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SUMMARY

Reactive oxygen and nitrogen species function in
host defense via mechanisms that remain contro-
versial. Pathogens might encounter varying levels
of these species, but bulk measurements cannot
resolve such heterogeneity. We used single-cell
approaches to determine the impact of oxidative
and nitrosative stresses on individual Salmonella
during early infection in mouse spleen. Salmonella
encounter and respond to both stresses, but the
levels and impact vary widely. Neutrophils and in-
flammatory monocytes kill Salmonella by generating
overwhelming oxidative stress through NADPH oxi-
dase and myeloperoxidase. This controls Salmonella
within inflammatory lesions but does not prevent
their spread to more permissive resident red pulp
macrophages, which generate only sublethal oxida-
tive bursts. Regional host expression of inducible
nitric oxide synthase exposes some Salmonella to ni-
trosative stress, triggering effective local Salmonella
detoxification through nitric oxide denitrosylase.
Thus, reactive oxygen and nitrogen species influ-
ence dramatically different outcomes of disparate
Salmonella-host cell encounters, which together
determine overall disease progression.

INTRODUCTION

Host defense against pathogens depends on generation of reac-
tive oxygen species (ROS), using NADPH oxidase, and reactive
nitrogen species (RNS), using inducible nitric oxide synthase
(INOS) (Fang, 2004; Nathan and Shiloh, 2000). ROS and RNS
can inhibit or kill microbes, but it remains controversial if this is
their main role in infection control (Fang, 2011; Horta et al.,
2012; Hurst, 2012; Liu and Modlin, 2008; Slauch, 2011). Various
pathogens are highly resistant to ROS and RNS stress due to
protective mechanisms that directly interfere with NADPH oxi-
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dase or iINOS activities, detoxify ROS and RNS before these
compounds can damage the pathogen, and/or repair or replace
damaged pathogen components. Moreover, ROS and RNS have
additional important functions as host signaling molecules that
regulate a wide variety of innate immune mechanisms, including
chemotaxis, signaling, cell activation, vasculature tension, etc.,
all of which could contribute to infection control.

Oxidative and nitrosative stresses have been extensively stud-
ied in various Salmonella infection models. In cell culture models,
infected macrophages kill most Salmonella in the first few hours
after uptake in a NADPH oxidase-dependent manner, whereas
iNOS inhibits growth of surviving Salmonella from 5 hr after
infection (Vazquez-Torres et al., 2000a). On the other hand,
Salmonella can inhibit assembly of NADPH oxidase and intracel-
lular targeting of iINOS, using its SPI-2 type Ill secretion system
(Chakravortty et al., 2002; Vazquez-Torres et al., 2000b). In
mouse models, NADPH oxidase is crucial for infection control
similar to cell cultures (Mastroeni et al., 2000), but it is unclear
if this is due to a direct bactericidal effect of ROS (Fang, 2011;
Slauch, 2011). NADPH oxidase remains crucial for infection con-
trol over many days. However, it is unclear if Salmonella killing
continues after the first few hours of infection (Grant et al.,
2008). A recent report even suggested that ROS levels in vivo
are generally too low to have a significant direct impact on
wild-type Salmonella (Aussel et al., 2011). INOS is dispensable
for Salmonella control throughout the first 7 days of infection
(Mastroeni et al., 2000; White et al., 2005) in spite of the substan-
tial bacteriostatic effect of INOS within a few hours after infection
in cell culture infection models.

Most of these studies relied on in vitro cell culture infections or
bulk analyses of infected tissues, but such approaches ignore
the remarkable diversity of host cell types and microenviron-
ments that are encountered by Salmonella during infection. It is
possible that, in these complex host environments, Salmonella
subsets are exposed to widely varying ROS and RNS levels
that have differential impacts. Common bulk average measure-
ments would miss this heterogeneity and thus might be difficult
to interpret.

Here, we developed single-cell approaches to determine the
impact of ROS and RNS on individual Salmonella in a mouse
typhoid fever model. We focused on the first few days of acute
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Figure 1. Disparate Salmonella Fates in
Spleen Microenvironments

(A) Infected mouse spleen immunohistochemistry
with markers for erythrocytes (Ter-119), poly-
morphonuclear neutrophils (PMNs; Ly-6G), and
Salmonella (anti-lipopolysaccharide, LPS). The
area labeled with a dashed line is shown at a
higher magnification in (B). The scale bar repre-
sents 200 pm. Similar observations were made for
10 BALB/c mice and 10 C57BL/6 mice.

(B) Higher magnification of labeled area in (A).
Yellow arrowheads indicate Salmonella. The scale
bar represents 100 um.

(C) Identification of infected neutrophils (PMN),
inflammatory monocytes (infMO), resident red
pulp macrophages (M®), and Salmonella (Salm)
(Gr-1, red; anti-CD11b, blue; F4/80, cyan; anti-
LPS, yellow; for use of infiltrate markers see Fig-
ure S1). The scale bar represents 30 pm.

(D-G) Live and dead Salmonella (yellow, anti-LPS;
orange, RFP) in a neutrophil (D), an inflammatory
monocyte (E), and two resident macrophages (F)
(G). LPS and RFP channels are also shown as
inverted grayscale images for better visibility of
weak signals.

(H) Distribution of intracellular Salmonella among
various host cell types. The data represent results
from three BALB/c mice (total n of all Salmonella,
1,363).

