after which knockdown was analyzed by semiquantitative PCR (Fig. S1C) and
cells were treated with 10 ng/ml of VpOmpU for 12 h. Supernatants were then collected, and TNF-a was
quantified using ELISA.

BMDMs from wild-type, TLR2-/~, and MyD88~/~ mice. The protocols for animal handling were
approved by our Institutional Animal Ethics Committee (IISERM/SAFE/PRT/2017-2018/001). Six- to
8-week-old mice (C57BL6 wild type, TLR2~/~, or MyD88~/~) were euthanized, and their femur and tibia
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bones were extracted. The femurs and tibias were then cleaned of any muscle tissue and washed with
ice-cold PBS. They were then dipped in 70% alcohol for 2 min and transferred to RPMI medium. The
epiphyses of the bones were then cut using sterile scissors, and the bones were flushed with RPMI
medium, releasing the bone marrow cells into the medium. These bone marrow cells were then
differentiated to bone marrow-derived macrophages (BMDMs) using macrophage colony-stimulating
factor (M-CSF). Briefly, cells were suspended in bone marrow differentiation medium (RPMI 1640
supplemented with 10% FBS, 100 units/ml of penicillin and streptomycin each, 1 mM sodium pyruvate,
0.1 mM nonessential amino acids [NEAA], 1% B-mercaptoethanol, and 20 ng/ml of M-CSF) and plated in
24-well plates. They were then incubated at 37°C with 5% CO,. The medium was changed every 2 days,
and fresh bone marrow differentiation medium was added. On day 7, the medium was changed to
medium without M-CSF, and cells were treated with 5 ug/ml of VpOmpU or the equivalent amount of
buffer (10 mM Tris-HCl with 0.5% LDAO) for 24 h. The supernatants were collected and analyzed for
TNF-a and IL-6 using ELISA.

Whole-cell lysates and nuclear lysates. Cells were harvested at 2,000 X g and washed twice with
PBS. The pellet was then resuspended in whole-cell lysis buffer (50 mM Tris-Cl, 150 mM Nacl, 0.1% SDS,
and 0.1% TritonX-100, pH 8) with mammalian protease inhibitor cocktail (Sigma-Aldrich, USA). This
mixture was then subjected to sonication at 10 A for 15s with 3 pulses of 5s each. It was then
centrifuged at 16,000 X g for 30 min, and the supernatant was collected as the whole-cell lysate.

For nuclear lysates, cells were harvested and washed twice with PBS. The pellet volume was
measured, and the pellet was dissolved in 5 times the pellet volume in hypotonic buffer (10 mM HEPES
[pH 7.9] with 1.5 mM MgCl, and 10 mM KCI) and centrifuged at 1,850 X g for 5 min at 4°C. The pellet was
then dissolved in hypotonic buffer with 0.5 M DTT and mammalian protease inhibitor. After incubation
on ice for 15min, the mixture was sonicated at 10 A for 15s with 3 pulses of 5s each and then
centrifuged at 3,300 X g for 15 min at 4°C. The supernatant obtained contained the cytoplasmic fraction of
the cell. The pellet was resuspended in 70 ul of low-salt buffer (20 mM HEPES [pH 7.9], 1.5 mM MgCl,, 0.02M
KCl, 0.2 mM EDTA, and 25% glycerol) with 0.5M DTT and mammalian protease inhibitor. To this, 30 ul of
high-salt buffer (20 mM HEPES [pH 7.9], 1.5 mM MgCl,, 0.8 M KCl, 0.2 mM EDTA, and 25% glycerol) was added
dropwise. After 10 min of incubation on ice, the mixture was sonicated at 10 A for 15 s with 3 pulses of 5 s each
and then incubated on ice for 30 min with periodic shaking and subjected to centrifugation at 24,000 X g for
30 min at 4°C. The supernatant obtained contained the nuclear fraction.

Immunoprecipitation and immunoblotting. Whole-cell lysates were prepared after VpOmpU
treatment, and 3 pug/ml of antibody was added. This mixture was then subjected to continuous
low-speed shaking at 4°C for 3 h. To this, 20 ul of protein A/G beads (Santa Cruz) was added, and the
mixture was subjected to low-speed shaking overnight at 4°C. The beads were then pelleted at 6,000 X g
for 5min at 4°C and washed thrice with whole-cell lysis buffer. Beads were then resuspended in SDS
loading buffer and boiled for 10 min. This mixture was then subjected to immunoblotting. For immu-
noblotting, lysates were loaded on SDS-polyacrylamide gels and transferred onto polyvinylidene diflu-
oride (PVDF) membranes using wet transfer. Antibodies against TLR1, TLR2, MyD88, IxB, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), B-actin, p65, c-Rel, JunD, and lamin B1 were from Santa
Cruz Biotechnology, and antibodies against TLR6, p-p38, p-JNK, p38, JNK, c-Jun, c-Fos, and JunB were
from Cell Signaling Technologies.

The blots were developed using Clarity ECL substrate from Bio-Rad, and the images were acquired
using an ImageQuant LAS 4000 instrument (GE Healthcare Life Sciences).

Densitometric analysis. Densitometric analysis of the Western blots was done using the Image J
software (https://imagej.nih.gov/ij/). For coimmunoprecipitation studies, the fold changes of the band
intensities in the VpOmpU-treated cells above the band intensities in the buffer-treated cells were
calculated. For analysis of the phosphorylation status of p38 and JNK, the band intensities of p-p38 or
p-JNK above the band intensities of p38 or JNK, respectively, were calculated.

Statistical analysis. Data were expressed as mean * standard deviation (SD) or standard error of the
mean (SEM). Statistical analysis was done using Student’s two-sided t test, and P values of less than 0.05
were considered significant. Significance is indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001;
and not significant (ns), P > 0.05.
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Salmonella enterica serovar Typhimurium is known to cause its virulence by secreting
various effector proteins directly into the host cytoplasm via two distinct type Ill secretion
systems (T3SS-1 and T3SS-2). Generally, T3SS-1-delivered effectors help Salmonella
Typhimurium in the early phases of infection including invasion and immune modulation
of the host cells, whereas T3SS-2 effectors mainly help in the survival of Salmonella
Typhimurium within the host cells including maintenance of Salmonella-containing
vacuole, replication of the bacteria, and dissemination. Some of the effectors are secreted
via both T3SS-1 and T3SS-2, suggesting their role in distinct phases of infection of host
cells. SteA is such an effector that is secreted by both T3SS-1 and T3SS-2. It has been
shown to control the membrane dynamics of the Salmonella-containing vacuole within
the host cells in the late phases of infection. In this manuscript, toward characterizing
the T3SS-1 function of SteA, we found that SteA suppresses inflammatory responses of
the host by interfering with the nuclear factor kappa B pathway. Our initial observation
showed that the mice infected with steA-deleted Salmonella Typhimurium (AsteA) died
earlier compared to the wild-type bacteria due to heightened immune responses,
which indicated that SteA might suppress immune responses. Furthermore, our study
revealed that SteA suppresses immune responses in macrophages by interfering with
the degradation of IkB, the inhibitor of nuclear factor kappa B. SteA suppresses
the ubiquitination and hence degradation of kB by acting on Cullin-1 of the Skp-1,
Cullin-1, F-box (SCF)-ES3 ligase complex. Our study revealed that SteA suppresses a
key step necessary for E3 ligase activation, i.e., neddylation of Cullin-1 by interfering with
dissociation of its inhibitor Cand-1.

Keywords: Salmonella enterica serovar Typhimurium, SteA, proinflammatory responses, IkB degradation,
E3 ligase

INTRODUCTION

Salmonella enterica serovar Typhimurium utilizes diverse strategies to subvert host defenses by
translocating various effectors via a specialized needle-like complex called the type III secretion
system (T3SS) (1, 2). The Salmonella T3SSs are encoded by small stretches of chromosomes known
as Salmonella pathogenicity island-1 (SP-1; encoding T3SS-1) and SPI-2 (encoding T3SS-2) (2-5).
The T3SS effectors are either encoded or regulated by the SPI-1 or SPI-2 (6). The effectors modulate
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different functions of the host and help the bacteria to invade,
survive, and replicate in the host cell (5-9).

Before the Salmonella enters into the host cell, the T3SS-1
is assembled by the bacteria across the host cell membrane. It
generally translocates effectors, which are required for invasion
and modulation of host immune responses. T3SS-1 effectors,
such as SipA and SipC, bind to actin and help the bacteria
in invasion (10-12); SopE and SopE2 modulate both actin
rearrangement and host immune responses (13-15). Upon
invasion, Salmonella-containing vacuoles (SCVs) are formed
inside the host cell cytoplasm. Within the SCVs, bacteria
replicate. T3SS-2 is formed across the SCV membrane, and
the effectors are secreted into the host cell cytoplasm. T3SS-
2 effectors are majorly required for maintenance of SCV and
replication and spread of the bacteria (4, 7). For example, SifA
helps in the formation of Salmonella-induced filaments (SIF)
(16-18). SIFs connect the SCV to various organelles like ER,
Golgi, etc. of the cell, thereby expanding the replicative niche and
acquiring nutrients for the replication of Salmonella (19-21).

In addition, some of the effectors such as SpvD, SIrP, SteE,
SteB, GtgE, etc. are regulated by both SPI-1 and SPI-2 and
translocated by both T3SS-1 and T3SS-2, indicating their role
in both early and later phases of infection (22, 23). SteA is
one such effector molecule (24). Using Nrampl mice, Lawley
et al. have shown that SteA might play a role in the replication
of Salmonella (25). Geddes et al. have reported that SteA
could localize in the trans-Golgi network (22). However, Van
Engelenburg and Palmer have later indicated that SteA could
localize in Salmonella-induced tubules enriched with the trans-
Golgi protein GalT (26). Furthermore, Domingues et al. have
reported that, in the later phases of infection, SteA binds to
phosphatidylinositol 4-phosphate [PI(4)P] to control membrane
dynamics of SCV, thereby helping Salmonella to localize within
SCV and in Salmonella-induced tubules (27, 28). Matsuda et
al. have indicated that SteA could induce T3SS-1-independent
inflammation and cytotoxicity in macrophages (29). McQuate
et al. have reported that SteA is important for establishing
infection in the early phase and in the prevention of the
clearance of Salmonella from macrophages (30). However, the
SPI-1-regulated role of SteA in Salmonella infection is yet to be
fully established.

