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Bacterial Internalization, Localization, and Effectors Shape the
Epithelial Immune Response during Shigella flexneri Infection
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Intracellular pathogens are differentially sensed by the compartmentalized host immune system. Nevertheless, gene expression
studies of infected cells commonly average the immune responses, neglecting the precise pathogen localization. To overcome
this limitation, we dissected the transcriptional immune response to Shigella flexneri across different infection stages in bulk
and single cells. This identified six distinct transcriptional profiles characterizing the dynamic, multilayered host response in
both bystander and infected cells. These profiles were regulated by external and internal danger signals, as well as whether bacte-
ria were membrane bound or cytosolic. We found that bacterial internalization triggers a complex, effector-independent re-
sponse in bystander cells, possibly to compensate for the undermined host gene expression in infected cells caused by bacterial
effectors, particularly OspF. Single-cell analysis revealed an important bacterial strategy to subvert host responses in infected
cells, demonstrating that OspF disrupts concomitant gene expression of proinflammatory, apoptosis, and stress pathways within
cells. This study points to novel mechanisms through which bacterial internalization, localization, and injected effectors orches-

trate immune response transcriptional signatures.

he host immune system discriminates nonpathogenic and

pathogenic bacteria through sensing of so-called patterns of
pathogenesis (1). Differentiation between extra- and intracellular
bacteria includes sensing of microbe- and danger-associated mo-
lecular patterns (MAMPs and DAMPs) through a dual system of
pattern recognition molecules (PRMs) with different subcellular
localizations. The specific sensing of patterns with different local-
izations has been proposed to be “compartmentalization” of cel-
lular self-defense (2). PRMs include Toll-like receptors (TLRs) at
the cell surface and in some membrane-enclosed compartments
and Nod-like receptors (NLR) or nucleic acid receptors in the
cytosolic compartment. They detect a range of microbial compo-
nents, including parts of the bacterial cell wall (e.g., lipopolysac-
charide [LPS], peptidoglycan [PG], or lipopetides [LP]) or nucleic
acids, as well as DAMPs (3). MAMP/DAMP sensing leads to acti-
vation of distinct signaling pathways that converge at a few tran-
scription factors, such as nuclear factor of kB (NF-«kB) or inter-
feron (IFN)-regulatory factor 3 (IRF3), and mitogen-activated
protein kinases (MAPKs). Ultimately, this culminates in induc-
tion of cytokines or chemokines (e.g., interleukin 8 [IL-8],
CXCL-2, or type I IFNs) and of antimicrobial peptides (e.g., hu-
man 3 defensin 3 [HBD3]). Other patterns of pathogenesis are
microbial invasion, viability, and growth, as well as perturbations
of core internal processes by bacterial effectors, all of which can
lead to transcriptional and posttranslational changes in the host.
Perturbed processes include cytoskeletal disruptions, membrane
damage, and concomitant cytosolic access of microbial material
or changes of nutrient levels (1, 4).

One major human pathogen traversing the membrane-bound
and the cytosolic subcellular compartments is the intracellular
Gram-negative bacterium Shigella flexneri, the main cause of bac-
terial dysentery. Shigella uses a virulence plasmid-encoded type 3
secretion system (T3SS) that injects sets of primary and secondary
effectors into the host cytosol, which are directly induced by the
bacterial regulators/effectors VirB and MxiE, respectively, and
which interfere with diverse host cell signaling pathways (5, 6). It
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attaches to the epithelial cell membrane, where it induces actin
focus formation and subsequent internalization into a pathogen-
containing vacuole (7). Then, within 5 to 15 min, Shigella triggers
vacuolar rupture and invades the host cytosolic compartment as a
niche for replication and intracellular spread (8). During invasion,
it subverts the activated host immune responses through injected
bacterial effectors. The primary effector, IpgD, is an inositol
4-phosphatase that alters multiple host signaling pathways, in-
cluding the release of extracellular ATP (eATP), which activates
host inflammation, and the onset of the phosphatidylinositol
3-kinase (PI3K)/Akt anti-apoptotic signaling pathways (9, 10).
The secondary effector, OspG, has ubiquitin-binding properties
that attenuate IkB degradation and NF-kB-dependent immune
signaling (11, 12). The VirB- and MxiE-dependent effector OspF
is a dual-specificity phospholyase that irreversibly dephosphory-
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lates the MAPKSs p38 and ERK, thereby reducing levels of proin-
flammatory cytokines (13, 14).

