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Summary

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. We leveraged this natural 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. RNA-seq of cells infected with either ΔsarA 
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 SarA and STAT3 interacted by co-immunoprecipitation. 

These effects of SarA contributed to intracellular replication in vitro and bacterial load at systemic 

sites in mice. Our results demonstrate the power of using comparative genomics for identifying 
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effectors and that Salmonella has evolved mechanisms for activating an important anti-

inflammatory pathway.
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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. 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 (Kirk et al., 2015; Majowicz et al., 2010).

Salmonellae have evolved an impressive repertoire of secreted effectors that manipulate the 

host. These effectors, translocated into the host cell through two type-three secretion systems 

(T3SS) encoded in Salmonella pathogenicity islands (SPI-1 and SPI-2), hijack host cell 

physiology, enable invasion, and help establish an intracellular niche inside a Salmonella-

containing vacuole (SCV) (Jennings et al., 2017; Moest and Méresse, 2013). Critically 

important in establishing infection, Salmonella T3SSs activate pro-inflammatory pathways 

to overcome colonization resistance in the gut (Keestra et al., 2011; Stecher et al., 2007; 

Winter et al., 2010).

Salmonella also suppresses inflammation, but these activities are less well understood. 

Salmonella effectors, such as SspH1, AvrA, and GogB, suppress NFκB signaling (Collier-

Hyams et al., 2002; Haraga and Miller, 2003; Pilar et al., 2012). GogB interacts with Skp1 

and FBX022 to inhibit IκB degradation and thus NFκB activation (Pilar et al., 2012). 

Immune recognition of Salmonella can also trigger a key mediator of anti-inflammatory 

responses, the cytokine interleukin-10. IL-10 decreases expression of pro-inflammatory 

cytokines, such as TNFα and IFNγ, inhibits Th1 cells, and alters macrophage metabolism 

towards reduced production of ROS and inflammasome activation (Cyktor and Turner, 2011; 

Ip et al., 2017). These effects dampen inflammatory responses in the context of infection and 

autoimmunity. Thus, Salmonella can suppress pro-inflammatory pathways such as NFκB, 

and innate immune recognition of Salmonella can induce IL10. However, to the best of our 

knowledge, activation of anti-inflammatory pathways by Salmonella secreted effectors has 

not been previously described.

Here, we leveraged natural diversity among S. enterica serovars to reveal a secreted effector 

(designated SarA, Salmonella anti-inflammatory response activator) that promotes IL-10 

production and intracellular replication. These effects are mediated by SarA-dependent 

activation of the transcription factor STAT3. 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.
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Results

Natural variation among S. enterica reveals an 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 IL-10 protein and transcript (Fig. 1a, b; bacteria and primers in Tables S1 and 

S2). B cells are in vivo targets during Salmonella infection (Castro-Eguiluz et al., 2009; 

Rosales-Reyes et al., 2005). Production of IL-10 in response to Salmonella has been 

observed in macrophages and certain B cell subtypes via TLR4 recognition of LPS 

(Frankenberger et al., 1995; Neves et al., 2010). This activation is part of immune 

surveillance and is observed even with dead bacteria or purified LPS. However, the response 

observed here requires intracellular, living S. Typhimurium. Neither heat-killed S. 
Typhimurium nor S. Typhimurium unable to invade cells due to mutation of SPI-1 (ΔprgH) 

induced IL-10 (Fig. 1c).

While S. Typhimurium induced 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 Salmonella strains and identified isolates of Salmonella 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. 1d). 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. 

S1). Comparative genomics of the remaining 16 sequenced strains (Fricke et al., 2011) by 

pairwise BLASTp of all translated coding sequences (CDS) identified two genes within the 

Gifsy-1 prophage that were present exclusively in the IL-10 inducing strains. The first gene 

was gogB (STM2584), which as described above is a known anti-inflammatory effector 

through inhibition of NFκB, 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 pagK2), all of which were absent from the non-IL-10 

inducing strains based on nucleotide BLASTn searches (Fig. 1e, f). Thus, natural variation 

among Salmonellae revealed a candidate region for the IL-10 phenotype.