In this study, toward unraveling the T3SS-1 role of SteA, we
have shown that SteA suppresses the proinflammatory responses
induced due to Salmonella Typhimurium infection. We observed
that SteA interferes with the activation of nuclear factor kappa B
(NF-kB), which is one of the major transcription factors known to
be involved in the generation of proinflammatory responses. NF-
kB in its inactive state remains in the cytoplasm bound with its
inhibitor IxB. IkB degradation is necessary for NF-kB activation
and is mediated by its ubiquitination. The E3 ligase is responsible
for the ubiquitination of IkB (31). Our study revealed that SteA
inhibits activation of Cullin-1, a component of E3 ligase complex
and hence ubiquitination and degradation of IkB.

Abbreviations: AsteA, deletion mutant of steA gene; compl, steA complemented
in the AsteA background; compl-H, 6X His-tagged steA complemented in the
AsteA background.

MATERIALS AND METHODS

Ethics Statement

All animal experiments were carried out in accordance
with the guidelines of the Committee for the Purpose of
Control and Supervision of Experiments on Animals (No.
1842/GO/ReBiBt/S/15/CPCSEA). All the protocols for animal
handling were approved by the Institutional Animals Ethics
Committee of Indian Institute of Science Education and
Research, Mohali (IISERM/SAFE/PRT/2016-2018/004, 010, 015).

Bacterial Strains

S. enterica serovar Typhimurium SL1344 strain was a kind gift
from Dr. Mahak Sharma (IISER Mohali). SteA in the genome
of Salmonella Typhimurium was replaced with a Kanamycin
cassette by one-step inactivation method following the protocol
by Datsenko and Warner (32). Briefly, Kanamycin cassette
was amplified from the plasmid pKD13 (a kind gift from Dr.
Rachna Chaba, IISER Mohali) using primers—SteA H1P2 and
SteA H2P1 (Table 1). The amplified Kanamycin cassette with
flanking regions corresponding to the flanking regions of the steA
gene in the Salmonella Typhimurium genome was transformed
into Salmonella Typhimurium expressing the h-red recombinase
via the helper plasmid pKD46 (a kind gift from Dr. Rachna
Chaba, IISER Mohali). The colonies were selected on Kanamycin
plates and screened by colony PCR. The deletion mutant of
AsteA was then transduced to a clean background (Salmonella
Typhimurium SL1344) using P22 phage (a kind gift from Dr.
Rachna Chaba, IISER Mohali). For complementation, steA gene
of Salmonella Typhimurium (www.ncbi.nlm.gov.in) was cloned
in pACYC177 (a kind gift from Dr. Rachna Chaba, IISER Mohali)
using restriction cloning and was transformed in the deletion
mutant of SteA (AsteA) background. The Aspi2 Salmonella
Typhimurium 14028 (SV6017) strain was a kind gift from Dr.
Francisco Ramos-Morales (University of Seville, Spain) (33). The
P22 phage transduction method was used to construct Aspi2
SL1344 and Aspi2AsteA SL1344 strains. The primers used in this
study are listed in Table 1, and the strains and plasmids used in
this study are listed in Table 2.

Cell Lines and Culture Conditions

RAW 264.7 (a murine macrophage cell line) used in this study
was obtained from the National Center for Cell Science, Pune,
India, and HEK 293 (a human kidney epithelial cell line) was
obtained from American Type Culture Collection. The cells were
maintained, respectively, in Roswell Park Memorial Institute
(RPMI) 1640 or Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml
of penicillin, and 100 pg/ml of streptomycin (Invitrogen, Life
Technologies, USA) at 37°C and 5% CO;.

Differentiation of Bone Marrow Cells to

Bone-Marrow-Derived Macrophages

Balb/c mice 6-8 weeks old were euthanized, and their femur
and tibia bones were extracted. The muscle tissue of the bones
was then removed off and were then washed with ice-cold
phosphate-buffered saline (PBS). They were then dipped in
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TABLE 1 | Primers used in this study.

Name of primer Sequence 5'-3

SteA H1P2 AGTCTGATTTCTAACAAAACTGGCTAAACATAAACGCTTTATTCCGGGGATCCGTCGACC
SteA H2P1 GACATATAAAGCTATTGAGCAAAATTTGAAGGAGTAGGATATGTGTAGGCTGGAGCTGCTTCG
SteA Forward GCGCCATATGATGCCATATACATCAGTTTC
Reverse CGCGGGATCCTTAATAATTGTCCAAATAGT
SteA-GST Forward ATTGTTGGATCCCCATATACATCAGTTTCTAC
Reverse GTTATTCTCGAGTTAATAATTGTCCAAATAGTTATG
SteA-HA Forward CCATATTGGATCCCCACCATGCCATATACATCAGTTTCTACC
Reverse AAGCTATCTCGAGTTAAGCGTAATCTGGAACATCGTATGGGTAATAATTGTCCAAATAGTTATGGTAGCGAG
SteA compl Forward ACCTGGATCCAAGCAGCATAAGATCAGGCCG
Reverse CGTGACGTCTTAATAATTGTCCAAATAGTTATGG
SteA compl-H Forward ACCTGGATCCAAGCAGCATAAGATCAGGCCG
Reverse CGTGACGTCTTAGTGATGATGATGATGATGATAATTGTCCAAATAGTTATGG
TNFa Forward CCCTCACACTCAGATCATCTTCT
Reverse GCTACGACGTGGGCTACAG
IL-6 Forward TAGTCCTTCCTACCCCAATTTCC
Reverse TTGGTCCTTAGCCACTCCTTC
kB Forward TTACTGGATCCATGTTTCAGCCAGCTGGGCAC
Reverse TCGGTCGTCGACTTATAATGTCAGACGCTGGCC
Rbx-1 Forward TTACTGGATCCATGGCGGCGGCGATGGATGT
Reverse TCGGTCGTCGACCTAATGCCCATACTTCTGGAA
Skp-1 Forward TTACTGGATCCATGCCTACGATAAAGTTGCAG
Reverse TCGGTCGTCGACTCACTTCTCTTCACACCATT
Cullin-1 Forward CACCATGTCATCAAACAGGAGTCAGAAT
Reverse TCGGTCGTCGACTTAAGCCAAGTAACTGTAGGT
SteA Y2H Forward ATTGTTGGATCCCCATATACATCAGTTTCTAC
Reverse GTTATTGTCGACTTAATAATTGTCCAAATAGTTATG

*The highlighted regions indicate the restriction sites.

70% (v/v) alcohol for 2min and were transferred to RPMI
1640 media. Then, using sterile scissors, the epiphyses of the
bones were cut, and the bone marrow cells were extracted
by flushing the bones with RPMI 1640 media. These bone
marrow cells were then differentiated to bone-marrow-derived
macrophages (BMDMs) using macrophage colony-stimulating
factor (M-CSEF). Briefly, cells were suspended in differentiation
media [RPMI 1640 supplemented with 10% (v/v) FBS, 100 U/ml
of Penicillin, 100 pg/ml of Streptomycin, 1 mM sodium pyruvate,
0.1 mM nonessential amino acids, 1% (v/v) B-mercaptoethanol,
and 20ng/ml of M-CSF] and plated in 24-well plates. They
were incubated at 37°C with 5% CO,. The media were changed
every 2 days, and fresh differentiation media was added. The
adhered cells obtained at day 7 were BMDM:s and were used for
further experiments.

Infection of Cells

For inducing SPI-1 conditions, as described previously by
Cardenal-Munoz and Ramos-Morales (24), bacteria were grown
to stationary phase in Luria-Bertani (LB) broth supplemented
with 0.3 M NaCl and appropriate antibiotics. Cells were plated in
24- or 6-well plates at a density of 1 x 10° cells/ml for overnight
and infected with the stationary phase bacteria at a multiplicity
of infection (MOI) of 10:1 (for BMDMs) or 20:1 (for RAW 264.7

and HEK 293 cells) for 30 min. The media containing the bacteria
was removed, and fresh media supplemented with 100 jug/ml
of gentamicin were added to the wells. After 1h, this media
was replaced with fresh media supplemented with 20 pg/ml of
gentamicin for different time points depending on the assay. In all
the experiments, the invasion was checked after 2 h of infection
by enumerating the bacteria after the cells were lysed with 0.1%
(v/v) Triton-X-100 (Himedia, India) in PBS.

Cell Cytotoxicity Assay

RAW 264.7 and BMDMs were plated at a density of 1 x 10°
cells/ml and infected with wild type (wt), AsteA, or compl
strains at an MOI of 20:1 or 10:1, respectively. After 8h of
infection, supernatants were collected, and cell cytotoxicity was
checked using lactate dehydrogenase release assay (Promega,
USA), according to the manufacturer’s protocol.

Mice Infection and Scoring

Bacteria grown overnight in LB medium supplemented with
50 pg/ml of streptomycin were subcultured and grown until
log phase at 37°C. Balb/c mice 6-8 weeks old were infected
intraperitoneally with 5 x 10° or 5 x 107 log-phase bacteria,
and the survival of mice was monitored for 24 and 96h,
respectively. p values were calculated using Kaplan-Meir test
using the software R. In addition, 36 h postinfection (hpi), the
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TABLE 2 | Strains and plasmids used in this study.