(l) Proportions of dead Salmonella in various host
cell types. The data represent results from three
BALB/c mice (total n of all Salmonella, 619; **p =
0.0042; *p = 0.011; two-tailed t test).

(J) Proportions of dead Salmonella at day 4 after

infection in mice that had received an isotype
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infection. Our goal was to clarify controversial issues, including
the extent of Salmonella killing by host defenses, the impact of
ROS and RNS on Salmonella properties and fates, and the
potential role of diverse Salmonella-host encounters on overall
disease progression.

RESULTS

Oxidative Killing of Salmonelia by Neutrophils and
Monocytes in Inflammatory Lesions

To determine in which tissue microenvironments Salmonella
reside during infection, we analyzed fixed spleen cryosections
using immunohistochemistry. At day 4 after infection, Salmonella
colonized spleen red pulp, but rarely the white pulp (Figures 1A
and 1B), consistent with previous observations (Nix et al.,
2007). Neutrophils and inflammatory monocytes accumulated
in inflammatory lesions in infected regions, as expected
(Richter-Dahlfors et al., 1997; Rydstrém and Wick, 2007).

PMN

° control antibody (gray) or anti-iFNy (black) at day
Q0 3. Data from three BALB/c mice in each group are
o shown (Neontrol, 624; Nieny, 436; **p = 0.0022). See
) o. also Figure S1.
°
infMO Salmonella resided in neutrophils and

monocytes within lesions and primarily
in resident red pulp macrophages outside
of these lesions (Figures 1C-1H).

An antibody to Salmonella lipopolysaccharide (LPS) stains both
live and dead Salmonella, but intracellular retention of fluorescent
proteins discriminates live from dead Salmonella (Barat et al.,
2012). Using Salmonella expressing the red fluorescent protein
mCherry (RFP), we determined that most Salmonella within neu-
trophils and inflammatory monocytes in inflammatory lesions
were dead (LPS* RFP~; Figures 1D, 1E, and 1l). Large lesions
contained little detectable LPS, suggesting successful Salmonella
clearance. In comparison, red pulp macrophages outside of
inflammatory lesions contained lower proportions of dead Salmo-
nella (LPS* RFP*; Figures 1F, 1G, and 1l). Salmonella killing in
macrophages was almost abolished in mice treated with a neutral-
izing antibody to interferon gamma (IFNYy; Figure 1J), consistent
with the crucial role of IFNy in early Salmonella control (Gulig
et al., 1997; Muotiala, 1992; VanCott et al., 1998) and activation
of macrophage bactericidal activity (Vazquez-Torres et al., 2000a).

Cybb ™'~ mice deficient for cytochrome b-245 heavy chain, an
essential subunit of NADPH oxidase, are hypersusceptible to
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Salmonella infection (Mastroeni et al., 2000). The high spleen
loads in such mice (Figure 2A) correlated with less Salmonella
killing in neutrophils and inflammatory monocytes, whereas
Salmonella live/dead ratios in resident macrophages remained
unaltered (Figure 2B). As a consequence, higher proportions
of live Salmonella resided in neutrophils and inflammatory
monocytes in Cybb~~ mice (Figure 2C). These data indicated
that neutrophils and inflammatory monocytes effectively killed
Salmonella using NADPH oxidase, while resident macrophages
used less effective, largely NADPH oxidase-independent Salmo-
nella killing mechanisms.

NADPH oxidase generates superoxide O,®~, which spontane-
ously dismutates to hydrogen peroxide H,O, and molecular
oxygen. Neutrophils and inflammatory monocytes, but not resi-
dent macrophages, express myeloperoxidase (MPO), which
converts almost all O,®*" or H,O, into highly bactericidal
hypohalites: hypochlorite OCI~ (bleach), hypobromite, and/or
hypoiodite (Klebanoff et al., 2013; Swirski et al., 2010). Myeloper-
oxidase preferentially colocalized with dead Salmonella (Figures
2D and 2E), and MPO™'~ mice deficient for myeloperoxidase
had slightly elevated Salmonella loads (Figure 2F). Together,
these data suggest a contribution of hypochlorite (and/or related
species) in Salmonella killing.

Nevertheless, myeloperoxidase was largely dispensable for
Salmonella control, indicating alternative NADPH oxidase-medi-
ated killing mechanisms. In the absence of myeloperoxidase,
neutrophils accumulate O,®*~ and H,O, (Winterbourn et al.,
2006). To explore their potential impact on Salmonella, we com-
bined a published computational model for oxidative bursts in
neutrophil phagosomes (Winterbourn et al., 2006) with in vivo
expression data for Salmonella ROS defense enzymes (Steeb

MPO-
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C57BL/6 Figure 2. Neutrophils and Monocytes Kill

Salmonella through Oxidative Stress

(A) Salmonella growth in C57BL/6 (B6) and con-

genic Cybb™'~ mice. Data represent Salmonella

spleen loads of individual mice at day 2 divided by
the inoculum dose (***p < 0.001, two-tailed t test of
log-transformed data).

(B) Proportion of live Salmonella in neutrophils

(PMN), inflammatory monocytes (infMO), and resi-

dent macrophages (M®) in C57BL/6 (filled circles,

n = 613) and Cybb~’~ (open circles, n = 579) mice.

(C) Distribution of live Salmonella among different

host cell types in C57BL/6 and Cybb ™'~ mice. The

data represent averages from three mice (*p =

0.0032, two-way ANOVA).