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

Deletion of the 4869bp region resulted in complete loss of S. Typhimurium-induced IL-10 

(Fig. 2a), while having no effect on bacterial invasion (Fig. S2). To identify the causative 

gene, we 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. In contrast, stm2585 was necessary for 

IL-10 induction and was designated sarA (Salmonella anti-inflammatory response activator) 
(Fig. 2a). 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, stm2585 had not 

been consistently identified as a coding sequence in other Salmonella genomes. This 

inconsistency was the reason it had not been directly found in our initial gene-based 
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comparative analysis. Complementation of ΔsarA with a plasmid containing sarA under its 

endogenous promoter restored IL-10 induction (Fig. 2b). In addition, introduction of sarA to 

S. enterica serovars normally unable to induce IL-10, such as Typhi and Enteritidis, 

conferred the ability to induce IL-10 (Fig. 2c). SarA’s effect was not restricted to LCLs, as 

ΔsarA induced less IL-10 in BJABs (an EBV-negative B-cell lymphoma line) than wild-type 

S. Typhimurium (Fig. 2d). Therefore, sarA is necessary and sufficient in the context of 

Salmonella infection to induce IL-10 in B cells.

We next investigated whether sarA affected other cellular phenotypes. 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. 2e). In 

contrast, invasion/early survival (% GFP+ host cells at 3.5 hrs) and pyroptosis, showed no 

difference with wild-type or ΔsarA S. Typhimurium (Fig. S3a, b, c). Within infected LCLs, 

both wild-type and ΔsarA S. Typhimurium were found primarily within LAMP1+ 

membranes (Fig. S4). Growth of ΔsarA was equivalent to wild-type in LB or SPI-2 inducing 

media, indicating that the intracellular replication difference was due to SarA’s interaction 

with the host (Fig. 2f, g). 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. 2h). Thus, SarA’s influence is not limited to IL-10 induction but 

must also involve other host targets that regulate intracellular replication.

SarA is secreted by SPI-1 and SPI-2 T3SS

We determined that SarA was secreted primarily by the SPI-2 T3SS, using β-lactamase 

(Harmon et al., 2010) fused to the C-terminus of SarA (Fig. 3a, S5a). SarA translocation was 

greatly attenuated with a nonfunctional SPI-2 (ΔssaT) (Fig. 3b, c), despite equivalent levels 

of invasion based on CFUs (Fig. 3d). Furthermore, Salmonella with mutation of SPI-2 

showed a severe decrease in IL-10 induction (Fig. 3e). These results are consistent with 

published proteomic analysis of S. Typhimurium secretomes that identified STM2585 as 

secreted into the media (Niemann et al., 2011).

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 (Collazo and Galan, 1997), including LCLs 

(Alvarez et al., 2017). 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 (ΔprgH). The resulting 

intracellular S. Typhimurium ΔprgH induced IL-10 nearly as well as wild-type on a per-

infected-cell basis (Fig 3e). In contrast, S. Typhimurium ΔssaT induced a significantly 

reduced amount of IL-10, similar to the decrease in SarA translocation as measured by the 

TEM fusions. Coinfection of S. Typhimurium mutated at both SPI-1 and SPI-2 with S. 
Typhi resulted in complete loss of IL-10 induction (Fig. 3e, S5b, c). Therefore, SarA is 

translocated mainly by the SPI-2 T3SS, with some translocation also by the SPI-1 T3SS.

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. 2h), which suggested the existence of 
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other transcriptional targets. RNA-seq was used to compare the transcriptomes of LCLs 

infected with wild-type vs. ΔsarA S. Typhimurium (Fig. 4a). 275 genes were induced at least 

2-fold in LCLs infected with wild-type S. Typhimurium compared to those infected with 

ΔsarA (Table S3). Gene set enrichment analysis (GSEA) revealed that 3 out of the top 10 

enriched pathways involved STAT3 signaling (Fig. 4b; Table S4). This was particularly 

intriguing because of STAT3’s reported role in activating IL-10 transcription in B cells 

(Ziegler-Heitbrock et al., 2003). In addition to IL-10 (35-fold higher in wild-type; 

p=3×10−130), other anti-inflammatory STAT3 targets were revealed by the RNA-seq, such as 

Socs3 (11.6-fold higher; p=2×10−53; blocks IL-6 receptor signaling) (Yasukawa et al., 2003) 

and Bcl3 (3.2-fold higher; p=5×10−39; suppresses TNF-α expression) (Kuwata et al., 2003).

Consistent with SarA increasing expression of STAT3 targets, we observed SarA-dependent 

phosphorylation of STAT3 (Fig. 4c). 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 (Hannemann and Galan, 2017). We confirmed S. 

