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Abstract

Genome degradation correlates with host adaptation and systemic disease in Sa/monella. Most
lineages of the S. enterica subspecies Typhimurium cause gastroenteritis in humans, however, the
recently emerged ST313 lineage Il pathovar commonly causes systemic bacteremia in sub-Saharan
Africa. ST313 lineage Il displays genome degradation compared to gastroenteritis-associated
lineages, yet the mechanisms and causal genetic differences mediating these infection phenotypes
are largely unknown. We find that the ST313 isolate D23580 hyperdisseminates from the gut to
systemic sites such as the mesenteric lymph nodes (MLN) via CD11b* migratory dendritic cells
(DCs). This hyperdissemination was facilitated by the loss of sse/, which encodes an effector that
inhibits DC migration in gastroenteritis-associated isolates. Expressing functional sse/in D23580
reduced the number of infected migratory DCs and bacteria in the MLN. Our study reveals a
mechanism linking pseudogenization of effectors with the evolution of niche adaptation in a
bacterial pathogen.
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Introduction

Salmonella enterica serovars are important human pathogens, with more than 2300 serovars
that are able to cause disease (Porwollik et al., 2004). Salmonella enterica serovars are
categorized into typhoidal or nontyphoidal Sa/monella (NTS) by the human disease they
cause (Feasey et al., 2012). The typhoidal serovars, Sa/monella Typhi (S. Typhi) and
Salmonella Paratyphi (S. Paratyphi), are human-restricted and cause the systemic disease
typhoid fever (Feasey et al., 2012). In contrast, NTS encompass the vast majority of
Salmonella enterica serovars and typically cause self-limiting gastroenteritis in humans
(Feasey et al., 2012). Invasive NTS infections usually only occur in immunocompromised
patients (Feasey et al., 2012). Sa/monella serovars with a broad host range, such as
Salmonella Typhimurium (S. Typhimurium), rarely cause systemic infections.

Interestingly, bloodstream Sa/monella infections in sub-Saharan Africa are mainly
nontyphoidal (Feasey et al., 2012; Kingsley et al., 2009). Indeed, NTS infections are among
the most common causes of bloodstream infections for children and HIV-infected adults in
sub-Saharan Africa (Feasey et al., 2012). The NTS isolates causing these infections in sub-
Saharan Africa are collectively referred to as African NTS. For children, risk factors for
invasive African NTS infections include HIV or malaria coinfection and malnutrion (Feasey
et al., 2015; Gordon, 2011). The relatively immunocompromised sub-Saharan population
likely contributes to the high levels of invasive NTS infections. The African NTS are
multidrug resistant, which limits therapeutic options and increases the mortality rate
(Kariuki et al., 2015). While fever is present in almost all African NTS cases,
gastrointestinal (GI) symptoms are found in less than half (Feasey et al., 2012; Porwollik et
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al., 2004). The lack of GI symptoms in many patients suggests that the disease caused by
these African NTS is distinct from that caused by NTS in other parts of the world (Feasey et
al., 2012; Gordon, 2011).

S. Typhimurium is responsible for approximately 75% of the invasive NTS infections in
Africa (Feasey et al., 2012; Gordon et al., 2008). Phylogenetic analysis of these African S.
Typhimurium isolates found that they are primarily sequence type 313 (ST313, Feasey et al.,
2012; Kingsley et al., 2009). In contrast, most laboratory strains and gastroenteritis outbreak
isolates are sequence type 19 (ST19, Feasey et al., 2012; Kingsley et al., 2009). The ST313
isolates cluster away from other S. Typhimurium to form two closely related lineages
(Feasey et al., 2012; Kingsley et al., 2009). Chloramphenicol resistance in ST313 lineage 11
isolates drove their almost complete replacement of ST313 lineage I isolates in sub-Saharan
Africa by 2006 (Feasey et al., 2012; Okoro et al., 2012).

Whole genome analysis of both ST313 S. Typhimurium lineages revealed that major
changes in the ST313 lineage include distinct prophage and plasmid repertoires and the
insertion of a 7/m21-like mobile element containing multiple antibiotic cassettes into the
virulence plasmid (Kingsley et al., 2009). Additionally, there was evidence of genome
degradation, including pseudogene formation and chromosomal deletions, when compared
with ST19 S. Typhimurium genome sequences (Kariuki et al., 2015; Kingsley et al., 2009;
Okoro et al., 2015). Increased genome degradation is seen in host-adapted, systemic disease-
causing serovars such as S. Typhi and Paratyphi compared to gastrointestinal generalist
serovars such as S. Typhimurium (Nuccio and Béumler, 2014). In addition, S. Typhimurium
DT2, which has become host-adapted to pigeons, also has greater genome degradation
compared to ST19 S. Typhimurium (Kingsley et al., 2013). Many of the pseudogenes in
ST313 S. Typhimurium are also pseudogenes in the human-restricted serovars S. Typhi and
Paratyphi (Kingsley et al., 2009; Okoro et al., 2015). These findings suggest that the ST313
S. Typhimurium could be evolving towards causing systemic disease (Kingsley et al., 2009).
We and most other groups found that ST313 S. Typhimurium occupy a phenotypically
intermediate state between ST19 S. Typhimurium and systemic disease-causing S. Typhi for
both host cell invasion and inflammasome activation, suggesting that ST313 S.
Typhimurium are becoming phenotypically closer to systemic disease-causing serovars
(Carden et al., 2015; Okoro et al., 2015). However, little is known about potential differences
in the ability to cause systemic infections between ST313 and ST19 S. Typhimurium. In this
work we dissect how genomic differences in the ST313 S. Typhimurium lineage shape host-
pathogen interactions and the ability to cause systemic disease in a mouse model.