(D) Colocalization of live and dead Salmonella

v with myeloperoxidase (yellow, common Salmo-

nella antigen, CSA; red, RFP; cyan, MPO). Similar

observations were made for three mice.

P : L v (E) Myeloperoxidase (MPO) concentrations
around live and dead Salmonella. The data are
represented as box plots (central line is the me-
dian; the box includes the central 50%; whiskers,

L4 10"-90'™ percentile; ***p < 0.001; Mann-Whitney

U test; total n = 159).

(F) Salmonella growth in C57BL/6 (B6) and con-

genic MPO™'~ mice. Data represent Salmonella

spleen loads of individual mice at day 4 divided by
the inoculum dose (*p = 0.042, two-tailed t test of
log-transformed data).

PMN
infMO

Cybb+

vvV

B6
Day 4

et al.,, 2013). This in silico model predicted superoxide and
hydrogen peroxide accumulation in the phagosomal lumen in
the absence of myeloperoxidase (Figure 3), as expected (Winter-
bourn et al., 2006). According to the model, superoxide was
largely present in the deprotonated form of O,®~ that poorly pen-
etrates into bacteria (Korshunov and Imlay, 2002), whereas
H,0, reached levels around 15 uM within Salmonella, far above
the lethality threshold for Salmonella (~2 uM; Seaver and Imlay,
2001). This was the consequence of phagosomal H>O, (17 uM)
readily diffusing through the Salmonella envelope (Seaver and
Imlay, 2001) at rates matching the Salmonella detoxification
rate (0.15 x 10° molecules/s). Salmonella kiling by moderate,
but stable, levels of luminal H,O, was consistent with previous
data for high lethality of continuous H,O, exposure (Park et al.,
2005).

Interestingly, increasing Salmonella detoxification by 0.15 x
10° molecules/s (thus doubling its rate) would marginally affect
predicted phagosomal H,O, (16.3 uM versus 17 uM), due to
buffering by rapid H,O, diffusion from the phagosome to the
host cell cytosol (3.8 x 10° molecules/s; Figure 3). This diffusion
is, by definition, proportional to the concentration gradient
between phagosome and cytosol, and a slight decrease of phag-
osomal H,O, from 17 uM to 16.3 M would lower its rate by
0.15 x 10° s™'. As Salmonella detoxification increased, less
H>O, would thus be lost to the host cell cytosol, and this compen-
sated for the increase in Salmonella detoxification, resulting in
almost unaltered phagosomal and Salmonella concentrations.

Together, these data suggested NADPH oxidase-dependent
oxidative killing of Salmonella in neutrophils (and inflammatory
monocytes) either by hypohalites or by overwhelming hydrogen
peroxide if myeloperoxidase was absent. In addition to such
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Figure 3. Computational Model of Salmonella Oxidative Stress in Phagosomes of Myeloperoxidase-Deficient Neutrophils and Wild-Type

Macrophages

Salmonella membranes and detoxifying enzymes are shown in red. Predicted concentrations for superoxide and hydrogen peroxide in wild-type Salmonella in
MPO-deficient neutrophils and wild-type (WT) Salmonella or the sodCI mutant inside macrophages are also shown.

direct bactericidal ROS effects, synergism with other bacteri-
cidal mechanisms, including antimicrobial peptides and hydro-
lases, might contribute to Salmonella killing.

Moderate Oxidative Bursts Fail to Kill Saimonelila

While Salmonella in neutrophils and monocytes were largely
killed through NADPH oxidase-dependent mechanisms, most
live Salmonella resided in macrophages with apparently little
impact of NADPH oxidase (Figure 2B). To determine if such
live Salmonella experienced any oxidative stress, we used
Salmonella carrying an episomal katGp-gfoOVA fusion as a
ROS biosensor (Figure 4A). The katGp promoter is activated
when the transcription factor OxyR reacts with H,O, (Dubbs
and Mongkolsuk, 2012). This promoter has low baseline activity
and a large dynamic range compared to previously used ahpCp
(Aussel et al., 2011) (Figure 4B). We used the unstable GFP
variant GFP_OVA (Rollenhagen et al., 2004) to measure current
promoter activities instead of integrating over many hours with
stable GFP. We coexpressed RFP from the sifBp promoter
with constitutive in vivo expression (Rollenhagen et al., 2004)
to distinguish autofluorescent host cell fragments and dead
RFP~ Salmonella from live RFP* Salmonella regardless of their
GFP content (Figure 4C).

Biosensor Salmonella showed normal virulence in infected
mice and stably maintained the episomal katGp-gfoOVA fusion
(>99% plasmid maintenance at day 5 after infection). Proteome
analysis of ex vivo purified biosensor Salmonella revealed
unaltered expression of OxyR regulon members compared to

Salmonella without episomal fusion (Figure S2A), indicating
negligible OxyR titration by multicopy katGp.

Live RFP* biosensors had heterogeneous green fluorescence
distributions, with large GFPY™ and small, but highly repro-
ducible, GFPP"9" subpopulations (Figure 4D). This reflected
heterogeneous katGp activities, as gfoOVA fusions to unrelated
promoters had unimodal GFP distributions (Figure S2B).
GFP®"" Salmonella resided in various host cell types (Fig-
ure S2C) but were absent in Cybb™'~ mice, indicating specific
responses to ROS generated by host NADPH oxidase (Fig-
ure 4D). In contrast, myeloperoxidase-deficient MPO™'~ mice
contained a larger fraction of GFPP"9" Saimonella, consistent
with enhanced H,O, levels and leakage in these mice (see
above). GFPY™ biosensors had green fluorescence levels close
to those of control Salmonella without GFP but maintained active
katGp-gfpOVA fusions as demonstrated by ex vivo sorting fol-
lowed by in vitro stimulation or reinjection into mice (Figure 4E).
This suggested that their low in vivo GFP content reflected
limited ROS exposure instead of plasmid loss or mutation.
Together, these data indicated heterogeneous oxidative stress
levels in live Salmonella.