Typhimurium infection in HeLa and Henle cells results in STAT3 phosphorylation and found 

that it was greatly diminished with ΔsarA (Fig. 4d, e). Similar results were seen in BJABs 

and THP1 monocytes (Fig. 4f, g). Therefore, SarA is required for STAT3 phosphorylation in 

a wide range of cell types.

Heterologous expression of SarA in HeLa cells was sufficient for STAT3 phosphorylation 

(Fig. 4h). Notably, IL-10 protein 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 

(Murray, 2005). In LCLs, expression of SarA was sufficient for both STAT3 phosphorylation 

and IL-10 production without any Salmonella present (Fig. 4i, j).

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

STAT3 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 

(Siddiquee et al., 2007), showed a dose-dependent decrease in SarA-dependent IL-10 

production (Fig. 5a). RNAi against STAT3 showed even more robust inhibition (Fig. 5b). 

STAT3 knockdown and infection with wild-type S. Typhimurium phenocopied the reduction 

in intracellular replication demonstrated by ΔsarA (Fig. 5c). No further reduction in 

intracellular replication was observed in combining the STAT3 knockdown with ΔsarA—

thus it appears the entire reduction in intracellular replication of ΔsarA can be attributed to 

the effect on STAT3.

While Salmonella infects B cells in vivo, we wanted to determine if similar effects of SarA 

were observed in other cell types. Specifically, Hannemann et al. (Hannemann et al., 2013) 

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 (Hannemann et al., 2013). Similar to our results in LCLs, ΔsarA exhibited a modest 
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reduction (11%) in mean fluorescence of GFP-positive cells compared to wild-type. 

However, we also detected a decrease in the percentage of GFP-positive cells with ΔsarA 
(20%) (Fig. 5d). Thus, in Henle cells, the reduced burden of S. Typhimurium ΔsarA could be 

attributed to decreases in both the percentage of Salmonella-infected cells and intracellular 

replication. These differences could reflect effects on replication and/or susceptibility to host 

killing that may vary by cell type.

A role for STAT3 in SarA-dependent effects is further supported by physical interaction 

data. When flag-tagged SarA is transfected into HeLa cells, STAT3 co-immunoprecipitated 

with flag-tagged SarA but not with the vector only control (Fig 5e). Immunoprecipitation of 

STAT3 was performed to confirm the interaction. GFP-tagged SarA co-immunoprecipitated 

with STAT3 while GFP alone demonstrated no interaction (Fig. 5f).

Mutation of SarA caused decreased virulence

We next determined the relevance of SarA during Salmonella infection in mice. ΔsarA had 

reduced virulence in intraperitoneal (IP) infections, manifest in both reduced CFUs in spleen 

and moderately prolonged survival (Fig. 6a, b). Furthermore, competitive index experiments 

showed reduced fitness of ΔsarA even when in the same milieu as wild-type S. Typhimurium 

(Fig. 6c, 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.

A competitive chronic oral infection model (CBA/J; (Bogomolnaya et al., 2008)) also 

demonstrated decreased fitness of ΔsarA in the liver and spleen (Fig. 6e). In contrast, no 

difference was observed in the cecum (Fig. 6e), again supporting the idea of SarA 

functioning primarily at systemic sites of infection.

The effect of SarA on STAT3 activation was 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 ΔsarA infection (Fig. 6f). While we cannot rule out that the reduced 

bacterial burden in ΔsarA-infected mice contributed to the reductions in p-STAT3, these 

results are consistent with SarA-dependent activation of STAT3 occurring in vivo.

Evidence SarA plays a role in host adaptation

We hypothesized that variation in presence/absence of sarA among serovars could be driven 

by host adaptation. Therefore, we examined national surveillance data on S. enterica isolates 

from CDC’s Atlas of Salmonella in the United States, 1968-2011 (CDC, 2013). 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. 7a).
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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 data are not comprehensive. 

Despite this, known examples of host adaptation are apparent. 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 (Hayward et al., 2016), 

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 (Jackson 

et al., 2013) and all three lack the sarA gene. In comparing the percentage of clinical isolates 

for each serovar that were obtained from different animal hosts, we observed an association 

for a greater percentage of bovine clinical isolates for sarA-containing serovars (Fig. 7B). 

No other comparisons of serovars with and without sarA within a species were statistically 

significant (Fig. 7b, c). 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.

