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Abstract

Salmonella enterica is an important foodborne pathogen that utilizes secreted
effector proteins to manipulate host pathways to facilitate survival and dissemination.
Different S. enterica serovars cause disease syndromes ranging from gastroenteritis to
typhoid fever and vary in their effector repertoire. Knowledge of this effector repertoire
is still incomplete. The effector protein encoded by stm2585 had previously been
identified as relevant to in vivo infection, but the mechanism of action was unknown. We
leveraged S. enterica’s natural genetic diversity to identify stm2585, here designated sarA
(Salmonella anti-inflammatory response activator), as a Salmonella effector that induces
production of the anti-inflammatory cytokine IL-10 in lymphoblastoid cell lines (LCLs)
through activating STAT3 to promote virulence. RN A-seq of cells infected with either
AsarA or wild-type S. Typhimurium revealed that SarA activated STAT3 transcriptional
targets. Consistent with this, SarA was necessary and sufficient for STAT3
phosphorylation, STAT3 inhibition blocked IL-10 production, and physical interaction of
SarA and STAT3 was identified by co-immunoprecipitation. These effects of SarA
contributed to intracellular replication in vitro and bacterial load at systemic sites in
mice.

In order to further characterize SarA’s mechanism, we searched for interactions
with host proteins. A yeast-two-hybrid screen revealed that SarA bound the cytoplasmic

region of IL-7Ra. Co-expression of FLAG-SarA and IL-7Ra in HeLas resulted in

iv



phosphorylation of IL-7Ra and interaction of IL-7Ra with FLAG-SarA, as confirmed by
co-immunoprecipitation of FLAG-SarA. In LCLs, siRNA against IL-7Ra moderately
inhibited SarA’s ability to induce IL-10. However, IL-7Ra’s endogenous ligands IL-7 and
TSLP did not mimic SarA'’s effect, and IL-7Ra knockout mice did not provide AsarA
with any benefit versus wild-type in competitive index, so IL-7Ra’s contribution to
SarA’s activation of STAT3 is still unclear.

Mass spectrometry of proteins which co-immunoprecipitated with SarA
confirmed interaction with STAT3 and revealed several other interacting proteins. Mass
spectrometry also indicated that SarA contained phosphorylated residues, including a
phosphorylated tyrosine in a previously reported STAT3 binding motif. Mutation of this
phosphorylated tyrosine to phenylalanine on a bacterial expression plasmid greatly
reduced SarA’s ability to induce IL-10 in LCLs. The same mutant on a mammalian
expression plasmid showed less activation and no co-immunoprecipitation of STAT3.
This indicated that SarA’s interaction with STAT3 was at least partially dependent on
that tyrosine, and suggested that SarA was directly binding STAT3 at this site.

Our results demonstrate the power of using comparative genomics for
identifying effectors and that S. enterica has evolved mechanisms for activating an
important anti-inflammatory pathway. We also characterize SarA as a potential basis for

immunomodulatory therapy.
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1. Introduction

1.1 Salmonella
1.1.1 Salmonellae are diverse human pathogens

The genus Salmonella consists of Gram-negative, flagellated, rod-shaped,
facultative anaerobic bacteria. Salmonella was discovered in 1885 by Theobald Smith, and
was named after his supervisor, Daniel Salmon [1]. The Salmonella genus is divided into
2 species, Salmonella enterica and S. bongori. S. enterica has 6 subspecies: enterica (I),
salamae (1), arizonae (I1la), diarizonae (11Ib), houtenae (IV), and indica (V). These are each
further divided into a total of over 2500 serovars [2]. S. enterica subsp. enterica contains
the majority of disease-causing strains [3, 4]. The other subspecies are rarely isolated

from human patients, being much more common in cold-blooded vertebrates.

1.1.2 Salmonella enterica causes foodborne disease

S. enterica is a foodborne pathogen and one of the most common causes of
gastroenteritis [5, 6]. Gastroenteritis symptoms include diarrhea, fever, and abdominal
cramps 12-72 hours after exposure, which last 4 to 7 days and usually does not need
treatment unless it progresses to a more serious infection. Most disease-causing S.
enterica serovars cause self-limiting gastroenteritis, which in most healthy patients is
confined to the intestine and resolves with a few days of diarrhea. Rarely, but more

often in malnourished or immune-compromised patients, gastroenteritis can develop



into system-wide bacteremia. Africa suffers from significant childhood mortality from
invasive non-typhoidal salmonellosis [7-11].

Most salmonellosis cases in the United States can be attributed to contaminated
food. Many S. enterica serovars have broad host specificity, allowing the same strains
that infect cattle and poultry to then infect the end consumer if proper sanitation and
food preparation is not used [12-14]. S. enterica contamination is also common on many
fruits and vegetables. This contamination results in many outbreaks each year [15, 16].

Antibiotic resistance is increasing in S. enterica, leading to difficulty treating
certain cases. In 2014, 9.3% of nontyphoidal S. enterica tested by CDC were resistant to at
least 3 classes of antibiotics, 3.1% were resistant to at least five classes of drugs
(represented by ampicillin, chloramphenicol, streptomycin, sulfonamide, and
tetracycline), and 1.2% were resistant to seven classes (plus amoxicillin-clavulanic acid
and ceftriaxone) [17]. Resistance to multiple antimicrobials has been seen to be as high as
55% among S. Typhimurium isolates [18]. S. Typhimurium DT104 and ST313 are
particularly dangerous as they are multi-drug resistant and prevalent in the already
susceptible sub-Saharan Africa [19, 20]. The prevalence and severity of Salmonella
infections, coupled with the decreased antibiotic treatment options, shows the
importance of more thoroughly understanding this organism so better treatment options

can be designed.



1.1.3 Salmonella effector proteins enable invasion and virulence

S. enterica is transmitted primarily by contaminated food or water. Consumed S.
enterica invade the intestinal epithelial cells, mainly preferring the M cells of the Peyer’s
patches [21, 22]. For the gastroenteritis-causing serovars of S. enterica, this process
induces pro-inflammatory cytokines such as TNFa and IL-8, which recruit immune cells
such as macrophages, neutrophils, and dendritic cells [23-26]. The inflammation and
influx of immune cells leads to diarrhea. In gastroenteritis cases, only a small fraction of
the S. enterica invade the epithelium, while the majority of them stay in the intestinal
lumen where the induced inflammatory host response gives S. enterica the advantage in
out-competing the native microbiota [27, 28]. S. enterica utilizes the recruited phagocytic
cells to hitch a ride through the bloodstream to organs where S. enterica replicates well,
such as the spleen and liver [24, 29].

In order to enable infection, S. enterica manipulate the host through effector
proteins secreted by the Type 3 Secretion Systems (T3SS), which are encoded by the
Salmonella Pathogenicity Islands (SPIs). The T3SS, a common virulence mechanism
among gram-negative bacteria, is a multi-protein complex that functions to inject
effector proteins into the host cell [30-32]. It is composed of a needle complex [33], an
inner membrane export apparatus [34], and a cytoplasmic platform that energizes the
secretion process and selects substrates for delivery to the secretion machine [35]. There

are 2 major SPIs conserved in S. enterica serovars which each encode a T3SS and several



effectors that are translocated into the host cell when appropriate [32, 36]. SPI-1 is
responsible for enabling S. enterica to invade non-phagocytic cells [37, 38]. These
effectors cause ruffling of the host membrane and macropinocytosis, which engulfs the
adherent S. enterica into vacuoles termed Salmonella-containing vacuoles (SCV) [39-41].
The needle protein PrgH is key to this translocation and so disruption of SPI-1 in this
thesis work is accomplished by mutating PrgH [33, 42].

While SPI-1 effectors largely facilitate entry into host cells, the SPI-2 effectors
enable intracellular survival through maintenance of the SCV environment [43]. The SPI-
2 genes are activated by regulatory systems that respond to the acidic pH and nutrient-
poor environment of the SCV [44-46]. While intracellular, S. enterica alters the host cell’s
endocytic trafficking to avoid fusion of the SCV with lysosomal compartments [47]. SPI-
2 is required for full virulence in mice [48]. SPI-2 is disrupted in this thesis by mutation
of SsaT, which is part of the translocation apparatus and essential for the translocation of

SPI-2 effectors [49].

1.1.4 Natural Genetic Diversity of Salmonella enterica

The natural genetic diversity of S. enterica as displayed by the >2500 catalogued
serovars presents a valuable tool for determining the roles of previously uncharacterized
genes. In chapter 3, we utilize this natural genetic diversity to identify the factor

responsible for serovar-specific IL-10 induction in lymphoblastoid cell lines (LCLs).



Approximately 1500 serovars belong to S. enterica subsp. enterica, which causes 99% of
human disease [2]. While the serovars are defined by their O (lipopolysaccharide) and H
(flagellar) antigens, they also vary in many other ways. Analysis of sequenced S. enterica
genomes revealed that the core genome consists of approximately 2800 gene families,
while the pan-genome consists of approximately 10000 gene families [36]. This provides
ample natural genetic diversity for analysis. One of the most common areas of genetic
variance is in the virulence effector repertoire, due to natural selection optimizing the
genome and horizontal gene transfer providing new genes quickly [50-53].

S. enterica contains many phages which are horizontally transferred between
strains. This dynamic transfer has contributed significantly to natural serovar diversity,
and the phages often carry effector proteins that can be secreted by the SPI-1 and SPI-2
T3SS [54, 55]. The most relevant phage for this thesis is the Gifsy-1 prophage, one of
three lambda-prophages carrying T3SS effectors among the S. enterica serovars, as it
contains the SarA effector [55]. While integral to S. enterica’s virulence, there is still much
unknown about the mechanisms of several putative effectors with observed effects on
infection [56]. One way in which these effectors direct the course of infection is by

modulating the host inflammatory response.



1.2 Inflammation and Interleukin-10
1.2.1 Immune response to pathogens

The host immune response to invading pathogens is complex and multi-
pronged. Pattern recognition receptors (PRRs) recognize pathogen-associated molecular
patterns (PAMPs) during infection in order to respond appropriately to pathogens. The
most well-studied PRRs are the transmembrane Toll-like receptors (TLRs). There are 10
TLRs in humans, each detecting specific PAMPs from various bacteria, viruses, fungi,
and parasites. These TLRs have diverse expression patterns but overall are mainly
expressed in antigen-presenting cells (APCs) such as DCs, macrophages, and B cells and
spearhead the innate immune response [57-59]. Some function in the exterior cellular
membrane to recognize extracellular PAMPs and others reside in the endosomal
membranes to recognize intracellular PAMPs [60]. After binding their specific PAMPs,
TLRs recruit adapter molecules and initiate downstream signaling events that lead to
secretion of inflammatory cytokines, type I interferon, chemokines, and antimicrobial
peptides [61]. S. enterica PAMPs recognized by TLRs include lipoproteins (TLR2),
lipopolysaccharide (LPS) (TLR4), flagella (TLR5), and genomic CpG DNA (TLR9) [62-
64]. Together, these responses coordinate the immune system for protection against

invading pathogens.



1.2.2 Interleukin-10 is a key anti-inflammatory cytokine

In addition to the inflammatory cytokines induced by TLR signaling, many
pathways induce the potent anti-inflammatory cytokine Interleukin-10 (IL-10). IL-10 was
discovered in 1989 and originally deemed cytokine synthesis inhibitory factor (CSIF)
[65]. IL-10 is a prolific cytokine that acts in many ways, directly and indirectly on both
the innate and adaptive immune systems, to effectively manage inflammation [66-69].
IL-10 production was first described as being produced in Th2 cells and acting on Th1
cells to inhibit their activity and cytokine production [65, 70]. The IL-10 receptor consists
of 2 subunits: the ligand-binding subunit IL-10R1 and the accessory subunit IL-10R2,
which form a complex to enable the cell to recognize and respond to IL-10 [71]. IL-10R1
recognizes IL-10, while IL-10R2 recruits the kinase Tyk2 to the complex [72, 73]. Cell
types that respond to IL-10 include most hemopoietic cells, colonic epithelial cells [74-
76], fibroblasts after stimulation with LPS [77], and epidermal cells after stimulation by
glucocorticoids [78]. IL-10 influences cell activation and differentiation [79] and can alter
cell population response to infection [80].

A wide range of cell types produce IL-10, including several T cell subsets, some B
cell subsets, dendritic cells, macrophages, NK cells, mast cells, neutrophils, eosinophils,
and keratinocytes [62, 71, 81]. Certain subsets of regulatory B cells, termed B10 cells,
produce IL-10 in response to LPS stimulation, which allows them to regulate T-cell-

mediated inflammatory responses [82]. In macrophages and activated monocytes, IL-10



strongly inhibits production of pro-inflammatory cytokines such as IL-1«, IL-1beta, IL-6,
TNF [66, 69]. These myriad effects of IL-10 and its prevalence throughout the body allow

it to be one of the most potent immune system regulators.

1.2.3 1L-10 can change the outcome of infections

IL-10 is essential during infection to prevent damage from an overly active
immune response and is often released as part of the immune response to pathogens
[83]. In the case of S. enterica and other gram-negative bacteria, the surface LPS activates
TLR4 signaling in macrophages, which induces IL-10 production along with production
of many pro-inflammatory cytokines such as TNFa and IFNy to stimulate the immune
response. However, this pathway also induces IL-10 production, to balance the
inflammation [84]. Additionally, S. enterica flagella trigger IL-10 secretion in splenocytes
[85] and monocytes [86]. IL-10’s role can vary greatly at different stages of immune
response and in different locations in the body.

Lack of IL-10 sometimes leads to better clearance of pathogens without increased
immunopathology [87, 88]. However, for other infections the lack of IL-10 can be
detrimental to the patient but does not affect bacterial load [71, 89-92]. Sometimes,
pathogens benefit from the induction of IL-10, and some have evolved to trigger it
themselves [93, 94]. There are only a few examples of specific bacterial effectors known

to induce IL-10, such as BopN from Bordetella and LcrV from Yersinia. The BopN T3SS



effector in Bordetella inhibits translocation of NF-kBp65 into the nucleus and promotes
translocation of NF-kBp50, resulting in upregulation of IL-10 transcription in dendritic
cells and facilitation of persistent lung colonization in mice [95]. Yersinia V-antigen
(LcrV) induces IL-10 by activation of the host TLR2 pathway [96]. These pathogens
benefit from the induction of IL-10, which allows Bordetella to evade destruction by
neutrophils and lets Yersinia inhibit the pro-inflammatory effects of TNFa to enable
them to thrive during infection. In chapter 3, we identify the SarA effector as the IL-10

inducing factor during S. enterica infection of LCLs.

