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Salmonella persisters undermine
host immune defenses during
antibiotic treatment

Daphne A. C. Stapels'*{, Peter W. S. Hill’*, Alexander J. Westermann>?>,
Robert A. Fisher’, Teresa L. Thurston®, Antoine-Emmanuel Saliba®,
Isabelle Blommestein', Jérg Vogel>*, Sophie Helaine'f

Many bacterial infections are hard to treat and tend to relapse, possibly due to

the presence of antibiotic-tolerant persisters. In vitro, persister cells appear to

be dormant. After uptake of Salmonella species by macrophages, nongrowing
persisters also occur, but their physiological state is poorly understood. In this work,
we show that Salmonella persisters arising during macrophage infection maintain a
metabolically active state. Persisters reprogram macrophages by means of effectors
secreted by the Salmonella pathogenicity island 2 type 3 secretion system. These
effectors dampened proinflammatory innate immune responses and induced
anti-inflammatory macrophage polarization. Such reprogramming allowed nongrowing
Salmonella cells to survive for extended periods in their host. Persisters undermining
host immune defenses might confer an advantage to the pathogen during relapse

once antibiotic pressure is relieved.

uring growth, genetically clonal bacterial

populations contain a small fraction of

nongrowing, nondividing cells that arise

from transient, reversible, phenotype

switching. These growth-arrested cells
are usually tolerant to antibiotics and are called
antibiotic persisters (). Previously, we showed
that a large proportion of the intracellular path-
ogen Salmonella enterica serovar Typhimurium
(Salmonella Typhimurium) adopts a nongrowing,
antibiotic-tolerant state within macrophages (2).
‘We also showed that the first Salmonella persister
cells that regrow upon release from their host cells
are those that maintain metabolic activity during
infection (2). Similar nongrowing but metabol-
ically active bacteria have also been observed
in macrophages infected with Mycobacterium
tuberculosis (3). By contrast, when Salmonella
and other bacterial species are grown in laboratory
culture media, persisters are often observed to be
inactive (i.e., dormant) (4-6).

To assess whether retention of transcriptional
and translational activity might confer an addi-
tional physiological benefit to nongrowing bacte-
ria within a host cell, we infected mouse bone
marrow-derived macrophages with wild-type
Salmonella Typhimurium cells carrying a re-
porter plasmid that allowed for tracking of
bacterial proliferation and activity (7) (figs. S1
and S2). Spontaneous regrowth of nongrowing
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Salmonella cells following infection and anti-
biotic treatment arose exclusively from active
rather than inactive bacteria; the latter failed to
regrow even after days of incubation (Fig. 1A). In
addition, we artificially generated a population
of nongrowing and translation-incompetent
Salmonella cells through exposure to bacterio-
static concentrations of chloramphenicol (fig. S3)
and subsequently monitored survival of these
dormant bacteria after exposure to the bacte-
ricidal antibiotic cefotaxime. Although the in-
active Salmonella cells withstood exposure to
cefotaxime in laboratory medium, they did not
survive within macrophages cultured with anti-
biotics (Fig. 1A).

After entry into macrophages, Salmonella
Typhimurium induces expression of the Salmonella
pathogenicity island 2 (SPI-2) type 3 secretion
system (T3SS), through which it translocates
~30 effectors that inhibit host cell processes
that are detrimental to the pathogen (8, 9). We
hypothesized that as well as maintaining tran-
scriptional and translational activity, persisters
also translocate SPI-2 effectors. We used the
SPI-2 ssaG promoter fused to unstable enhanced
green fluorescent protein (eGFP) (10) to test for
SPI-2 gene expression in single cells. ssaG pro-
moter expression was observed in nongrowing
bacteria that retained transcriptional and trans-
lational activity (Fig. 1B). Furthermore, Salmonella
effector proteins were detected in the host cell
cytosol via Western blotting of macrophages con-
taining pure populations of growing or persister
cells (Fig. 1C and fig. S4).

To understand how persisters shape their host
environment, we used dual RNA sequencing
(RNA-seq) (11) on infected macrophage sub-
populations to analyze host and pathogen tran-
scriptomes simultaneously (12) (fig. S5). The

7 December 2018

majority of dual RNA-seq reads from infected
macrophages aligned to the host genome, with
relative amounts of bacterial reads being pro-
portional to the average number of bacteria
present per cell (fig. S5D and table S1).