Discussion

Here we identified and characterized SarA as a Salmonella effector that alters virulence 

through induction of a STAT3-dependent anti-inflammatory pathway. This STAT3 activation 

has cell autonomous effects in promoting intracellular replication, but also non-cell 

autonomous effects such as production of IL-10. Recently, IL-10 production from 

lymphocytes was demonstrated to be a significant contributor to systemic S. Typhimurium 

infection in mice (Salazar et al., 2017). IL-10 also has been reported to increase 

susceptibility to systemic infection during co-infection with Plasmodium falciparum 
(Lokken et al., 2014). Our discovery of Salmonella effector-induced IL-10 adds another 

layer of complexity to the role of this key anti-inflammatory cytokine during infection.

Our work solves a mystery regarding how some Salmonella strains are able to activate 

STAT3. Hannemann et al. suggested that STAT3 activation required the activities of SopB, 

SopE2, and SopE (Hannemann et al., 2013), and more recently suggested that the lack of 

STAT3 activation in S. Typhi infection was due to an unidentified S. Typhi effector blocking 

STAT3 activation (Hannemann and Galan, 2017). 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. This activation likely occurs through physical 

interactions involving SarA and STAT3, though future structural biology and proteomics 

analysis will be required to elucidate the molecular details of this activation.

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 pagJ (Belden and Miller, 1994; 

Navarre et al., 2005) and steE (Niemann et al., 2011). Despite these annotations, the function 

and molecular effects of SarA on host cells remained a mystery. Combining comparative 
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genomics and functional characterization, we provided a molecular role for SarA (induction 

of IL-10) even prior to our identification of the sarA gene.

In addition to identifying SarA, our comparative genomic analysis demonstrated an example 

of horizontal gene transfer of an anti-inflammatory locus. SarA is contained within the 

Gifsy-1 prophage, one of three lambda-prophages carrying T3SS effectors in various S. 
enterica serovars (Figueroa-Bossi et al., 2001). This region also encodes GogB and PagK2, 

which also have roles in virulence. GogB is secreted by SPI-1 and SPI-2 T3SS and is also 

anti-inflammatory through negatively regulating NFκB (Pilar et al., 2012). PagK2 is 

secreted in outer membrane vesicles and contributes to intracellular survival in macrophages 

through an unknown mechanism (Yoon et al., 2011). 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 Salmonella serovars.

Our work provides evidence for a dichotomy between the pro-inflammatory effects of SPI-1 

effectors in the gut early during infection (Hapfelmeier et al., 2004; Keestra et al., 2011; 

Zhang et al., 2002) and the anti-inflammatory effects of SarA and other SPI-2 effectors such 

as SpvC (Haneda et al., 2012) and GtgA, GogA, and PipA (Sun et al., 2016) at systemic 

sites later in infection, when Salmonella must evade immunity and promote intracellular 

growth. SarA activation of STAT3 promotes both goals. Consistent with this model, we 

observed reduced bacterial burden in systemic sites with both IP and oral infections. 

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 

(Lawley et al., 2006), while Elfenbein et al. found no role in a short-term calf ligated ileal 

loop model (Elfenbein et al., 2013).

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. Conversely, activation of STAT3 by 

Salmonella could contribute to transformation and intestinal cancer, similar to how 

Helicobacter pylori effector CagA activation of STAT3 promotes gastric cancer (Bronte-

Tinkew et al., 2009; Lee et al., 2012). SarA has no significant similarity to CagA and indeed 

has no known functional domains beyond a predicted transmembrane segment. Future 

studies will elucidate the role of SarA not only on infection but also explore possible roles in 

autoimmunity and cancer.

Experimental Procedures

Cells

Lymphoblastoid cell lines (LCLs; Coriell) were grown in RPMI 1640 with 10% fetal bovine 

serum (FBS), 100 U/ml penicillin (pen), and 100µg/ml streptomycin (strep) (Thermo 

Fisher). HeLa and Henle cells were grown in DMEM with 10% FBS and pen/strep. BJABs 

and THP1s were grown in RPMI 1640 with 10% FBS and pen/strep. Cells were grown at 

37˚C 5% CO2. For infections, pen/strep-free media was used.
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Salmonella

Salmonella 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). Deletion mutants 

were made by lambda red recombinase (Datsenko and Wanner, 2000) and verified by PCR 

(Table S2). For quantification of bacterial invasion and replication, Salmonellae were 

transformed with pMMB67GFP (Pujol and Bliska, 2003), a plasmid carrying green 

fluorescent protein under an isopropyl β-D-1-thiogalactropyranoside (IPTG) promoter and 

maintained with 100µg/mL ampicillin. SarA and its endogenous promoter were cloned onto 

pWSK129 (Wang and Kushner, 1991) to make pWSK129-SarA and maintained with 

50µg/mL kanamycin. For competitive index infections, wild-type S. Typhimurium contained 

pWSK129 (kanamycin resistance) and ΔsarA contained pWSK29 (ampicillin resistance). 