1.3 STAT3
1.3.1 Introduction to STAT3

The primary transfection factor downstream of IL-10 is STAT3 (signal transducer
and activator of transcription 3) [97]. STAT3 is a key regulator of many cellular
processes, and can promote or inhibit inflammation depending on which of its many
signaling pathways are activated [98]. STAT3's structure consists of an N-terminal
domain, a coiled-coil domain, a Src homology 2 (SH2) domain, a DNA-binding domain
and a C-terminal transactivation domain [99]. STAT3 is probably the most important of
the STAT family proteins, as it is the only one where a complete loss of function results
in early embryonic lethality [100]. In the classical pathway, a cytokine binding to its

receptor leads to recruitment of a JAK family kinase which phosphorylates both the



receptor and the recruited STAT. The STAT proteins then dimerize and translocate to
the nucleus to alter gene expression [101]. Cytokine receptor complexes consist of a
cytokine-specific receptor and a binding partner of a shared side chain, such as gp130
and y chain, among others. STAT3 was first recognized as activated by IL-6, but is also
activated by a large number of other cytokines such as IL-10, IL-21, IL-23, and IL-27 [98,
102, 103]. STAT3 is phosphorylated mainly by JAKs, but other tyrosine kinases such as
EGFR and Src have also been shown to phosphorylate STAT3 [104]. In addition to being
activated by IL-10, STATS3 itself has been shown to activate IL-10 by binding to the IL10
promoter [105]. In human monocytes, IL-10 has been shown to induce its own
expression in a STAT3-dependent manner [102]. STAT3 is negatively regulated by many
downstream proteins, such as SOCS3 [106]. Overall, STAT3 is a major factor in immune

regulation.

1.3.2 Activation of STAT3 is a novel mechanism of action for bacterial
effectors

As STAT3 is a key point in many immune response pathways, it is not surprising
that bacteria may benefit from manipulating STAT3. STAT3 activation has been reported
for Listeria [107] and E. coli infections through indirect mechanisms involving autocrine
IL-6 production. So far, only a very few bacterial effectors have been found that

specifically manipulate STAT3. The most well-known is CagA from Helicobacter pylori.

10



CagA is necessary and sufficient to facilitate STAT3 translocation to the nucleus and
transcriptional regulatory activity [108, 109]. Thus CagA demonstrates manipulation of
STATS3 for H. pylori’s benefit during infection. This thesis identifies another effector that
manipulates STATS3, in this case to induce IL-10 after S. Typhimurium infection. In
chapter 3 we determine that the STAT3 pathway is being manipulated and in chapter 4

we further characterize the interactions between STAT3 and the SarA effector.

1.3.3IL-10 and STAT3 Beyond infection

While IL-10 and STAT3 play important roles in infection, they also have
important roles in general immune homeostasis, and disruptions in either can be
problematic. IL-10 is a factor in many autoimmune disorders, including Type 1 diabetes,
rheumatoid arthritis, psoriasis, inflammatory bowel disease (IBD), multiple sclerosis
(MS), and systemic lupus erythematosus [110-112]. IL-10 knockout mice develop IBD
[113]. There has been much discussion over the possibility of utilizing IL-10 as a therapy
for autoimmune disorders, but little success to show for decades of trying [110].

Similarly, as STAT3 is a key player in many signaling pathways, it can have
effects beyond infection in autoimmunity and cancer [114, 115]. SNPs in STAT3 have
been linked to IBD [116] and MS [117]. A single loss-of-function STAT3 allele in humans
leads to Hyper-IgE Syndrome (HIES) [118]. This disease results in elevated serum levels

of IgE, increased innate immune pro-inflammatory responses, and impaired skin and

11



lung immunity [119]. On the other side, gain-of-function STATS3 alleles lead to early-
onset autoimmune disease and lymphoproliferation [120, 121]. They also have
reductions in several important cell populations [122]. Mutations in STAT3 or its
regulators can result in overactive expression, which increases inflammation, cell
damage, and development of tumors [123-125]. Inhibiting STAT3 activity results in a
decrease in growth of many tumor cells that show constitutive phosphorylation of
STATS3 [126]. Thus, it has become a major target of cancer therapies. However, to date,
no drug has been FDA-approved to target STAT3 for cancer treatment [114, 127]. This
indicates the potential for the importance of this work in this thesis, as a deeper
understanding of how STATS3 is activated could inform discovery of ways to inhibit
phosphorylation and activity. Therefore, the discovery of a novel Salmonella effector that
modulates IL-10 by activation of STAT3 may have important implications for

autoimmunity and chronic disease.
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2. Materials and Methods

2.1 Cell Biology
2.1.1 Cell lines

Human lymphoblastoid cell lines (LCLs) from the International HapMap Project
were obtained from Coriell and grown in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) and 100 U/ml penicillin (pen) and 100 pg/ml streptomycin (strep)
and assayed in RPMI 1640 supplemented with 10% FBS without pen/strep. HeLa and
Henle cells were grown in DMEM supplemented with 10% FBS and pen/strep and
assayed in DMEM supplemented with 10% FBS without pen/strep. BJABs and THP1s
were obtained from the Duke Cell Culture Facility and grown in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin (pen) and 100
ug/ml streptomycin (strep) and assayed in RPMI 1640 supplemented with 10% FBS
without pen/strep. All cells were kept in HEPA-filtered incubators at 37°C 5% CO.. All

cell culture growth supplies were from Thermo Fisher Scientific.

2.1.2 S. enterica strains

S. enterica serovar Typhimurium strain 14028s and other strains (Table S1) were
grown at 37°C and 250 RPM in Luria-Bertani (LB) broth (Thermo Fisher Scientific) or on
LB agar plates. Deletion mutants were made by lambda red recombinase as described

[128] and verified by PCR (primers provided in Table S2). For quantification of bacterial
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invasion and replication, S. enterica strains were transformed with pMMB67GFP [129], a
plasmid carrying green fluorescent protein under an isopropyl (3-D-1-
thiogalactropyranoside (IPTG) promoter as well as ampicillin resistance and maintained
with 100 pug/mL ampicillin. SarA and its endogenous promoter were cloned onto
pWSK129 [130] to make pWSK129-SarA with kanamycin resistance and maintained with
50 pug/mL kanamycin. For competitive index mouse infections, wild-type S.
Typhimurium contained pWSK129 (kanamycin resistance) and AsarA contained
pWSK29 (ampicillin resistance) [130]. For the translocation assay, the (3-lactamase (TEM)
fragment was amplified from pSR47 [131] using primers TEM1F and TEMIR (Table S2).
TEM was cloned into pWSK129-SarA using Kpnl (NEB, Catalog #R3142) and NotI (NEB,

Catalog #R3189), creating pSarA-TEM.

2.1.3 Cell culture infections

Assaying infection of LCLs and HeLa cells was done as previously described
[132]. Briefly, overnight cultures of S. enterica in LB media were subcultured 1:33 and
grown for 2 hours and 40 minutes at 37°C and 250 rpm. Cells (LCLs at 100,000 in 100 pl
and HeLa at 24,000 in 100 ul) were infected at multiplicity of infection (MOI) 30 unless
otherwise stated in 96 well plates and incubated for 1 hour (LCLs, THP1s, BJABs) or 30
minutes (HeLas and Henles). Gentamicin was added at 50 pg/mL to kill the extracellular

bacteria and incubated for 1 hour, followed by dilution to 15 ug/mL for longer
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incubation. IPTG was added 75 minutes prior to the desired timepoint. Infection and cell
death were measured with a Guava EasyCyte Plus flow cytometer (Millipore). Cell
death was measured by 7AAD (7-aminoactinomycin D; Enzo Life Sciences) staining.
Intracellular replication was measured as the ratio of median GFP intensity at 24 hours
over 3 hours. IL-10 protein in the supernatant at 24 hours was measured by human IL-10
ELISA (R&D systems Catalog #DY217B). RNA was harvested by RNAprotect and
RNeasy kit (Qiagen). cDNA was synthesized with the iScript cDNA synthesis kit
(BioRad). Expression was measured by TagqMan probes (Thermo Fisher Scientific) on a
StepOne qRT-PCR instrument (Thermo Fisher Scientific). S. Typhi and S. Typhimurium
co-infection experiments were carried out with AprgH and AprgHAssaT S. Typhimurium
containing the IPTG-inducible GFP plasmid and S. Typhi (which does not induce IL-10)
without this plasmid. LCLs were plated as described above and infected with S. Typhi at
MOI 10 and AprgH or AprgHAssaT S. Typhimurium at MOI 50 so S. Typhi would induce
the macropinocytosis necessary for uptake of S. Typhimurium deficient in SPI-1 (AprgH).
AssaT S. Typhimurium was infected alone at MOI 50. The rest of the infection proceeded

as described above.

2.1.4 Comparative genomics of S. enterica serovars

In order to identify genetic loci that could be responsible for the observed

phenotype of IL-10 induction in S. enterica, chromosome-wide comparative analyses
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were carried out using protocols and sequence data similar to those described
previously [133]. Briefly, chromosome sequences from the following 18 complete or
high-quality S. enterica draft genomes from isolates with known IL-10 inducing or non-
inducing capabilities were used for comparative analysis: (A) IL-10 inducers: S. enterica
subsp. enterica Newport SL254 (Acc.-No.: CP001113) and SL317 (ABEW00000000),
Weltevreden SL.484 (ABFF00000000), Typhimurium LT2 (AE006468) and I 4,[5],12:i:-
SL474 (ABAOO00000000); (B) IL-10 non-inducers: S. enterica subsp. enterica strains Agona
SL483 (CP001138), Dublin SL477 (CP001144), Hadar SL485 (ABFG00000000), Heidelberg
SL476 (CP001120) and SL486 (ABEL00000000), Kentucky SL475 (ABAK00000000),
Schwarzengrund SL473 (CP001127) and SL480 (ABEJO0000000), St. Paul SARA23
(ABAMO00000000) and SARA29 (ABAN00000000), Typhi Ty2 (AE014613) and S. enterica
subsp. arizonae RKS2980 (CP000880). Translated protein-coding sequences (CDS) from
all chromosomes were compared against each other by BLASTp using the BLAST score
ratio [134], which normalizes BLAST scores of matching proteins against the BLAST
score of the comparison of each protein against itself. Discarding matches between
proteins with a BLAST score of <0.8 all CDS that were both present in all IL-10 inducers
and absent from all IL-10 non-inducers were identified with custom Perl scripts. Two
CDS (S5TM2584 (gogB) and STM2599 (gipA)) were identified as shared by all IL-10
inducers, which was confirmed by chromosome-wide BLASTn searches and

visualization in the Artemis Comparison Tool (ACT,
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http://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act). ACT was also used

to determine the exact borders of the shared genome fragment around STM2584, which
includes STM2585. BLAST score ratio analysis did not initially identify STM2585 as
shared by all IL-10 inducers, as this CDS has not been identified in all genomes that were
included in the comparative analysis, possibly due to problems of automated programs
to correctly call genes within mosaic, heterogeneous genomic regions such as the Gifsy-1
prophage. A BLASTx search was used to check for additional previously unidentified
protein-coding sequences in this fragment. The mirror tree depicting presence/absence
of the 5kb segment and presence/absence of IL-10 induction was created using Mesquite

[135].

2.1.5 Growth curve

Wild-type and AsarA S. Typhimurium were inoculated into Luria Broth (LB) and
grown at 37°C and 250 rpm for 15 hours. They were subcultured 1:100 into either LB and
LPM (low phosphate, low magnesium media) to mimic the environment of the
Salmonella-containing vacuole and induce SPI-2 gene expression [136]. The composition
of LPM was 5 mM KCl, 7.5 mM (NH4)2504, 0.5 mM K2SOs, 38 mM glycerol (0.3% v/v),
0.1% casamino acids, 8 uM MgClz, 337 uM PO+*, 100 mM and 80 mM MES for titration
to pH 5.8 as described [136]. OD600 was measured by spectrometer every 30 minutes

until growth plateaued.
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2.1.6 Translocation assay

HeLa cells were plated at 200,000 cells/well in 6-well plates and incubated
overnight prior to infection with wild-type S. Typhimurium+pSarA-TEM or
AssaT+pSarA-TEM at MOI 50 for 30 minutes. After 30 minutes, gentamicin was added at
50 pg/mL to kill extracellular bacteria. Twenty-two hours post infection, cells were
washed twice with Phosphate-Buffered Saline (PBS) (Thermo Fisher Scientific, catalog
#10010023), then treated with CCF4-AM (LiveBLAzer™ FRET-B/G Loading Kit with
CCF4-AM, catalog#K1095, Thermo Fisher Scientific) for 2 hours at 37C. Staining was
assessed by microscopy (Leica SP5 inverted confocal microscope) or flow cytometry (BD

Canto II). Infection rates were measured by CFU plating.

2.1.7 RNA-seq

LCLs GM19154 and GM19203 were plated at 2 million cells per well of a 24-well
plate and infected with wild-type or AsarA S. Typhimurium at MOI 50. After 1 hour,
gentamicin (50 pug/mL) was added to kill extracellular bacteria. RNA was harvested 24
hours post infection with RN Aprotect and RNeasy Plus kit (Qiagen). Samples consisted
of three biological replicates from separate experiments. Poly-A enrichment was
performed to remove non-coding and bacterial DNA. Library preparation was
performed using [llumina TruSeq Stranded RNA-Seq kit by the Duke University

Sequencing and Genomic Technologies Core Facility. Illumina sequencing was
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performed on a Hi-Seq 2000/2500 using 50bp single-reads with a read depth of
approximately 40 million reads/sample. RNA-seq analysis was performed by David
Corcoran at the Duke Genomics Core. RNA-seq data were processed using the
TrimGalore toolkit [137], which employs Cutadapt [138] to trim low quality bases and
[llumina sequencing adapters from the 3" end of the reads. Only reads that were 20nt or
longer were kept for further analysis. Reads were mapped to the GrCh37v75 version of
the human genome and transcriptome [139] using the STAR RNA-seq alignment tool
[140]. Reads were kept for subsequent analysis if they mapped to a single genomic
location. Gene counts were compiled using the HTSeq tool [141]. Only genes that had at
least 10 reads in any given library were used in subsequent analysis. Normalization and
differential expression was carried out using the DESeq2 [142] Bioconductor [143]
package with the R statistical programming environment [144]. Because a batch effect
was observed in the data, each linear model contained a cofactor to control for batch.
Gene Set Enrichment Analysis [145] was used to identify significant pathways and gene
ontologies that were being differentially regulated between the conditions. The Volcano

plot was made with R. RNA-seq data are available in GEO (GSE104354).

2.1.8 siRNA

LCLs were plated in Accell siRNA transfection media (GE Dharmacon) and

treated with Accell siRNAs (SmartPool; GE Dharmacon) for 72 hours prior to infection
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with S. Typhimurium. Intracellular S. enterica was measured by median GFP intensity at
24 hours post infection. IL-10 protein in the supernatant at 24 hours was measured by
human duoset IL-10 ELISA (R&D systems, catalog #DY217B). RNA preparation and

qPCR was carried out as described above.

2.1.9 Western blotting

Primary antibodies used were: Anti-DDK (FLAG) (Origene, TA50011), Phospho-
Y705-STAT3, STAT3, GFP (Cell Signaling Technology, #9145, #9139, and #2956),
Phospho-Y449-IL-7Ra and IL-7Ra (Rockland, #600-401-A49, #600-401-A48), and 3-
tubulin E7 (Developmental Studies Hybridoma Bank) and infrared secondary antibodies
from LI-COR (IRDye 800CW Donkey anti-Rabbit IgG and IRDye 680LT Donkey anti-

Mouse IgG). Blots were developed and quantified on a LI-COR Odyssey Classic.