Principal component analysis (fig. S6A) and
clustering analysis (Fig. 2A and table S2) on the
transcriptome profiles of all macrophage pop-
ulations confirmed the expected general differ-
ences between challenged and naive macrophages
(Fig. 2A, clusters I and II, and fig. S6A). Among
challenged macrophages, the greatest differences
occurred between macrophages containing viable
bacteria (growing or nongrowing) and macrophages
that had killed the bacteria they had engulfed
[host killed (HK)] or bystander macrophages. Clus-
tering analysis pinpointed two large groups of
genes (Fig. 24, clusters III and IV) responsible for
this separation (Fig. 2B). Of these, members of
cluster IIT were enriched with genes involved in
classical, proinflammatory macrophage activa-
tion (i.e., M1), and cluster IV was enriched with genes
associated with alternative, anti-inflammatory
(i.e., M2) macrophage activation. Inspection of
the dual RNA-seq data for five representative M1
activation markers (Nfkb2, Cd40, Il1b, Nlrp3, and
Tnf) (fig. S6B, left panel) confirmed that their
up-regulation during infection was dampened in
macrophages containing viable bacteria. In con-
trast, five M2 activation markers (Il4ra, Argl, Odcl,
Ppard, and TimplI) (fig. S6B, right panel) were up-
regulated in macrophages containing viable
bacteria. There was a significant overlap of these
gene clusters with our previously defined M1
gene set (P = 5.2 x 10~ hypergeometric test)
and M2 gene set (P = 1.2 x 1078, hyper-
geometric test) (Fig. 2C), deduced from single-
cell RNA-seq data (13). As clusters III and IV
contain considerably more genes, we consider
them more complete M1 and M2 polarization
gene sets.

Principal component analysis (fig. S6A) and
clustering analysis of bacterial genes in the dual
RNA-seq dataset (fig. S6C and table S3) showed
expected differences, such as expression of flagel-
lar genes in the inoculum. By comparison, intra-
cellular bacteria showed elevated expression of
infection-associated genes (14). Notably, the trans-
criptomes of intracellularly growing and non-
growing bacteria were similar (fig. S6, A and C),
and both expressed genes encoding the SPI-2
T3SS apparatus and its translocated effectors
(fig. S6D).

We performed interspecies expression cor-
relation analysis on the dual RNA-seq data to
reveal the host consequences of bacterial SPI-2
T3SS expression. Of the 4817 defined murine gene
sets tested, SPI-2 T3SS gene expression showed
the strongest positive correlation with M2 anti-
inflammatory cluster IV genes and the strongest
negative correlation with M1 proinflammatory
cluster III genes (Fig. 2, D and E, and table S4). Of
the Salmonella regulons, only PhoP/Q and SPI-2
T3SS showed this (anti-)correlation pattern
with the M1 and M2 host gene sets (table S5 and
fig. S6, F and G). Because PhoP/Q is required
for SPI-2 T3SS activation (15), the data suggest
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Fig. 3. Growing and nongrowing Salmonella use SPI-2 to dampen M1 and drive M2 macrophage polarization.
p=0.7 (A) mRNA levels of M1 genes upon infection by wild-type (WT) or ssaV mutant active nongrowing Salmonella 18 hours
p=0.005 after uptake (cefotaxime treated). Relative expression levels were measured via gRT-PCR and calculated by using
P N S " S the cycle threshold (AACT) method (expression levels relative to those of control DsRed RNA and bystander Mo)
a [paired analysis of variance (ANOVA) with multiple testing among shown groups; adjusted P values are indicated; error
‘AA bars depict means and SD]. (B) Representative histograms of ILARA expressed by splenic M¢ from one mouse (left)
and the proportion of IL4RA-positive M¢ in multiple mice (right). Subpopulations of M¢ from the same mouse are
connected with a dotted line. (Paired ANOVA, multiple testing against bystander M¢; adjusted P values are indicated).
A

(C) Expression levels of M2 polarization genes, determined as described for (A). (D) Proportion of IL4RA-positive
infected Mo 24 hours after uptake of WT, ssaV mutant, or ssaV-complemented bacteria. Either M¢ containing active
nongrowing (aNG) bacteria (cefotaxime treated; left) or M¢ containing a similar amount of growing (G) bacteria for
each strain (right) were analyzed (paired ANOVA with multiple testing against corresponding bystander M¢; adjusted
P values are indicated; error bars depict means and SD). (E) Screen of SPI-2 effector mutants for accumulation of
ILARA in Mo infected with growing bacteria 24 hours after uptake [unpaired ANOVA with multiple testing (Dunnett’s
test) against corresponding M¢ infected with WT Salmonella]. Adjusted P values are indicated; error bars depict