For the translocation assay, the β-lactamase (TEM) fragment was amplified from pSR47 

(Harmon et al., 2010) using primers TEM1F and TEM1R (Table S2). TEM was cloned into 

pWSK129-SarA using KpnI and NotI (NEB), creating pWSK129-SarA-TEM. For heat-

killed S. Typhimurium experiments, S. Typhimurium was heat-killed by incubation at 65°C 

for 1hr.

Cell culture infections

Assaying infection of LCLs and HeLa cells was done as previously described (Ko et al., 

2009). Briefly, overnight cultures of Salmonella in LB media were subcultured 1:33 and 

grown for 2 hours and 40 minutes at 37˚C and 250rpm. Cells 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 min (HeLas and Henles). Gentamicin was added at 50µg/mL to kill 

extracellular bacteria and incubated for 1 hour, followed by dilution to 15µg/mL for longer 

incubation. IPTG was added 75min 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 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 

#DY217B). RNA was harvested by RNAprotect and RNeasy kit (Qiagen). cDNA was 

synthesized with the iScript cDNA synthesis kit (BioRad). Expression was measured by 

TaqMan probes (Thermo Fisher) on a StepOne qRT-PCR instrument (Thermo Fisher). S. 
Typhi and S. Typhimurium co-infection experiments were carried out with ΔprgH and 

ΔprgHΔssaT 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 MOI10 and ΔprgH or ΔprgHΔssaT S. Typhimurium at MOI50 

so S. Typhi would induce the macropinocytosis necessary for uptake of S. Typhimurium 

deficient in SPI-1 (ΔprgH). ΔssaT S. Typhimurium was infected alone at MOI50.

Comparative genomics of Salmonella serovars

To identify loci that could be responsible for IL-10 induction in S. enterica, comparative 

analyses were carried out using protocols and sequence data similar to those described 

previously (Fricke et al., 2011). Briefly, chromosome sequences from 18 complete or high-

quality S. enterica draft genomes from isolates with known or presumed IL-10 inducing or 
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non-inducing capabilities were used for comparative analysis (strains in Table S1). 

Translated protein-coding sequences (CDS) were compared by BLASTp using the BLAST 

score ratio (Rasko et al., 2005), 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 (STM2584 (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, http://www.sanger.ac.uk/science/tools/

artemis-comparison-tool-act). ACT was 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 

was created using Mesquite (Maddison and Maddison, 2008)

Growth curve

S. Typhimurium was inoculated into LB and grown at 37˚C and 250rpm for 15 hours and 

subcultured 1:100 into LB or LPM (low phosphate, low magnesium media; composition as 

in (Coombes et al., 2004)). OD600 was measured by spectrophotometer.

Translocation assay

HeLa cells (200,000 cells/well in 6-well plates) were incubated overnight prior to infection 

at MOI50. After 30 min, gentamicin was added at 50µg/mL. Twenty-two hours post 

infection, cells were washed twice with PBS, then treated with CCF4-AM (LiveBLAzer™ 

FRET-B/G Loading Kit with CCF4-AM, Thermo Fisher) for 2 hours at 37C. Staining was 

assessed by microscopy (Leica SP5) or flow cytometry (BD Canto II).

RNA-seq

LCLs GM19154 and GM19203 (2 million cells/well in 24-well plate) were infected with 

wild-type or ΔsarA S. Typhimurium at MOI50. After 1 hour, gentamicin (50 μg/mL) was 

added and subsequently diluted to 15 μg/mL after an additional hour. RNA was harvested 24 

hours post infection with RNAprotect and RNeasy Plus kit (Qiagen). Samples consisted of 

three biological replicates from separate experiments. Library preparation, RNA-seq, and 

analysis were performed by established methods described in Supplemental Experimental 

Procedures.

Western blotting

Primary antibodies used were: Anti-DDK (FLAG) (Origene, TA50011), Phospho-Y705-

STAT3, STAT3, GFP (Cell Signaling Technology, #9145, #9139, and #2956), and β-tubulin 

E7 (Developmental Studies Hybridoma Bank) and infrared secondary antibodies from LI-
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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.