2.1.10 Cellular treatments including inhibitors and recombinant
proteins

LCLs (GM19154) were incubated with STAT inhibitor VI, S31-201 (Santa Cruz
Biotechnology, catalog #sc-204304) for 1 hour before infection at indicated
concentrations. Cell death, intracellular S. enterica, and IL-10 induction were measured

as described above.
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For heat-killed S. Typhimurium treatment, LCLs (GM19203) were plated at
100,000 cells/well of a 96-well plate. Overnight cultures of S. Typhimurium were grown
and subcultured as previously described, then heat-killed by incubation at 65°C for 1
hour prior to addition to the LCLs. LCLs were incubated with the heat-killed S.
Typhimurium for 24 hours, then supernatant was harvested and assayed to resulting IL-
10 by ELISA.

For recombinant IL-10 treatment, LCLs (GM19154) were treated with 7.5 ng/mL
recombinant human IL-10 (R&D Systems, catalog #217-IL) after infection with wild-type
and AsarA S. Typhimurium and incubated overnight, then intracellular replication was
measured at 24 hours post infection as described above.

For recombinant IL-7 and TSLP treatment, LCLs (GM19154) were treated with
0.5-500ng/mL IL-7 (Cell Signaling Technology #8170) and 0.5-500ng/mL TSLP (Cell
Signaling Technology #8012) for 24 hours. Cell death, intracellular S. enterica, and IL-10
induction were measured as described above.

For examination of THEM4's role in SarA-induced IL-10, 10 uM Akt inhibitor X
(Sigma, #124020), 40 uM Etomoxir (Sigma, #E1905), and 100 uM Ranolazine (Sigma,
#R6152) were administered 30 minutes before infection with wild-type S. Typhimurium
and concentrations were kept constant for the 24 hour incubation following the infection
protocol described above. Cell death, intracellular S. enterica, and IL-10 induction were

measured as described above.
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2.1.11 Transfections

HeLa cells were seeded at 2.2 x 10° cells per well in 6-well plates 24 hours before
transfection. HeLas were transfected with codon-optimized N-terminally FLAG-tagged
SarA (GenScript), N-terminally GFP-tagged SarA, or pCMV/IL-7Ra [146]. Transfection
was accomplished with Lipofectamine 3000 (Thermo Fisher Scientific, Catalog
#L3000008). As a control, HeLas were also transfected with empty pcDNA3.1 vector or
empty pEGFP-C1. Cells were harvested 24 hours post transfection and lysed with 75 uL
of lysis buffer (0.1% Triton X-100, 25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 5%
glycerol, Complete Mini Protease Inhibitor Cocktail tablet (Sigma-Aldrich, Catalog
#11836153001), 10 mM NaF, 1 mM Na Orthovanadate). LCLs were transfected using the
Neon system (Thermo Fisher Scientific, catalog #MPK1025) at 2.0x107 cells/mL in
Belzer's UW cold storage solution using one pulse of 1400V for 30 milliseconds and
recovered in warm complete RPMI. After 48 hours of recovery, LCLs were infected as
described; then 24 hours post infection supernatants were harvested for IL-10 ELISA and

cells lysed with 15 pL lysis buffer (as above). Lysates were analyzed by western blotting.

2.1.12 Immunoprecipitation

HeLas were seeded at 1.8 x 10° cells per 10 cm dish 24 hours before transfection
and transfected with pFLAG-SarA as described above. Cells were lysed with 1 mL lysis

buffer (same as above) and the cell lysate was incubated with anti-FLAG magnetic beads
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(Sigma-Aldrich, Catalog #M8823) for 8 hours in 4°C while rotating. The anti-FLAG
magnetic beads were pulled down using a DynaMag Spin Magnet (Invitrogen, catalog
#12320D) and washed 3x with 10 volumes of lysis buffer. Bound protein was eluted
using a glycine-HCI pH 3 buffer. For STAT3 immunoprecipitation, HeLas were seeded
at 1.8 x 10° cells per 10 cm dish 24 hours before transfection and transfected with pGFP-
SarA as described above. Cells were lysed with 200 pL lysis buffer (same as above) and
the cell lysate was incubated with STAT3 primary antibody (Cell Signaling Technology
catalog #9139) overnight in 4°C while rotating. Cell lysate and antibody was then
incubated with Protein G magnetic beads (Cell Signaling Technology catalog #70024S)
for 1 hour at 4°C with rotation, pulled down using a DynaMag Spin Magnet, and
washed 3x with lysis buffer. Pulled down proteins were eluted by boiling in SDS for 10

minutes. Eluted proteins were analyzed by western blot.

2.1.13 Site-Directed Mutagenesis

QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent, # 210518) was
used to mutate serine to alanine and tyrosine to phenylalanine by single-base mutations
as these amino acids are the most similar in structure and role, to limit the effect on
overall protein structure (primers in Table S2) [147]. Mutants were made in plasmids
pSarA for testing by bacterial infections in LCLs and pGFP-FLAG-SarA for testing in

transfected HeL as.
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2.2 Mouse infections
2.2.1 Acute infections

Intraperitoneal infection mouse protocols were approved by Duke University
IACUC. Oral infection mouse protocols were approved by N.C. State University IACUC.
Breeding stock of C57BL/6j and IL7R’ mice were obtained from Jackson laboratories and
raised in the Duke Breeding Core Facility. S. Typhimurium strains were cultured as
described above. 6-10 week old mice were infected with the stated doses of S.
Typhimurium (in PBS) intraperitoneally and monitored twice daily for morbidity. For
colony-forming unit counts, tissues were weighed and homogenized in PBS using
Zirconium Oxide beads (GlenMills, catalog #7305-000031) and a Mini-BeadBeater-24
(Biospec Products, catalog #112011). Appropriate dilutions were plated on LB agar +
ampicillin (100 pg/mL) or kanamycin (50 pg/mL) to calculate CFUs per gram. For
phosphorylated STAT3 measurement, spleens were harvested in Tissue Extraction
Reagent 1 (Thermo Fisher Scientific, catalog #FNN0071) and homogenized as above.

Homogenates were diluted 1:5 and analyzed on western blots as described above.

2.2.2 Chronic infections

For chronic infections, 8-10 week old CBA/J mice from Jackson Laboratories were
given ~1078 CFU of a 1:1 mixture of WT and AsarA mutant by gavage. Mice were

euthanized at 14 or 24 days post-infection. Cecum, spleen, and liver were harvested,
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weighed, and homogenized. Tissue homogenates were serially diluted and plated to

establish CFUs.

2.3 Yeast Two-Hybrid
2.3.1 Yeast Two-Hybrid Screening

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S.,,

Paris, France (http://www.hybrigenics-services.com). The coding sequence for Salmonella

enterica - SarA (aa 1-181) was PCR-amplified and cloned into pB66 as a C-terminal fusion
to Gal4 DNA-binding domain (Gal4-SarA). The constructs were checked by sequencing
and used as a bait to screen a random-primed Human Leukocytes/Activated
Mononuclear Cells cDNA library constructed into pP6. pB66 and pP6 derive from the
original pAS2AA [148] and pGADGH [149] plasmids, respectively. 87 million clones (9-
fold the complexity of the library) were screened using a mating approach with YHGX13
(Y187 ade2-101::loxP-kanMX-loxP, mata) and CG1945 (mata) yeast strains as previously
described [148]. 129 His+ colonies were selected on a medium lacking tryptophan,
leucine and histidine, and supplemented with 0.5 mM 3-aminotriazole to handle bait
autoactivation. The prey fragments of the positive clones were amplified by PCR and

sequenced at their 5" and 3’ junctions.
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2.3.2 Yeast Two-Hybrid Analysis

The resulting sequences were used to identify the corresponding interacting
proteins in the GenBank database (NCBI) using a fully automated procedure. A
confidence score (PBS, for Predicted Biological Score) was attributed to each interaction
as previously described [150]. The PBS relies on two different levels of analysis. Firstly, a
local score takes into account the redundancy and independency of prey fragments, as
well as the distribution of reading frames and stop codons in overlapping fragments.
Secondly, a global score takes into account the interactions found in all the screens
performed at Hybrigenics using the same library. This global score represents the
probability of an interaction being nonspecific. For practical use, the scores were divided
into four categories, from A (highest confidence) to D (lowest confidence). A fifth
category (E) specifically flags interactions involving highly connected prey domains
previously found several times in screens performed on libraries derived from the same
organism. Finally, several of these highly connected domains have been confirmed as
false-positives of the technique and are now tagged as F. The PBS scores have been

shown to positively correlate with the biological significance of interactions [151].

2.4 Mass Spectrometry

Transfection and co-immunoprecipitation of FLAG-SarA and SarA was done as

described above. Eluted fractions were concentrated using Amicon ultra-0.5 Centrifugal
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Filter Unit with Ultracel-10 membrane (Millipore, #UFC501008) in neutral Tris buffer.
The concentrated eluted fractions were processed and analyzed at the Duke Proteomics
and Metabolomics Shared Resource. After SDS-PAGE and in-gel digestion, ~40% of the
recovered peptides were analyzed by long gradient LC-MS/MS on a tandem mass
spectrometer and searched against a human database that included FLAG-SarA. ~1550
total unique proteins were identified between the two samples. Analysis of peptides

identified by mass spectrometry was done with Scaffold [152].

27



3. Salmonella activation of STAT3 signaling by SarA
effector promotes intracellular replication and
production of IL-10

This chapter was modified from a manuscript of the same title published in Cell Reports
(June 19, 2018). The authors were Sarah L. Jaslow, Kyle D. Gibbs, W. Florian Fricke, Liuyang
Wang, Kelly |. Pittman, Mark K. Mammel, Joshua T. Thaden, Vance G. Fowler Jr., Gianna E.

Hammer, Johanna R. Elfenbein, and Dennis C. Ko.

3.1 Introduction

Non-typhoidal salmonellosis, caused by Salmonella enterica serovars such as
Typhimurium and Enteritidis, is a major foodborne illness and a leading cause of
gastroenteritis worldwide. The World Health Organization estimates that non-typhoidal
Salmonella infections caused 150 million cases of gastroenteritis and 600,000 cases of
bacteremia in 2010, which resulted in the global loss of 8.3 million disability adjusted life
years, the highest burden of any foodborne illness [5, 6].

Salmonellae have evolved an impressive repertoire of secreted effectors that
manipulate the host. These effectors are secreted into the host cell through two type-
three secretion systems (T3SS) encoded in Salmonella pathogenicity islands (SPI-1 and
SPI-2) [153]. The T3SSs inject effector proteins into the host cytoplasm to manipulate

host cell physiology, enable invasion, and establish an intracellular niche inside a
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Salmonella-containing vacuole (SCV) [154-157]. S. enterica is known to activate host pro-
inflammatory pathways in order to optimize growth conditions and disseminate from
the gut [27, 28, 158]. SPI-1 induces inflammation through effectors, including SipA
activation of NF-«B signaling via NOD1/NOD2 [159]. This activation of inflammation
helps reduce the microbiota to overcome colonization resistance [28].

S. enterica also suppresses inflammation, but these activities are less well
understood. Previously, Salmonella effectors, such as SseL, SspH1, AvrA, and GogB,
have been shown to suppress NFkB signaling [160-164]. GogB targets the host SCF E3
type ubiquitin ligase through an interaction with Skp1 and the human F-box only 22
protein, by which it inhibits IxB degradation and thus NF«B activation [163, 165].
Immune recognition of S. enterica can also trigger a key mediator of anti-inflammatory
host responses, the cytokine interleukin-10. IL-10 decreases expression of pro-
inflammatory cytokines, such as TNFa and IFNY, inhibits Th1 cells, and alters
macrophage metabolism towards reduced production of ROS and inflammasome
activation [166-168]. These effects serve to dampen the host inflammatory response in
the context of infection and autoimmune diseases such as inflammatory bowel disease
(reviewed in [169]). Production of IL-10 in response to S. enterica has been observed in
macrophages and certain B cell subtypes via TLR4 recognition of LPS [170-172]. Thus, S.
enterica can suppress pro-inflammatory pathways such as NFkB, and innate immune

recognition of S. enterica components can induce IL-10. However, to the best of our
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knowledge, activation of anti-inflammatory pathways by effectors secreted by S. enterica
has not been previously described.

The extensive Salmonella effector repertoire varies substantially among different
serovars and strains. This is due to both evolutionary selection pruning the genome and
lateral gene transfer rapidly changing the serovars [50-53]. Despite extensive research,
the functions of many identified effectors are unknown, and the mechanisms of many
putative effectors with observed effects on fitness during infection remain unexplained
[56].

Here, we leveraged natural diversity among S. enterica serovars to reveal a
previously uncharacterized secreted effector (here designated SarA, Salmonella anti-
inflammatory response activator) that promotes IL-10 production and intracellular
replication. We demonstrate that these effects are mediated by SarA-dependent
activation of the transcription factor STAT3. SarA is sufficient for STAT3
phosphorylation and IL-10 induction even in the absence of Salmonella infection. The
importance of SarA in vivo can be seen in mouse infections, where it promotes virulence
at systemic sites, as well as in analysis of non-human clinical isolates that suggests
adaptation to bovine hosts. Our work has revealed the first Salmonella effector to directly
activate the anti-inflammatory host response and our findings could have implications

for both infectious and autoimmune disease.
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3.2 Results

3.2.1 Natural variation among S. enterica serovars in induction of IL-
10 reveals a novel IL-10 production pathway

In examining responses of lymphoblastoid cell lines (LCLs; Epstein-Barr virus
immortalized B cells) to S. Typhimurium infection, we noted that S. Typhimurium
induced robust production of both interleukin-10 (IL-10) protein and transcript (Fig. 1a,
b). B cells are known in vivo targets during Salmonella infection [173-175]. Previous
studies have shown induction of IL-10 by LPS in B cells and macrophages [170, 172].
This activation is part of immune surveillance and is observed even with dead bacteria
or purified LPS. However, the response observed here is distinct in that it requires
intracellular, living S. Typhimurium. Neither heat-killed S. Typhimurium nor S.
Typhimurium unable to invade cells due to mutation of SPI-1 (AprgH) induced IL-10

(Fig. 1c).
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Figure 1. S. Typhimurium induces IL-10.
a, S. Typhimurium induces secretion of IL-10. LCLs (GM19154) were infected
with S. Typhimurium (STM) at MOI 30 and IL-10 in supernatant measured after 24
hours. b, S. Typhimurium induces IL-10 at the transcriptional level. IL-10 mRNA levels
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were measured using TagMan assay of LCLs (GM19154) with and without S.
Typhimurium infection. For a-b, graphs are from 8-9 biological replicates measured in 3-
4 separate experiments. ¢, S. Typhimurium induction of IL-10 in LCLs (GM19203)
requires living, intracellular S. Typhimurium. Heat-killed S. Typhimurium or live S.
Typhimurium unable to invade (AprgH) do not induce IL-10 above uninfected levels. 7-
10 biological replicates measured in 3 experiments. P-values in (a) and (b) were
calculated using unpaired student’s t-test and in (c) using ANOVA with Sidak’s
multiple comparison post-hoc test; error bars represent SEM.