Heterogeneous ROS exposure could reflect temporal dy-
namics of host cell oxidative bursts, with peak ROS generation
early after bacterial contact followed by extended periods with
little ROS generation (VanderVen et al., 2009). To test this
hypothesis, we injected ex vivo sorted RFP* GFPY™ biosensor
Salmonella into mice preinfected with nonfluorescent Salmonella
(to ensure ongoing tissue inflammation). A large majority of
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Figure 4. Salmonella Responses to Sublethal Oxidative Bursts

(A) ROS biosensor Salmonella expressing the GFP from an OxyR-activated promoter and the red fluorescent protein mCherry (RFP) from a constitutively active
chromosomal promoter.

(B) In vitro responses of ROS biosensor Salmonella carrying different promoter-gfp fusions to H,O, as determined by flow cytometry.

(C) Detection of RFP-expressing biosensor Salmonella in infected spleen homogenates using two-color flow cytometry.

(D) Green fluorescence intensities of ROS biosensor Salmonella in C57BL/6 (B6), Cybb’/ -, and MPO ™~ mice. The shaded area corresponds to Salmonella
without GFP. The inset shows the proportion of bright bacteria in individual mice (**p < 0.001, two-tailed t test).

(E) Restimulation of ex vivo isolated GFPY™ biosensor Salmonella (shaded gray area) in vitro (left) or in vivo at different times after reinjection into mice already
infected with nonfluorescent Salmonella (right).

(F) Fluorescence intensities of ROS biosensor Salmonella expressing a stable GFP variant under control of the katGp promoter in C57BL/6 (B6) and Cybb '~ mice.
Similar data were obtained for two mice of each line.

(G) Schematic representation of ex vivo purification of GFPP"9" and GFPY™ biosensor Salmonella using flow cytometry.

(H) Proteome comparison of purified GFP°""™ and GFPY™ ROS biosensor Salmonella. Data represent averages of independent samples purified from 3-4
BALB/c mice. Proteins labeled in red have been associated with ROS. See also Figure S2 and Table S1.

biosensor Salmonella activated katGp within 1 hr but became
less active at 3 hr after injection (Figure 4E). At 20 hr after injec-
tion, we again observed the typical distribution with a small tail of
GFPP19" Sajmonella. We also constructed a modified katGp-gfo

biosensor expressing stable GFP instead of unstable GFP_OVA.
This modified biosensor showed larger proportions of NADPH
oxidase-dependent GFP°"9" Saimonella (Figure 4F) compared
to the unstable GFP-biosensor, as expected for prolonged
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GFP retention after transient expression. Together, these data
were consistent with ROS exposures during transient host cell
oxidative bursts. The small steady-state number of ROS biosen-
sors with high katGp activities at later time points might reflect
ongoing exposure of some Salmonella after spreading to new
host cells.

To determine Salmonella responses to this transient ROS
stress, we purified GFPY™ and GFP®"9" subpopulations of
katGp-gfpOVA biosensor Salmonella ex vivo (Figure 4G) and
compared their proteomes. Abundance data for 966 different
proteins revealed upregulation of several proteins involved in
Salmonella oxidative stress defense, including catalase G and
YaaA in GFPP9" piosensor Salmonella (Figure 4H, Table S1),
supporting enhanced oxidative stress in this subpopulation.
The protein profiles were otherwise highly similar, suggesting
no major physiological differences between the two subpopula-
tions. Interestingly, several Salmonella ROS defense proteins
had very high abundance even in GFPY™ Saimonella (e.g.,
SodCl, 52,000 + 2,000 copies per Salmonella cell; TsaA,
22,000 = 2,000 copies; AhpC, 16,000 + 2,000 copies). This could
reflect residual low-level ROS exposure in this subset. Alterna-
tively, Salmonella might stay prepared to cope with rapid onsets
and short durations of host oxidative bursts (both within a few
minutes), which cannot be efficiently countered by compara-
tively slow de novo protein synthesis.

Why were these oxidative bursts sublethal in resident red pulp
macrophages? In part, this could reflect generally low NADPH
oxidase activities in resident red pulp macrophages (Imlay,
2009; Nusrat et al., 1988). To explore this issue, we built a
computational model of Salmonella oxidative stress in macro-
phage phagosomes based on our model for neutrophils (see
above), but incorporating lower oxidative burst activities and
acidic phagosomal pH (Figure 3). This in silico model predicted
effective Salmonella ROS detoxification to sublethal concentra-
tions in macrophages, in agreement with previous semiquan-
titative estimates (Imlay, 2009; Slauch, 2011). Interestingly,
periplasmic SodCl was the only individual Salmonella defense
enzyme with predicted critical impact on any ROS level. In the
absence of SodCl, predicted HO,® concentration in the peri-
plasm increased some 12,000-fold from 0.38 nM to 4.7 uM
(Figure 3). Such high levels are likely to damage periplasmic
biomolecules (Gort and Imlay, 1998). SodCl deficiency was
also predicted to increase cytosolic HO,®, but the resulting level

Figure 5. INOS Expression in Infected

Spleen

Infected mouse spleen immunohistochemistry
with a marker for polymorphonuclear neutrophils
(PMN, Ly-6G) and an antibody to inducible nitric
oxide synthase (INOS). The insets show higher
magnifications (Salmonella, LPS; nuclei, DAPI).
Similar observations were made for four BALB/c
mice and four C57BL/6 mice.