Strains Salmonella Typhimurium Genotype or description Reference

wit Wild-type SL1344 A kind gift from Dr. Mahak Sharma

AsteA steA:KmPR This study

compl steA:KmPR, pACYC177-steA This study

compl-H steA:KmPR, pACYC177-steA-His This study

14028 Aspi2 (SV6017) spi2::CmR A kind gift from Dr. Francisco Ramos-Morales
SL1344 Aspi2 spi2::CmR This study

ASpi2 AsteA spi2::CmP, steA::KmR This study

Plasmids Description Reference

pKD13 Template used for amplifying Kanamycin Cassette A kind gift from Dr. Rachna Chaba
pKD46 Plasmid expressing r-red recombinase A kind gift from Dr. Rachna Chaba
PACYC177 Bacterial expression plasmid used for complementation A kind gift from Dr. Rachna Chaba
PACYC177-steA steA with its native promoter cloned in pACYC177 This study

PACYC177-steA-His His-tagged steA with its native promoter cloned in pACYC177 This study

PGEX4T3 Plasmid expressing GST A kind gift from Dr. Mahak Sharma
PGEX4T3-steA Plasmid expressing GST-tagged SteA This study

PcDNAB.1(+) Mammalian expression plasmid A kind gift from Dr. Kausik Chattopadhyay
PcDNAB. 1(+)steA Mammalian expression plasmid expressing HA-tagged SteA This study

pGL4.32 NF-kB promoter reporter plasmid Promega, USA

pRL Plasmid expressing renilla luciferase A kind gift from Dr. Rajesh Ramachandran
pPGADC1 Yeast expression plasmid with activation domain (AD) A kind gift from Dr. Shravan Mishra
pPGADC1-IkB Yeast expression plasmid with activation domain (AD) fused with kB This study

PGADC1-Rbx1 Yeast expression plasmid with activation domain (AD) fused with Rbx-1 This study

pPGADC1-Skp1 Yeast expression plasmid with activation domain (AD) fused with Skp-1 This study

pPGADT7 Yeast expression plasmid with activation domain (AD) A kind gift from Dr. Ram K. Yadav
pGADT7-Cullin1 Yeast expression plasmid with activation domain (AD) fused with Cullin-1 This study

pGBDUC1 Yeast expression plasmid with binding domain (BD, A kind gift from Dr. Shravan K. Mishra

pGBDUC1-steA

Yeast expression plasmid with binding domain (BD,

)
) fused with SteA This study

mice infected with 5 x 10° bacteria were scored for their
response to stimuli, the extent of decrease in activity, the
extent of eye closure and the pilorected fur as compared to the
uninfected mice as described previously by Shrum et al. (34).
In addition, the core body temperature of mice was checked
using a noncontact infrared thermometer at 24 h after infection
with 5 x 10° bacteria. The body temperature of mice was
also checked before infection, and the difference in temperature
of each mice was calculated. The blood of infected mice was
collected at 24 and 36h after infection, and serum was isolated
from it. The serum was analyzed for tumor necrosis factor alpha
(TNFa), interleukin (IL)-6, IL-1B, interferon gamma (IFN-y), IL-
12, and IL-10 (BD Biosciences, USA) using ELISA according to
manufacturer’s protocol.

Colonization and Splenic Lysate

Preparation

Balb/c mice 6-8 weeks old were infected intraperitoneally with
5 x 10° log-phase bacteria. At 36 hpi, spleens were isolated and
homogenized in PBS using a sterile pestle.

For colonization, the homogenate was subjected to lysis
with 0.1% (v/v) Triton-X-100 at 37°C for 30 min. The bacteria
were enumerated after serial dilution on LB agar (LA) plates
supplemented with 50 pg/ml of streptomycin.

For splenic lysate preparation, the homogenate was pelleted
by centrifugation at 2,000xg for 5min and washed twice
with PBS. Then, the pellet was treated with 500 pl of ACK
lysis buffer [154.95mM NH4Cl, 10mM KHCO3;, and 0.1 mM
ethylenediaminetetraacetic acid (EDTA); pH 7.2] at room
temperature for 5min. To stop the reaction, 100 pl of FBS
was added to it and was centrifuged at 2,000xg for 5min and
washed twice with PBS. The pellet was then resuspended in 70
1 of RIPA buffer [50 mM Tris-Cl (pH 8), 150 mM NaCl, 5mM
EDTA, 1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, and
0.1% (w/v) sodium dodecyl sulfate] containing 1x mammalian
protease inhibitor cocktail (Sigma-Aldrich, USA) and sonicated
at 10 A for three pulses of 5s each. This was then centrifuged
at 24,000 x g for 30 min. The supernatant thus obtained was the
splenic lysate.

TNFo and IL-6 Gene Expression

Balb/c mice 6-8 weeks old were infected intraperitoneally with
5 x 10° log-phase bacteria. At 36 hpi, spleens were isolated
and were subjected to ballooning with 400 U/ml Collagenase
D in HBSS and incubated at 37°C for 25min. To stop the
reaction, 100 pl of 0.5M EDTA was added and incubated
at 37°C for 5min. This was then passed through a 40-um
strainer, and 5ml of ice-cold RPMI 1640 media supplemented
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with 10% (v/v) FBS was added to it. The cells were then
harvested at 2,000xg for 5min and washed with PBS. The
pellet was resuspended in 3 ml of 30% bovine serum albumin
(Sigma-Aldrich, USA). To this, 1 ml of PBS was added slowly
along the wall of the conical tube to form a layer and
was subjected to density gradient centrifugation (with zero
acceleration or deceleration) at 2,200xg for 30 min at 12°C.
The interface of the two layers contained the mononuclear cells,
which were then harvested, and RNA was isolated according
to the manufacturer’s protocol using the Nucleopore RNA
isolation Kit (Genetix, India). The complementary DNA (cDNA)
was then synthesized using Verso-cDNA kit (Thermo-Fisher,
USA). The PCRs were performed using Maxima SYBR green
qPCR master mix (Thermo-Fisher, USA) and the Eppendorf
Realplex master cycler. Primer sequences were used from the
Harvard primer bank and were synthesized by Integrated DNA
Technologies, USA.

Quantification of TNF«

RAW 264.7 and BMDMs were plated at a density of 1 x
10° cells/ml and infected with wt, AsteA, or compl strains
at an MOI of 20:1 or 10:1, respectively. The supernatant was
collected after 8h of infection, and TNFa was quantified using
ELISA (BD Biosciences, USA) as per the manufacturer’s protocol.
Furthermore, to confirm equal invasion in all the experiments,
cells were lysed after 2h of infection with 0.1% (v/v) Triton-
X-100 at 37°C for 30 min, and bacteria were enumerated on
LA plates.

Transfection of HEK 293 Cells

HEK 293 (a human kidney epithelial cell line) cells (7 x
10°) were plated in DMEM in a 90-mm Petri dish for whole-
cell lysate preparation, and 2.5 x 10* HEK 293 cells were
seeded on coverslips in a 24-well plate for colocalization
studies. Cells were then transfected with 3 pg (for whole-
cell lysates) or 1 pg (for colocalization) of pCDNA3.1(+) or
pCDNA3.1(+)steA (Table 2) using polyethyleneimine at a ratio
of 1:3 (DNA/polyethyleneimine). The media was changed after
8h of transfection. Then, after 24 or 36h of transfection,
the cells were stimulated with 10ng/ml of TNFa for 15
or 30min for whole-cell lysate preparation and 30min for
colocalization studies.

Luciferase Reporter Assay

For HEK 293 Cells

HEK 293 cells (2.5 x 10*) were plated in 100 wl of DMEM in
a 96-well plate and were transfected with 0.1 g each of NF-kB
reporter plasmid pGL4.1 (Promega, USA) and renilla luciferase
plasmid (pRL) (Table 2) using Lipofectamine 3000 (Promega,
USA) as per the manufacturer’s protocol. In addition, in assays
for studying the effect of endogenous expression of SteA on NF-
kB activation, cells were also transfected with pcDNA3.1(+) or
pcDNA3.1(+)steA in addition to pGL4.32 and pRL. After 18h
of transfection, the cells were either infected with wt, AsteA,
and compl or stimulated with 10ng/ml of TNFa for 6 and
8 h, respectively.

For RAW 264.7 Cells

RAW 264.7 cells (5 x 10*) were plated in 100 pl of RPMI in
a 96-well plate and were transfected with 0.15 pg each of NF-
kB reporter plasmid pGL4.1 (Promega, USA) and pRL (Table 2)
using FuGene HD (Promega, USA) as per the manufacturer’s
protocol. After 12h of transfection, the cells were infected with
wt, AsteA, and compl or stimulated with 500 ng/ml of LPS for
15 h.

The dual luciferase assay kit (Promega, USA) was used
according to the manufactures protocol to analyze the
luminescence corresponding to NF-kB activation (firefly
luciferase) and the renilla luciferase. The luminescence was
detected using a plate reader (BMG Biotech, Germany).
The luminescence corresponding to NF-«kB activation was
normalized to that of renilla luciferase (corresponding to the
transfection efficiency). In infection-based experiments, the
luminescence was also normalized to the invasion.

Colocalization Studies

After 24h of transfection in HEK 293 cells and TNFa
stimulation for 30min (as described previously), cells were
washed twice with PBS and were then fixed with 2.5% (w/v) of
paraformaldehyde for 30 min at room temperature. Cells were
then washed twice with PBS and incubated with anti-IxB (1:750)
(Santa Cruz Biotechnologies, USA), anti-HA (1:250) (Biolegend,
USA), anti-Cullin-1 (1:250) (Cell Signaling Technologies, USA),
or anti-Cand-1 (1:500) (Cell Signaling Technologies, USA)
antibodies for 45min at room temperature. Then, cells were
washed thrice with PBS and incubated with Alexa 488-
conjugated anti-rabbit immunoglobulin G secondary antibody
(1:500) (Life Technologies, USA) and Alexa 568-conjugated
anti-mouse immunoglobulin G secondary antibody (1:500)
(Life Technologies, USA) for 30 min at room temperature. All
the antibody dilutions were prepared in 0.2% (w/v) Saponin
dissolved in PBS. The cells were washed thrice with PBS and were
mounted on glass slides using Fluoromount (Sigma-Aldrich,
USA). The imaging was performed using a Zeiss confocal
microscope (for colocalization of IkB or Cullin-1 with SteA-
HA) or Leica confocal microscope (for colocalization of Cand-1
with SteA-HA).