SD. (F) IL4RA expression in bystander M¢ and M¢ with HK, NG, or G Salmonella continuously exposed to IFN-y 24 hours
after uptake. Populations of M¢ containing WT or ssaV mutant bacteria were gated to contain similar bacterial

loads (paired ANOVA, repeated testing against bystander M¢; adjusted P values are indicated; error bars depict
means and SD). (G) Intramacrophage long-term survival of NG Salmonella after 48 hours cefotaxime treatment,
corrected for cytotoxicity (paired ANOVA with multiple testing against WT; adjusted P values are indicated; error bars
depict means and SD). (H) Intramacrophage survival of NG ssaV mutant Salmonella after 48 hours of cefotaxime
treatment, following sorting of Mo singly infected with mCherry-expressing ssaV mutant or M¢ infected with a mixed
population of mCherry-expressing ssaV mutant and GFP-expressing WT bacteria (unpaired t test against single
infection; P values are indicated; error bars depict means and SD).
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Fig. 4. Persisters undermine the host innate immune response and enable long-term survival. Model of macrophage manipulation by Salmonella
persisters. Growing Salmonella bacteria translocate SPI-2 effectors that manipulate host cell polarization and create a less hostile environment.
Proliferation makes the bacteria susceptible to antibiotic killing (left). Inactive nongrowing Salmonella cannot translocate SPI-2 effectors and are killed in
the strongly antimicrobial environment (middle). Active persisters manipulate host cell polarization through translocation of SPI-2 effectors, and in turn
they retain their activity and maintain the ability to survive in the host while being antibiotic tolerant (right).

that SPI-2 T3SS effectors modulate M1 and M2
polarization.

Macrophages containing active nongrowing
Salmonella displayed an intermediate expres-
sion profile between the M1 and M2 phenotypes
(Fig. 2B). Previous single-cell RNA-seq data led
us to conclude that nongrowing bacteria inhabit
Mi-like cells whereas growing Salmonella asso-
ciate with M2-like macrophages (13). Reanalysis
of our previous single-cell RNA-seq data (13) with
the extended M1 and M2 gene sets showed there
was a bimodality of M1 and M2 gene expression
in macrophages containing nongrowing bacteria
(fig. S7A). By contrast, bystander macrophages
had an M1 bias, and those containing growing
bacteria had a clear M2 bias (fig. S7a). The levels
of the macrophage surface M2 marker IL4RA
(the alpha-subunit of the interleukin-4 receptor)
were significantly increased in macrophages con-
taining nongrowing active Salmonella compared
with macrophages containing nongrowing in-
active or host-killed bacteria (fig. S7B). Therefore,
the intermediate population-level M1 and M2
expression profile of the host cell probably reflects
an underlying heterogeneity of transcriptional
and translational activity and also SPI-2 expres-
sion in nongrowing intramacrophage Salmonella
(Fig. 1) (2).

The correlation between SPI-2 effector expres-
sion and macrophage polarization could be ex-
plained by the presence of subsets of macrophages
prior to infection with depressed inflammatory
responses and/or increased permissiveness. Alter-
natively, this could be a direct result of activity
of SPI-2 effectors, some of which are known
to downregulate proinflammatory responses,
such as NF-xB activation (9). Consistent with
the latter, when we compared the levels of three
mRNAs for established M1 markers (Cd40, 111D,
and Nf%b2) between macrophages containing
active nongrowing wild-type or SPI-2-null (ssalV”
mutant) bacteria via reverse transcription quan-
titative polymerase chain reaction (RT-qPCR),
wild-type Salmonella was associated with down-

Stapels et al., Science 362, 1156-1160 (2018)

regulated expression of the three markers during
exposure to antibiotics, whereas cells infected
with the SPI-2-null mutant bacteria were not
(Fig. 3A). Therefore, active nongrowing bac-
teria use SPI-2 T3SS effectors to counteract
macrophage M1 activation (9) and are able to
do so despite sustained exposure to the pro-
inflammatory interferon gamma (IFN-y) cytokine
(fig. S8, A and B).