ST313 isolate D23580 has higher bacterial burden in systemic organs

To determine if ST313 and ST19 isolates differed in their ability to cause systemic disease,
we infected mice with ST313 isolate D23580 (ST313 D23580), a lineage Il isolate cultured
from the blood of a Malawian patient (Kingsley et al., 2009), or ST19 isolate SL1344 (ST19
SL1344), a streptomycin-resistant derivative of an isolate cultured from a septicemic cow
(Hoiseth and Stocker, 1981). We focused on ST313 lineage Il isolates, as by 2006, lineage II
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isolates had almost completely replaced ST313 lineage | isolates in sub-Saharan Africa
(Okoro et al., 2012).

Streptomycin-pretreated C57BL/6 mice were orally infected with either ST313 isolate
D23580 or ST19 isolate SL1344. The levels of ST313 D23580 and ST19 SL1344 were
similar in the small intestine, Peyer’s patches and cecum at 1 and 2 days post infection (dpi,
Figure 1A-C, Figure S1). At 2 dpi, there were no differences in the histopathology in the
ceca between mice infected with either isolate (Figure S1). In contrast, the levels of ST313
D23580 were significantly higher than the levels of ST19 SL1344 in the MLN at 1 and 2 dpi
(Figure 1D, G-H, Figure S1), and in the spleen and liver at 2 dpi (Figure 1E-F, Table S1).
Similar results were seen in mice infected with a ST19 isolate that is commonly associated
with gastroenteritis outbreaks, DT104 (ATCC 700408, Figure S1D-I). Collectively, our
results indicate that the levels of ST313 and ST19 isolates are similar in the gut. In contrast,
the levels of the ST313 isolate were significantly higher than the levels of the ST19 isolates
in systemic tissues. Intriguingly, our data correlate with the propensity of ST313 isolates to
cause disseminated disease in humans and may reflect differences in the relative abilities of
ST313 and ST19 isolates to cause systemic infections.

ST313 D23580 hyperdisseminates to systemic sites

Our results indicate that ST313 D23580 is either more efficient at disseminating from the
gut to systemic sites or has enhanced survival and/or replication in systemic niches
compared to ST19 isolates. To distinguish between these possibilities, we bypassed the gut
by injecting mice intraperitoneally (IP) with either ST313 or ST19 isolates. After IP
injection, the amount of ST313 and ST19 S. Typhimurium isolates in the spleen and liver
were not significantly different (Figure 11-J). These results are consistent with ST313
D23580 hyperdisseminating from the gut to systemic sites after oral infection.

The higher levels of ST313 D23580 in the MLN after oral infection could be due to either
more efficient dissemination or an increase in intracellular replication during and/or after
dissemination to the MLN. To test this, we measured the ability of the NTS isolates to
disseminate to the MLN in the absence of intracellular replication. To this end, we used
aroA mutants of ST313 D23580 and ST19 SL1344 that are attenuated for replication in host
cells (Hoiseth and Stocker, 1981). If the higher levels of ST313 bacteria in the MLN were
due primarily to increased replication at this site, the levels of ST19 and ST313 AaroA
mutant strains in the MLN should be similar. However, we found significantly higher levels
of ST313 D23580 AaroA in the MLN compared to ST19 SL1344 AaroA at 2 dpi (Figure
1K). As with the wild type strains, the levels of aroA mutants of ST313 D23580 and ST19
SL1344 were similar in the gut (Figure S1J-L). This suggests that differences in intracellular
replication do not drive the higher bacterial load in the MLN. Alternatively, differences in
intracellular survival between ST19 SL1344 and ST313 D23580 could play a role in the
higher bacterial load in the MLN. Identifying the cell types infected in the MLN will allow
us to test whether there are differences in the ability of ST313 D23580 and ST19 SL1344 to
survive within those cell types. Since our intraperitoneal infection data show that there are
not survival differences in the spleen and liver, it is likely that this is also true in the MLN.
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Taken together, our results suggest that ST313 isolate D23580 likely hyperdisseminates from
the gut to systemic sites, resulting in higher bacterial loads at those sites.

Higher levels of Migratory DCs are infected by ST313 D23580 in the MLN

After crossing the gut epithelial barrier, S. Typhimurium ST19 can disseminate to systemic
sites via the lymphatics or the bloodstream (Watson and Holden, 2010). Sa/monellahas been
reported to disseminate within CD18* phagocytes in the bloodstream and within dendritic
cells (DCs) in the lymph (Bogunovic et al., 2009; Vazquez-Torres et al., 1999).
Dissemination via either route could be important for the hyperdissemination of ST313
D23580. To test whether ST313 D23580 hyperdisseminated via the bloodstream, we
measured the levels of Sa/monellain the bloodstream of mice orally infected with either
ST313 or ST19 isolates. There were no differences in the amount of bacteria in the blood 30
minutes, 1 or 2 dpi between ST19 and ST313 isolates (Figure 2A). Although both isolates
can disseminate to distant tissues via the bloodstream, the lack of difference between ST19
and ST313 isolates in the blood suggests that the hyperdissemination of ST313 isolates is
not through this route.