Whole-Cell Lysate Preparation

For Infection

Cells were plated at a density of 1.5 x 10°/ml in a six-well plate
for overnight. Cells (4.5 x 10°) (three wells of 1.5 x 10°/ml) were
infected with wt, AsteA, or compl for 30 min. Then, the bacteria
were removed, and RPMI 1640 media containing 100 pLg/ml of
gentamicin was added to each well for 30 min. The cells were
then washed twice with sterile PBS and were then harvested at
2,000 g for 5 min. The pellet was then resuspended in 70-100 1
of whole-cell lysis buffer [50 mM Tris-Cl, 150 mM NaCl, 0.1%
(w/v) sodium dodecyl sulfate (SDS) and 0.1% (v/v) Triton-X-
100, pH 8] with mammalian protease inhibitor cocktail (Sigma-
Aldrich, USA) and subjected to sonication at 10 A for 15 s with a
pulse of 5 s each. Then, it was centrifuged at 16,000 x g for 30 min
at 4°C. The supernatant thus obtained was the whole-cell lysate.
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In addition, the invasion was also checked by colony-forming
unit counting for all the experiments.

For Transfections

After 24h of transfection in HEK 293 cells (as described
previously), cells were washed twice with PBS and were
harvested by centrifugation at 2,000xg for 5min. The pellet
was then resuspended in 150-200 pl of whole-cell lysis buffer
supplemented with mammalian protease inhibitor cocktail. This
was then subjected to sonication at 10 A for 15s with a pulse of
5s each. Then, it was centrifuged at 16,000 g for 30 min at 4°C,
and the supernatant obtained was collected as whole-cell lysate.

Nuclear Lysate Preparation

Cells (4.5 x 10°) (three wells of 1.5 x 10°/ml) of RAW 264.7
were plated in a six-well plate overnight for each sample and then
infected with wt, AsteA, or compl for 30 min. Then, the bacteria
were removed, and RPMI 1640 media containing 100 pg/ml
of gentamicin were added to each well for 30 min. Cells were
then washed twice with sterile PBS and were then harvested at
2,000x g for 5min. The pellet volume was measured, and it was
dissolved in five times the pellet volume in hypotonic buffer
(10mM HEPES pH 7.9 with 1.5mM MgCl, and 10 mM KCI)
and centrifuged at 1,850xg for 5min at 4°C. Then, the pellet
was dissolved in hypotonic buffer with 0.5M dithiothreitol and
mammalian protease inhibitor and was then incubated on ice
for 15 min. This was then sonicated at 10 A for 155 with three
pulses of 5s each and centrifuged at 3,300x g for 15 min at 4°C.
The pellet was then resuspended in 70 pl of low salt buffer
[20mM HEPES pH 7.9, 1.5mM MgCl,, 20mM KCl, 0.2 mM
EDTA, and 25% (v/v) glycerol] with 0.5M DTT and mammalian
protease inhibitor. To this, 30 pl of high salt buffer [20 mM
HEPES pH 7.9, 1.5mM MgCl,, 800 mM KCl, 0.2mM EDTA,
and 25 % (v/v) glycerol] was added dropwise and incubated on
ice for 10 min before subjecting to sonication at 10 A for 15s.
Then, it was incubated on ice for 30 min with periodic shaking
and centrifuged at 24,000x g for 30 min at 4°C. The supernatant
hence obtained contained the nuclear lysate.

Immunoblotting

The whole-cell lysates or the nuclear lysates were run on SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and were
transferred to polyvinylidene difluoride membrane using wet
transfer. After the transfer, the membrane was incubated with 5%
(w/v) bovine serum albumin (BSA) in TBST [20 mM Tris bufter
pH 7.5, 150 mM NaCl, and 0.1% (v/v) Tween 20] for blocking.
Then, it was incubated with various antibodies purchased from
different companies. The antibodies against IkB, glyceraldehyde
3-phosphate dehydrogenase (GAPDH), p65, c-Rel, and Lamin
B1 were purchased from Santa Cruz Biotechnologies, USA. The
antibodies against p-p38, p38, phosphorylated c-Jun N-terminal
kinase (p-JNK), JNK, IkB kinase o/ (IKKa/p), Cullin-1, Cand-
1, B-TrCP, Skp-1 and Rbx-1 were purchased from Cell Signaling
Technologies, USA. The antibodies against His-tag, HA-tag,
and proliferating cell nuclear antigen (PCNA) were purchased
from Biolegend, USA. The antibody against Nedd8-Cullin was

purchased from Abcam, UK. The antibody against LAMP-1 was
purchased from Thermo Fisher Scientific, USA.

The horseradish-peroxidase-tagged secondary antibodies and
antibody against glutathione-S-transferase (GST) were purchased
from Sigma-Aldrich, USA. The immunoblots were developed
using Clarity™ ECL Substrate (Bio-Rad, USA) and detected
using LAS 4000 (GE Healthcare Technologies, USA).

Densitometric Analysis

The densitometric analysis of the immunoblots was carried
out using the Image ] software. The band intensities of IkB,
IKKa/B, p65, or c-Rel were normalized to the respective
band intensities of the loading controls, i.e., glyceraldehyde 3-
phosphate dehydrogenase for whole-cell lysates and PCNA for
nuclear lysates. The band intensities of phosphorylated p38 and
JNK were normalized to the band intensities of the total p38
and JNK. The lane intensities of ubiquitination and the band
intensities of Cand-1 were normalized to the band intensities
of IkB, and the band intensities of neddylated Cullin was
normalized to the band intensities of Cullin-1.

Coimmunoprecipitation Studies

Whole-cell lysates were prepared (as previously described) and
were incubated with 1-2 pg of anti-HA, anti-His, anti-Cullin-
1, or anti-IxB antibody for 3-4h with continuous low-speed
shaking at 4°C. Then, 20 pl of Protein A/G beads (Santa
Cruz Biotechnologies, USA) was added, and it was subjected
to continuous low-speed shaking at 4°C for overnight. Then,
the beads were washed thrice with whole-cell lysis buffer by
centrifugation at 6,000xg for 5min at 4°C. The beads were
resuspended in SDS-loading buffer and boiled for 10min.
The samples were then run on SDS-PAGE gel and subjected
to immunoblotting.

For IxB Pulldown

HEK 293 cells were transfected with 3 pg of pcDNA3.1(+)
or pcDNA3.1(+)steA (as described previously). After 24h of
transfection, cells were treated with 20nM of proteasomal
inhibitor, MG132 (Sigma-Aldrich, USA), for 3 h. The cells were
then stimulated with 10 ng/ml of TNFa for 20 min, and whole-
cell lysates were prepared. The whole-cell lysates were then
subjected to coimmunoprecipitation with 2 pg of the anti-IkB
antibody as described above.

GST Pulldown Assay

The steA gene was cloned in the plasmid pGEX4T3 (Table 2)
using restriction cloning. The empty pGEX4T3 and pGEX4T3-
steA were each transformed to Escherichia coli Origami
Bl cells (Merck, Germany) by chemical transformation
method. Then, using these transformants, GST and GST-
tagged SteA were overexpressed using 0.l mM isopropyl
B-D-1-thiogalactopyranoside at 18°C for 24 h. The bacteria were
pelleted at 2,050 x g for 30 min at 4°C. The pellet was resuspended
in PBS containing bacterial protease inhibitor cocktail (Sigma-
Aldrich, USA) and was subjected to sonication at 25 A for
15 min. Then, this was centrifuged at 18,500x g for 50 min at 4°C
and analyzed by SDS-PAGE. Both GST and GST-tagged SteA
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were found to be present in the soluble fractions. Parallelly, the
glutathione beads (Qiagen, USA) were washed twice with lysis
buffer [50 mM Tris-Cl, 150 mM NaCl, 0.05% (v/v) NP-40, pH
7.5]. Then, to 10ml of the soluble fraction containing GST or
GST-tagged SteA, 300 pul of washed glutathione beads were added
and incubated at 4°C with shaking. After 2h of incubation, the
beads were pelleted at 1,800x g for 5 min and washed four times
with lysis buffer. Then, the beads were incubated with 500 pl of
5% (w/v) BSA in PBS for 90 min. Then, the beads were pelleted
and washed four times with lysis buffer. To this, whole-cell lysate
of unstimulated RAW 264.7 cells was added and incubated at
4°C for 3-4h with shaking. Then, the beads were pelleted and
washed four times with lysis buffer and resuspended in 40 1 of
SDS-loading buffer. This was then boiled for 5 min and subjected
to SDS-PAGE and immunoblotting.

Yeast Two-Hybrid Assay

The coding sequences of IkB, Skp-1, Rbx-1, and Cullin-1
from Mus musculus were taken from www.ncbinlm.gov.in. A
cDNA library was prepared according to manufacturer’s protocol
(Invitrogen, Life Technologies, USA) using RNA isolated
(according to the manufacturer’s protocol; Genetix, India) from
untreated RAW 264.7 cells. IkB, Skp-1, and Rbx-1 were amplified
from the cDNA library and cloned in pGADCI (Table 2) plasmid
by restriction cloning. Cullin-1 was amplified and cloned in
pGADT?7 (Table2) by gateway cloning method according to
manufacturer’s protocol (Thermo-Fisher, USA). The steA gene
was amplified from the Salmonella Typhimurium genome and
cloned in pGBDCI1 plasmid (Table 2) by restriction cloning. The
cloned AD and the BD plasmids were cotransformed in yeast
(PJ697a) and plated on synthetic complete media deficient in
leucine and uracil (SC-Leu, SC-Ura). The colonies thus obtained
were then spotted on plates with media deficient in leucine,
uracil, and histidine (SC-Leu, SC-Ura, SC-His).