While S. Typhimurium induced robust IL-10, no induction was seen with S.
Typhi. This presented an opportunity to pair comparative genomics and functional
studies to determine the phylogenetic pattern of this activity and identify required
genetic elements. We measured IL-10 production in 18 S. enterica strains and identified
isolates of S. enterica serovars Typhimurium, Weltevreden, Newport, and I 4,[5],12:i:- as
IL-10-inducers while the remaining strains were unable to induce IL-10 (Fig. 2a). Each of
these serovars has been associated with outbreaks of gastroenteritis [176-178] and
Typhimurium is one of the most common causes of Salmonella gastroenteritis in the
United States [14]. To prevent confounding of our genomic analysis due to strains that
had no IL-10 induction secondary to poor SPI-1 mediated entry, we excluded two strains
that did not induce SPI-1 mediated pyroptosis (Fig. 2b). Comparative genomics of the
remaining 16 sequenced strains [133] by pairwise BLASTp of all translated coding
sequences (CDS) identified two genes within the Gifsy-1 prophage that were only

present in the IL-10 inducing strains but absent from the non-inducing strains. The first
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gene was gogB (STM2584) which is a known anti-inflammatory effector through its
inhibition of NFKB, while the second gene was gipA (STM2599). Due to the known anti-
inflammatory properties of GogB, we focused initially on the region around this gene.
Genome alignment of S. Typhimurium (LT2; IL-10 inducing) and S. Heidelberg (SL476;
IL-10 non-inducing) revealed a 4869 base pair genetic region, which besides gogB
includes two other genes (stm2585 and pagK?2), all of which were absent from the non-IL-
10 inducing strains based on nucleotide BLASTn searches (Fig. 2¢, d). Thus, natural
variation among Salmonellae revealed a candidate region for the IL-10 phenotype that

we then tested experimentally.
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Figure 2: S. Typhimurium and other serovars induce IL-10.

a, S. enterica strains exhibit variation in their ability to induce IL-10. LCLs
(GM19203) were infected with sequenced S. enterica serovars at MOI 30, and IL-10 in
supernatant measured after 24 hours. Only serovars Weltevreden, Newport, I 4,[5],12:i:-,
and Typhimurium induced IL-10. b, Most S. enterica strains induce pyroptosis.
Pyroptosis was measured at 3.5 hours by flow cytometry based on 7-AAD staining. Data
for each strain are from at least 6 biological replicates measured in 3 experiments. For
Kentucky CVM29188 and Javiana compared to uninfected, p = 1. For all other strains, p <
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0.01. ¢, A mirror tree of S. enterica strains based on the phylogeny from [133] illustrates
the presence of a 4869 base pair region only in strains able to induce IL-10. Comparative
analysis was carried out by Dr. W. Florian Fricke at the University of Hohenheim and
the mirror tree was composed by Dr. Liuyang Wang in the Ko lab at Duke University. d,
The 4869 base pair region containing 3 known protein-coding regions is unique to IL-10-
inducing serovars. P-values in D were calculated using ANOVA with Sidak’s multiple
comparison post-hoc test; error bars represent SEM.

3.2.2 Stm2585 (sarA) is required for induction of IL-10 and promotes
intracellular replication

Deletion of the entire 4869bp candidate region resulted in a complete loss of S.
Typhimurium-induced IL-10 (Fig. 3a), while having no effect on bacterial invasion (Fig.
3b). To determine the causative gene(s) responsible for this IL-10 induction, we
individually deleted each of the 3 annotated open reading frames in the region. To our
surprise, deletion of gogB and pagK2 had no effect on IL-10 induction. In contrast,
stm2585 was necessary for IL-10 induction and was designated sarA (Salmonella anti-
inflammatory response activator) (Fig. 3a). Possibly due to the relatively short length of
the open reading frame (546 base pairs / 181 amino acids) and the location within a
mosaic prophage region of heterogenous sequence composition, stm2585 had not been
consistently identified as a coding sequence in other S. enterica genomes. This
inconsistency was the reason it had not been directly found in our gene-based initial
comparative analysis. Complementation of AsarA with a plasmid containing sarA under

its endogenous promoter restored IL-10 induction (Fig. 3c). In addition, introduction of
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sarA to S. enterica serovars normally unable to induce IL-10, such as Typhi and
Enteritidis, conferred the ability to induce IL-10 (Fig. 3d). SarA’s effect was not restricted
to LCLs, as AsarA induced less IL-10 in BJABs (an EBV-negative B-cell lymphoma line)
than wild-type S. Typhimurium (Fig. 3e). Therefore, sarA is both necessary and sufficient

in the context of Salmonella infection to induce IL-10 in B cells.
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Figure 3. sarA (stm2585) is required for induction of IL-10.

a, sarA is necessary to induce IL-10. LCLs (GM19154) were infected with wild-
type, the 4869bp deletion mutant (A5kbp), or individual deletion mutant S.
Typhimurium. ASkbp and Astm2585 were unable to induce IL-10 but b, do not affect
infection rates. ¢, Complementation with pSarA restores IL-10 induction. LCLs were
infected with wild-type, AsarA, or AsarA containing a plasmid with sarA expressed
under its endogenous promoter (pSarA). d, SarA enables IL-10 induction by serovars
naturally unable to induce IL-10. LCLs (GM19203) were infected with S. Typhi or S.
Enteritidis wild-type or containing pSarA. e, SarA induces IL-10 in BJABs. Wild-type S.
Typhimurium induced IL-10 and AsarA induced significantly less IL-10 in BJABs,
controlled per infected cell and presented as percent of wild-type induced IL-10.
Experiment (e) was performed by Kyle Gibbs. For a-e, graphs are from 6-9 biological
replicates, measured in 3 separate experiments. P-values in a-c are from ANOVA with
Sidak’s multiple comparison post-hoc test; p-values for d and e calculated using
unpaired student’s t test; error bars represent SEM.
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We next investigated whether sarA affected other cellular phenotypes and found
that, in the absence of sarA, there was reduced intracellular replication by 24 hours post
infection, measured as the relative increase in median fluorescence of the GFP+ host cell
population (Fig. 4a). In contrast, invasion/early survival (% GFP+ host cells at 3.5 hours)
and pyroptosis, both SPI-1-dependent processes, showed no difference with wild-type
or AsarA S. Typhimurium (Fig. 4b, c). Growth of AsarA was equivalent to wild-type S.
Typhimurium in LB or SPI-2 inducing media, indicating that the observed intracellular
replication difference is due to SarA’s interaction with the host, not an intrinsic growth
defect (Fig. 4d, e). Notably, exogenous IL-10 was not able to rescue this phenotype,
suggesting that reduced intracellular replication is not a consequence of reduced
autocrine IL-10 stimulation (Fig. 4f). Thus, SarA’s influence is not limited to IL-10

induction but must also involve other host targets that regulate intracellular replication.
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Figure 4. sarA promotes intracellular replication.

a, AsarA has an intracellular growth defect. LCLs were infected with GFP-
expressing wild-type or AsarA S. Typhimurium at MOI 30 and the bacterial loads were
measured by flow cytometry. Intracellular replication was measured as the ratio of
increase over the median GFP intensity measured at 3 hours post infection. Graphs are
from 6-9 biological replicates, measured in 3 separate experiments. b, SarA has no effect
on invasion or ¢, pyroptosis. LCLs were infected with GFP-expressing wild-type or
AsarA S. Typhimurium at MOI 30. Percent invasion (GFP-positive cells) and pyroptosis
(7-AAD-positive cells) were measured by flow cytometry 3 hours post infection. AsarA
invaded and induced pyroptosis at similar levels to wild-type (p =0.45, p=0.47, and p =
0.19 respectively). Similar decline in percentage GFP-positive cells was measured for WT
and AsarA at 24 hours post infection. 8-9 biological replicates measured in 3-4 separate
experiments. d, SarA does not affect the growth rate of S. Typhimurium alone either in
rich media (LB) or e, SPI-2-inducing media (LPM). Means of 3 experiments shown. f,
Decreased growth of AsarA is not due to its inability to induce IL-10. Addition of
recombinant IL-10 did not rescue the intracellular growth defect of AsarA. p-values
calculated using unpaired student’s t test; error bars represent SEM.
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3.2.3 SarA is secreted by SPI-1 and SPI-2 T3SS

We determined that SarA was secreted primarily by the SPI-2 type 3 secretion
system (T3SS). Using (-lactamase [131] fused to the C-terminus of SarA, we detected
translocation of SarA from S. Typhimurium into host cells (Fig. 5a). SarA translocation
was greatly attenuated from S. Typhimurium with a nonfunctional SPI-2 T3SS (AssaT)
(Fig. 5b, c), despite equivalent levels of invasion based on CFUs (Fig. 5d). This fusion did

not affect the IL-10-inducing function of SarA (Fig. 5e).
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Figure 5. SarA is translocated by the SPI-2 T3SS.

a, SarA-TEM fusions are translocated into host cells. HeLa cells infected with
wild-type S. Typhimurium showed blue fluorescence, indicating that the SarA-TEM
fusion was translocated into the host cell cytoplasm. b, SarA translocation occurs
primarily through the SPI-2 T3SS. HeLa cells infected with AssaT S. Typhimurium
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showed a reduced number of cells with SarA-TEM activity in the cytosol. ¢,
Quantification of SarA-TEM translocation by flow cytometry. 11 replicates over 4
experiments. d, Wild-type and AssaT invasion are equal. HeLa cells were infected with
wild-type and AssaT containing pSarA-TEM on a kanamycin resistant plasmid as
described, lysed 2 hours post infection and plated to determine invasion. e, SarA-TEM
induces IL-10. LCLs infected with S. Typhimurium containing the SarA-TEM fusions
produced IL-10. P-values calculated using unpaired student’s t test with Welch’s
correction; error bars represent SEM.

Furthermore, S. Typhimurium with mutation of SPI-2 showed a severe decrease
in IL-10 induction (Fig. 6). These results are consistent with published proteomic
analysis of S. Typhimurium secretomes that identified STM2585 as secreted into the
media [179]. Examination of SPI-1’s role in SarA translocation is more complex due to
the requirement of SPI-1 for entry into non-phagocytic cells [37], including LCLs [180].
Therefore, we utilized S. Typhi (which does not contain SarA and therefore does not
induce IL-10) to trigger macropinocytosis in the LCLs and co-infected with S.
Typhimurium mutated to have a nonfunctional SPI-1 T3SS (AprgH). The resulting
intracellular S. TyphimuriumAprgH induced IL-10 nearly as well as wild-type on a per-
infected-cell basis (Fig 6). In contrast, S. Typhimurium AssaT induced a significantly
reduced amount of IL-10, similar to the decrease in SarA translocation as measured by
the TEM fusions. However, coinfection of S. Typhimurium mutated at both SPI-1 and
SPI-2 with S. Typhi resulted in complete loss of IL-10 induction (Fig. 6). This suggests

SarA is translocated mainly by the SPI-2 T3SS and partially by the SPI-1 T3SS.
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Figure 6. SarA is translocated through both T3SSs of S. Typhimurium.

Mutation of both SPI-1 and SPI-2 is required to completely block SarA-induced
IL-10 production in LCLs (GM19154). Disruption of the SPI-1 T3SS (AprgH) resulted in a
modest decrease in the amount of IL-10 induced by S. Typhimurium that did not reach
statistical significance when entry is facilitated by S. Typhi. Disruption of the SPI-2
secretion system (AssaT) results in a significant decrease in the amount of IL-10 induced
by S. Typhimurium. Disruption of both the SPI-1 and SPI-2 secretion systems
(AprgHAssaT) results in no induction of IL-10 by S. Typhimurium. IL-10 represented as
femtograms per infected cell; infection measured by GFP+ S. Typhimurium in LCLs by
flow cytometry. Data are presented as IL-10 per infected cell. 9 biological replicates over
3 experiments. P-values calculated using ANOVA with Sidak’s multiple comparison
post-hoc test, error bars represent SEM.

3.2.4 SarA is required and sufficient for induction of a STAT3
transcriptional program

IL-10 induction is observed at the transcriptional level (Fig. 1b) but is not
sufficient to rescue the intracellular replication phenotype (Fig. 4f), which suggested the

existence of other transcriptional targets. RN A-seq was used to compare the
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transcriptomes of LCLs infected with wild-type vs. AsarA S. Typhimurium at 24 hours
post-infection in two LCLs (Fig. 7a). 275 genes were induced at least 2-fold in LCLs
infected with wild-type S. Typhimurium compared to those infected with AsarA (Table
S3). Gene set enrichment analysis (GSEA) revealed that 3 out of the top 10 enriched
pathways involved STAT3 signaling (Fig. 7b; Table S4). This was particularly intriguing
because of STAT3’s previously reported role in activating IL-10 transcription in B cells
[105]. In addition to IL-10 (35-fold higher in wild-type; p=3x10-1%), other anti-
inflammatory STAT3 targets were revealed by the RNA-seq. These include Socs3 (11.6-
fold higher; p=2x10-%; which binds to the IL-6 receptor to block the IL-6 pro-
inflammatory pathway) [181], Bcl3 (3.2-fold higher; p=5x10; suppressor of TNF-a
expression in macrophages) [182], and Sbno2 (3-fold higher; p=2x10-'%; inhibitor of NFkB

transcriptional activity) [183].
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Figure 7. SarA activates a STAT3 signaling pathway.
a, Overview of RNA-seq comparison. LCLs were infected with wild-type or
AsarA S. Typhimurium and harvested at 24 hours. b, Volcano plot of all measured RNA
transcripts. IL-10 is labeled and highlighted in purple, STAT3 is labeled and highlighted
in red. Known STATS3 targets that show >1.5 fold change with adjusted p-value of <0.05
are highlighted in green, with those known to be involved in mediating an anti-
inflammatory response highlighted in cyan and labeled with their gene name.

The GSEA suggested that SarA might induce STAT3 activation and subsequent
target gene transcription. We observed increased phosphorylation of STAT3 during
wild-type S. Typhimurium infection in LCLs that was absent during AsarA infection
(Fig. 8a). A previous report indicated that S. Typhimurium infection results in STAT3
phosphorylation in HeLa and Henle epithelial cells but did not identify the causative

effector [184]. We also observed that S. Typhimurium infection in HeLa and Henle cells
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results in STAT3 phosphorylation (Fig. 8b, c), and found that it was greatly diminished
with AsarA. Additionally, we observed similar results in BJABs and THP1 monocytes
(pretreated with PMA to induce differentiation to macrophage-like cells) (Fig. 8d, e).

Therefore, SarA is required for STAT3 phosphorylation in a wide range of cell types.
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Figure 8. SarA is necessary for STAT3 activation.
a, b, c,d, e, STAT3 phosphorylation in LCLs (a), HeLas (b), Henles, (c) BJABs (d),
and THP1s (e), required SarA. HeLas were infected with wild-type or AsarA S.
Typhimurium and lysates were harvested at 24 hours.