To determine whether there are differences in the ability of ST313 and ST19 isolates to
disseminate within innate immune cells via the lymphatics from the gut to the MLN, we
identified Sa/monella-infected cells in the MLN by flow cytometry. At 2 dpi, we observed
Salmonella inside several different myeloid-derived cell types, such as inflammatory
monocytes (Ly6CHICD11b*Ly6G"), patrolling monocytes (Ly6C/°CD11b*Ly6G"),
macrophages (CD64*MerTK™), neutrophils (Ly6G*CD11bHiLy6CI") and migratory DCs
(MHC 11HicD11cvariable Figure 2B). Although Sa/monella was detected in a number of
myeloid-derived cells, migratory DCs (migDCs) were the cell type with the highest number
of infected cells for both ST313 and ST19 isolates (Figure 2B, Figure S2).

We next compared the levels of infection between ST313 and ST19 isolates in these cell
types. ST313 D23580 infected a higher number of neutrophils and migDCs (Figure 2B,
Figure S3). The higher amount of infected neutrophils is likely due to the larger bacterial
load in ST313 isolate infected-mice, as neutrophil influx is correlated with bacterial load
(Cheminay et al., 2003). This notion is supported by an increased number of recruited
neutrophils in the MLN in ST313 D23580 infected mice (Figure S3).

Unlike neutrophils, migDCs are likely candidates to carry Sa/monella from the gut. MigDCs
traffic from the gut and enter the MLN through the afferent lymphatics and can be
distinguished from tissue-resident DCs by their high expression of MHC Il and variable
expression of the integrin CD11c, which is downregulated during migration and activation
(Merad et al., 2013). ST313 D23580 infected a higher total number of migDCs per MLN
and a larger percentage of migDCs compared to the ST19 SL1344 (Figure 2B-E). In
contrast, there was no difference in the total number of migDCs recruited to the MLN by
ST313 or ST19 isolates (Figure 2F).

Since we identified migDCs as the major reservoir of intracellular Sa/monella at this time
point, we next tested whether the higher levels of D23580 in the MLN could be attributed to
enhanced intracellular replication and/or survival in migDCs. There was no difference in the
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geometric mean fluorescence intensity (MFI) of anti-Sa/monella staining between migDCs
infected with ST313 D23580 and ST19 SL1344 (Figure 2G), indicating that migDCs
infected with either isolate have similar intracellular levels of bacteria. This finding supports
our observation that differences in intracellular replication do not drive higher bacterial loads
in the MLN (Figure 1K). Next we tested if ST313 D23580 and ST19 SL1344 differed in
their ability to survive within DCs. To test this, we measured the levels of gentamicin-
protected bacteria over time for each isolate in bone-marrow-derived DCs. We found no
difference in intracellular survival of ST313 D23580 and ST19 SL1344 (Figure S4A). Taken
together, this suggests that hyperdissemination from the gut via infected migDCs is
responsible for the higher bacterial load in the MLN.

Similar levels of infected DC are present in gut tissues from mice infected with ST313 or
ST19 S. Typhimurium isolates

A possible explanation for the higher amount of ST313 D23580-infected migDCs in the
MLN is that this isolate infects more DCs in the gut, which then traffic to the MLN.
Although we did not observe a difference in the colonization of gut tissues, the vast majority
of bacteria are extracellular in gut tissues, which could obscure potential differences in the
small fraction of Sa/monellathat are within DCs (Barthel et al., 2003; Monack et al., 2000).
To measure the amount of infected DCs in the gut, mice were infected orally with either
ST313 or ST19 isolates and the small intestine and Peyer’s patches were analyzed using
flow cytometry to detect S. Typhimurium within DCs (CD457CD11c*MHC I1CD647). The
total number and percentage of infected DCs in the Peyer’s patches and small intestine were
similar for both isolates (Figure 3). Additionally, we found that there was no difference in
percent invasion of ST19 SL1344 and ST313 D23580 into bone marrow-derived DCs /n
vitro (Figure S4B). Since we saw no difference in the infection rate of DC both /n vivoand
in vitro, our data indicate that the higher amount of infected migDCs in the MLN is not
driven by differences in the amount of infected DCs in gut tissues.

Differences in inflammasome activation do not control hyperdissemination to the MLN by
ST313 D23580

Another possible explanation for the higher amounts of D23580-infected migDCs is that
ST313 D23580 induces less cell death in migDCs, allowing more infected migDCs to reach
the MLN. We previously showed that in bone marrow-derived macrophages, ST313 D23580
causes less inflammasome-mediated cell death compared to ST19 SL 1344 (Carden et al.,
2015). Since Salmonellais also able to cause inflammasome-mediated cell death in DCs
(van der Velden et al., 2003), we reasoned that lower levels of inflammasome-mediated DC
death triggered by ST313 D23580 could contribute to hyperdissemination to the MLN. To
test this hypothesis, we orally infected mice that are deficient for caspase-1 and caspase-11
(Casp1/1177), which are required for all forms of inflammasome activation (Broz et al.,
2012), with ST313 and ST19 S. Typhimurium. As reported previously Casp1/117~ mice had
a greater Salmonellaburden compared to wild type (WT) mice (Broz et al., 2012). There
were no differences in bacterial burden between ST19 and ST313 isolates in the gut (Figure
S4). However, the levels of ST313 D23580 bacteria were significantly higher than the ST19
isolate SL1344 bacterial levels in the MLN of Casp/117~ mice (Figure S4). Consistent
with our results in WT mice, ST313 D23580 also infected a higher total number and
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percentage of migDCs in Casp1/117~ mice (Figure S4). Taken together, these results
indicate that differences in inflammasome activation do not explain the hyperdissemination
of ST313 D23580 bacteria to the MLN. By eliminating differences in bacterial uptake in the
gut and inflammasome-mediated death of infected DCs as drivers of hyperdissemination,
our results suggest that ST313 D23580 is better at co-opting migDC migration to spread
from the gut to the MLN.