In addition, analysis of the dual RNA-seq data
and our previous single-cell RNA-seq data (13)
suggested that Salmonella Typhimurium actively
promotes macrophage M2 polarization. In a
murine model of long-term infection, Salmonella
Typhimurium resided in M2 macrophages (16)
rather than in proinflammatory M1 macrophages
(17-19), suggesting that the conditions within
M2 macrophages enable prolonged bacterial
survival. Consistent with this conclusion, in a
mouse model of acute systemic infection (fig.
S8C) the M2 marker IL4RA was highly expressed
by splenic macrophages isolated 3 days after
intraperitoneal Salmonella Typhimurium injec-
tion, with the majority of the growing bacteria
inside the macrophages showing high IL4ARA ex-
pression (Fig. 3B). There was greater heteroge-
neity in IL4RA expression within the macrophage
population containing nongrowing bacteria (Fig.
3B). Despite exposure to antibiotics, active non-
growing wild-type Salmonella cells, but not SPI-2-
null mutant cells, showed up-regulated expression
of the two M2 markers tested in macrophages
(Fig. 3C).

Further investigation revealed that during in-
fection with a SPI-2-null strain, accumulation of
IL4RA was abrogated in all macrophages in-
fected with viable bacteria regardless of the bac-
terial growth state (Fig. 3D and fig. S8D) (20).
The M2-like polarization profile induced by
Salmonella was recapitulated best by exposure
to both IL-4 and IL-10 (fig. S9). Screening a col-
lection of all SPI-2 effector mutants revealed that
M2-like polarization is driven solely by the SteE
(also known as SarA) effector (Fig. 3F and fig. S8F);
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arecent report showed that SteE promotes secre-
tion of IL-10 from infected B cells (21). Although
an steE mutant no longer triggered M2-like polar-
ization of host cells, the mutant still dampened
the M1 response (figs. S8, E and F, and S10),
suggesting that M1 suppression and M2 polar-
ization are independent of each other. Non-
growing intracellular Salmonella can thus express
and translocate sufficient quantities of effectors to
cause major changes in the immune status of the
infected host cell, even during exposure to anti-
biotics and IFN-y.

Finally, after 48 hours of antibiotic exposure
within macrophages, nongrowing mutant bacte-
ria lacking a functional SPI-2 apparatus showed
significantly reduced survival compared with their
wild-type counterparts (Fig. 3G). However, in mixed
strain infections we found that wild-type persisters
rescued survival of SPI-2-null persisters in co-
infected cells (Fig. 3H), illustrating that the
decreased survival of SPI-2-null persisters was
exclusively a consequence of a failure to manip-
ulate the intracellular host environment in which
they resided.

Collectively, our data show that after infection
of macrophages, maintenance of transcriptional
and translational activity enables nongrowing
Salmonella Typhimurium to translocate SPI-2
T3SS effectors into the host cell. Thus, unlike
bacterial persisters in laboratory medium, which
apparently become dormant (2, 4-6), intracellular
Salmonella cells maintain effector delivery but
cease to grow. This strategy enables a subpop-
ulation of intracellular bacteria to survive anti-
biotic exposure and reprogram their macrophage
host cell to promote long-term bacterial survival
(Fig. 4). Reprogramming of the host cell by
Salmonella not only suppresses M1 bactericidal
responses (9) but also increases permissiveness
of the now-M2-biased cells for the pathogen, po-
tentially by modulating host cell metabolism
(17, 22). We showed that the capacity of
Salmonella to direct macrophage M2 polar-
ization is driven by the SPI-2 T3SS effector SteE.
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Similarly, M. tuberculosis infections have been
accompanied by an expansion of a population
of permissive macrophages (23-27), raising the
possibility that mycobacteria and other intra-
cellular pathogens employ similar mechanisms
for modulating host cell polarization. Pathogen
manipulation of host cells is accompanied by
changes in the repertoire of secreted cytokines
(21). Rather than being dormant, nongrowing
persister cells of an intracellular bacterial path-
ogen are able to subvert host immune defenses,
even under antibiotic treatment, potentially
making the host environment more permis-
sive for recrudescent infection.
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Actively persistent Salmonella

A proportion of Salmonella cells can enter a reversible state of growth arrest, which allows them to tolerate
environmental stress such as antibiotics. Stapels et al. found that these cells are not dormant but are actively modulating
their environment. Salmonella within their host macrophage niche deployed a specialized type 3 secretory system called
SPI-2 to deliver virulence factors, including SteE, into host cells. SteE changed the cytokine profile of the infected
macrophages to reprogram them into a noninflammatory and infection-permissive state. Thus, when antibiotics were
removed, the Salmonella could reemerge and cause disease.
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