Statistical Analysis

Data were expressed as mean =+ standard error of mean (SEM),
and p values were calculated using Student’s two-sided ¢ test or by
one-way ANOVA followed by Tukey’s multiple comparisons test.
Significance is indicated as follows: *p < 0.05, ** p < 0.01, **p <
0.001, and nonsignificant (ns) when p > 0.05.

RESULTS

SteA Affects the Pathogenesis of

Salmonella Typhimurium

To understand the effect of SteA deletion in mouse model
of Salmonella infection, we constructed steA deletion mutant
(AsteA) of Salmonella Typhimurium and steA-complemented
strain  (compl) with steA-containing plasmid on AsteA
background. Furthermore, we infected Balb/c mice with 5 x 10°
and 5 x 107 wt, AsteA, and compl Salmonella Typhimurium.
We have observed that the mice infected with AsteA died
earlier than the wt and compl-infected mice (Figures 1A,
B). Furthermore, we have observed that AsteA-infected mice
showed symptoms, namely, pilorected fur, decrease in activity,
decrease in response to stimulus, and the extent of closing

of the eyes that were graded on a scale of 1-4 (34) higher
as compared to the control mice (Figure 1C). The scoring
indicated that the mice infected with the AsteA strain probably
died of a heightened immune response. We also checked the
body temperatures of mice infected with 5 x 10° wt, AsteA,
and compl and found lower body temperatures of AsteA-
infected mice, indicating that probably mice were undergoing
sepsis (35).

Furthermore, to probe whether there was any increase in
the proinflammatory cytokine levels in AsteA-infected mice
compared to the controls, we checked TNFaq, IL-6, IL-18, I[FN-vy,
IL-12, and IL-10 in the serum of the infected mice and found
higher TNFa, IL-6, IFN-y, IL-12, and IL-10 level in the serum
of the AsteA-infected compared to wt- or compl-infected mice
(Figure S1). Furthermore, we have isolated mononuclear cells
from the spleen of mice infected with wt, AsteA, and compl
strains and analyzed the expression of TNFo and IL-6 genes.
We have observed higher expression of both TNFa and IL-6
genes in cells isolated from mice infected with the AsteA strains
as compared to the wt- and compl-infected mice (Figure 1E).
Therefore, in accordance with our hypothesis, it seemed that
there was an elevated inflammatory immune response in
AsteA-infected mice compared to the controls. Furthermore,
to check if the difference in immune response was due to a
difference in the colonization pattern of AsteA compared to
the wt strain, we have isolated spleen and enumerated the
bacteria by colony-forming unit counting. No difference in
the colonization of Salmonella Typhimurium was observed in
the spleen of these respective strain-infected mice (Figure 1F).
Altogether, these results suggested that during Salmonella
Typhimurium infection, absence of SteA enhances the
host-inflammatory responses.

Increased TNFo Production in
Macrophages Infected With AsteA

To further confirm that there is heightened inflammatory
response upon infection with AsteA, we infected RAW 264.7
(murine macrophage cell line) and BMDMs with wt, AsteA,
and compl strains. After 8h of infection, supernatants were
collected and analyzed for TNFa. In both the cell types, a
higher TNFa production was observed when infected with AsteA
compared to the wt and the compl-infected cells (Figure 2A).
We further checked the cell cytotoxicity upon infection with
wt, AsteA, and compl strains to probe whether this difference
in TNFa production was due to a difference in cell death.
However, we did not find any difference in cell cytotoxicity
in RAW 264.7 or BMDMs infected with wt, AsteA or compl
(Figure S2). Therefore, our data confirmed that the Salmonella
Typhimurium-mediated host-immune responses increase in the
absence of SteA.

SteA is secreted by both T3SS-1 and T3SS-2. In addition,
recently, it was reported that SteA could be secreted by T3SS-
2 as early as 15min in RAW 264.7 cells (24). Therefore, we
wanted to check whether the observed effect of SteA was due
to T3SS-2 effector function. To address this, we have used a
Aspi2 mutant of Salmonella Typhimurium and a AsteA mutant
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FIGURE 1 | AsteA-infected mice had lower survival and higher immune responses than the wt or compl. (A,B) Balb/c mice infected with the steA deletion mutant
(AsteA) had lower survival than those infected with wild type (wt) and the steA-complemented (compl) strain of Salmonella Typhimurium. Balb/c mice 6-8 weeks old
were infected intraperitoneally with 5 x 107 bacteria and monitored over a period of 24 h (A) or with 5 x 10° bacteria and monitored over a period of 96 h (B). After
every 6h (A) or 12h (B), the percentage of survival was calculated as (the number of mice surviving/total mice infected) x 100. The graph represents the percentage
of survival of mice infected with wt, AsteA, or compl strains with six mice in each group. p values were calculated using Kaplan-Meir survival test. (C) Balb/c mice
infected with AsteA showed advanced symptoms of a heightened immune response as compared to the wt and the compl-infected mice. Balb/c mice 6-8 weeks old
were infected intraperitoneally with 5 x 10° bacteria and scored for symptoms, namely, decrease in activity, decrease in response to stimuli, extent of closing of the
eye, and the extent of pilorected fur at 36 h postinfection (hpi). For each experiment, the average of total scores for three or four mice infected with either wt, AsteA, or
compl was calculated. Bar graph represents mean + SEM from three independent experiments. p values were calculated using one-way ANOVA of the total scores
from three independent experiments (o < 0.05, *p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected mice). (D) Body temperatures of Balb/c mice infected with
AsteA were lower than wt- or compl-infected mice. Balb/c mice 6-8 weeks old were infected intraperitoneally with 5 x 10° bacteria, and the body temperatures of
mice were recorded before infection and at 24 hpi. Then, the difference in body temperature was calculated (ATemperature). Bar graph represents mean + SEM from
eight mice in each group. p values were calculated using one-way ANOVA of ATemperature of eight mice from each group (n = 8) (*p < 0.05, **p < 0.01, **p <
0.001, ns p > 0.05 vs. wt-infected mice). (E) Tumor necrosis factor alpha (TNFa) and interleukin (IL)-6 gene expression was higher in mononuclear cells isolated from
spleen of mice infected with AsteA compared to those infected with wt or compl. The spleens of Balb/c mice infected with 5 x 10° bacteria were isolated at 36 hpi.
The mononuclear cells were isolated using density-dependent separation [with bovine serum albumin (BSA)]. RNA was isolated from these cells; then, complementary
DNA (cDNA) was prepared and gene expression of TNFa and IL-6 was analyzed by semiquantitative PCR. Fold change in gene expressions was calculated with
respect to the gene expression in cells from mice infected with wt. Bar graph represents mean + SEM from three independent experiments. p values were calculated
using one-way ANOVA (o < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected mice). (F) No significant difference in the colonization of wt and AsteA
Salmonella Typhimurium in spleen of infected mice. Bacteria were enumerated in spleen of Balb/c mice infected intraperitoneally with 5 x 10° bacteria at 36 hpi.
Graph represents colony-forming units (CFU) enumerated per milligram of spleen tissue from nine mice each (represented as a dot e). p values were calculated using
Student’s t test ("p < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected mice).
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FIGURE 2 | SteA suppresses proinflammatory responses in macrophages during Salmonella Typhimurium infection. (A) Tumor necrosis factor alpha (TNFa)
production was higher in RAW 264.7 macrophages and bone-marrow-derived macrophages (BMDMs) infected with AsteA as compared to the controls. RAW 264.7
cells and BMDMs were infected with wt, AsteA, or the compl [at an multiplicity of infection (MOI) of 20:1 for RAW 264.7 and 10:1 for BMDMs]. The supernatant was
collected after 8 h of infection and analyzed for TNFa by ELISA. Bar graph represents mean + SEM from three independent experiments. p values were calculated
using one-way ANOVA ("o < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected cells). (B) SteA-mediated immune suppression is not affected by the
absence of spi2 gene cluster (Aspi2), indicating that this effect of SteA is not SPI-2 dependent. BMDMs were infected at an MOI of 10:1 with wt, AsteA, Aspi2, and
Aspi2 AsteA. Supernatant was collected after 8 h, and TNFa was quantified by ELISA. Bar graph represents mean + SEM from three independent experiments. p
values were calculated using Student’s t test ("p < 0.05, “*p < 0.01, ***p < 0.001, ns p > 0.05 vs. wt or Aspi2-infected cells).
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in Aspi2 background (Aspi2AsteA). We have treated BMDMs
with wt, AsteA, Aspi2, and Aspi2AsteA strains. After 8 h, we
collected the supernatants and analyzed for TNFa by ELISA. The
cells infected with Aspi2AsteA showed higher TNFa production
than Aspi2-infected cells in BMDMs (Figure 2B), indicating
that SteA-mediated effect on the immune response is not T3SS-
2 dependent.

SteA Acts on the NF-«B Pathway to

Suppress the Immune Responses

An immune response involves the activation of majorly two
transcription factors NF-kB and AP-1. The phosphorylation
of mitogen-activated protein (MAP) kinases p38 and/or
JNK majorly leads to the activation of AP-1 (36). To
check whether MAP kinases could be involved in AsteA-
mediated heightened immune response, we infected RAW
264.7 cells with wt, AsteA, and compl strains and checked
whether there is an increase in the phosphorylation levels
of p38 and JNK MAP kinases in the whole-cell lysates. No
difference in the phosphorylation level of p38 and JNK

was observed in any of the treatments (Figures3A,B). As
phosphorylation levels are indicative of activation levels, our
study indicated that SteA probably does not interfere in the
MAP kinase activation pathway. As activation of the AP-1
transcription factor is dependent on MAP kinase activation,
we presumed that probably SteA-mediated effect is not via the
AP-1 pathway.