ST313 D23580 hyperdissemination phenotype correlates with higher levels of infected
CD11b* migratory DC

MigDCs in the MLN are categorized into three main subsets defined by their expression of
the integrins CD103 and CD11b: CD103*CD11b~ (CD103*), CD103*CD11b*, and
CD103-CD11b* (CD11b*, Figure 4A). These subsets have distinct biological functions. The
CD103* and CD103"CD11b* migDC subsets are important for oral tolerance, while the
CD11b* subset is associated with inducing IFN-y-producing CD4* T cells (Coombes et al.,
2007) We examined the relative contribution of each of these migDC subsets to the
increased dissemination of ST313 bacteria from the gut to the MLN.

As reported previously, S. Typhimurium infected all three migDC subsets (Bogunovic et al.,
2009). At 2 dpi, the CD11b*™ migDC subset had the highest number of infected cells
compared to the other two subsets (Figure 4). There were no significant differences in the
levels of infected CD103* and CD103*CD11b* in the MLN of mice infected with either S.
Typhimurium isolate (Figure 4). Strikingly, we found significantly higher numbers of
CD11b* migDCs in the MLN infected with ST313 D23580 compared to ST19 SL1344
(Figure 4D). This was also reflected in a higher percentage of CD11b* migDCs infected
with ST313 bacteria compared to ST19 (Figure 4G). Importantly, there were no differences
in the total number of CD11b* migDCs recruited to the MLN between mice infected with
either isolate (Figure 4J). The higher amount of ST313 isolate infected CD11b* migDC
suggests that ST313 isolates could use this migDC subset in particular to hyperdisseminate
from the gut to the MLN.

Hyperdissemination of ST313 isolate D23580 from the gut requires CCR7

Ccr7”~ mice are defective for DC and T cell migration to the draining lymph nodes (Forster
et al., 1999). To determine whether DC migration mediates the hyperdissemination of ST313
isolate D23580, we orally infected Ccr7”~ mice with ST313 or ST19 S. Typhimurium and
measured bacterial loads 2 dpi. In contrast to WT mice, the levels of ST313 D23580 or ST19
SL1344 in the MLN, spleen and liver were the same (Figure 5A-C, Figure S5). Although
both ST19 and ST313 isolates disseminated to systemic sites in Ccr7”~ mice, the lack of
difference between ST19 and ST313 isolates in this background suggests that CCR7-
dependent DC migration is necessary for the hyperdissemination of ST313 D23580.

To further elucidate the role of CCR7-dependent DC migration in hyperdissemination, we
analyzed the amount of ST313 D32580- and ST19 SL134 -infected migDCs in the MLN of
Ccr7”~ mice. As expected, fewer migDCs were recruited to the MLN of infected Ccr77/~
mice compared to WT mice (Figure 5F). In addition, at 2 dpi, very low numbers of infected
migratory DCs were present in the MLN of Ccr77~ mice and there were no differences
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between ST19 and ST313 isolates (Figure 5D). This was also reflected in the percentage of
infected migDCs in the MLN (Figure 5E). We also analyzed the levels of S. Typhimurium-
infected CD11b* migDCs in the MLN of infected WT and Ccr7”~ mice. In contrast to
infections of WT mice, there was no difference in the levels of infected CD11b* migDC in
the MLN of Ccr7”~ mice infected with either S. Typhimurium isolate (Figure 5G—H). Thus,
CCR7-dependent migration of migDCs, in particular CD11b* migDCs, is necessary for
hyperdissemination of the ST313 D23580 from the gut to the MLN.

Pseudogenization of the secreted effector Ssel is required for ST313 S. Typhimurium to
hyperdisseminate via infected migratory DC

We reasoned that lineage-specific manipulation of CCR7-dependent DC migration could
account for differences in dissemination of ST313 D23580 and ST19 SL 1344 from the gut
to the MLN. In our previous studies, we showed that ST19 S. Typhimurium inhibits DC
chemotaxis of infected cells by a mechanism that requires the Sa/monella Pathogenicity
Island-2 (SPI-2) type 3 secretion system (McLaughlin et al., 2014). We identified seven
SPI-2 effectors (Ssel, SifA, SseF, PipB2, SpiC, SspH2, and SIrP) that inhibit DC migration
toward CCL19, a chemokine recognized by CCR7 (McLaughlin et al., 2014; 2009). The
genomes of ST313 lineage Il isolates contain an insertion of an 1S200 element in sse/,
rendering this gene a pseudogene (Kingsley et al., 2009; Okoro et al., 2015). Since Ssel
inhibits the migration of infected DCs, we hypothesized that the pseudogenization of sse/in
ST313 D23580 permits DCs infected by this isolate to migrate to the MLN in higher
numbers than ST19 SL1344-infected DCs and thus contributes to hyperdissemination from
the gut.