RNAi and other cellular treatments

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

treated with Accell siRNAs (SmartPool; GE Dharmacon) for 72 hours prior to infection with 

S. Typhimurium. LCLs (GM19154) were incubated with STAT3 inhibitor VI, S3I-201 

(Santa Cruz Biotechnology) for 1 hour before infection. For recombinant IL-10 treatment, 

LCLs (GM19154) were treated with 7.5ng/mL recombinant human IL-10 (R&D Systems, 

#217-IL) after infection with wild-type and ΔsarA S. Typhimurium and incubated overnight. 

Intracellular replication was measured at 24 hours post infection as described above.

Transfections

HeLa cells (2.2 × 105 cells/well in 6-well plates) were plated 24 hours before transfection 

and transfected with codon-optimized N-terminally FLAG-tagged SarA (GenScript) or N-

terminally GFP-tagged SarA or empty vector controls. Transfection was accomplished with 

Lipofectamine 3000 (ThermoFisher). Cells were harvested 24 hours post transfection and 

lysed with 75uL of lysis buffer (0.1% Triton X-100, 25mM Tris-HCl, 150mM NaCl, 1mM 

EDTA, 5% glycerol, Complete Mini Protease Inhibitor Cocktail tablet (Sigma-Aldrich), 

10mM NaF, 1mM Na Orthovanadate). LCLs were transfected using the Neon system 

(Thermo Fisher) at 2.0×107 cell/mL in Belzer’s UW cold storage solution using one pulse of 

1400V for 30ms and recovered in warm complete RPMI. After 48h of recovery, LCLs were 

infected as described; then 24hpi supernatants were harvested for IL-10 ELISA and cells 

lysed with 15μL lysis buffer. Lysates were analyzed by western blotting.

Immunoprecipitation

HeLa cells (1.8 × 106 cells/10cm dish 24 hours before transfection) were transfected with 

pFLAG-SarA as described above. Cells were lysed with 1mL lysis buffer (same as above) 

and cell lysate was incubated with anti-FLAG magnetic beads (Sigma-Aldrich, #M8823) for 

8 hours in 4˚C while rotating, followed by immunoprecipitation using a DynaMag Spin 

Magnet (Invitrogen, catalog #12320D) and washed 3x with 10 volumes of lysis buffer. 

Bound protein was eluted using a glycine-HCl pH 3 buffer. For STAT3 immunoprecipitation, 

HeLa cells were transfected with pGFP-SarA. Cells were lysed with 1mL lysis buffer and 

lysate was incubated with STAT3 primary antibody (Cell Signaling Technology, #9139) 

overnight in 4˚C while rotating. Cell lysate and antibody was incubated with Protein G 

magnetic beads (Cell Signaling Technology #70024S) for 1 hr at 4˚C with rotation, 

immunoprecipated using a DynaMag Spin Magnet, and washed 3x with lysis buffer. 

Immunoprecipitated proteins were eluted by boiling in SDS for 10min and analyzed by 

western blot.

LAMP1 staining

LCLs were centrifuged at 200xg for 5 minutes, washed with PBS, and fixed with 3% 

paraformaldehyde for 20min at room temperature. Cells were blocked/permeabilized with 

0.2% saponin, 5% normal goat serum in PBS for 30 min at room temperature. Cells were 
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stained with LAMP1 antibody (H4A3; 1:10 dilution; Developmental Studies Hybridoma 

Bank) in block/permeabilization solution overnight at 4C, followed by anti-mouse Alexa 

Fluor 555 (1:1000; Thermo Fisher). Images were acquired with an EVOS fluorescence 

microscope.

Mouse infections

Mouse protocols were approved by Duke University IACUC (Protocol A200-15-07). Oral 

infection mouse protocols were approved by N.C. State University IACUC. Breeding stock 

of C57BL/6j mice were obtained from Jackson laboratories and raised in the Duke Breeding 

Core Facility. Male and female 6-10 week old mice were infected with S. Typhimurium 

intraperitoneally and monitored twice daily for morbidity. For colony-forming unit counts, 

tissues were weighed and homogenized in PBS using Zirconium Oxide beads (GlenMills, 

#7305-000031) and a Mini-BeadBeater-24 (Biospec Products). Appropriate dilutions were 

plated on LB agar + ampicillin (100μg/mL) or kanamycin (50μg/mL) to calculate CFUs per 

gram. For phosphorylated STAT3, spleens were harvested in Tissue Extraction Reagent 1 

(Thermo Fisher, #FNN0071) and homogenized as above. Homogenates were diluted 1:5 and 

analyzed by western blot. For chronic infections, 8-10 week old CBA/J mice from Jackson 

Laboratories were given ~108 CFU of a 1:1 mixture of WT and ΔsarA mutant by gavage. 