(0.3 nM) was likely sublethal, given that
external amino acids are available in vivo
(Gort and Imlay, 1998; Steeb et al., 2013).
These results are fully consistent with
previous experimental data on the role
of various Salmonella defense proteins (Craig and Slauch,
2009; De Groote et al., 1997; Uzzau et al., 2002).

Together, these data supported the hypothesis that NADPH
oxidase activities in macrophages during early infection might
be insufficient to overwhelm the potent and redundant Sa/mo-
nella antioxidative defense. Our simplified computational model
ignores potential synergism of ROS with RNS (Pacelli et al.,
1995), antimicrobial peptides, hydrolases, and acidic conditions
that might contribute to Salmonella killing. However, our data
for Cybb™'~ mice suggested that NADPH oxidase-mediated
mechanisms were dispensable for Salmonella killing in resident
macrophages (Figure 2B), arguing against a major role of direct
bactericidal ROS, or synergism of ROS with other killing mecha-
nisms, in these cells during early infection.

Local Nitrosative Stress Triggers Effective Salmonella
Defense

In addition to ROS generation, Salmonella-infected tissues
express iINOS (Khan et al., 2001; Umezawa et al., 1997). iNOS
was predominantly expressed by inflammatory monocytes
accumulating around an inner core of neutrophils in inflamma-
tory lesions (Figure 5), as expected (Khan et al., 2001; Rydstrém
and Wick, 2007; Umezawa et al., 1997). Live Salmonella resided
both inside and outside of these regions, thus experiencing
widely different INOS concentrations (Figure 5 insets; Figure 6A).

To determine the impact of iNOS-generated RNS on local
Salmonella populations, we used RFP* Salmonella carrying
an episomal hmpAp-gfpOVA fusion as an RNS biosensor (Fig-
ure 6B). hmpAp is repressed by active NsrR, but derepressed
when NO inactivates NsrR (Bang et al., 2006; Tucker et al.,
2008). As expected, this strain responded to stimulation with
acidified nitrite. In infected mouse spleen, it stably maintained
the episomal fusion (>99% plasmid maintenance at day 5 after
infection) and showed normal virulence.

Live RFP* biosensor Salmonella had bimodal green fluores-
cence distributions (Figure 6C) with large GFPP"9"™ subpopula-
tions in proportions that varied between individual mice (45% =+
15%). GFPPM9"* Salmonella were absent in iINOS-deficient
mice, indicating specific biosensor responses to RNS generated
by host iINOS, but not host endothelial NOS (eNOS) or endoge-
nously produced Salmonella NO (Gilberthorpe and Poole,
2008). GFPY™ biosensors maintained active hmpAp-gfoOVA
fusions as demonstrated by in vitro stimulation (Figure S3A)

Cell Host & Microbe 15, 72-83, January 15, 2014 ©2014 Elsevier Inc. 77



>
o
c
o
=
=3
o
= -
w 0 5
7 <
50 100 200 T \ =
P i —I-_b— =)
iNOS staining (a.u.) c
£
©
k]
o bright
C % GFP D MFI x 1000 »
ok o)
R =
4 .
> > *
o [+] 34
H S
g- g- 217
o o Lou
w w A3
10°  10° 10t 10 10° 10t
Green fluorescence Green fluorescence
F ., wr 4| hmpA ytfE hcp
YHE
Hmp/-\. ®
— 3 + GFP 3 GFP®
[
=2
©
> - &
a o +7 2 v,
- + + +
=] " T SL1736
° R - JIscU @@ NorV
[ 4, * Hep e
14 i ® 14 +. CadA® @YoaG
g NorW
P
+
0- T 0 T T T
0.25 1 0.25 1 4

4 B
Fold enrichment in GFPVright

and reinjection into mice (Figure S3B), suggesting that their initial
low in vivo GFP content reflected limited RNS exposure instead
of plasmid loss or mutation.

GFPP"9" Salmonella resided in various phagocytes, including
cells with low iINOS content, such as resident red pulp macro-
phages (Figure S2C). Many such GFPP"9" Saimonella, how-
ever, had highly iNOS-positive cells in their close vicinity, likely
reflecting the fact that NO can diffuse freely through cellular
membranes (Pacher et al., 2007). Indeed, analysis of regional
iNOS concentration within a radius of 15 um (Leone et al,,
1996) around individual Salmonella revealed a strong correla-
tion between Salmonella GFP expression and local iNOS levels
(Figure 6E).