To test the role of sse/ in modulating dissemination of S. Typhimurium from the gut to the
MLN, we compared the levels of Sa/monellain MLN of mice orally infected with either WT
ST19 SL1344 or an isogenic Asse/ mutant 2 days p.i. There were significantly higher levels
of the Ssel-deficient bacteria compared to WT ST19 SL1344 (Figure 6A, MLN CFU/organ
presented in Figure S6). Although the levels of ST313 D23580 bacteria were still higher
than the ST19 SL1344 Asse/ levels in the MLN (Figure 6A), these results indicate that the
presence of an intact copy of sse/ reduces migration of Sa/monella from the gut to MLN. To
test this notion further, we complemented sse/in ST313 D23580, designated D23580
phoN..ssel. To control for any potential effects of insertion into the pAo/ locus, we
compared our complemented D23580 phoN.:.ssel strain to phoN mutants of ST19 SL1344
and ST313 D23580. The level of D23580 phol.:ssel bacteria was significantly lower than
the level of D23580 pho/N bacteria in the MLN at 2 dpi. The levels of D23580 p/hoN..ssel
bacteria in the MLN were slightly higher than SL1344 pAoN, which also contains a
functional sse/ (Figure 6A, Figure S6). Our results indicate that pseudogenization of sse/
contributes to the hyperdissemination of ST313 D23580 to the MLN.

To determine whether pseudogenization of sse/is increased the Sa/monellaburden in the
MLN by influencing DC migration, we examined the levels of migDCs infected with S.
Typhimurium strains that differed by the presence or absence of Ssel at 2 days after oral
infection of mice. The number of infected migDCs and CD11b* migDCs in the MLN of
mice infected with ST19 SL.1344 Asse/was similar to ST313 D23580, which contains
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pseudogenized sse/ (Figure 6B, E). Importantly, the levels of infected migDCs and CD11b*
migDCs in the MLN of mice infected with the S. Typhimurium strains that lack a functional
ssel (SL1344 Assel, D23580 and D23580 phoN) were significantly higher than the levels
present in mice infected with S. Typhimurium strains that contain a functional sse/ (SL1344,
SL1344 phoN and D23580 pholN..ssel, Figure 6B, E). Similar results were seen when the
percentage of migDCs and CD11b* migDCs were measured (Figure 6C, F). Taken together,
our data indicate that the pseudogenization of the single effector gene, sse/, in the S.
Typhimurium ST313 lineage Il isolate D23580 facilitates higher levels of infected DC
migration from the gut to the MLN, leading to increased bacterial burdens in this tissue.

Discussion

While much is known about the pathogenesis of well-characterized gastroenteritis-
associated ST19 S. Typhimurium, few studies examine the pathogenesis of invasive ST313
S. Typhimurium. ST313 S. Typhimurium have emerged to cause invasive disease in sub-
Saharan Africa, where the population is relatively immunocompromised. Both genomic
changes in ST313 lineage and comorbidities found in the sub-Saharan population are likely
important for the systemic disease caused by ST313 isolates. Previous work largely focused
on how common comorbidities in the sub-Saharan population, such as HIV or malaria
coinfection, contribute to the increased severity of S. Typhimurium infections (Lokken et al.,
2014; Mooney et al., 2014; 2015; Raffatellu et al., 2008; Roux et al., 2010). These studies
nicely laid the foundation for how differences in the host population exacerbate Salmonella
infections. On the pathogen side, little is known about how differences in the ST313 lineage
might contribute towards causing systemic disease in humans.

We found that mice infected with the S. Typhimurium ST313 isolate D23580 had higher
pathogen levels in the systemic sites, but not in gastrointestinal tissues when compared to S.
Typhimurium ST19 isolate SL1344 (Figure 1). This trend of ST313 S. Typhimurium having
higher Salmonella burden in systemic tissues compared to ST19 S. Typhimurium has been
seen by other groups when infecting chickens and mice (Table S1, Okoro et al., 2015;
Parsons et al., 2013; Singletary et al., 2016; Yang et al., 2015). However, the mechanisms
mediating higher levels of ST313 S. Typhimurium at systemic sites were unclear.
Importantly, we established that increased bacterial colonization at systemic sites is
predominantly driven by hyperdissemination from the gut. Our finding that S. Typhimurium
ST313 D23580 is better at disseminating from the gut to systemic tissues in the mouse
model parallels how ST313 isolates are associated with causing systemic disease in humans.

In this study we identified components of both the host and pathogen that are important for
the higher load of ST313 S. Typhimurium to the MLN. Notably, we found that ST313 S.
Typhimurium requires CCR7-dependent migration of DCs to hyperdisseminate to the MLN
(Figures 2, 5). This suggests that ST313 D23580 bacteria are better at hijacking migDCs to
serve as Trojan horses and help them disseminate to the MLN (Figure 2). Intriguingly, both
ST313 and ST19 isolates infected all three migDC subsets (CD103*, CD103*CD11b",
CD11b%), but only the CD11b* subset mediated the enhanced spread from the gut to the
MLN by ST313 D23580 (Figure 4). CD11b* migDCs are proinflammatory, and are the least
migratory migDC subset in steady state (Cerovic et al., 2013; Coombes et al., 2007). The
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low amount of migration during homeostasis likely explains the varied results of studies
examining the effect of CCR7 on CD11b* migDC migration (Bogunovic et al., 2009;
Cerovic et al., 2013; Diehl et al., 2013; Scott et al., 2014). Recent work that detected
CD11b* migDCs in the afferent lymph and increased migration of CD11b* migDC subset
after inflammation have helped clarify the migratory capacity of this subset (Cerovic et al.,
2013; Diehl et al., 2013). In our study, we see significantly lower levels of CD11b* migDC
in the MLN of infected Ccr7~ mice compared to infected WT mice, emphasizing that this
subset is able to migrate better during an infection. It seems paradoxical that the
proinflammatory CD11b* migDC subset would interact with ST313 and ST19 isolates
differently. However, this difference could be mediated by different innate immune
responses toward ST313 compared to ST19 isolates. For example, the CD11b* migDC
subset is the only migratory DC subset that expresses significant amounts of TLR5, which
recognizes flagellin (Atif et al., 2013). ST313 isolates express less flagellin (Carden et al.,
2015), and modulating the amount of flagellin recognition by TLR5 in CD11b* migDC may
allow ST313 isolates to disseminate better within these cells. Supporting this notion, others
have shown that introducing the FliC-repressor TviA into ST19 S. Typhimurium led to
increased dissemination of Salmonellato the spleen (Atif et al., 2014). Elucidating why
ST313 S. Typhimurium preferentially uses the CD11b*™ migDC subset to hyperdisseminate
will be important for future studies.