Mice were euthanized at 14 or 24 days post-infection. Cecum, spleen, and liver were 

harvested, weighed, homogenized, and plated for CFUs.

Statistical methods

P-values were calculated with Graphpad software using unpaired student’s t-test or ANOVA 

with Sidak’s multiple post-hoc comparison where appropriate unless otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: S. enterica Typhimurium and other serovars induce IL-10.
a, S. Typhimurium induces secretion of IL-10. LCLs (GM19154) were infected with S. 
Typhimurium (STM) at MOI30 and IL-10 in supernatant measured after 24 hrs. b, S. 
Typhimurium induces IL-10 at the transcriptional level. IL-10 mRNA levels were measured 

using Taqman 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. c, 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 (ΔprgH) 
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do not induce IL-10 above uninfected levels. 7-10 biological replicates measured in 3 

experiments. d, S. enterica strains exhibit variation in their ability to induce IL-10. LCLs 

(GM19203) were infected with sequenced S. enterica serovars at MOI30, and IL-10 in 

supernatant measured after 24 hrs. Only serovars Weltevreden, Newport, I 4,[5],12:i:-, and 

Typhimurium induced IL-10. Data for each strain are from at least 6 biological replicates 

measured in 3 experiments. Levels of pyroptosis, a SPI-1 dependent process, are shown in 

Figure S1. e, A mirror tree of S. enterica strains based on the phylogeny from (Fricke et al., 

2011) illustrates the presence of a 4869 bp region only in strains able to induce IL-10. f, A 

4869bp region containing 3 known protein-coding regions is unique to IL-10-inducing 

serovars. P-values in Figures 1A and 1B were calculated using unpaired student’s t-test and 

in Figures 1C and 1D using ANOVA with Sidak’s multiple comparison post-hoc test; error 

bars represent SEM.
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Figure 2. sarA (stm2585) is required for induction of IL-10 and promotes intracellular 
replication.
a, sarA is necessary to induce IL-10. LCLs (GM19154) were infected with wild-type, the 

4869bp deletion mutant (Δ5kbp), or individual deletion mutant S. Typhimurium. Δ5kbp and 

Δstm2585 were unable to induce IL-10. b, Complementation with pSarA restores IL-10 

induction. LCLs were infected with wild-type, ΔsarA, or ΔsarA containing a plasmid with 

sarA expressed under its endogenous promoter (pSarA). c, 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. d, SarA induces IL-10 in BJABs. Wild-type S. 
Typhimurium induced IL-10 and ΔsarA induced significantly less IL-10 in BJABs, 

controlled per infected cell and presented as percent of wild-type induced IL-10. e, ΔsarA 
has an intracellular growth defect. LCLs were infected with GFP-expressing wild-type or 

ΔsarA S. Typhimurium at MOI30 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. For a-e, graphs are from 6-9 biological replicates, 

measured in 3 separate experiments. f, SarA does not affect the growth rate of Salmonella 

alone either in rich media (LB) or g, SPI-2-inducing media (LPM). Means of 3 experiments 

shown. h, Decreased growth of ΔsarA is not due to its inability to induce IL-10. Addition of 

recombinant IL-10 did not rescue the intracellular growth defect of ΔsarA. P-values in Fig. 

2a and 2c are from ANOVA with Sidak’s multiple comparison post-hoc test; all other p-

values calculated using unpaired student’s t test; error bars represent SEM.
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Figure 3. SarA is translocated through both T3SSs of S. Typhimurium.
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 ΔssaT S. Typhimurium showed a reduced number of 

cells with SarA-TEM activity in the cytosol. c, Quantification of SarA-TEM translocation by 

flow cytometry. 11 replicates over 4 experiments. d, Wild-type and ΔssaT invasion are equal. 

HeLa cells were infected with wild-type and ΔssaT containing pSarA-TEM on a kanamycin 

resistant plasmid as described, lysed 2 hours post infection and plated to determine invasion. 

P-values calculated using unpaired student’s t test with Welch’s correction; error bars 

represent SEM. e, 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 (ΔprgH) 

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 (ΔssaT) 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 

(ΔprgHΔssaT) 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. IL-10 concentration and invasion 

percentages are depicted separately in Fig. S5. 6 biological replicates over 3 experiments. P-

values calculated using ANOVA with Sidak’s multiple comparison post-hoc test, error bars 

represent SEM.
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Figure 4. SarA is necessary and sufficient for STAT3 activation.
a, Overview of RNA-seq comparison. LCLs were infected with wild-type or ΔsarA S. 