Measurements of complex host immune responses are rou-
tinely simplified. They are averaged from large, heterogeneous cell
populations, neglecting the onset of specific immune response
pathways depending on the bacterial subcellular localization, and
the impact of noninfected neighboring, so-called bystander, cells
has only recently been considered (15, 16). However, the study of
the localization-specific impact caused by pathogen traversal from
one subcellular compartment to another requires direct assess-
ment in single cells. To examine this, we established an experi-
mental and analytical pipeline using fluorescent pathogen local-
ization reporters and gene expression profiling. We used this
pipeline to determine that the epithelial cell host immune re-
sponse during Shigella contact segregates into distinguishable by-
stander, vacuolar, and cytosolic portions. Computational analysis
of complex, dynamic, pathogen-induced expression signatures re-
vealed six distinct profiles of coregulated gene sets that readily fit
specific signaling pathways. The host response of bystander cells
was activated solely through bacterial internalization in infected
cells and was very minimally affected by bacterial effector activi-
ties. Transcriptional signatures in infected cells were shaped
through bacterial localization, T3SS effectors, or both. Among
them, OspF disrupted concomitant host gene expression of apop-
tosis, inflammatory, and stress response pathways as a major in-
fection strategy of the invading pathogen.

MATERIALS AND METHODS

Bacterial strains and bacterial preparation. S. flexneri M90T wild-type
(WT) and mutant strains deficient in the bacterial effectors OspF (AospF)
(13), OspG (AospG) (17), MxiE (AmxiE) (18), IpgD (AipgD) (19), and
MxiD (AmxiD) (20) were transformed by electroporation with the
pGG2(Amp*)-dsRed. T3_S4T plasmid (21). For infection experiments,
bacteria were grown overnight (ON) in tryptic casein soy broth (TCSB)
supplemented with ampicillin (50 pg/ml) at 37°C with shaking at 220 rpm
and subsequently subcultured at a 1/100 dilution for 2.25 h to an optical
density at 600 nm (ODg,) of >0.3.

Cell culture, transfection procedures, fluorescence resonance en-
ergy transfer (FRET) assay, infections, and stimulations. Human epi-
thelial HeLa cells (ATCC) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% decomplemented fetal calf serum
(FCS) at 37°C, 5% CO,. Transfection of HeLa cells with p-mOrange-
empty (7, 8), p-mOrange-bla, p-mOrange-Actin, or p-YFP-p65 (a kind
gift of R. Weil) was performed using Fugene 6 transfection reagent (Pro-
mega) according to the manufacturer’s instructions 48 h prior to experi-
mentation.

All experiments using the FRET assay were carried out in EM medium
(120 mM NaCl, 7 mM KCl, 1.8 mM CaCl,, 0.8 mM MgCl,, 5 mM glucose,
and 25 mM HEPES at pH 7.3) as described previously (8), and all buffers
and media were supplemented with 2.5 WM probenecid until the final
measurements. Bacteria were washed with phosphate-buffered saline
(PBS) and coated for 10 min at room temperature with 10 pg/ml poly-L-
lysine (Sigma) and 10 pg/ml soluble B-lactamase (Sigma). Infection was
carried out at a multiplicity of infection (MOI) of 25. To synchronize
infection, bacteria were allowed to settle for 15 min at room temperature,
followed by incubation for 30 min at 37°C to promote T3SS-dependent
bacterial invasion. Subsequently, the cells were extensively washed to re-
move bacteria from the medium and further incubated for 2.5 h at 37°C.
Infection was stopped by maintaining the cells at 4°C until they were
sorted. Cytochalasin D treatment (2 wM; Sigma) was performed 30 min
prior to and during the course of infection.

Live imaging of Shigella infection. HeLa cells were washed with PBS,
infected at an MOI of 20, and imaged on a Leica DM inverted microscope
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equipped with a heated stage using a 20X N-Plan objective with excitation
at 465 to 500 nm (for yellow fluorescent protein [YFP]) and 532 to 554 nm
(for mOrange), and emission was detected with 516- to 556-nm (YFP)
and 573- to 613-nm (mOrange) filters. Images were acquired in the two
fluorescent channels and in trans every 5 min using a CoolSnap2 camera
(Roeper Scientific). Time-lapse series were analyzed using Fiji (http://fiji
.sc/Fiji).