We heterologously expressed SarA in HeLa cells to determine whether SarA
expression was sufficient to cause STAT3 phosphorylation. Expression of SarA from a
CMYV promoter induced phosphorylation of STAT3 (Fig. 9a). Notably, IL-10 production
was not detected from HeLa cells either in response to S. Typhimurium infection or
SarA transfection, suggesting that STAT3 activation is not simply a downstream
consequence of IL-10 receptor activation. This distinction is relevant, as STAT3 is also

the primary transcription factor downstream of IL-10 receptor signaling that mediates its
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anti-inflammatory effects [185, 186]. In LCLs, expression of SarA was sufficient for both

STAT3 phosphorylation and IL-10 production without any S. enterica present (Fig. 9b, c).
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Figure 9. SarA is sufficient for STAT3 activation.

a, Mammalian SarA expression is sufficient to drive STAT3 phosphorylation.
HeLas were transfected with an expression plasmid containing N-terminally FLAG-
tagged SarA under a CMV promoter (FLAG-SarA) or with an empty vector control.
After 24 hours, transfected HeLas were harvested and blotted for phosphorylated
STATS, total STAT3, and FLAG. B, ¢, Mammalian SarA expression is sufficient to drive
STAT3 phosphorylation (b) and IL-10 production (c) in LCLs at 48 hours. Experiments
(b) and (c) were performed by Kyle Gibbs. P-values are from paired t-tests.

3.2.5 STAT3 is required for SarA-dependent IL-10 production and
effect on intracellular replication

STATS3 inhibition through a small-molecule inhibitor or knockdown via RNAi
demonstrated that STAT3 was required for IL-10 induction by S. Typhimurium. STAT3
inhibitor VI, which binds the SH2 domain and disrupts STAT3 homodimer complex
formation and DNA-binding [126], showed a dose-dependent decrease in SarA-
dependent IL-10 production (Fig. 10a). RNAi against STAT3 showed an even more

robust inhibition of IL-10 production (Fig. 10b). STAT3 knockdown and infection with
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wild-type S. Typhimurium phenocopied the reduction in intracellular replication
demonstrated by AsarA (Fig. 10c). No further reduction in intracellular replication was
observed in combining the STAT3 knockdown with AsarA —thus it appears that the
entire reduction in intracellular replication of AsarA can be attributed to the effect of
SarA on STATS3 activation.

While S. enterica does infect and replicate in B cells in vivo [173-175], we wanted
to determine if similar effects of SarA were observed in other cell types. Specifically,
Hannemann et al. [187] reported that S. Typhimurium replication in Henle epithelial
cells was partially dependent on STAT3 based on CFU plating. For wild-type S.
Typhimurium in Henle cells, we observed a four-fold increase in mean fluorescence,
similar to the four-fold increase in CFUs previously reported [187]. Similar to our results
in LCLs, AsarA exhibited a modest reduction (11%; p = 0.0004) in mean fluorescence of
GFP-positive cells compared to wild-type. We also detected a decrease in the percentage
of GFP-positive cells with AsarA (20%, p = 0.0004) (Fig. 10d). Thus, in Henle epithelial
cells, the reduced burden of S. Typhimurium AsarA could be attributed to decreases in

both the percentage of S. Typhimurium-infected cells and intracellular replication.
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Figure 10. STATS3 activation is required for SarA-induced IL-10 and increased
intracellular replication.

a, STATS3 inhibition significantly reduces IL-10 induction by SarA in LCLs (200
uM: p = 0.03 by Welch’s t-test). DMSO and 100 uM are means of three experiments; 200
UM is the mean of two experiments. Infection rates were 6.2% wild-type and AsarA
DMSO, 5.5% and 5.8% for wild-type and AsarA STAT3 inhibitor 100 uM; 4% and 4.6%
for wild-type and AsarA STAT3 inhibitor 200 uM. No significant differences from wild-
type infection with DMSO by ANOVA with Sidak’s multiple comparisons post-hoc test.
b, STAT3 knockdown significantly blocks IL-10 induction by SarA in LCLs (p = 0.004 by
Welch’s t-test). 7 wild-type, 5 AsarA replicates across 4 experiments. qPCR showed 290%
knockdown of STAT3 mRNA over non-targeting. Infection rates were 4.1% for wild-
type with non-targeting, 4.4% for wild-type with STAT3 siRNA, 4.0% for AsarA with
non-targeting, and 4.2% for AsarA with STAT3 siRNA with no significant differences by
ANOVA with Sidak’s multiple comparisons post-hoc test. ¢, Knockdown of STAT3
expression significantly reduced S. Typhimurium replication and no further reduction
was seen with the AsarA mutant. Median fluorescence was normalized across
experiments as fold-change over each experiment’s wild-type infected non-targeting. 8
wild-type, 6 AsarA replicates across 5 experiments. Two-way ANOVA showed
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significant interaction of siRNA treatment and S. Typhimurium genotype (p = 0.04).
Displayed p-values are Sidak’s multiple comparison post-hoc tests. Experiments (a), (b),
and (c) were performed by Kyle Gibbs. d, SarA contributes to intracellular replication
and intracellular survival in Henle cells. Henle cells were infected with wild-type or
AsarA S. Typhimurium at MOI 5 and the bacterial loads were measured by flow
cytometry of GFP expression at 3 and 10 hours post infection. 12 replicates across 4
experiments. P-values calculated by paired t-test. All error bars on graphs and +values
are SEM.

A role for STAT3 in SarA-dependent activation of IL-10 is further supported by a
physical interaction between STAT3 and SarA. When flag-tagged SarA is transfected
into HeLa cells, STAT3 co-immunoprecipitated with flag-tagged SarA but not with the
vector only control (Fig 11a). Immunoprecipitation of STAT3 was performed to confirm
the interaction. GFP-tagged SarA co-immunoprecipitated with STAT3 while GFP alone
demonstrated no interaction (Fig. 11b). These data indicate a physical interaction
between STAT3 and SarA, either directly or through a currently unidentified

intermediary.
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Figure 11. SarA physically interacts with STAT3.

a, STAT3 physically interacts with SarA. HeLa cells were transfected with FLAG-
SarA, lysed, and FLAG-SarA immunoprecipitated along with bound proteins. STAT3
was co-immunoprecipitated with FLAG-SarA, but not with vector alone. b, SarA
physically interacts with STAT3. Hela cells were transfected with pGFP or pGFP-SarA,
lysed, incubated overnight with STAT3 antibody, and then STAT3 and bound proteins
were immunoprecipitated with protein G magnetic beads. GFP-SarA was co-
immunoprecipitated with STAT3 but GFP was not.

3.2.6 Mutation of SarA caused decreased virulence

Having determined that SarA facilitated IL-10 transcription and intracellular
replication through activation of a STAT3 signaling pathway, we determined the
relevance of this effector during S. Typhimurium infection in mice. AsarA had reduced
virulence in intraperitoneal (IP) infections, consistent with the observed phenotypes of
AsarA in vitro. This is manifest in both reduced CFUs in spleen and moderately
prolonged survival (Fig. 12a, b). Furthermore, competitive index experiments showed

reduced fitness of AsarA even when in the same milieu as wild-type S. Typhimurium
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(Fig. 12¢, d). The reduction in competitive index suggests that the effect of SarA on
bacterial burden cannot be rescued by the actions of surrounding wild-type bacteria, for
example through induction and secretion of IL-10 or other cytokines. This is consistent
with the inability of recombinant IL-10 to rescue the intracellular replication phenotype
in vitro. Therefore, SarA promotes bacterial replication in a cell-autonomous manner
during systemic infection.

Consistent with the IP infection results, a competitive chronic oral infection
model (CBA/J; [188]) also demonstrated decreased fitness of AsarA in the liver and
spleen (Fig. 12e). In contrast, no difference was observed in the cecum (Fig. 12e), again

supporting the idea of SarA functioning primarily at systemic sites of infection.
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Figure 12. AsarA shows reduced virulence in mice.

a, SarA contributes to bacterial growth in mice. C57BL/6 Mice infected by IP
injection with 10° wild-type S. Typhimurium had significantly higher bacterial loads in
the spleen at 5 days than those infected with AsarA. For all CFU experiments in this
figure, line indicates median competitive index, and p-value is from unpaired t-test on
log-transformed values. Median competitive index value is provided below p-value. b,
SarA contributes to virulence in mice. Mice infected as in (a) were monitored until
endpoint morbidity was reached, at which point the mice were euthanized. Mice
infected with wild-type S. Typhimurium succumbed to infection sooner than mice
infected with AsarA, p =0.0005 by Log-rank (Mantel-Cox) test. ¢, d, SarA acts cell
autonomously to enhance virulence. C57BL/6 mice were infected with ~10° CFU of a 1:1
mixture of wild-type S. Typhimurium and AsarA and CFUs were enumerated from
spleen (c) and thymus (d). Wild-type outcompeted AsarA at each timepoint and the
difference increased over time. e, SarA has decreased fitness in competitive chronic oral
infections. CBA/] mice were orally infected with ~10% CFU of a 1:1 mixture of wild-type
S. Typhimurium and AsarA mutant by gavage. Data presented are from cecums, livers,
and spleens harvested in two separate experiments at either 14 or 24 days post-
inoculation. Chronic infections were carried out by Dr. Johanna Elfenbein and members
of her lab at North Carolina State University.
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The effect of SarA on STAT3 activation was also recapitulated in vivo. STAT3
phosphorylation was induced by S. Typhimurium infection in the spleen at 4 days, but
the level of induction was reduced with AsarA infection (Fig. 13). While we cannot rule
out that the reduced bacterial burden in AsarA-infected mice contributed to the
reductions in p-STATS3, these results are consistent with SarA-dependent activation of

STATS3 occurring in vivo.
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Figure 13. AsarA shows reduced p-STAT3 in mice.

STAT3 activation is reduced in AsarA. C57BL/6 mice were infected with ~10°
wild-type or AsarA S. Typhimurium. Spleens were harvested 4 days post infection and
phosphorylated STAT3 (the upper band, which is the same MW as the primary band in
total STAT3) was quantified by western blotting. P-values from Welch's t-test. Data
presented are from 3 separate experiments.
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3.2.7 Evidence SarA plays arole in host adaptation

These data demonstrate that SarA has important roles during infection in mice.
However, we hypothesized that variation in presence/absence of sarA among serovars
could be driven by adaptation in different hosts. To address this question, we examined
national surveillance data on S. enterica isolates from CDC’s Atlas of Salmonella in the
United States, 1968-2011 [14]. Three of the four sarA-containing serovars (Typhimurium,
Newport, and I 4,[5],12:i:-) were included in this atlas. In regards to human infections,
there was no significant correlation with presence or absence of the sarA gene in the total

number of human clinical isolates obtained for serovars from 1968-2011 (Fig. 14).
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Figure 14: SarA is not associated with the number of human clinical isolates.
The CDC’s Atlas of Salmonella in the United States 1968-2011 [14] was utilized to
examine correlation between host species and absence or presence of sarA in serovars
(assigned in Figure 1). a, The number of human clinical isolates of each serovar showed
no significant association with the absence or presence of sarA (p = 0.12 by unpaired t-
test, bar indicates median).
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This atlas also provides data on non-human isolates, divided into “clinical”
isolates, where animals demonstrated signs consistent with salmonellosis, and “non-
clinical” isolates, derived from monitoring efforts. While large in scale (the
Typhimurium data for example consists of 55,931 non-human isolates), the data are not
comprehensive. Despite this, known examples of host adaptation are apparent in the
data. The serovar displaying the greatest fraction of its isolates from porcine sources (for
both clinical (71%) and non-clinical isolates (67%)) was serovar Derby, a known pig-
adapted serovar [189], which notably lacks the sarA gene. Additionally, for the three
serovars showing the greatest percentage of clinical isolates from chickens (Enteritidis,
Heidelberg, and Hadar), > 80% of outbreaks in the United States for these serovars were
attributed to eggs and poultry [190] and all three lack the sarA gene. In comparing the
percentage of clinical isolates for each serovar that were obtained from different animal
hosts (cows, chickens, and pigs), we observed an association for a greater percentage of
bovine clinical isolates for sarA-containing serovars (Fig. 15a; p = 0.02; mean 5.3% vs.
39.6% of clinical isolates from each serovar were from bovine sources). No other
comparisons of serovars with and without sarA within a species were statistically
significant for either clinical or non-clinical samples (Fig. 15a, b). Thus, natural diversity
facilitated the identification of the sarA gene but also provided evidence for a role of this

effector in infection and adaptation to bovine hosts.
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Figure 15. SarA is associated with diversity in serovar host preference.

The CDC’s Atlas of Salmonella in the United States 1968-2011 [14] was utilized to
examine correlation between host species and absence or presence of sarA in serovars
(assigned in Figure 1). a, b, The percentage of clinical (a) and non-clinical (b) isolates
obtained from bovine, chicken, or porcine sources for each serovar, grouped by absence
or presence of sarA. Clinical isolates of the serovars containing sarA were significantly
more likely to be found in bovine samples compared to clinical isolates for serovars
without sarA (p = 0.02 by ANOVA with Sidak’s multiple comparison post-hoc test, bar
indicates median). No other pairwise comparisons within hosts were statistically
significant.

3.3 Discussion

Here we identified and characterized SarA as a novel Salmonella effector that
alters virulence through induction of a STAT3-dependent anti-inflammatory pathway
(Fig. 16). This STAT3 activation has both cell autonomous effects in promoting
intracellular replication, but also non-cell autonomous effects such as production of IL-

10.
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Figure 16. S. enterica diversity leads to identification of IL-10-inducing SarA.

Very recently, IL-10 production from lymphocytes was demonstrated to be a
significant contributor to systemic S. Typhimurium infection in mice [191]. IL-10 also has
been reported to increase susceptibility to systemic infection during co-infection with
Plasmodium falciparum, as parasite-induced IL-10 acts on myeloid cells to blunt the host
response to S. Typhimurium [192]. Our discovery of Salmonella effector-induced IL-10
adds another layer of complexity to the role of this key anti-inflammatory cytokine

during infection.
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Our work solves a mystery in the field regarding how some S. enterica strains are
able to induce STAT3 activation. Hannemann et al. had suggested that STAT3 activation
by S. Typhimurium requires the activities of SopB, SopE2, and SopE [187], and more
recently suggested that the lack of STAT3 activation in S. Typhi infection was due to an
unidentified S. Typhi effector negatively regulating STAT3 activation [184]. However,
we found that SarA is sufficient to confer the ability to activate STAT3 to S. Typhi and
that mammalian expression of SarA is sufficient to induce STAT3 phosphorylation even
in the absence of Salmonella infection. SarA activation of STAT3 turns on several of the
known mediators/downstream targets of the IL-10/STAT3 anti-inflammatory response,
including genes that inhibit NFxB activation and signaling (BCL3, SBNO2, TNIP3) and
others that dampen inflammatory cytokine expression by other mechanisms (NFIL3,
ZFP36). This activation likely occurs through physical interactions involving SarA and
STAT3 as demonstrated by our co-immunoprecipitation experiments, though future
structural biology and proteomics analysis will be required to elucidate the molecular
details of this activation. Our findings underscore that our understanding of effector
function and even the overall repertoire of secreted effectors is still incomplete.

While we have observed an intracellular growth defect in the AsarA S.
Typhimurium by quantification of GFP intensity, this may be due to a combination of
effects on both replication and susceptibility to host killing. This may in fact differ

among cell types, as SarA-dependent decreases in fluorescence intensity were observed
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in both LCLs and Henle epithelial cells, but a SarA-dependent decrease in the
percentage of infected cells was observed only in Henle cells. Wild-type and AsarA S.
Typhimurium grow identically outside of cells, so there are likely STAT3-dependent
mechanisms regulating intracellular survival and replication that vary in importance
among cell types.