Typhimurium and harvested at 24 hrs. b, Volcano plot of all measured RNA transcripts. 

IL-10 is labeled and highlighted in purple, STAT3 is labeled and highlighted in red. Known 

STAT3 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. c, d, e, f, g, STAT3 phosphorylation in 

LCLs (c), HeLas (d), Henles, (e) BJABs (f), and THP1s (g), required SarA. Lysates were 

Jaslow et al. Page 20

Cell Rep. Author manuscript; available in PMC 2019 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



harvested at 24 hrs. h, 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 hrs, transfected HeLas were harvested and blotted for 

phosphorylated STAT3, total STAT3, and FLAG. i, j, Mammalian SarA expression is 

sufficient to drive STAT3 phosphorylation (i) and IL-10 production (j) in LCLs at 48 hrs. p-

values are from paired t-tests.
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Figure 5. STAT3 activation is required for SarA-induced IL-10 and increased intracellular 
replication.
a, STAT3 inhibition significantly reduces IL-10 induction by SarA in LCLs (200μM: p = 

0.03 by Welch’s t-test). DMSO & 100μM are means of three experiments; 200μM is the 

mean of two experiments. Infection rates were 6.2% wildtype and ΔsarA DMSO, 5.5% and 

5.8% for wildtype and ΔsarA STAT3 inhibitor 100μM; 4% and 4.6% for wildtype and ΔsarA 
STAT3 inhibitor 200μM. No significant differences from wild-type infection with DMSO by 

ANOVA with Sidak’s multiple comparisons post-hoc test. b, STAT3 knockdown 
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significantly blocks IL-10 induction by SarA in LCLs (p = 0.004 by Welch’s t-test). 7 

wildtype, 5 ΔsarA replicates across 4 experiments. qPCR showed ≥90% 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 ΔsarA with non-targeting, and 

4.2% for ΔsarA with STAT3 siRNA with no significant differences by ANOVA with Sidak’s 

multiple comparisons post-hoc test. c, Knockdown of STAT3 expression significantly 

reduced S. Typhimurium replication and no further reduction was seen with the ΔsarA 
mutant. Median fluorescence was normalized across experiments as fold-change over each 

experiment’s wild-type infected non-targeting. 8 wild-type, 6 ΔsarA replicates across 5 

experiments. Two-way ANOVA showed significant interaction of siRNA treatment and 

Salmonella genotype (p = 0.04). Displayed p-values are Sidak’s multiple comparison post-

hoc tests. a-c, All error bars on graphs and ±values are SEM. d, SarA contributes to 

intracellular replication and intracellular survival in Henle cells. Henle cells were infected 

with wild-type or ΔsarA S. Typhimurium at MOI5 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. Error bars represent SEM. e, 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. f, 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.
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Figure 6. ΔsarA shows reduced virulence and reduced p-STAT3 in mice.
a, SarA contributes to bacterial growth in mice. C57BL/6 Mice infected by IP injection with 

103 wild-type S. Typhimurium had significantly higher bacterial loads in the spleen at 5 days 

than those infected with ΔsarA. 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 
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infection sooner than mice infected with ΔsarA, p = 0.0005 by Log-rank (Mantel-Cox) test. 

c, d, SarA acts cell autonomously to enhance virulence. C57BL/6 mice were infected with 

~103 CFU of a 1:1 mixture of wild-type S. Typhimurium and ΔsarA and CFUs were 

enumerated from spleen (c) and thymus (d). Wildtype outcompeted ΔsarA at each timepoint 

and the difference increased over time. e, SarA has decreased fitness in competitive chronic 

oral infections. CBA/J mice were orally infected with ~108 CFU of a 1:1 mixture of wild-

type S. Typhimurium and ΔsarA mutant by gavage. Data presented are from cecums, livers, 

and spleens harvested in two separate experiments at either 14 or 24 days post-inoculation. f, 
STAT3 activation is reduced in ΔsarA. C57BL/6 mice were infected with ~103 wild-type or 

ΔsarA 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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Figure 7. SarA is associated with diversity in serovar host preference.
The CDC’s Atlas of Salmonella in the United States 1968-2011 (CDC, 2013) 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). b, c, The percentage of clinical (b) and non-clinical (c) 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 
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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.
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