Fluorescence-activated cell sorter (FACS)-based cell sorting, sample
processing, and multiplex qPCR. Cells were trypsinized for 5 min at
37°C, centrifuged for 5 min at 200 X gand 4°C, and sorted on a FACS Aria
III cell sorter (BD Bioscience) into 96-well plates containing 9 pl lysis—
reverse transcription-specific target amplification (RT-STA) mixture per
well (5 pl Cells Direct 2X Reaction Mix, 0.2 pl SuperScript IIT RT Plati-
numR Taq Mix [CellsDirect One-Step qRT-PCR kit; Life Technologies], 2
U Superase-In RNase inhibitor [Life Technologies], 2.5 wl assay mixture
of 96 pooled Solaris qPCR gene expression assays [ThermoFisher] at a
final concentration of 0.2, and 1.2 ul 0.1 mM EDTA-10 mM Tris buf-
fer). After sorting, samples were subjected to one-step RT-STA using the
following program: 50°C for 15 min, 95°C for 2 min (for RT), and 23
cycles of 95°C for 15 s and 60°C for 4 min (for STA). For multiplex
quantitative PCR (qPCR) on a BioMark System (Fluidigm), cDNA was
diluted 1/5 with 1 mM EDTA-10 mM Tris buffer, and 2.9 pl cDNA was
mixed with 3.25 pl 2X Solaris Universal QPCR MasterMix (Thermo-
Fisher) and 0.32 pl sample-loading reagent (Fluidigm). Ninety-six sam-
ples and 96 individual gene expression assays were loaded on a 96-by-96
dynamic array. The gene expression curves obtained were analyzed using
the manufacturer’s software.

Bulk cell data processing, statistical analysis, and visualization. Fur-
ther analysis was performed using different custom and commercial com-
putational analysis programs. Samples that gave less than six threshold
cycle (C;) values were removed from the analysis. ACvalues were calcu-
lated using the average C. of the two reference genes chosen for each cell
line, i.e., B2M and PGK1 genes for HeLa cells and PGK1 and ALDOA
genes for Caco-2 cells. Principal-component analysis (PCA) plots were
generated using R (see Fig. S3d and e in the supplemental material) (http:
/lwww.r-project.org) or the Qlucore software (all other PCA plots), which
provides tools to apply P and g value (false-discovery rate) cutoffs based
on analysis of variance (ANOVA) and nearest-neighbor connections (by
Euclidean distance) to indicate highly similar samples. Heat maps, box
plots, and representations of gene expression profiles were generated by
custom software implemented in Matlab and R. To generate gene expres-
sion profiles, we developed a computational profiling procedure in order
to classify each gene (see the flowchart in Fig. S5a in the supplemental
material). To this end, we computed scores for each expression change at
each transition to the next indicated stage (i.e., CO—BY—VAC—CYT)
as follows: —1 for a significant (P < 0.05) decrease, +1 for a significant
increase, and 0 if no significant change was detected. Subtractive heat
maps (see Fig. 4a to d) were generated by subtracting the median AC.
values of mutant-infected cells from those of WT-infected cells (ACjyyp —
AC muan) at the indicated infection stages. Only the genes that showed
significantly different expression (P < 0.05) for at least one of the stages
are presented in the heat maps.

Single-cell data processing and analysis. Samples with less than 6 out
of 96 valid expression values were removed from the analysis. Concor-
dance between single- and bulk cell expression values was assessed by
comparing the average Cvalue to the bulk cell samples of each respective
experimental condition (Cyy,.) to the sum of an i silico pool of single-cell
expression values, which is referred to as the cumulative single-cell C;.
value (cCyy.) (for a more detailed description of single-cell data process-
ing, see the supplemental material). Statistical significance was deter-
mined using a likelihood ratio test (LRT). Single-cell expression data were
analyzed using box and violin plots. For pathway correlation analysis, we
assessed concomitant expression of gene pairs assigned to common func-
tional pathways (e.g., proinflammation, apoptosis, and stress) (see the
supplemental material) using Spearman’s rank correlation coefficients.
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To this end, we defined a score that measures the degree of concomitant
expression between genes assigned to a given pathway. To detect differ-
ences in concomitant expression upon a change from one stage of infec-
tion to another, we developed a statistical analysis that computes a signif-
icance score, £, on a scale of +3 to —3 for gain (+ > 0) or loss (t < 0) of
pairwise gene correlations of the pathway (further details are provided in
the supplemental material). Significance scores are shown as heat maps
(see Fig. 5cto e).