Differences in the manipulation of DC migration by ST313 and ST19 isolates likely drive
the hyperdissemination to the MLN by ST313 D23580. S. Typhimurium can use several
effectors to inhibit DC migration (McLaughlin et al., 2014). The gene encoding one of these
effectors, ssel, is a pseudogene in ST313 lineage 1l S. Typhimurium, like D23580. We tested
if the pseudogenization of sse/in ST313 lineage 11 was important for the hyperdissemination
to the MLN via infected DCs by genetically manipulating ST313 and ST19 strains. We
demonstrated that the presence of an intact sse/ gene correlates with a decrease in the
Salmonella burden and amount of infected CD11b* migDCs in the MLN (Figure 6).
Conversely, S. Typhimurium strains that lack an intact sse/ disseminated from the gut to the
MLN in higher numbers and had higher levels of infected CD11b* migDC in the MLN
(Figure 6). This is consistent with pseudogenization of sse/in ST313 lineage Il isolates
leading to hyperdissemination to the MLN by allowing DC infected by ST313 isolates to
migrate better than DC infected by ST19 isolates. The presence or absence of Ssel did not
alter the Sa/monellaburden in the spleen and liver (data not shown), suggesting that other
differences in the ST313 lineage besides the pseudogenization of sse/are important for
hyperdissemination to the spleen and liver. Since Ssel inhibits DC migration, it is possible
that the effect of Ssel is solely seen in MLN because it is the only tissue that Sal/monella
directly disseminates to via DCs.

The role of pseudogenization of sse/in hyperdissemination by ST313 S. Typhimurium is
particularly intriguing, as gene degradation is enriched in genes encoding secreted effectors
in host-adapted serovars of Salmonella enterica (Klemm and Dougan, 2016; Klemm et al.,
2016; McClelland et al., 2004; Nuccio and B&umler, 2014). While the pseudogenization of
many genes encoding secreted effectors in host-adapted, systemic disease-causing
Salmonella enterica serovars seems counterintuitive, the pseudogenization of effectors is
thought to benefit these serovars by either decreasing virulence to promote host survival and
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pathogen transmission or by getting rid of effectors that are dispensable or deleterious for
systemic infections of their adapted host (Klemm and Dougan, 2016). For example, since
host-adapted Salmonella enterica serovars cause systemic disease, genes encoding effectors
that promote a gastrointestinal lifestyle by inducing gut inflammation are often pseudogenes
(Klemm et al., 2016; McClelland et al., 2004; Nuccio and Baumler, 2014).

Strikingly, we found that the pseudogenization of sse/ increased the ability of S.
Typhimurium to disseminate from the gut to the draining lymph nodes. Loss of sse/ might
synergize with infections of immunocompromised hosts, like those often found in sub-
Saharan Africa. In immunocompetent hosts, more rapid dissemination likely leads to faster
induction of T cell responses and thus enhanced pathogen clearance. As many
immunocompromised hosts are not able to mount effective T cell responses, the rapid
dissemination induced by sse/ pseudogenization is likely not deleterious for Salmonellain
these hosts (Nuccio and Bdumler, 2014). This notion is supported by the finding that sse/is
a pseudogene in S. Enteritidis isolates that have evolved to cause systemic infection within
immunocompromised hosts (Klemm et al., 2016). Loss of sse/ might also be important for
adaptation to systemic disease in immunocompetent human hosts, as sse/is either absent or
a pseudogene in the human-restricted serovars of S. Typhi and Paratyphi. Ssel is
immunogenic and CD4* T cell responses to Ssel are potent and sustained in a mouse model
(Kurtz et al., 2014). Pseudogenization of sse/ may allow Sa/monellato evade the potent
CD4* T cell response to Ssel epitopes. In immunocompetent hosts, evasion of immune
recognition of Ssel could counterbalance the increased induction of T cell responses due to
hyperdissemination when sse/ is a pseudogene. Thus, pseudogenization of sse/ is likely
important for adaptation to cause systemic disease in both immunocompetent and
immunocompromised human hosts. Moreover, loss of sse/ reveals that pseudogenization of
effectors can contribute to Sa/monella niche adaptation and expansion by increasing the
ability of Salmonellato cause systemic disease. Studying ST313 S. Typhimurium provides
insights into how Sa/monella evolves to expand and adapt to systemic niches.