RFP* GFP"9" RNS biosensor Salmonella specifically upregu-
lated three prototypical RNS defense proteins (Figure 6F; Table
S2): HmpA, YtfE, and Hcp, which function as an NO denitrosy-
lase (Hausladen et al., 2001), an iron sulfur cluster repair protein
(Justino et al., 2007), and a hydroxylamine reductase (Wolfe
et al., 2002), respectively. Hcp had low abundance around
the detection threshold (100 + 40 copies per Salmonella cell;
detected in only 2 of 4 samples), resulting in poor statistical sig-
nificance. All three proteins are subject to NsrR repression and
upregulated upon NO exposure in vitro and in cell culture infec-
tions (Gilberthorpe et al., 2007; Kim et al., 2003; Richardson
etal., 2011; Tucker et al., 2008), consistent with RNS stress spe-
cifically in GFP®"9" Salmonella. Comparison of protein levels
to Salmonella without episomal hmpA-gfoOVA fusion demon-
strated normal NsrR activity without detectable NsrR titration
by multicopy hmpAp (Figure S3C). Apart from HmpA, YtfE, and
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Figure 6. Salmonella Exposure and
Responses to Nitrosative Stress

(A) Distribution of Salmonella among tissue regions
with different INOS concentrations. The shaded
area represents background staining as observed
for an iINOS ™'~ mouse.

(B) RNS biosensor Salmonella expressing the GFP
from a NsrR-repressed promoter and the red fluo-
rescent protein mCherry (RFP) from a constitutively
active chromosomal promoter.

(C) Green fluorescence intensities of RNS biosensor
Salmonella in C57BL/6 (B6) and iNOS /™ mice. The
inset shows the proportion of bright bacteria in
individual mice (*p = 0.013, two-tailed t test).

(D) Green fluorescence intensities of RNS bio-
sensors in wild-type Salmonella (NT) and Salmo-
nella hmpA ytfE hcp (A3). The inset shows the mean
fluorescence intensities in individual mice (“p =
0.0016, two-tailed t test).

(E) iINOS concentrations around GFP®™ and
GFPPr9"t RNS biosensor Salmonella. The data are
represented as box plots (central line is the median;
the box includes the central 50%; whiskers, 10"-
9ot percentile; **p < 0.001; Mann-Whitney U test;
total n = 690).

(F) Proteome comparison of purified GFP?"9" and
GFPY™ RNS biosensor in wild-type Salmonella (left)
or Salmonella hmpA ytfE hep (right). Data represent
averages of independent samples from 3-4 BALB/c
mice for each Salmonella strain. Proteins labeled
in red have been associated with RNS. See also
Figure S3 and Table S2.

* %k %k

1

50 |

GFPdim GFPhright

Hcp, GFPP 9" and GFP™ RNS biosensor Saimonelia had highly
similar protein profiles, suggesting no major physiological differ-
ences. This specific Salmonella response to RNS differed from
observations for Mycobacterium tuberculosis that encounters
multiple different stresses in tissue areas with high iINOS expres-
sion (Tan et al., 2013).

A Salmonella hmpA ytfE hcp triple mutant lacking all three
upregulated proteins showed enhanced GFP fluorescence (Fig-
ure 6D), suggesting exacerbated RNS stress, as expected in the
absence of the major NO detoxifying enzyme HmpA (Gilber-
thorpe et al., 2007). This exacerbated stress induced upregula-
tion of alternative RNS defense enzymes, including NorVW
(Gardner et al., 2002; Mills et al., 2008) in GFP*9" Sajmonella
hmpA ytfE hcp (Figure 6F), but did not result in growth attenua-
tion (Figure S3D). Salmonella hmpA ytfE hcp hcr norVW yoaG
yeaR SL1344_1208 SL1344_1736 nrfABCDEFG nfnB cadABC
metQ lacking a total of 22 genes involved in RNS defense and
repair (Bang et al., 2006; Bower and Mulvey, 2006; Justino
et al., 2007; Richardson et al., 2011; Spiro, 2006; Wolfe et al.,
2002) had a slight virulence defect, which could be rescued by
a functional hmpA allele (Figure S3D), suggesting toxic effects
of physiological RNS levels only when diverse Salmonella
defense systems were all dysfunctional.

RNS have a minor impact on early salmonellosis in genetically
susceptible BALB/c and C57BL/6 mice, but may have more pro-
found effects in resistant mice carrying functional Sic11at
(NRAMP1) alleles (Henard and Vazquez-Torres, 2011). To inves-
tigate this further, we infected genetically resistant 129/Sv mice
that, compared to BALB/c mice, controlled Salmonella much
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Figure 7. Exposure of Individual Salmonella to Oxidative and
Nitrosative Stresses

Fluorescence intensities of dual RNS/ROS biosensor Salmonella expressing
GFP from a NsrR-repressed promoter and the red fluorescent protein mCherry
(RFP) from an OxyR-activated promoter in infected spleen. Similar observa-
tions were made for five mice. See also Figure S4.

better (Figure S3E), as expected. We observed patchy iNOS
expression (Figure S3F) and heterogeneous Salmonella
hmpAp-gfoOVA biosensor activities (Figure S3G) at day 5 and
minor virulence defects of RNS defense mutants at day 8 (Fig-
ure S3H) in infected 129/Sv spleen, consistent with previous
data for Salmonella hmpA at day 5 in a similar infection model
(Bang et al., 2006), and no detectable role of iINOS for early
Salmonella control in resistant mice (White et al., 2005).

Together, these data suggested similar heterogeneous suble-
thal RNS stresses for Salmonella during early infection in both
susceptible and resistant mice. Future studies might investigate
what mechanisms enable host RNS to effectively control Salmo-
nella at later stages of infection (Bang et al., 2006; Mastroeni
et al., 2000; White et al., 2005).