RESULTS

Identification of host immune response signatures for distinct
stages of Shigella invasion. We hypothesized that three stages
during S. flexneri infection lead to the activation of distinct host
response signaling pathways: (i) the bystander stage of nonin-
fected neighboring cells (BY) and two stages of infected cells with
(ii) membrane- or vacuole-bound bacteria (VAC) or (iii) bacteria
in the cytosol (CYT). We aimed to explore how these stages dif-
ferentially activate the transcriptional host immune response at
the levels of small bulk cell populations (20 cells) and of single
cells. To distinguish these stages within a heterogeneous layer of
cells challenged with Shigella, we set up a workflow combining
fluorescence-based cell sorting with multiplex qPCR analysis (Fig.
1a; see Fig. S1 in the supplemental material). The workflow uses
dsRed-fluorescent Shigella in conjunction with the CCF4/B-lacta-
mase FRET assay, previously developed by our laboratory (8).
This assay is able to detect infection by a single bacterium; moni-
tors bacterial vacuolar rupture at high temporal resolution, result-
ing in a fluorescence switch from 535 nm (green) to 450 nm
(blue); and is compatible with FACS-based sorting (Fig. 1a; see
Fig. S1 in the supplemental material) (22). We adjusted the MOI
to yield 40 to 60% infected cells at 3 h postinfection (p.i.), thus
obtaining robust transcriptional host responses and also provid-
ing enough bystander cells (Fig. 1a and data not shown). We de-
cided against the use of gentamicin, an antibiotic used to kill bac-
teria in the medium, to avoid the possibility of host response
signaling to inactivated bacteria. Consequently, the infection was
not synchronized, explaining the proportion of cells at the mem-
brane-bound and vacuolar stages. To measure host responses, we
assembled a set of expression assays for genes characterizing the
onset, regulation, and execution of inflammatory signaling, apop-
tosis, survival, and cell cycle signaling, as well as of stress response,
repair, and lipid metabolism (see Table S1 and Fig. S2 in the sup-
plemental material). Briefly, our set contained subsets of inducible
PRMs and components of signaling hubs, as well as of their down-
stream molecules, including a subset of cytokines and chemo-
kines, which indicate activation of different PRM signaling path-
ways. The selected pathways include signaling via NF-kB, MAPK,
IRF3, Gadd45a, ATF3, Xbpl, and CDKNIA (see Fig. S2 in the
supplemental material). In addition, we chose two distinct refer-
ence genes (see Fig. S3a and b and further details in the supple-
mental material).

To obtain high-content transcriptional information, we used
microfluidic devices for multiplex qPCR and subjected the col-
lected data to a custom computational data analysis. To this end,
we established a protocol to obtain robust transcriptional re-
sponses at the levels of bulk and single cells (see Fig. S3 and Results
in the supplemental material for a detailed quality assessment).
Each bulk sample contained 20 cells in the same condition (one of
the three stages of infection or uninfected [CO] control cells),
which were collected in quadruplicate. To produce statistically
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strong data sets for single-cell analysis, we collected 20 individual
cells per condition.

We analyzed transcriptional profiles of bulk cells using PCA, a
mathematical procedure that transforms high-dimensional data
into three principal components, PC1 to PC3, with minimal loss
of information (see Fig. S4a in the supplemental material). Each
data point represents the transcriptional information from 96
genes of one bulk cell sample. Each succeeding PC shows the larg-
est possible uncorrelated variance of all data at a given significance
cutoff. This allows the identification of patterns contained in the
data set, such as sample similarities or differences. After applying
stringent significance cutoffs (P < 0.005 and g < 0.05), the data
points separated into four independent clusters, each correspond-
ing to the four previously sorted conditions of Shigella-treated
cells and the uninfected control (Fig. 1b; see Movie S1 in the sup-
plemental material). This illustrates the fact that distinct and sig-
nificantly relevant transcriptional signatures correspond to unin-
fected cells and to the individual stages of WT Shigella infection,
i.e., the bystander, the vacuolar, and even the cytosolic stages.
Furthermore, we identified 42 out of 96 measured host genes that
were significantly (P < 0.05) differentially regulated during at
least one of the previously determined individual stages of Shigella
infection (Fig. 1¢c; see Table S2 and Fig. S4b in the supplemental
material). Taken together, these data suggest that Shigella WT
infection activates distinct gene expression signatures depending
on the stage of bacterial infection.

We also applied our workflow to basolateral Shigella infection
of polarized intestinal epithelial (Caco-2) cells as a more physio-
logical cell culture infection model (see Fig. S4c to fin the supple-
mental material). In these experiments, we included genes specific
for polarized epithelial cells, such as regulators and components of
tight junctions and additional mediators of the host response (see
Table S1 in the supplemental material). Basolateral infection via
porous membranes of transwell plates resulted in only 4 to 7%
infection rates, explaining a rather heterogeneous, less reliable by-
stander population (data not shown). Nonetheless, infection of
polarized Caco-2 cells uncovered distinct localization-dependent
transcriptional signatures of infected cells (see Fig. S4e and f and
Table S3 in the supplemental material). Many signatures of genes
examined in both cell types were largely similar (e.g., CYPI1BI,
JunB, Xbpl, and CCL2). In some cases, however, we observed
differences of differential expression of some genes at specific lo-
cations between cell types. In general, this argues for HeLa cells
being a robust, representative, and simple cell culture model for
the tracking of transcriptional immune response analysis of our
chosen genes upon Shigella infection.