Furthermore, we wanted to check whether SteA has any
effect on the activation of NF-kB. In an inactivated state, NF-
kB remains bound to its inhibitor IkB, which prevents the
translocation of NF-kB to the nucleus. Upon phosphorylation
of IkB by upstream kinase IKKa/B, IkB gets ubiquitinated
and degraded through proteasome rendering NF-«kB free to
translocate to the nucleus (31, 37). We observed that in AsteA-
infected RAW 264.7 cells and BMDMs, there is increased IkB
degradation compared to control infected cells (Figures4A,
B). NF-kB is known to be activated in HEK 293 cells in
response to TNFa. To confirm the observation that SteA affects
the degradation of IkB, we endogenously expressed SteA in
HEK 293 cells and probed the IkB levels upon stimulation
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FIGURE 3 | SteA does not affect the mitogen-activated protein (MAP)-kinase activation. (A,B) The phosphorylation levels of the MAP kinases p38 (A) and c-Jun
N-terminal kinase (UNK) (B) remained unchanged upon infection with AsteA as compared to the controls. RAW 264.7 cells were infected with wt, AsteA, or compl
strains at an multiplicity of infection (MOI) of 20:1, and whole-cell lysates were prepared after 30 min of infection. Whole-cell lysates were probed for phosphorylated
levels of p38 and JNK by Western blots and densitometric analysis along with total p38 and JNK levels. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control. For densitometric analysis, fold change was calculated with respect to wt. Bar graphs represent mean £+ SEM from three independent
experiments. p values were calculated using one-way ANOVA (*p < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected cells). UT stands for untreated cells.

with TNFa. We observed increased IkB degradation in TNFa-  transfected with the NF-kB promoter-reporter plasmid. We
activated cells transfected with the empty plasmid, but in cells  observed that upon stimulation with TNFa, there is diminished
expressing SteA, IkB degradation was found to be inhibited = NF-kB reporter activity in endogenous SteA-expressing cells
(Figure 4C). Furthermore, we also observed less IkB in splenic ~ as compared to the cells transfected with empty plasmid
lysates of mice infected with AsteA compared to the control  (Figure 5C).
(Figure 4D). Altogether, these results confirm that SteA
More degradation of IkB suggests increased translocation of ~ suppresses the immune responses by acting on the
NF-kB to the nucleus. Among the NF-kB family members, = NF-kB pathway.
p65 and/or c-Rel are involved in the transcription of ) . .
proinflammatory genes (37). Thus, to probe if IkB degradation SteA Interferes With the I«B Ubiquitination
corresponds to the nuclear translocation of NF-kB, we infected ~ 1B phosphorylation by IKKa/f is a prerequisite for IkB
RAW 264.7 cells with wt, AsteA, and compl strains and degradation. In response to an infection, a signaling cascade
checked the levels of p65 and c-Rel in the nuclear lysates. leads to the phosphorylation of IKKa/p, which in turn
We observed that the nuclear translocation of both p65 phosphorylates IkB (36). Since we have observed that there
and c-Rel were more in cells infected with AsteA compared s more IkB degradation in AsteA-infected cells compared
to the wt and the compl-infected cells (Figure5A). This to the controls (Figure4), we wanted to check whether this
observation indicated that the NF-kB activation during Was due to increased activation of IKKa/B. No change was
Salmonella Typhimurium infection increases in the absence  Observed in the phosphorylation levels of IKKa/p in both RAW
of SteA. Furthermore, to confirm that SteA suppresses NF-kB ~ 264.7 macrophages and BMDMs infected with wt, AsteA, and
activation, we transfected HEK 293 and RAW 264.7 cells with compl strains (Figure 6A). This result indicated that increased
NF-kB promoter-reporter plasmid and then infected with degradation of IkB is probably not due to increased activation of
wt, AsteA, and compl strains. The cells infected with AsteA IKKa/p. Hence, SteA seems to act downstream to the activation
showed higher NF-kB reporter activity than wt and the compl ~ of IKKa/B for suppression of IkB degradation.
strains in both HEK 293 and RAW 264.7 cells (Figure 5B). The degradation of IkB requires its polyubiquitination. To
Furthermore, we wanted to know if endogenous expression  probe if SteA was interfering with the polyubiquitination of
of SteA could also suppress NF-kB activation. Toward this, IkB and subsequently its degradation, SteA-expressing HEK 293
we endogenously expressed SteA in HEK 293 cells and then  cells were pretreated with a pharmacological inhibitor (MG132),

Frontiers in Immunology | www.frontiersin.org 10 December 2019 | Volume 10 | Article 2822


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

Gulati et al. SteA Suppresses kB Degradation

A 5 1.57 RAW 264.7 cells
RAW 264.7 cells e - !
) 1
UT wt AsteA compl = W
; g c
{ kB % 05.
k=]
GAPDH ?
o wt AsteA compl
BMDM
B 157 , ns .
BMDM % *
>
uT wt ésteA compl é i
[
g
£ 05
o
3
b
0
wt AsteA compl
c pcDNA3.1(+) transfected HEK 293 cells
= 157 *k
+ TNFo 3 [ ek k 1
B —— S | —
uT 15’ 30’ % 1.0
8057
S e CAPDH 3
s S ol

uT 15 min 30 min
pcDNAZ3.1(+)steA transfected HEK 293 cells

+ TNFo '5 18] — ns = '
uT 15’ 30’ %
. % 1.01
c
S 05
——— AP
£ o

uT 15 min 30 min

D u15'
; *k%k
wt AsteA compl g —
‘ S 101
o
& 0.5
GAPDH 5~
- )
£ o
wt AsteA compl

FIGURE 4 | SteA hinders IkB degradation. (A,B) IkB degradation was higher in cells infected with AsteA than the wt or compl in both RAW 264.7 cells (A) and
bone-marrow-derived macrophages (BMDMs) (B) as shown by Western blot and densitometric analysis. RAW 264.7 cells and BMDMs were infected with wt, AsteA,
or compl at an multiplicity of infection (MOI) of 20:1 and 10:1, respectively, and whole-cell lysates were prepared after 30 min of infection. The levels of IkB were probed
by Western blotting. (A,B) Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control in all the experiments. UT stands for untreated cells.
(Continued)
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FIGURE 4 | For densitometric analysis, fold change was calculated with respect to wt. Bar graphs represent mean + SEM from three independent experiments. p
values were calculated using one-way ANOVA ("p < 0.05, *p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected cells). (C) Endogenous expression of SteA suppresses
the degradation of kB in HEK 293 cells. HEK 293 cells were transfected with pcDNAS3.1(+)steA or p)cDNA3.1(+) empty plasmid. After 18 h of transfection, cells were
stimulated with TNFa for 15 and 30 min. Whole-cell lysates were then prepared, and kB levels were analyzed by Western blotting and densitometry. GAPDH was used
as a loading control in all the experiments. UT stands for untreated cells. For densitometric analysis, fold change was calculated with respect to UT cells. Bar graphs
represent mean + SEM from three independent experiments. p values were calculated using Student’s t test ("p < 0.05, *p < 0.01, **p < 0.001, ns p > 0.05 vs. UT
cells). (D) 1B levels were lower in splenic lysates of mice infected with AsteA as compared to the control-infected mice. Balb/c mice were infected with wt, AsteA, or
compl, and spleen was isolated at 36 hpi. Splenic lysates were then prepared, and the levels of I«B were probed by Western blotting and densitometric analysis.
GAPDH was used as a loading control in all the experiments. For densitometric analysis, fold change was calculated with respect to wt. Bar graphs represent mean +
SEM from three independent experiments. p values were calculated using Student’s ¢ test ("o < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected mice).
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FIGURE 5 | SteA suppresses the nuclear factor kappa B (NF-kB) activation. (A) The translocation of NF-kB subunits (065 and c-Rel) was more in cells infected with
AsteA than the controls. Nuclear lysates were prepared following infection of RAW 264.7 macrophages with wt, AsteA, or compl for 30 min. p65 and c-Rel were
probed by Western blotting and densitometry. Proliferating cell nuclear antigen (PCNA) and Lamin B1 were used as a loading control for nuclear fractions. In addition,
GAPDH and LAMP-1 were used as non-nuclear markers to check the purity of the nuclear lysates. For densitometric analysis, fold change was calculated with
respect to wt. (B) NF-«B reporter activity was higher upon infection of HEK 293 cells and RAW 264.7 cells with AsteA than the wt or the compl-infected cells. HEK
293 or RAW 264.7 cells were transfected with NF-kB Iuciferase reporter plasmid and pRL (renilla luciferase) plasmid. After 18 or 12 h of transfection, respectively, cells
were infected with wt, AsteA, or compl at an multiplicity of infection (MOI) of 20:1 (HEK 293 cells) or 5:1 (RAW 264.7 cells), and the reporter activity was measured
following 8 or 15 h of infection, respectively. Tumor necrosis factor alpha (TNFa) stimulated HEK 293 cells, and lipopolysaccharide (LPS)-stimulated RAW 264.7 cells
were taken as positive control for the experiment. (A,B) Bar graph represents mean + SEM from three independent experiments. p values were calculated using
one-way ANOVA (*p < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. wt-infected cells). (C) Endogenous expression of SteA in HEK 293 cells suppresses the NF-kB
reporter activity upon TNFa stimulation. HEK 293 cells were transfected with NF-«kB Luciferase reporter plasmid, pRL plasmid, and pcDNA3.1(+)steA or pcDNAS.1(+)
empty plasmid. After 18 h of transfection, cells were stimulated with TNFa, and the reporter activity was measured after 8 h. Bar graph represents mean + SEM from
three independent experiments. p values were calculated using Student’s ¢ test [“o < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. pcDNA3.1(+) transfected cells].
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FIGURE 6 | SteA acts on the ubiquitination of I«B but does not affect the activation of upstream kinase (IKK). (A) SteA does not affect the activation of IKKa/p. RAW
264.7 cells, and BMDMs were infected with wt, AsteA, or compl at an MOI of 20:1 and 10:1, respectively, and whole-cell lysates were prepared following 30 min of
infection. The levels of IKKa/B were probed by Western blotting and densitometry. For densitometric analysis, fold change was calculated with respect to wt. Bar
graphs represent mean + SEM from three independent experiments. p values were calculated using one-way ANOVA (o < 0.05, **p < 0.01, **p < 0.001, nsp >
0.05 vs. wt-infected cells). (B) SteA suppresses the ubiquitination of IkB. HEK 293 cells were transfected with pcDNA3.1(+)steA or pcDNAS.1(+) empty plasmid. After
24 h of transfection, cells were pretreated with proteasomal inhibitor MG132 for 3 h and stimulated with TNFa for 20 min. Whole-cell lysates were then prepared and
immunoprecipitated with anti-IkB antibody. Ubiquitination was then analyzed by Western blotting and densitometry. (A,B) Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. For densitometric analysis, fold change was calculated with respect to pcDNA3.1(+) transfected cells. Bar
graphs represent mean + SEM from three independent experiments. p values were calculated using Student’s t test [“o < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05

which prevents the proteasomal degradation of ubiquitinylated
proteins and immunoprecipitated with anti-IkB antibody. We
observed that the ubiquitination of IkB was less when SteA was
present (Figure 6B).