A few effectors have been shown to induce IL-10, such as BopN and LcrV, but
none previously through STAT3 activation. Helicobacter pylori produces a type IV
secretion system effector, CagA, that is necessary [108] and sufficient [109] for STAT3
activation. SarA has no significant sequence similarity to CagA and indeed has no
recognized sequence or predicted structure similarities to any other characterized
protein besides a predicted transmembrane segment in the N-terminal region.

While the genome databases we examined annotated stm2585 as either
“transposase-like protein” (UCSC Genome Browser and EcoGene), “hypothetical
protein” (Biocyc and KEGG), or “gifsy-1 prophage protein” (Uniprot), we learned
during preparation of this manuscript that stm2585 had previously been designated pag]
[193, 194] and steE [179]. Despite these annotations, the function and molecular effects of
SarA on host cells remained a mystery until our studies. Combining comparative
genomics and functional characterization, we provided a molecular role for SarA
(induction of IL-10) even prior to our identification of the sarA gene. Furthermore, the

correlation of SarA with bovine host preference among serovars underscores the public
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health importance of understanding these effectors. Future studies will be necessary to
more fully understand the evolutionary pressures and sequence changes along
sublineages that have led to patterns of sarA presence and absence. Thus, in addition to
providing a means for identification and elucidating functions of effectors, this approach
can illuminate natural diversity which may have consequences in clinical presentation
and host range.

In addition to identifying SarA, our comparative genomic analysis demonstrated
an example of horizontal gene transfer of an anti-inflammatory locus. Horizontal gene
transfer of prophages has contributed significantly to diversity among S. enterica strains,
and these prophages often carry T3SS effectors [54, 55]. SarA is contained within the
Gifsy-1 prophage, one of the three lambda-prophages carrying T3SS effectors in various
S. enterica serovars [55]. Many other serovars contain parts of this phage, but relatively
few have the region containing sarA. This region also encodes the effectors GogB and
PagK2, which also have roles in virulence. GogB is secreted by both the SPI-1 and SPI-2
T3SS and is also anti-inflammatory through negatively regulating NFxB [163]. PagK2 is
secreted in outer membrane vesicles and contributes to intracellular survival in
macrophages through an unknown mechanism [195]. The proximity of two anti-
inflammatory effectors, SarA and GogB, suggests some evolutionary pressure for
keeping this anti-inflammatory region of the Gifsy-1 prophage in certain S. enterica

serovars.
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Our work provides evidence for a dichotomy between the pro-inflammatory
effects of SPI-1 effectors in the gut early during infection [159, 196-198] and the anti-
inflammatory effects of SarA and other anti-inflammatory SPI-2 effectors such as SpvC
[199, 200] and GtgA, GogA, and PipA [201] at systemic sites later in infection. While
inflammation is beneficial to S. enterica in overcoming colonization resistance [27] and
providing metabolites beneficial to S. enterica growth [28], S. enterica no longer needs to
outcompete the microbiota later during systemic infection; instead it must evade
immunity and promote intracellular growth. SarA activation of STAT3 helps promote
both goals in this altered environment by increasing production of the anti-
inflammatory cytokine IL-10 and activating other STAT3 targets that promote
intracellular replication. Consistent with this model, we observed reduced bacterial
burden in systemic sites with both IP and oral infections. Examination of the results
from genome-wide studies of S. Typhimurium virulence and persistence also support
these conclusions. Lawley et al. identified stm2585 as contributing to long-term systemic
infection in 129/Sv] mice using a microarray-based negative selection screen of the
spleen at 28 days [202]. In contrast, Elfenbein et al. used the calf ligated ileal loop model
to screen a library of S. Typhimurium deletion mutants, but stm2585 was not a
significant contributor to virulence in this model of the early stages of Salmonella

gastroenteritis [203].
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While this manuscript has focused on the consequences of SarA activation of
STAT3 during infection, the central importance of STAT3 and IL-10 in both
autoimmunity and cancer could mean that there are unintended consequences of STAT3
activation following infection. We speculate that activation of STAT3 by SarA, leading to
production of IL-10 by regulatory B cells and other immune cells, could reduce
inflammation and risk/severity of autoimmune diseases such as inflammatory bowel
disease. Indeed, loss-of-function mutations in IL-10 and IL-10 receptors in humans cause
very early onset inflammatory bowel disease (IBD) [204]. While IL-10’s therapeutic
potential has proven difficult to utilize through exogenous application [110], SarA’s
ability to induce IL-10 and other STAT3 anti-inflammatory targets may yield clues to
therapeutically activating endogenous sources of IL-10 as treatment for autoimmune
disorders. Conversely, activation of STAT3 by S. enterica could contribute to
transformation and intestinal cancer, similar to how H. pylori CagA activation of STAT3
promotes gastric cancer. Future studies will therefore elucidate the role of SarA not only

on infection but also in autoimmunity and cancer.
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4. Protein interactions between SarA and the host

4.1 Introduction

The previous chapter illustrated SarA’s effect on S. Typhimurium’s growth and
the STAT3 anti-inflammatory pathway. However, the mechanisms by which these
effects are induced was still unclear. Here I examine protein interactions in order to

understand SarA’s mechanisms.

4.1.1 Pathogen hijacking of host signaling pathways

The co-evolution of pathogens and their hosts has led to many insidious
mechanisms by which pathogens subvert the host signaling pathways to enable their
survival. In S. enterica, the majority of these effects are carried out by the effector
proteins secreted by the SPI-1 and SPI-2 T3SSs.

SPI-1 effector proteins such as SipA, SipC, SopB, SopE, and SopE2 work together
to reorganize the host cytoskeleton and induce membrane ruffling, resulting in
macropinocytosis and engulfment of the S. enterica [37, 38, 205, 206]. SipA and SipC
directly bind actin to redirect it for membrane ruffling [207, 208]. The SopB, SopE, and
SopE?2 effectors indirectly affect actin polymerization by activating Rho GTPases, which
drive actin cytoskeletal assembly [209, 210].

Once in the SCV, the acidic pH and nutrient-poor environment signals S. enterica

to turn on the SPI-2 system [44-46]. SPI-2 effectors alter cellular architecture and
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vesicular trafficking to permit replication [211, 212]. Effectors such as SifA and SseG
manipulate the host cytoskeleton to form Salmonella-induced filamentous (SIF) vesicles
and direct the SCV to the appropriate perinuclear region [213-215]. Another SPI-2
effector, GogB, interferes with ubiquitination of IxBa to prevent translocation of the
transcription factor NF«B to the nucleus, so NFkB cannot activate its usual pro-
inflammatory pathways [163]. In this chapter I describe how SarA induces the host anti-

inflammatory response for its own benefit.

4.1.2 Host modification of bacterial proteins

Bacterial proteins are often translocated into the host cell in an inactivated form,
requiring host modification of the effector to realize their full activity. Examples in S.
Typhimurium include ubiquitination of SopA to enable its functionality as an E3
ubiquitin ligase [216, 217] and SopE to enable its functionality as a guanine nucleotide
exchange factor [218]. While there are many possible modifications, such as
ubiquitination, acylation, and palmitoylation, here we are focusing on phosphorylation
of serine, threonine, and tyrosine [219]. Phosphorylation is the addition of a phosphate
to an amino acid side chain of a protein by a kinase. The addition of the negatively
charged phosphate can alter the protein characteristics, often changing its conformation
or forming a new binding motif. Phosphorylation is a major regulation mechanism for

protein function due to the flexibility offered by its speed and reversibility [220].
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Tyrosine phosphorylation of a bacterial protein was first reported in 1998, when
it was discovered that enteropathogenic Escherichia coli (EPEC) secreted a T3SS protein
(Tir) into epithelial cells where it was phosphorylated, resulting in it contributing to
adhesion of the EPEC to the host cell [221, 222]. This phosphorylation is essential to
induce actin pedestal formation [223]. Other well-characterized bacterial effectors that
are tyrosine-phosphorylated by the host include Tarp from Chlamydia trachomatis [224,
225] and CagA from Helicobacter pylori [226, 227]. Tir, Tarp, and CagA are
phosphorylated by multiple kinases within the host, most commonly Src and Abl [225,
228, 229]. Unlike Tir, Tarp does not need to be phosphorylated to recruit actin [230].
CagA has different functions depending on its phosphorylation state —phosphorylated
CagA promotes SHP2 binding and ERK signaling, while unphosphorylated CagA
promotes STAT3 and JAK signaling [231]. Another C. trachomatis protein, TepP, is
phosphorylated on tyrosine upon translocation to the host, but this phosphorylation
does not appear to be necessary for its recruitment of PI3K and CrkL [232, 233].

Phosphorylation on residues other than tyrosine can also be important. EPEC’s
Tir is also phosphorylated by host PKA on serine residues [234]. This serine
phosphorylation of Tir is essential for Tir to regulate Racl function, allowing EPEC to
compete with CagA during co-infection with H. pylori [235]. Another example of a
serine-phosphorylated bacterial effector protein is HopQ1 from the plant pathogen

Pseudomonas syringae. Serine phosphorylation of HopQ1 creates a binding site for host
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14-3-3 proteins, which regulate plant defense responses, and consequently P. syringae
grows better when HopQ1 is present and phosphorylated [236].

Bacteria have evolved to use their host’s proteins against them, co-opting their
kinases and redirecting their signaling pathways. In this chapter I show that SarA is
phosphorylated by host kinases, allowing it to directly manipulate STAT3 and cytokine

signaling to secure S. enterica’s intracellular survival.

4.2 Results
4.2.1 SarA interacts with IL-7Ra to promote production of IL-10

SarA binds the cytoplasmic region of Interleukin-7 receptor subunit a (IL-7Ra) to
enhance production of IL-10. A physical interaction between SarA and a fragment
encoding the transmembrane region and cytoplasmic portion of IL-7Ra (Fig. 17a) was
identified through a yeast-two-hybrid screen (Hybrigenics Services) with SarA as the
bait against a prey library of activated human leukocytes and monocytes. IL-7Ra is
expressed on B and T cells and serves as the receptor for IL-7 (when bound to common y
chain) and TSLP (when bound to TSLPR). HeLa cells do not express IL-7Ra regularly, so
to test this interaction we utilized an IL-7Ra expression vector [146]. Expression of SarA
and IL-7Ra also resulted in activation of IL-7Ra, as shown by tyrosine phosphorylation
at Y449 (Fig. 17b). Vectors containing FLAG-SarA and IL-7Ra were transfected into

HeLa cells and FLAG-SarA was immunoprecipitated. IL-7Ra co-immunoprecipitated
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with FLAG-SarA (Fig. 17c). The functional relevance of this interaction was tested using
RNAI against IL-7Ra in LCLs, which resulted in moderately decreased IL-10 production

by LCLs in response to wild-type S. Typhimurium (Fig. 17d).
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Figure 17. SarA interacts with IL-7Ra to promote production of IL-10.

a, SarA interacts with the cytoplasmic region of IL-7Ra based on yeast-two
hybrid results. b, IL-7Ra is phosphorylated when SarA is co-expressed in HeLas. ¢, IL-
7Ra co-immunoprecipitates with FLAG-SarA. HeLas were transfected with IL-7Ra
expression vector and FLAG-SarA (or empty vector) and anti-FLAG beads used to
immunoprecipitate SarA and any bound proteins. d, Knockdown of IL-7Rax decreases
SarA-induced IL-10. LCLs were pretreated with siRNA against IL-7Ra and infected with
wild-type S. Typhimurium. IL-7Ra siRNA knockdown was 69%. 9 biological replicates
over 3 experiments. P-value calculated by unpaired t-test, bars indicate SEM.

4.2.2 IL-7TRa’s canonical ligands do not induce IL-10

SarA’s activation of IL-7Ra suggests it may be alternatively activating IL-7Ra’s
normal signaling pathways. IL-7Ra has two characterized ligands, IL-7 and TSLP. Both
have been shown to induce STAT3 in various conditions and cell types [237-239]. We

hypothesized that the binding of SarA to IL-7Ra may be activating one of these
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pathways, in which case activation of IL-7Ra with one of these ligands may produce the
same IL-10 response.

The primary ligand of IL-7Ra is Interleukin 7 (IL-7), which is necessary for both
B and T cell proliferation [240, 241]. IL-7 is a member of the IL-2 superfamily and binds
to the complex of IL-7Ra and common 7y chain [242, 243]. When bound by IL-7, IL-7Ra is
phosphorylated, and the phosphorylation cascade can activate JAK1, JAK3, STATS,
STAT5a/b, PI3 kinase, and SRC kinases [238, 244, 245]. Exposure of uninfected LCLs to
recombinant IL-7 did not result in IL-10 production (Fig. 18a). Addition of recombinant
IL-7 to the media of LCLs infected with wild-type or AsarA S. Typhimurium did not
affect IL-10 induction or intracellular replication (Fig. 18b, c). Therefore, SarA’s binding

of IL-7Ra is not activating the same pathway induced by IL-7.
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Figure 18. IL-7 does not induce IL-10 or S. Typhimurium intracellular
replication.

a, Uninfected LCLs treated with recombinant IL-7 do not produce IL-10. LCLs
were treated with recombinant IL-7 at the listed doses with IL-10 measured 24 hours
after IL-7 addition by ELISA. b, Recombinant IL-7 does not affect IL-10 induction or ¢,
intracellular replication of S. Typhimurium in LCLs. LCLs were infected with wild-type
or AsarA S. Typhimurium and treated with the listed dose of IL-7 at the same time. IL-10
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induction was measured by ELISA 24 hours after infection and IL-7 treatment.
Intracellular replication was quantified by flow cytometry measurement of induced GFP
signal at 3 and 24 hours post infection.

The other ligand that binds IL-7Ra is Thymic Stromal Lymphopoietin (TSLP).
TSLP is expressed mostly by epithelial cells, especially in the gut, lung, and skin [246,
247]. TSLP binds the complex of IL-7Ra and TSLP receptor (TSLPR), which is similar to
the common y chain but induces its own signaling pathway [248, 249]. TSLPR has been
shown to activate STAT1, STAT3, STAT5, JAK1, and JAK2 [237, 239, 250]. Studies
suggest that TSLP is essential for maintaining the inflammatory homeostasis of the gut,
which could explain why S. enterica would benefit from targeting this pathway with
SarA, as S. enterica has been shown previously to benefit from modulating the gut
immune response [251, 252]. Exposure of uninfected LCLs to recombinant TSLP did not
result in IL-10 production (Fig 19a). Addition of recombinant TSLP to the media of LCLs
infected with wild-type or AsarA S. Typhimurium did not affect IL-10 induction or
intracellular replication (Fig. 19b, c). These data suggested that SarA causes activation of
IL-7Ra that results in pathway activation distinct of that seen with the endogenous
ligands or that the IL-7Ra interaction is not required for IL-10 production. As SarA
induces phosphorylation of STAT3 in HeLa cells which do not usually express IL-7Ra,

IL-7Ra is clearly not required for STAT3 activation in all cell types. Also, RNAi
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knockdown of IL-7Ra in LCLs only moderately reduced SarA’s IL-10 induction.