Experimental Procedures

Bacterial strains and plasmids

The bacterial isolates and plasmids used in this study are described in Table S2, and culture
conditions are described in the Supplemental Experimental Procedures. Construction of
Salmonella mutants and plasmids are described in Supplemental Experimental Procedures.
Primers used in this study are listed in Table S3.

Animal Experiments

All animal experiments were approved by the Stanford University Administrative Panel on
Laboratory Animal Care and overseen by the Institutional Animal Care and Use Committee
under Protocol 1D 12826.

C57BL/6, B6.129P2(C)-Ccr7tmIRfory (Cer7-/-), and B6N.129S2-Casp1tmiFivy)
(Casp1/11-/-) mice were purchased from Jackson labs. Ccr7-/-mice were bred and
maintained at Stanford. Male and female mice were used at 7-12 weeks of age.
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S. Typhimurium infections were performed as previously described (Barthel et al., 2003).
Mice were given a single dose of 20 mg of streptomycin (Sigma) orogastrically, and 20
hours later were inoculated orally or intraperitoneally with Sa/monella as described in the
Supplemental Experimental Procedures. Mice were euthanized at the indicated time points
post infection and organs were collected for colony-forming unit (CFU) enumeration and/or
analysis by flow cytometry.

Preparation of single cell suspensions

Full details of preparations of single cell suspensions for all organs are in the Supplemental
Experimental Procedures. Briefly, MLN were digested in in Ca2*, Mg?* Hank’s Balanced
Salt Solution (HBSS, Gibco) containing 25 pg/ml Liberase TL (Sigma) and 50 pug/ml DNase
I (Life Technologies) for 22-25 minutes at 37° C. Peyer’s patches were digested in RPMI
(Gibco) with 5% Fetal bovine serum (FBS, Gibco) 12.5 ug/ml Liberase TL and 50 pg/ml
DNase | for 15 minutes at 37° C.

Single cell suspensions of the small intestine lamina propria were made as described
previously (Geem et al., 2012). In brief, 0.5 cm pieces of small intestines were incubated in
Ca?*, Mg?* free HBSS (Gibco) with 5% FBS, and 2 mM EDTA (Promega) at 37° C for 20
minutes with shaking at 200 rpm. Then, tissues were minced and incubated in Ca2*, Mg2*
free HBSS with 5% FBS, 1.5 mg/ml Collagenase Type VIl (Sigma), and 250 pg/ml Dnase |
at 37° C for 12 minutes with shaking at 200 rpm. The amount of live cells were quantified
by counting Trypan Blue™ cells using a hemocytometer.

Flow cytometry

Antibodies used for flow cytometry can be found in Table S4. Full details on the staining
protocol and gating strategies can be found in the Supplemental Experimental Procedures
and Figure S2. Single cell suspensions were blocked with 10 pg/ml TruStain fcX
(BioLegend) and then stained for viability and surface antigens. Cells were fixed and
permeabilized using BD Cytofix/Cytoperm kit and then stained for intracellular Sa/monella.
Multiparameter analysis of single cell suspensions was performed using BD Biosciencs
Fortessa (Becton Dickinson) and analyzed using FlowJo (TreeStar).

Fluorescent Immunohistochemistry

Full details on the protocols for fluorescent immunohistochemistry and the antibodies used
for staining can be found in Supplemental Experimental Procedures and Table S4,
respectively. Frozen sections of the MLN were blocked with normal goat serum, and stained
overnight in primary antibody at 4° C. Sections were then stained with secondary antibody
and phalloidin Alexa Fluor 488 (Life technologies) for 2 hours at room temperature. Images
were acquired on a Zeiss LSM 880 confocal microscope with the ZEN 2010 software
(Zeiss) and processed using FIJI (Schindelin et al., 2012). Scale bars are set at 50 um.

Statistical Analysis

Data are presented as either geometric mean or mean as specified. For bar graphs, the mean
and standard deviation are shown. Statistical analysis was performed using the Mann-
Whitney U test or unpaired Student’s t test with Welch’s correction in GraphPad Prism. P-

Cell Host Microbe. Author manuscript; available in PMC 2018 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carden et al. Page 13

values <0.05 were considered significant. * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ST313 S. Typhimurium isolate D23580 hyperdisseminates to systemic sites
(A-1) Streptomycin-pretreated C57BL/6 mice were orally infected with each Salmonella

isolate. Mice were sacrificed at 1 (A-D) or 2 (A-I) days post infection (dpi) as indicated,
and Sa/monellaburden was enumerated by plating. The colony-forming units per gram
(CFU/q) for the gut tissues (A—C) and systemic sites (D—F) are presented. CFU/organ for the
MLN and Peyer’s patches are presented in Figure S1. (G-H) Representative images of
immunostaining of S. Typhimurium (red) and phalloidin (blue) in MLN infected for 2 days
with either ST19 SL1344 (G) or ST313 D23580 (H). Arrows indicate select clusters of
Salmonella and the scale bars represent 50 uM. Experiments were repeated twice with 2-3
mice per group. (I1-J) Streptomycin-pretreated C57BL/6 mice were infected
intraperitoneally and sacrificed 2 dpi. Sa/monellaburden was enumerated by plating in the
spleen (1) and liver (J). (K) Streptomycin-pretreated C57BL/6 mice were orally infected
with SL1344 AaroA or D23580 AaroA. Salmonella CFU in the MLN was enumerated 2 dpi.
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(A-F, 1-K) Data is the combination of two independent experiments with 4-5 mice per
group. Statistical significance was determined using Mann-Whitney test, bars represent the
geometric mean, and dots individual mice.