Altogether, these results showed that SteA interferes
with the ubiquitination of IkB to suppress the host
proinflammatory responses.

SteA Does Not Inhibit the Recruitment of

E3 Ligase Components to IkB

For ubiquitination to happen, the phosphorylated IkB is
recognized by the Skp-1, Cullin-1, F-box (SCF)-E3 ligase
complex. Recruitment of the SCF complex to the phosphorylated
IkB happens through F-box protein B-TrCP (31, 38). Therefore,
to probe whether SteA could affect the recruitment of the

SCF complex to IkB, we immunoprecipitated the lysates of wt
and AsteA-infected RAW 264.7 macrophages with anti-B-TrCP
antibody and observed the association of SCF complex with IkxB
both in presence or absence of SteA. This showed that SteA was
not interfering with the assembly of the SCF-E3 ligase complex to
phosphorylated IkB (Figure 7A and Figure S3A).

Furthermore, to understand how SteA affects IkB
ubiquitination, we checked whether SteA could associate
with IkB. Toward this, we overexpressed SteA in HEK 293
cells and checked the localization of SteA with IkB upon
stimulation with TNFa wusing confocal microscopy. We
observed that IkB and SteA colocalize upon stimulation in
cells overexpressing SteA (Figure 7B). Furthermore, to confirm
the association of SteA with IkB and SCF complex, we have
immunoprecipitated HA-tagged SteA-expressing HEK 293 cell
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FIGURE 7 | SteA localizes to the SCF-ES ligase complex. (A) The SCF-E3 ligase complex assembled at phosphorylated IkB (p-IkB) in the presence or absence of
SteA. RAW 264.7 cells were infected with wt or AsteA strains at an multiplicity of infection (MOI) of 20:1 for 30 min. Whole-cell lysates were then prepared and
subjected to immunoprecipitation with anti-g-TrCP antibody. The Skp-1, Cullin-1, F-box (SCF) complex members and p-IkB were then probed by Western blotting.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Lamin B1 were also probed after IP to check the specificity of the pulldowns. (B) The colocalization of
SteA and kB increased upon tumor necrosis factor alpha (TNFa) stimulation as compared to the unstimulated control as observed under confocal microscopy. HEK
293 cells overexpressing HA-tagged SteA were fixed after 30 min of TNFa stimulation and were incubated with anti-lkB and anti-HA primary antibodies. Then, the cells
were stained with Alexa 488-tagged (for IkB), Alexa 568-tagged (for HA) secondary antibodies, and 4’,6-diamidino-2-phenylindole (DAPI; for the nucleus). The cells
were then observed under a confocal microscope. The colocalization was quantified using Pearson’s correlation coefficient (PCC) taking 8-10 fields per experiment.
Bar graph represents as mean + SEM from three independent experiments (o < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05 vs. fold change of PCC in unstimulated
cells). (C,D) SteA localizes to the SCF-ES ligase complex on IkB. (C) HEK 293 cells were transfected with pcDNAS.1(+)steA or pcDNAS3.1(+) empty vector. After 18 h
(Continued)

Frontiers in Immunology | www.frontiersin.org 14 December 2019 | Volume 10 | Article 2822


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

Gulati et al.

SteA Suppresses kB Degradation

specificity of the pulldowns.

FIGURE 7 | of transfection, cells were stimulated with TNFa for 30 min, and whole-cell lysates were immunoprecipitated with anti-HA antibody. (D) RAW 264.7 cells
were infected with AsteA and AsteA complemented with His-tagged SteA (compl-H) at an MOI of 20:1 for 30 min. Whole-cell lysates were then prepared and
subjected to immunoprecipitation with anti-His antibody. (C,D) SCF complex members and kB were then probed by Western blotting. GAPDH in the
preimmunoprecipitation (pre-IP) samples was used as a loading control for the coimmunoprecipitation. GAPDH and Lamin B1 were also probed after IP to check the
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FIGURE 8 | SteA binds to Cullin-1. (A) SteA interacts with Cullin-1. The members of the Skp-1, Cullin-1, F-box (SCF) complex and steA were cloned in vectors
containing activation domain (AD) and binding domain (BD), respectively, for the yeast two-hybrid screen. These were then cotransformed in yeast and selected on
synthetic complete (SC)-Leu, SC-Ura, and SC-Leu, SC-Ura, SC-His plates and incubated for 2 days at 30°C. The growth of yeast expressing Cullin-1 and SteA on

Whole-cell lysates of unstimulated RAW 264.7 cells were incubated with glutathione beads labeled with either GST-SteA or GST alone. The beads were then washed,
and the proteins bound to GST-SteA or GST were analyzed by Western blotting using anti-Cullin-1 and anti-GST antibodies. (C) SteA interacts with Cullin-1. HEK 293
cells were transfected with pcDNAS3.1(+)steA or pcDNAS.1(+) empty plasmid. After 36 h of transfection, whole-cell lysates were prepared following 30 min of tumor
necrosis factor alpha (TNFa) stimulation and immunoprecipitated with anti-Cullin-1 antibody. HA-tagged SteA was detected using anti-HA antibody. (B,C)
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Lamin B1 were also probed after IP to check the specificity of the pulldowns.

SC -Leu, -Ura, -His

¢ IP: Cullin-1

pcDNA3.1(+)
pcDNA3.1(+)steA

- Input (Cullin-1)

‘ I1B: Cullin-1
IB: SteA-HA
IB: GAPDH

-

IB: Lamin B1

n-1. (B) Cullin-1 immunoprecipitates with SteA in the absence of stimulation.

lysates using anti-HA antibody following TNFa stimulation.
We have observed that the members of the SCF complex
and IkB coimmunoprecipitated with SteA (Figure7C and
Figure S3B). Furthermore, upon immunoprecipitation of RAW
264.7 cells infected with AsteA and complemented strain
expressing His-tagged SteA (compl-H) using anti-His antibody,
we observed that SteA coimmunoprecipitated with the SCF
complex as well as IkB (Figure 7D and Figure S3C) even
upon infection.

These results indicated that SteA does not inhibit the binding
of SCF complex to IkB, and SteA itself binds to the IkB-

SCF complex.

SteA Binds to Cullin-1

To better understand how SteA suppresses IkB degradation, we
wanted to explore with which component of the SCF complex
SteA binds or whether it directly binds to IkB. Toward this,
we did a yeast two-hybrid screen for the interaction of SteA
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FIGURE 9 | SteA suppresses the neddylation of Cullin-1 and the dissociation of Cand-1. (A) Neddylation of Cullin is suppressed in mammalian cells endogenously
expressing SteA. HEK 293 cells were transfected with pcDNA3.1(+)steA or pcDNA3.1(+) empty plasmid. After 24 h of transfection, whole-cell lysates were prepared
following 30 min of tumor necrosis factor alpha (TNFa) stimulation and analyzed by Western blotting using anti-nedd8-Cullin and anti-Cullin-1 antibodies and
densitometry. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. (B) Cand-1 dissociation from SCF-E3 complex localized at kB is
decreased in the presence of SteA. HEK 293 cells were transfected with pcDNAS.1(+)steA or pcDNAS.1(+) empty plasmid. After 24 h of transfection, whole-cell
lysates were prepared following 20 min of TNFa stimulation in the presence of proteasomal inhibitor (MG132) and immunoprecipitated with anti-IkB antibody. Cand-1
association was analyzed by Western blotting and densitometry. (A,B) For densitometric analysis, fold change was calculated with respect to empty plasmid
transfected cells. Bar graphs represent mean + SEM from three independent experiments. p values were calculated using Student’s ¢ test [p < 0.05, *p < 0.01, **p
< 0.001, ns p > 0.05 vs. pcDNAS.1(+) transfected cells]. (C) Cand-1 coimmunoprecipitates with SteA even in the unstimulated cells. Whole-cell lysates of
unstimulated RAW 264.7 cells were incubated with glutathione beads labeled with either GST-SteA or GST alone. The beads were then washed, and the proteins
bound to GST-SteA or GST were analyzed by Western blotting using anti-Cand-1 and anti-GST antibodies. GAPDH and Lamin B1 were also probed after IP to check
the specificity of the pulldown.