Together, this suggests that IL-7Ra is not required for IL-10 induction.
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Figure 19. TSLP does not induce IL-10 or S. Typhimurium intracellular
replication

a, Uninfected LCLs treated with recombinant IL-7 do not produce IL-10. LCLs
were treated with recombinant TSLP at the listed doses with IL-10 measured 24 hours
after TSLP addition by ELISA. b, Recombinant TSLP does not affect IL-10 induction or ¢,
intracellular replication of S. Typhimurium in LCLs. LCLs were infected with wild-type
or AsarA S. Typhimurium and treated with the listed dose of TSLP at the same time. IL-
10 induction was measured by ELISA 24 hours after infection and TSLP treatment.
Intracellular replication was quantified by flow cytometry measurement of induced GFP
signal at 3 and 24 hours post infection.

4.2.3 SarA’s effect on virulence in mice does not require IL-7Ra

We have shown that IL-7Ra is involved but not essential for IL-10 induction in
vitro. We hypothesized that if IL-7Ra is important in AsarA’s virulence phenotype, a lack
of IL-7Ra during in vivo infection should minimize the growth advantage of wild-type
compared to AsarA in mice. IL7R’- mice have a severe depletion of lymphocytes [253].
Some S. enterica reside in B cells during infection, where the lack of IL-7Ra may make a

difference [173, 174]. Therefore, we infected IL7R"- mice with a 50/50 mix of wild-type
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and AsarA S. Typhimurium. We observed that wild-type outcompeted AsarA similarly in
the IL7R* mice in the spleen, liver, and thymus (Fig. 20a). This indicates that either IL-
7Ra is not important to this phenotype or that there are redundancies, perhaps other
cytokine receptors, that make up for the loss of IL-7Ra. We also examined bacterial
burden in these organs, as measured by total CFUs/mg, and though the IL7R"- mice

appeared to have slightly lower burden it was not significant (Fig. 20b).
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Figure 20. IL-7Ra does not affect SarA’s fitness in mice.

C57B16 and IL7R/ mice were infected with wild-type and AsarA S. Typhimurium
at a 50/50 ratio. 4 days post infection, organs were harvested and plated to enumerate
CFUs. a, AsarA was outcompeted by wild-type S. Typhimurium in all organs, with no
significant difference between C57Bl6 and IL7R*- mice. b, No significant difference in
total bacterial load. P-values calculated by ANOVA.

4.2.4 SarA interacts with many proteins

While IL-7Ra interacts with SarA, the lack of effect in mice indicates that it is not
the only important interacting factor. STAT3’s phosphorylation suggests that SarA is

interacting in some way with a kinase to phosphorylate STAT3. The yeast-two-hybrid
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screen should have tested direct interactions, but would not reveal indirect interactions.
We used co-immunoprecipitation to identify indirect interactions. FLAG-SarA was
expressed in HeLas and immunoprecipitated with anti-FLAG beads, then the elution
was sent to the Duke Proteomics Core for mass spectrometry. 186 proteins were found
to be significantly more prevalent in the FLAG-SarA elution than the untagged SarA
elution and 427 proteins were exclusively found in the FLAG-SarA elution. Selected
potentially relevant hits are listed in Table 1. STAT3 was a strong interacting partner,
confirming prior findings of STAT3 co-immunoprecipitation (Fig. 11). JAK1 also came

down, suggesting that this might be responsible for phosphorylating STAT3 in this case.

Table 1: Proteins interacting with FLAG-SarA

Unique peptides

Role Protein p-value SarA FLAG-SarA
Transcription STAT3 — Signal transducer and activator of <0.0001 0 26
factor transcription 3

STAT1 — Signal transducer and activator of 0.033 0 7

transcription 1-alpha/beta

Tyrosine kinase JAK1 — Tyrosine-protein kinase JAK1 0.0045 3 24
Serine/threonine GSK3a — Glycogen synthase kinase-3 alpha <0.0001 0 12
kinase

GSK3B — Glycogen synthase kinase-3 beta <0.0001 0 19
Vesicle trafficking SEC22B — Vesicle-trafficking protein SEC22b 0.049 0 6
Cytokine receptor  OSMR — Oncostatin-M-specific receptor subunit 0.22 0 4

beta
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4.2.5 SarA phosphorylation by host kinases is required for IL-10
inducing activity

We determined that SarA was phosphorylated by host kinases. The FLAG-SarA
elution described above was examined for modifications by the Duke Proteomics Shared
Resource. Phosphorylated residues were observed on SarA by mass spectrometry (Fig.
21a, orange). We observed that SarA was tyrosine-phosphorylated during interactions
with STAT3 (Fig. 21b). The mass spectrometry analysis did not include peptides
spanning the entire protein, so in addition we examined two tyrosine residues suggested
to be relevant by screening in PhosphoMotif Finder (Fig. 21a, blue) [254]. In order to
determine the biological relevance of these potentially phosphorylated residues, we
used site-directed mutagenesis to mutate serine to alanine and tyrosine to
phenylalanine. These mutations are often used to study protein phosphorylation, as they
are the most similar in structure to the phosphorylatable residues, limiting the overall
change in protein structure [147]. If phosphorylation at these sites are important for
SarA’s activity, their disruption should produce a change in SarA’s ability to induce IL-

10.
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Figure 21. SarA is phosphorylated by host kinases
a, SarA may be phosphorylated on these residues. Orange indicates residues
observed to be phosphorylated by mass spectrometry, blue indicates residues that are in
both potential substrate and binding motifs for tyrosine kinases. b, GFP-SarA is
tyrosine-phosphorylated when co-immunoprecipitated with STAT3. The ~80kDa band is
phosphorylated STAT3, while the ~50kda band is GFP-SarA.

Mutated SarA was expressed on pWSK129 under the endogenous promoter in
AsarA S. Typhimurium. Mutation of residues 5130, 5174, Y103, and Y167 significantly
altered the amount of IL-10 induction (Fig. 22a). The strains containing mutations of
5130, Y103, and Y167 showed less IL-10 induction, and were then transformed with the
IPTG-inducible GFP plasmid, in order to measure the effect of these mutations on IL-10
production per infected cell and intracellular replication. Mutation of residues 5130,
Y103, and Y167 lowered the amount of IL-10 induction per infected cell (Fig. 22b).
Mutation of residues 5130, Y103, and Y167 also inhibited SarA’s effect on intracellular

replication (Fig. 22c). This data suggests that these sites are relevant to SarA’s activity.
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Figure 22. SarA phosphorylation is required for IL-10 induction and
intracellular replication
a, Phosphorylation of residues Y103, S130, and Y167 disrupted IL-10 induction
for total supernatant and b, per infected cell. AsarA S. Typhimurium was complemented
with expression plasmids with SarA single phosphorylation mutants. LCLs were
infected with these mutants and induced IL-10 measured by ELISA. ¢, Phosphorylation
of residues Y103, S130, and Y167 inhibited intracellular replication. LCLs were infected
with SarA phosphorylation mutants with inducible GFP and the intracellular burden
measured at 3 and 24 hours post infection by flow cytometry. 7-12 biological replicates
over 3-5 experiments. P-values calculated by ANOVA with Sidak’s post-hoc comparison

to AsarA+pSarA.

4.2.6 SarA phosphorylation at residue Y167 is required for STAT3
binding activity

Host phosphorylation of bacterial effectors has been observed to affect binding

ability. One of SarA’s phosphorylated tyrosines is in the sequence YIAQ, which matches
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the pYXXQ motif that binds STAT3’s SH2 domain [255, 256]. We hypothesized that SarA
may utilize this region to directly interact with STAT3. To test this, GFP-SarA-Y167F was
expressed from a mammalian expression plasmid. HeLa cells transfected with these
plasmids were imaged to observe GFP-SarA expression, then harvested and tested for
phosphorylation of STAT3. GFP-SarA-Y167F expressed strongly at the same kDa as
wild-type GFP-SarA but did not induce phosphorylation of STAT3 (Fig. 23). GFP-SarA-
Y167F also failed to come down with STAT3 in a STAT3 co-immunoprecipitation (Fig.
23). This data indicates that the tyrosine at position 167 is important for the STAT3
interaction activity, and suggests that SarA is in fact binding directly to STAT3 at this

site.
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Figure 23. SarA phosphorylation at residue Y167 is required for STAT3
binding and phosphorylation
Disruption of phosphorylated Y167 eliminates SarA’s induction of
phosphorylated STAT3 and SarA’s binding to STAT3. HeLas were transfected with the
GFP vector, GFP-SarA, or GFP-SarA-Y167F and STAT3 was immunoprecipitated along
with any bound proteins.
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4.3 Discussion

Here I have provided evidence that SarA directly interacts with IL-7Ra and
STATS3, with binding dependent on phosphorylation state. This broadens our
understanding of the elegant ways bacteria have evolved to manipulate their hosts, and
suggests targets for potential designs for future therapies based on SarA’s host

manipulation.

4.3.1 SarA’s mechanism of action

While we showed IL-7Ra’s importance in SarA-induced IL-10 in LCLs, IL-7Ra is
not expressed in HeLa cells and so how SarA induces phosphorylation of STAT3 is still
unknown. Cytokine receptors are differentially expressed on many cell types, and SarA
may be promiscuous enough to bind a wide variety in order to utilize whatever is
present in the infected cell type. IL-7Ra belongs to the type-I cytokine receptor family,
which also includes IL-4R and IL-21R. IL-4R is expressed in HeLa cells, so SarA may be
utilizing IL-4R instead of IL-7Ra to induce STAT3 signaling in those cells. This would
also explain the modest effect in LCLs from IL-7Ra siRNA knockdown, as there would
be other cytokine receptors, such as IL-21R, for SarA to manipulate. Thus, we expected
to see other cytokine receptors in the mass spectrometry of the co-immunoprecipitation

elution. The only cytokine receptor that came down was oncostatin M receptor (OSMR)
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(Table 1), which another member of my lab is pursuing. While OSMR is not closely
related to IL-7Ra, they are both involved in STAT3 signaling [238, 257].

STAT3 and SarA are phosphorylated, but identifying the responsible kinase(s)
has so far proven elusive. Hannemann et al previously identified that S. Typhimurium
induced phosphorylation of STAT3. Although they did not identify the causative
effector they did find that JAK inhibitors had no effect, and implicated Abl and Src-
family kinases [187]. There is precedence for bacterial effectors being phosphorylated by
a large number of kinases, often redundantly, which could explain why individual
inhibitors have shown no significant effect. Src family kinases have been observed to
phosphorylate Tarp, Tir, and CagA [223, 225, 227]. However, Tarp and Tir have also
been shown to be phosphorylated by Abl and Syk, and inhibiting just one kinase did not
show any significant decrease in phosphorylation or activity [258, 259]. A similar
redundancy may be at work here as well. Indeed, SarA has 3 sites identified as potential
Src kinase substrate motifs [260, 261].

SarA and STAT3 may be phosphorylated by the same kinase(s). SarA binds
STATS3 through its phosphorylated Y167 of YIAQ, matching STAT3’s SH2 binding motif
(Fig. 23) [255, 256]. Manipulation of STAT3 through its pYXXQ binding motif by
pathogens is very rare in the literature but has been identified in a virus. Herpesvirus
saimiri (HVS) encodes Tyrosine kinase-interacting protein (Tip), which binds Tyrosine-

kinase protein Lck. Lck phosphorylates Y114 (in strain C488, Y72 in strain C484), which
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is in Tip’s STAT3 binding motif, YXPQ. This pYXPQ then binds STAT3, pulling it into
proximity with Lck, and Lck phosphorylates STAT3 at Y705 to cause activation [262,
263]. This binding and phosphorylation enhanced nuclear transport of STAT3 and
transcription of STAT3's targets [263, 264]. Tip is one of the two HVS proteins necessary
for T-cell transformation and pathogenicity, and is sufficient to induce tumorigenesis
when individually expressed without HVS infection [265]. However, abolition of Tip’s
STATS3 binding ability does not disrupt its ability to transform primary human T-
lymphocytes, indicating that Tip’s tumorigenic activity is not dependent on STAT3
activation [262, 265]. SarA may be operating in a similar manner, recruiting a kinase that
first phosphorylates SarA’s YIAQ motif and then using that to recruit STAT3, which is
also phosphorylated by the same kinase instead of STAT3’s usual JAKs.

SarA also has phosphorylated serines which may be contributing to its activity.
SarA’s phosphorylated 5130 lies within a possible GSK3 substrate motif [266]. Mutation
of this site to alanine resulted in a significant decrease in SarA’s IL-10 induction and
intracellular replication (Fig. 22). GSK3a and GSK3[3 appeared to interact with SarA in
the co-IP (Table 1). These are isoforms of glycogen synthase kinase-3 (GSK3), a
serine/threonine kinase that phosphorylates a large number of substrates [267, 268].
While named for its role in glycogen metabolism, GSK3 also regulates cellular functions
as varied as cell cycle, apoptosis, motility, differentiation, microtubule function,

adhesion, and inflammation [269, 270]. GSK3[3 has been observed to affect a large
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number of innate immune responses to bacterial infection through regulation of the
inflammatory response induced by virulence factors [269]. We hypothesize that GSK3 is
responsible for phosphorylation on 5130 of SarA, and that this site is involved in

mediating SarA’s IL-10 induction.

4.3.2 Elucidating SarA’s contribution to intracellular replication

Our data suggests that SarA’s effect on intracellular replication is through its
STATS3 activation activity (Fig. 11), as inhibition of STAT3 activity corresponds to
decreased intracellular replication. This could be indirectly through the induced anti-
inflammatory pathway, but the competitive index in mice also suggests a cell
autonomous method. STAT3 activity has bene shown to be required for the formation of
SIFs [187]. Future studies should more closely examine SarA’s potential effect on SIFs
through STAT3. However, it is common for bacterial effectors to have many roles during
infection [271]. Therefore, it is possible that SarA is having some effect beyond its
interaction with STAT3 that we have not yet recognized.

S. enterica must control the environment of their SCV to survive. There may be
differences between the vacuoles harboring wild-type and AsarA bacteria. The mass
spectrometry analysis of proteins co-immunoprecipitated with FLAG-SarA identified
the vesicle-trafficking protein SEC22B (Table 1). SEC22B has been found to be

phosphorylated by S. enterica when SPI-2 is active, although no single effector has been
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implicated [272]. SEC22B has been shown to be specifically involved in ROS delivery to
vacuoles containing another bacterial pathogen, Staphylococcus aureus, which resulting in
the killing of S. aureus [273]. This interaction of SarA with a vesicle-trafficking protein
suggests that SarA may be manipulating SEC22B to change the trafficking of vacuoles in
order to maintain the SCV environment, thus promoting intracellular replication.