*P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. See also Figure S1 and Table S1.
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Figure 2. Higher levels of Migratory DC are infected by ST313 S. Typhimurium isolate in the

MLN

(A) Streptomycin-pretreated C57BL/6 mice were orally infected and mice were sacrificed at
30 minutes, 1 and 2 dpi. CFU/ml in the blood was enumerated by plating. (B—F) Mice were
infected as in A and sacrificed 2 dpi. Single cell suspensions of MLN were stained for cell
surface markers and intracellular Sa/monella and analyzed by flow cytometry. Salmonella
was detected using the anti-Sa/monella antibody CSA-1-FITC. (B) The total number of
Salmonella-infected cells per MLN for innate immune cell types are presented. (C)
Representative pseudocolor dot plots showing the percentage of Sa/monella-infected
migratory DC are given for uninfected, ST19 SL1344-infected and ST313 D23580-infected
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mice. (D) Total number of Salmonella-infected migDCs per MLN are shown for ST19
SL1344- and ST313 D23580-infected mice. (E) Percentage of Salmonella-infected migDC
was calculated as the percent of total migratory DC that were infected. (F) Total number of
migDC per MLN from SL1344- and D23580-infected mice are presented. (A-F) Data
presented are the combination of 2 independent experiments with 4-5 mice per group. The
geometric mean for each group is shown. Statistical significance was determined by the
Mann-Whitney test. (G) Geometric mean fluorescence intensity (MFI) for infected migDCs
from a representative experiment with 5 mice per group is presented. Experiment was
repeated at least two times. The mean and standard deviation are shown. Statistical
significance was determined by unpaired t-test with Welch’s correction. * P<0.05, **
P<0.01, *** P<0.001. See also Figures S1-4.
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Figure 3. Similar levels of infected DC are present in gut tissues from mice infected with ST19 or

ST313 S. Typhimurium isolates

(A-I) Streptomycin-pretreated C57BL/6 mice were orally infected and mice were sacrificed
2 dpi. Single cell suspensions of the Peyer’s patches and small intestine were stained for cell
surface markers and intracellular Salmonella and analyzed by flow cytometry. The total
number of infected DCs per organ (A, D), percent of DCs infected (B, E,) and total number
of DCs per organ (C, F) are presented for Peyer’s patches (A—C) and small intestine (D-F).
Data are combined from 2 independent experiments with 5 mice per group. (A-F) The mean
for each group is shown and statistical significance was determined by the Mann-Whitney
test. * P<0.05. See also Figure S1 and S4.
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Figure 4. ST313 S. Typhimurium infects higher numbers of CD11b* migratory DCs
Streptomycin-pretreated C57BL/6 mice were orally infected and mice were sacrificed 2 dpi.

Single cell suspensions of the MLN were stained for cell surface markers and intracellular
Salmonella. A representative flow cytometry plot of the migratory dendritic cell subsets of
the MLN is presented in (A). The total number of infected cells per MLN (B-D), percent of
each subset infected (E-G) and total number of cells recruited to the MLN (H-J) are shown
for the three migDC subsets. (B—J) Data presented are the combination of 2 independent
experiments with 4-5 mice per group. The geometric mean for each group is shown and
statistical significance was determined by the Mann-Whitney test. * P<0.05, ** P<0.01.
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Figure 5. CCR7-dependent cell migration is necessary for hyperdissemination by ST313 S.
Typhimurium

(A-1) Streptomycin-pretreated WT C57BL/6 or Ccr7~/~ mice were orally infected with each
Salmonellaisolate. Mice were sacrificed at 2 dpi and Sa/monella burden was enumerated by
plating. The CFU/g for systemic sites (A—C) are presented. CFU/organ for the MLN is
presented in Figure S5. (D-I) Single cell suspensions of the MLN were stained for cell
surface markers and intracellular Sa/monella. The total number of infected cells per MLN
(D, G), percent infected (E, H) and total number of cells recruited to the MLN (F, I) are
shown for all migDC (D-F) and the CD11b+ migDC subset (G-1), respectively. (A-I) Data
are combined from 2 independent experiments with 4-5 mice per group. The geometric
mean (A—-C) or mean (D-I) for each group is shown and statistical significance was
determined by the Mann-Whitney test. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
See also Figure Sb.
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Figure 6. Pseudogenization of Ssel in ST313 S. Typhimurium contributes to hyperdissemination
in CD11b* DCs

(A-G) Streptomycin-pretreated C57BL/6 mice were orally infected with each respective
Salmonella strain. To genetically dissect the effect of pseudogenization of sse/, a clean
deletion of sse/was made in ST19 background and D23580 was complemented with a
functional copy of Ssel. Mice were sacrificed 2 dpi, and Sa/monella burden was enumerated
by plating. CFU/g of each strain in the MLN is shown in A. The CFU/organ in the MLN is
presented in Figure S6. (B—G) Single cell suspensions of the MLN were stained for cell
surface markers and intracellular Sa/monella. The total amount of infected cells per MLN
(B, E), percent infected (C, F) and total number of cells recruited to the MLN (D, G) are
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shown for all migDC (B-D) and the CD11b+ migDC subset (E-G), respectively. (A-G)
Data presented are the combination of 2 independent experiments with 4-5 mice per group.
The geometric mean for each group is shown and statistical significance was determined by
the Mann-Whitney test.

*P<0.05, ** P<0.01, *** P<0.001. See also Figure S6.
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