Lack of Coordination between Oxidative and Nitrosative
Stresses

Salmonella biosensor data suggested ROS and RNS exposure of
live Salmonella in similar host cell types (Figure S2C), raising the
question as to whether these stresses co-occurred in the same
cells. Comparison of proteome data revealed that ROS-induced
proteins SitA, KatG, and YaaA were similarly abundant in Saimo-
nella with high or low RNS exposure, whereas RNS-induced
HmpA and YtfE were equally abundant in Salmonella regardless
of ROS exposure (Figure S4), suggesting independently acting
ROS and RNS stresses.

To further explore this issue, we constructed a dual ROS/
RNS biosensor carrying ROS-responsive katGp-rfp and RNS-
responsive hmpAp-gfpo on compatible plasmids (and chromo-
somal sifBp::cfp as a constitutive marker for all live Salmonella
cells). As expected, this biosensor responded in vitro to individ-
ual ROS or RNS stresses as well as to a ROS/RNS combina-
tion. In infected spleen, the dual biosensor stably maintained
both plasmids and retained full virulence. Analysis of GFP and
RFP expression in live CFP* biosensors revealed four distinct
reproducible subpopulations (Figure 7): (i) 54% + 3% GFP™
RFPY™ Salmonella with low stress, (i) 19% + 1% GFPY™
RFPP9"t Sajmonella with substantial ROS but low RNS stress,
(i) 19% = 1% GFPP"S" RFPY™ Salmonella with substantial
RNS but low ROS stress, and (iv) 9% =+ 1% GFPPioM
RFP®9"Salmonella exposed to both stresses (the proportion
of ROS-stressed Salmonella appeared larger compared to
katGp-gfpOVA data because we used stable RFP instead of
unstable GFP as a reporter; the proportions of RNS-stressed
Salmonella appeared lower compared to the single biosensor
data because of differential plasmid copy numbers). katGp-rfp
activities were similar among Salmonella with high or low
RNS stress, and hmpAp-gfp activities were similar among
Salmonella with high or low ROS stress (Figure 7). Together,
these data confirmed largely independent action of ROS and
RNS on Salmonella.

It is important to note that both approaches reported exclu-
sively on live Salmonella, thus underestimating the proportion
of Salmonella that were exposed to highly toxic ROS-RNS
reaction products such as peroxynitrite. ROS/RNS synergy likely
played a minor role in our conditions since iINOS has no detect-
able impact on early Salmonella control in susceptible mice
(Henard and Vazquez-Torres, 2011), but it might become impor-
tant at later stages when iINOS is involved in effective Salmonella
control.

DISCUSSION

In this study, we used single-cell approaches to investigate key
host defense mechanisms against Salmonella in a typhoid fever
model. Our results show that many Salmonella experience and
respond to ROS and RNS, but exposure levels and impact
vary widely.

All three major infected host cell types (macrophages, neu-
trophils, inflammatory monocytes) can effectively kill Salmo-
nella in vitro (Helaine et al., 2010; Rydstrom and Wick, 2009;
Vazquez-Torres et al., 2000a), but in vivo evidence has been
inconclusive (Benjamin et al., 1990; Broz et al., 2012; Grant
et al., 2008; Gulig et al., 1997; Hormaeche, 1980; Lin et al,,
1987; Miao et al., 2010). Our results showed extensive
Salmonella killing, although this did not prevent continuous
Salmonella net growth and disease progression. Neutrophils
and inflammatory monocytes accumulated in inflammatory
lesions around growing infection foci and efficiently killed
Salmonella, but some Salmonella escaped to more permis-
sive resident red pulp macrophages outside of inflammatory
lesions. Our data were consistent with the strong, yet incom-
plete, control of salmonellosis by neutrophils and inflammatory
monocytes (Conlan, 1997; Daley et al., 2008; Sheppard et al.,
2003; Vassiloyanakopoulos et al., 1998) as well as Salmonella
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tissue loads that increase primarily as a result of continuously
forming new infection foci, while Salmonella growth inside
existing infection foci is limited (Sheppard et al., 2003). The effi-
cient control of local Salmonella growth within inflammatory
lesions differed from the role of early granulomas in promoting
mycobacterial proliferation during zebrafish tuberculosis (Ram-
akrishnan, 2012).

NADPH oxidase is essential for Salmonella control (Mastroeni
et al., 2000), but the relevance of directly bactericidal ROS
versus indirect effects was unclear (Fang, 2011; Hurst, 2012;
Slauch, 2011). Our data suggested that neutrophils and inflam-
matory monocytes used NADPH oxidase and myeloperoxidase
to kill Salmonella with bactericidal ROS. In contrast, resident
macrophages imposed only sublethal, transient oxidative bursts
on Salmonella during early infection and killed Salmonella
through NADPH oxidase-independent mechanisms. Our data
confirmed previously proposed nonlethal ROS levels (Aussel
et al., 2011) for macrophages, but not neutrophils or monocytes.
This partial agreement might reflect that previous studies
compared live mutant and wild-type Salmonella (which mostly
reside in macrophages) and did not account for lethal hypohalite
action in neutrophils, thus focusing on readouts biased toward
Salmonella-macrophage interactions.

Infected tissues expressed inducible nitric oxide synthase in
some regions, which exposed local Salmonella to substantial
RNS. However, these Salmonella upregulated defense proteins
that provided full RNS protection in both susceptible and
resistant mice during early infection. It is still unclear how host
RNS can more effectively control Salmonella at later stages of
infection.