There may be ways for SarA to alter the SCV environment other than through
control of vesicle trafficking. The yeast-2-hybrid screen that revealed IL-7Ra as a likely
binding partner for SarA also identified TPC1 (Two Pore Segment Channel 1, encoded
by TPCN1). TPC1 is a voltage-gated calcium ion channel in intracellular endolysosomal
membranes that transports calcium [274]. TPC1 is most often studied in the context of
cardiology, but it has been shown to affect Ebolavirus infection in HeLa cells and mouse
embryonic fibroblasts [275]. Perhaps SarA is binding to TPC1 during infection to alter its
transportation activity, which would alter the environment inside the SCV and thus
potentially S. Typhimurium’s intracellular growth. Future studies would need to
validate SarA binding TPC1 and measure the effect of that potential binding on the
channel’s activity.

There are many ways SarA could potentially be contributing to S. enterica’s
virulence and intracellular replication, and pursuing its mechanism will be essential for
possible future drug designs against S. enterica using the knowledge of SarA’s

manipulative mechanism.
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5. Conclusions

Here we identified and characterized the novel bacterial effector SarA. SarA is
translocated into the host cell by the SPI-1 and SPI-2 T3SS, where it is phosphorylated by
host kinases. SarA then binds STATS3, resulting in phosphorylation and activation of
STAT3. Activated STAT3 turns on an anti-inflammatory signaling pathway resulting in
production of IL-10 and other anti-inflammatory products, ultimately resulting in

increased intracellular growth for S. Typhimurium and increased virulence.

5.1 Natural genetic diversity is an underutilized resource

This research demonstrates the power lying in wait in the natural genetic
diversity present in not just S. enterica but every organism. S. enterica serovars vary
drastically, with many unique gene families still uncharacterized [36]. Varied
approaches, such as mass spectrometry of secreted fractions and computational
prediction programs, have identified many likely effectors in S. Typhimurium with
unknown function [56]. Even once identified as a potential effector, the role of the
effector during infection can be difficult to unravel. Comparison of the presence of these
effectors in other serovars with phenotypes that vary among serovars could aid in
assigning function to many of these unknown effectors, as demonstrated here in my

thesis. These approaches could also be used for other organisms, particularly other
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bacteria with many sequenced strains that lend themselves to relatively quick
phenotypic analysis.

In addition to microbial genetic diversity, human genetic diversity can prove
extremely useful for identifying host genes involved in responses to pathogens. While
this is most commonly utilized in genome-wide association studies, the complexities of
life make specific identification of relevant pathways or proteins difficult. To deal with
this, the Ko lab utilizes human genetic diversity to identify important players in
pathogen-induced pathways in cultured cells. The Ko lab’s Hi-HOST system (Appendix
A) identified Thioesterase Superfamily Member 4 (THEM4) as a relevant part of the
SarA-induced IL-10 pathway. THEM4 was not identified in any of the RNAseq, co-
immunoprecipitation, or yeast-two-hybrid tests we examined to identify SarA’s host
interacting proteins, and so probably has its effect indirectly on the pathway. While
THEM4's role in the pathway remains elusive, it demonstrates the benefits of the two-

pronged search using natural genetic diversity.

5.2 SarA may be most effective in B cells during infection

We observed SarA-induced phosphorylation of STAT3 in a wide range of cell
types, but in vivo SarA’s action may be more effective in certain cell types. There are
conflicting reports in the literature regarding the existence of cell type-specific secretion

of Salmonella effectors [276, 277]. Even if an effector is secreted in all cell types, it may
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have more effect in some due to the availability of host factors. Based on our
characterization of SarA’s known effects, we can hypothesize in which cell types SarA
may be most effective.

We observed that SarA induces IL-10 in LCLs and BJABs (Fig. 3a, e). IL-10-
producing B cells are relatively uncommon but important in balancing the immune
system [278]. Regulatory B cells that produce IL-10 have been characterized in mice and
humans [279, 280]. B10 cells have been demonstrated to have myriad regulatory effects
on the immune system through their secretion of IL-10. In autoimmune disease models,
these B10 cells generally appear to ameliorate disease [281, 282]. However, during
pathogen infection, they impede clearance [283]. B cell production of IL-10 and the
resulting suppression of neutrophils, NK cells, and T cell cytokine responses has been
shown to be beneficial for S. enterica [170, 191].

Another marker of some regulatory B cell subsets, granzyme B, was also found to
be drastically upregulated in LCLs infected with wild-type S. Typhimurium (Fig. 7,
Table S3, 242-fold change, p-value = 0). Granzyme B is a serine protease most commonly
found in cytotoxic lymphocytes, which initiates cytotoxicity by cleavage of caspase-3 in
target cells as well as initiating non-cytotoxic immunoregulatory effects [284]. Granzyme
B-producing B cells have also been implicated in immune disorders such as rheumatoid

arthritis and systemic lupus erythematosus [285, 286]. While granzyme B production is
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also found in many other cell types, the SarA-induced IL-10 and granzyme B in B cells

suggests S. Typhimurium may be inducing these regulatory B cells to promote tolerance.

5.3 SarA may be protective against disease

As SarA induces an anti-inflammatory pathway, it may have relevance in
development of autoimmune disorders. In order to examine this potential connection,
we utilized Cross-Phenotype Analysis of GWAS (CPAG). CPAG allows the Ko lab to
link pathways induced in pathogen infection of LCLs with hits in the NIH GWAS
catalog [287, 288]. Several SNPs identified as involved in the SarA-induced IL-10
pathway were also identified as relevant in GWAS on multiple sclerosis (Appendix B).
Additionally, in a separate study, SarA’s binding partner IL-7Ra was identified as a
strong risk factor for multiple sclerosis [146]. Together, this suggests that the SarA-
induced IL-10 pathway could relate to multiple sclerosis risk. Perhaps the manipulation
of the pathway by SarA during Salmonella infection adjusts the risk or severity level of
later development of multiple sclerosis, or decreases the symptoms if the disorder is
already present. Past history of Salmonella infections could be relevant information when
diagnosing suspected cases of IBD and other autoimmune disorders.

CagA-induced phosphorylation of STAT3 has been linked to the progression to
gastric cancer [289-291]. SarA-induced STAT3 could be having a similar effect. However,

SarA directs STAT3 down a more anti-inflammatory pathway, suggesting that SarA
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would not lead to the same problematic inflammatory conditions. SarA also activates
STATS3 by a different, more direct mechanism than CagA. The viral protein Tip from
HVS also binds and activates STAT3 at the same SH2 domain region as SarA region, but
while Tip is tumorigenic the STAT3 binding activity is not the cause of its tumorigenic

effect [262]. For these reasons, it is unlikely that SarA contributes to cancer.

5.4 SarA could be utilized for therapy

Here we have shown that SarA is a potent effector which is sufficient to induce a
STATS3 anti-inflammatory signaling pathway. A lack of IL-10 is a factor in development
of many autoimmune disorders, and irregular STAT3 activity can contribute to
autoimmune disorders and cancers. IL-10, as a key down-regulator of inflammation,
could be extremely useful in treating autoimmune disorders. However, attempts to
utilize exogenous IL-10 as therapy have been unsuccessful [110]. SarA could be used to
induce endogenous IL-10. For example, S. Typhimurium’s AvrA, an NF«B inhibitor, has
been delivered to intestinal epithelial cells via nanoparticles to use its
immunomodulatory effects as an IBD therapy [292]. SarA may be better suited for use in
treating diseases such as multiple sclerosis, as the SarA-induced pathway has already
been shown to be relevant (Appendix B).

As STAT3 is an oncogene overactive in many cancers, many researchers have

attempted to target it in the development of cancer treatments. Specifically, the YXXQ
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SH2 domain binding site of STAT3 is a frequent target, yet these efforts have so far been
unsuccessful in creating an FDA-approved STATS3 inhibitor for various reasons. The
SH2 domain interacts with activated receptors and other STAT3 proteins to form dimers.
Normally, this domain’s function in STAT3 is to control STAT3’s dimerization and
activation and receptor association [293]. The data indicate that SarA contains a pYIAQ
site matching the pYXXQ binding motif of the SH2 domain of STAT3 [255, 256]. SarA is
the first example of a bacterial effector binding this site, and understanding its
mechanisms may prove informative in future efforts to methodically target this region
for drug development.

In conclusion, we have identified the novel Salmonella effector protein SarA and
characterized its induction of an anti-inflammatory pathway, resulting in increased

virulence.
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Appendix A: Human Genetic Variation reveals THEM4
affects IL-10 induced by S. Typhimurium

While we utilized the natural genetic diversity present in the S. enterica serovars
to identify the IL-10-inducing factor (SarA), we can also utilize the natural genetic
diversity present in the host to assist in characterizing the signaling pathway. Dennis Ko
created a cellular genome-wide association study (GWAS) platform called High-
throughput Human in vitro Susceptibility Testing (Hi-HOST), and we used it to identify
human genetic differences that contribute to variation in SarA-induced IL-10 levels. The
validity of the Hi-HOST screening system has been demonstrated by a variety of papers
from our lab [132, 180, 294, 295]. With this approach, hundreds of immortalized,
genotyped B cells (lymphoblastoid cell lines; LCLs) were assayed for variation in their
responses to pathogens.

The LCLs were tested for genetic association with IL-10 levels using >1 million
common SNPs. The SNP with the strongest association is in the regulatory region of
THEM4 and reduces the production of THEM4 protein in conjunction with a reduction
in IL-10 (rs7532162; Fig. 24a, b, c). This SNP showed no association with the ability of S.
Typhimurium to invade the LCLs, indicating that its effect on IL-10 is not indirect
through changes in invasion. Treatment of LCLs with siRNA against THEM4 prior to
infection with S. Typhimurium resulted in a significant decrease in IL-10 produced per

infected cell (Fig. 24d) and a decrease in the IL-10 mRNA level (Fig. 24e). Levels of
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invasion and cell death were not significantly affected. Thus, the RNAi data were
consistent with the association data, demonstrating that THEM4 is a positive regulator

of S. Typhimurium induced IL-10 production.
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Figure 24. THEM4 contributes to IL-10 induction.

a, Q-Q plot of Hi-HOST results. THEM4 is the SNP showing the strongest
association with IL-10 released/infected cell. b, The SNP regulates the mRNA level of
THEM4. ¢, The THEM4 SNP genotype correlates with IL-10 induction by S.
Typhimurium. d, LCLs (GM19101) were pretreated with THEM4-specific or non-
targeting (NT1) siRNA for 3 days before infection with S. Typhimurium as previously
described. LCLs pretreated with siRNA against THEM4 had a lower IL-10 response to
the S. Typhimurium than the LCLs pretreated with NT1 siRNA. e, LCLs were harvested
24 hours after infection and mRNA was assessed for both IL-10 levels and THEM4
knockdown. IL-10 mRNA expression decreased by 32% while THEM4 mRNA
expression decreased by 95%.

How THEM4 might increase IL-10 levels is unknown. THEM4 is a nuclear-

encoded mitochondrial-associated protein essential for proper mitochondrial fission that
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contributes to the apoptotic signaling pathway [296]. As the THEM4 SNP showed no
association with the amount of cell death seen in the LCLs upon infection with S.
Typhimurium, it is unlikely that THEM4's effect on IL-10 is through its role in apoptotic
signaling.

THEM4 also has a variety of other roles. THEM4 was identified as either an
inhibitor or an activator of Akt [297, 298]. Akt is a serine/threonine-specific kinase which
has been associated with LPS-induced IL-10 production in macrophages [299]. To
examine if Akt is involved in the SarA-induced IL-10 pathway I utilized Akt Inhibitor X,
but found no effect on IL-10 induction (Fig. 25a).

THEM4 also has enzymatic activity in the mitochondria, where it converts
medium- and long-chain fatty-acyl coenzyme A (CoA) to CoA and fatty acid, freeing
fatty acids for beta-oxidation [300]. Etomoxir blocks the transport of acyl-CoAs into the
mitochondria, and ranolazine blocks the final step in the $-oxidation of fatty acids.

Neither significantly affected SarA-induced IL-10 (Fig. 25b).
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Figure 25. THEM4 is not affecting SarA-induced IL-10 through regulation of
Akt or fatty acid oxidation
a, Akt inhibitor X does not affect IL-10 induction by SarA. LCLs were treated
with AIX and infected with wild-type S. Typhimurium. IL-10 and infection rate was
measured 24 hours post infection. b, Fatty acid regulation does not affect IL-10 induction

by SarA. LCLs were treated with Etomoxir and Ranolazine and infected with wild-type
S. Typhimurium. IL-10 and infection rate was measured 24 hours post infection

However, we now know that SarA is serine-phosphorylated, and that bacterial
effectors are often promiscuous. Perhaps the Akt inhibitor was too specific to Akt to
disrupt SarA’s phosphorylation, but THEM4 could be slightly affecting it during
infection. THEM4's connection to SarA-induced IL-10 is thus still a mystery, perhaps
working through an uncharacterized role. THEM4 was not found in any of the
experiments looking at host factors interacting with SarA, so it is very likely an indirect
connection it has with the SarA-STAT3-IL-10 pathway. Further research is necessary to

characterize THEM4's role in SarA-induced IL-10.
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Appendix B: SarA induces a cellular pathway implicated
in multiple sclerosis

In addition to identifying host pathway members for SarA-induced IL-10 in
LCLs, the Hi-HOST system also allowed us to connect the SarA-induced anti-
inflammatory pathway to other diseases. SNPs found to effect SarA-induced IL-10 in Hi-
HOST were cross-referenced with the NIH public GWAS catalog by Liuyang Wang
using CPAG [132, 287, 288]. 5 of the top hits overlapped, suggesting that SarA is
activating a pathway also important in the development or severity of multiple sclerosis
(Table 2). In all but one of these SNPs, the risk allele for multiple sclerosis is opposite
that for high SarA-induced IL-10, suggesting that high IL-10 leads to lower risk of

multiple sclerosis.

Table 2: SNPs shared between Multiple Sclerosis GWAS and SarA-induced
IL-10 Hi-HOST

6 loci associated with both MS and Salmonella I1L-10 Multiple sclerosis Salmonella-induced IL-10
SNP chr | candidate genes p-value risk allele p-value high IL-10 allele
rs2425752 20 | CD40 (eQTL) 5.1E-10 A 0.003 C
rs6062314, rs2180631 20 | ZBTB46 1.00E-07 A 0.004 C
MAP3K5 (eQTL),
rs13192841 6 TNFAIP3 (eQTL) 1.00E-08 A 0.003
rs11154801, rs2757649 6 AHI1 1.00E-13 A 0.006
snora66, EVI1, 3e-6 and
rs6604026 1 RPL5 8e-6 C 0.008 T
rs180515, rs1292067 17 | RPS6KB1 3.00E-06 G 0.007 A
Summary Observed Expected Enrichment p-value
Overlap of MS and Salmonella-induced IL-10 hits 6 0.8 7.5 0.00015
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To evaluate whether multiple sclerosis patients had lower serum levels of IL-10,
we obtained patient serum from MS patients in the MURDOCK study with the aid of
Dr. Simon Gregory. MS patients did have lower IL-10 serum levels than unaffected

controls (Fig. 26).
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Figure 26: MS cases have lower IL-10 serum levels than healthy controls.
Serum was obtained from MS patients and unaffected controls through the
MURDOCK study. IL-10 was measured by ELISA.

Thus, this pathway presents a valid possibility as a target for therapeutics for
multiple sclerosis and potentially other autoimmune disorders. To do so, further
validation and identification of relevant overlapping pathway members must be

performed.
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