with IkB and the members of the SCF complex (Figure 8A). In  SteA Binds to Cullin-1 and Prevents Its
this screen, we observed that SteA binds to Cullin-1 but not ~ Neddylation by Interfering With the

to IkB, Rbx-1, or Skp-1, indicating that SteA directly interacts Dissociation of Cand-1 From Cullin-1
with Culhg—l. Lo Generally, upon assembly of the SCF complex to IkB, Cullin-
.Interest.mgly,. we also obser\{ed colocalization .Of SteA gets neddylated. This neddylation of Cullin-1 is a crucial
with Cullin-1 in both TNFoc—sUm}llated and uns.tlmulated step for the activation of the SCF-E3 ligase, which leads to the
SteA-transfected HEK 293 cells using confocal microscopy, ubiquitination of IkB (39). Upon neddylation, Cand-1, which is
suggesting an association of SteA with Cullin-1 even  poupdto Cullin-1 in the inactivated state, is removed from the E3
when SCF complex is not assembled at IcB (Figure S5A).  Jigage complex (40). Therefore, we first checked the neddylation
Furthermore, we did a GST pulldown assay in whole-cell ¢ Cyllin-1 in HEK 293 cells transfected with pcDNA3.1(+) and
lysates of unstimulated RAW 264.7 cells using GST-tagged pcDNA3.1(+)steA and observed that, upon TNFa stimulation,
SteA and observed that Cullin-1 was coimmunoprecipitated  Cyllin-] was less neddylated in cells expressing SteA (Figure 9A).
with  GST-tagged SteA (Figure8B and FigureS4B). In  pyrthermore, to check if Cand-1 dissociation from the E3 ligase
addition, in HEK 293 cells expressing HA-tagged SteA, we complex was inhibited in the presence of SteA, we stimulated
observed that SteA coimmunoprecipitated with Cullin-1 upon  gteA-expressing HEK 293 cells after pretreatment with MG132
immunoprecipitation with anti-Cullin-1 antibody (Figure8C  and immunoprecipitated with anti-IcB antibody and probed for

and Figure S4A). Cand-1. We observed that Cand-1 dissociation was lesser in
Altogether, these data confirmed that SteA interacts with  the presence of SteA (Figure 9B). In addition, in GST pulldown
Cullin-1 to suppress IkB degradation. assay, we observed the association of Cand-1 to GST-tagged
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FIGURE 10 | Schematic representation of how SteA suppresses the nuclear factor kappa B (NF-kB) pathway. (A) In absence of SteA, Salmonella Typhimurium (AsteA)
infection triggers a signaling cascade, which leads to the phosphorylation of IKKa/B. IKKa/ then phosphorylates kB, which is the inhibitor of NF-kB. In the inactivated
state, IkB is bound to NF-«B, thus preventing NF-«B to translocate to the nucleus. Phosphorylated IkB is recognized by the F-box protein g-TrCP, which further leads
to recruitment of the Skp-1 and Cullin-1 (Cul-1) to form the SCF-E3 ligase complex. Cullin-1 is bound to Cand-1 in the inactive state, and upon neddylation, Cand-1
dissociates from Cullin-1 leading to the complete activation of the E3 ligase. The E3 ligase complex is responsible for the polyubiquitination of IkB. Upon
polyubiquitination, kB undergoes proteasomal degradation, rendering NF-kB free to translocate to the nucleus and transcribe proinflammatory genes. (B) During
wild-type (wt) Salmonella Typhimurium infection (when SteA is present), SteA binds to Cullin-1 (of SCF-ES ligase) and suppresses the neddylation of Cullin-1 and the
dissociation of Cand-1 from Cullin-1, thereby suppressing the polyubiquitination of IkB. This leads to the suppression of NF-kB-mediated proinflammatory responses.

SteA even in unstimulated RAW 264.7 cells, indicating that SteA
remains associated with Cullin-1/Cand-1 complex even without
stimulation (Figure 9C and Figure S4C). To further confirm
this, we checked the colocalization of SteA and Cand-1 in SteA-
transfected HEK 293 cells, and we observed no difference in
the colocalization of SteA and Cand-1 with or without TNFa
stimulation (Figure S5B).

Altogether, this study shows that SteA suppresses the immune
responses of the host by suppressing the degradation of IkB.
SteA prevents the degradation of IkB by binding to Cullin-
1 and thus suppressing the neddylation of Cullin-1, which is
necessary for the complete activation of the E3 ligase complex to
ubiquitinate IkB (Figure 10).

DISCUSSION

In response to a bacterial infection, the immune cells of the
host elicit a proinflammatory response and signal other cells of
the intrusion. This eventually leads to clearing of the bacteria
from the host system. Some pathogens including Salmonella
Typhimurium have been known to evade the immune system of
the host and establish a niche in the macrophages. Salmonella
Typhimurium makes use of some of the effectors that it
translocates directly into the host cells via the type three secretion
systems (T3SS) to suppress the host’s immune responses. The
effectors secreted by T3SSs, mainly T3SS-1, play different roles
in immunomodulation of the host (8). Toward characterizing

the T3SS-1 role of SteA, we found that mice infected with
steA-deficient Salmonella Typhimurium (AsteA) showed lower
survival as compared to the wt Salmonella Typhimurium
infected mice (Figures 1A,B). Furthermore, a higher immune
response in mice infected with AsteA seemed to be the cause
of increased lethality (Figures 1C-E and Figure S1). Similarly,
higher proinflammatory responses were observed when RAW
264.7 murine macrophage cell line and BMDMs were infected
with AsteA as compared to wt-infected cells (Figure 2A).
Furthermore, we confirmed that SteA-mediated suppression of
immune response is a T3SS-1 effect using a strain deficient in
T3SS-2 (Aspi2) and a Aspi2AsteA double mutant (Figure 2B).
The proinflammatory responses are mediated by a multistep
signaling cascade involving the activation of the NF-kB pathway
or the MAP kinase pathway leading to the activation of
transcription factors NF-kB and AP-1 (36). Some of the effectors
of Salmonella Typhimurium are already known to suppress the
host-immune responses. For example, SpvC suppresses the MAP
kinase pathway by dephosphorylating JNK and ERK (41), SptP
acts on the ERK activation (42, 43), while AvrA suppresses
both the NF-kB and the MAP kinase pathway (44-47), hence
suppressing inflammation. To be able to understand how SteA
suppresses the proinflammatory responses, we first checked the
activation levels of p38 and JNK MAP kinases in the whole-
cell lysates and the levels of NF-kB family members (p65 and
c-Rel) in the nuclear lysates. We observed that SteA does not
affect the MAP-kinase activation but acts on the NF-kB pathway
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to suppress the immune responses (Figures 3-5). To confirm
our observation, we transfected HEK 293 and RAW 264.7 cells
with NF-kB luciferase reporter plasmid and found the activation
of NF-kB to be higher upon infection with AsteA than the wt
(Figure 5B). Furthermore, upon endogenous expression of SteA
in HEK 293 cells, the NF-kB reporter activity was found to be
suppressed (Figure 5C). Since suppression of the NF-«kB pathway
is crucial for the survival of Salmonella Typhimurium in the host,
Salmonella Typhimurium secretes various effectors to control it
at multiple levels. In the inactive state, NF-kB remains bound
to the inhibitor IkB; for the activation of NF-kB, IkB kinase
(IKK) phosphorylates IkB and leads to its ubiquitination and
degradation rendering NF-kB free. The free NF-kB transcription
factor translocates to the nucleus, binds to the DNA, and
upregulates transcription of inflammatory cytokine genes (37).
Some effectors such as AvrA and SseL are known to interfere
with IkB degradation by deubiquitinating IkB (44, 48). Another
effector, SpvD, affects the recycling of NF-kB, and PipA acts
as a protease, which cleaves RelA, a subunit of NF-«B after its
activation (49, 50). Toward exploring how SteA suppresses the
NEF-kB pathway, we checked the degradation level of IkB in the
presence or absence of SteA and observed increased degradation
of IkB in the absence of SteA compared to when SteA was present,
suggesting that SteA acts on IkB degradation (Figure4). The
degradation of IkB is a multistep pathway which is initiated by
the phosphorylation of IkB. IkB phosphorylation is dependent on
IKK; therefore, there could be increased activation of IKK itself
in the absence of SteA, but we observed comparable activation
of IKK in cells infected with wt or AsteA strains (Figure 6A).
Following phosphorylation, the SCF-E3 ligase complex assembles
on IkB, leading to the polyubiquitination of IkB and hence
its proteasomal degradation (31). One of the effectors, GogB,
suppresses ubiquitination by acting on Skp-1, a component of
SCF-E3 ligase (51). Our study indicated that SteA also binds
to the SCF complex and suppresses the activation of IkB
by interfering with the ubiquitination (Figure 6B). However,
we observed that SteA mainly acts on Cullin-1 of SCF-E3
ligase complex (Figure 8). For ubiquitination to happen, the
neddylation of Cullin-1 follows the assembly of SCF-E3 ligase
complex to IkB. Neddylation of Cullin-1 is a crucial step for the
complete activation of the E3 ligase (39). Cullin-1 in the inactive
form remains bound to Cand-1; however, upon activation, Cand-
1 dissociates from Cullin-1 allowing neddylation to happen (40).
Our study indicated that SteA binds to Cullin-1 (Figure 8), thus
interfering with neddylation of Cullin-1 and the dissociation
of Cand-1 from Cullin-1 (Figure9). This further results in
suppression of IkB ubiquitination and its degradation.

In response to Salmonella Typhimurium infection,
proinflammatory responses are generated in the host. This
immune response is capable of clearing the infection; also, if
unchecked, it may be lethal for the host. However, for Salmonella
Typhimurium to be able to survive and multiply in the host,
these proinflammatory responses need to be suppressed. For this,
Salmonella Typhimurium secretes an array of effectors which

suppress the immune responses at multiple levels and ensures its
survival in the host.

Altogether, our study shows that Salmonella Typhimurium
effector SteA suppresses the proinflammatory responses
generated against Salmonella Typhimurium by suppressing the
neddylation of Cullin-1 and hence suppressing the degradation
of IkB, eventually leading to the suppression of NF-«kB
activation (Figure 10).
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