Taken together, these data show how temporal and spatial
ROS and RNS fluctuations generate at least six different
Salmonella subpopulations with distinct properties and fates
(live with low stress, live ROS stressed, live RNS stressed,
live ROS/RNS stressed, killed by NADPH oxidase-dependent
mechanisms, killed by unrelated mechanisms). Defects in
host defense (as in Cybb™'~, MPO™'~, or iNOS™~ mice; IFNy
neutralization) or Salmonella stress protection (hmpA ytfE
hcp) selectively affected only specific Salmonella subpopula-
tions. Further studies might investigate why some Salmonella
survive even in neutrophils and monocytes and how macro-
phages kill Salmonella through NADPH oxidase-independent
mechanisms. Moreover, Salmonella experiences additional
stresses, and both host and Salmonella activities show sub-
stantial cell-to-cell variation (Ackermann et al., 2008; Cum-
mings et al., 2006; Diard et al., 2013; Dickinson et al., 2010;
Li et al.,, 2009), suggesting that Salmonella-host interactions
may be even more complex.

Overall, early mouse typhoid fever appears as a race between
infiltrating host cells that accumulate around infection foci and kill
local Salmonella, and Salmonella escaping to more permissive
sites. The net balance of disparate Salmonella-host encounters
with dramatically different individual outcomes thus determines
overall disease progression. Similarly complex host-pathogen
interactions might govern other infectious diseases, such as
tuberculosis (Ramakrishnan, 2012; Tan et al., 2013; Yang et al.,
2012). Single-cell in vivo approaches as used here might help
to better understand this complexity and its impact on disease
progression and control.
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EXPERIMENTAL PROCEDURES

Bacterial Genetics

Salmonella strains (Table S3) were derived from Salmonella enterica serovar
Typhimurium SL1344 (Hoiseth and Stocker, 1981). Promoter regions (see Sup-
plemental Experimental Procedures) were cloned upstream of gfp_ova, gfp, or
mCherry on pBR322- or pSC101-based plasmids. Salmonella mutants were
generated using red recombinase-mediated allelic replacement followed by
P22 phage transduction (Datsenko and Wanner, 2000).

Mouse Infections

All animal experiments were approved (license 2239, Kantonales Veterindramt
Basel-Stadt) and performed according to local guidelines (Tierschutz-
Verordnung, Basel-Stadt) and the Swiss animal protection law (Tierschutz-
Gesetz). Female mice (10-14 weeks old) were infected intravenously (i.v.)
with Salmonella and euthanized 2-5 days later. Competitive indices of Salmo-
nella mutants were determined by plating on selective media. Some mice
received intraperitoneal (i.p.) injections with a neutralizing antibody to IFNy.
For detailed information on mouse strains and antibodies, see Supplemental
Experimental Procedures.

Immunohistochemistry

Spleen portions were fixed with 4% paraformaldehyde, soaked in 40%
sucrose, and frozen in optimal cutting temperature compound (OCT). Cryo-
sections were stained with primary and secondary antibodies (see Supple-
mental Experimental Procedures) diluted in Tris-buffered saline (TBS)-Tween
containing 2% mouse serum. Sections were mounted in 90% glycerol,
24.5 mg/ml DABCO, PBS (pH 7.4), and examined with Leica SP5 or Zeiss
LSM 700 confocal microscopes (Biozentrum, Imaging Core Facility), using
glycerol 20x, 40x, and 63x objectives. Image stacks were analyzed with
Fiji and Imaris. We obtained high-resolution confocal stacks in which we could
discriminate almost all individual Salmonella using envelope markers and RFP.
In rare cases in which Salmonella could not be distinguished, clusters were
counted as single Salmonella.

Flow Cytometry and Proteomics

Spleen was homogenized in ice-cold PBS containing 0.2% Triton X-100. All
samples were kept on ice until analysis. Large host cell fragments were
removed by centrifugation at 500 x g for 5 min. Salmonella were sedimented
at 10,000 x g for 10 min and resuspended in PBS-Triton. Samples were
analyzed in a Fortessa Il Flow Cytometer, or sorted using a FACSAria Ill sorter.
For specifications of optical channels, see Supplemental Experimental
Procedures.

For proteome analysis, samples were prepared and sorted in PBS-Triton
containing 170 pg/ml chloramphenicol to block de novo protein biosynthesis.
Samples were digested with LysC and trypsin and analyzed by nanoscale
liquid chromatography-tandem mass spectrometry (nLC-MS/MS). Peptides
and proteins were identified by searching databases containing all predicted
tryptic peptides for Salmonella SL1344 and mouse, as well as the correspond-
ing decoy databases (Steeb et al., 2013). We only considered proteins with two
identified peptides (at a 1% false discovery rate) that were detected in at least
two independent samples.

Computational Modeling of Salmonella Oxidative Stress Protection
We build a diffusion-reaction model based on a previous neutrophil phago-
some model (Winterbourn et al., 2006). We combined Salmonella dimensions
and surface area with reported membrane permeabilities for various ROS. We
derived Salmonella detoxification kinetics from experimental data on Salmo-
nella protective enzyme expression as obtained by ex vivo proteomics (Steeb
et al.,, 2013) and reported enzyme kinetic parameters (for parameters and
equations, see Supplemental Experimental Procedures). Modeling was done
using the Simulink feature of MATLAB.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,

four figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.chom.2013.12.006.
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