Activation of a gene expression signature in bystander cells
requires host cell invasion. One striking feature of the localiza-
tion-dependent gene expression signatures we found in bulk cell
samples was the detected bystander response of noninfected
neighboring cells (Fig. 1b and ¢). Until now, bystander responses
upon microbial infection have been investigated only in the con-
text of inflammatory signaling (15, 16). Here, we explored the
bystander response of bulk cell samples on a broader scale of 96
genes from different host response pathways. Our analysis identi-
fied 20 genes significantly altered in bystander cells in comparison
to uninfected controls (compare columns CO and BY WT in Ta-
ble S4 in the supplemental material). They were all upregulated
and comprised three main gene families (Fig. 2a to ¢): (i) proin-
flammatory cytokines and chemokines (e.g., CXCL-2 and IL-8), as
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FIG 1 Identification of localization-dependent transcriptional signatures during Shigella infection, combining fluorescence reporters and microfluidics. (a)
Workflow for treatment, cell sorting, and subsequent transcriptional analysis of uninfected (CO) cells or cells at distinct stages of dsRed-expressing Shigella (+S.f.
dsRed) infection (BY, VAC, and CYT). The conditions were distinguished using the CCF4/B-lactamase FRET approach and dsRed-fluorescent bacteria and were
sorted by FACS according to their specific fluorescent properties, as indicated. The sorted samples were further processed for multiplex qPCR analysis. (b) PCA
plot showing transcriptional signatures of quadruplicates of bulk cell samples (dots) at the indicated stages of WT Shigella infection (BY, VAC, and CYT) or of
the uninfected control (CO). PC1 and PC2 and their percentages of captured variance are shown. The lines between samples indicate the two nearest neighbors.
Representative data from one out of three independent experiments are shown (see Fig. S4a and b and Movies S1 to S3 in the supplemental material). (c) Heat
map showing median AC;. values of bulk cell samples transformed into a row Z-score of the indicated genes under the indicated conditions of Shigella WT
infection (BY, VAC, and CYT) or of an uninfected control (CO). All genes with at least one significant gene expression change under one of the conditions are
shown. The color key indicates the row Z-scores ranging from +2 (high expression; yellow) to —2 (low expression; blue). Data from two independent
experiments at a P value cutoff of 0.05 are shown (see Table S2 in the supplemental material).

expected, including components of the implicated signaling path-
ways (e.g., cJun); (ii) predominantly antiapoptosis genes (e.g.,
Birc3); and (iii) genes of the cellular stress response, including
major transcription factors (e.g., ATF3).

We reasoned that the injected T3SS effectors may play a role in
the activation and outcome of bystander responses. Surprisingly,
box plot analysis of all identified bystander signatures showed
strong and highly similar inductions, with P values of =0.05 for
the different injected effector mutants compared to WT bacteria
(Fig. 2a to c; see Table S4 in the supplemental material). In con-
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trast, infection with the secretion-deficient, noninvasive AmxiD
mutant did not induce bystander responses. Accordingly, PCA of
transcriptional signatures in bystander cells challenged with the
different pathogen strains resulted in two major clusters (Fig. 2d).
The first cluster grouped signatures of untreated control cells to-
gether with those of cells challenged with the noninvasive AmxiD
strain, demonstrating that the presence of extracellular bacteria
did not significantly affect the overall epithelial cell gene expres-
sion profile. The second cluster, which was clearly separated along
the PC1 axis, comprised the transcriptional responses of cells chal-
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FIG 2 Bystander cells exhibit an internalization-dependent and effector-independent signature. (a to ¢) Box plot analysis of expression of representative
proinflammatory (a), antiapoptosis (b), and stress response (c) genes in uninfected (CO) and bystander (BY) cells of samples treated with WT S. flexneri or the
indicated mutants. The box plots show AC;. values of quadruplicates of bulk cell samples from two independent experiments, the median expression values (red
lines), and the 25% and 75% quartiles (boxes). ***, P < 0.001; **, P < 0.005; ns, not significant; Mann-Whitney U test. (d) PCA plot of bulk cell transcriptional
signatures (dots) of bystander cells (BY) from samples treated with the indicated Shigella strains and of uninfected control cells (CO). Connections of the two
nearest neighbors (lines) and percentages of the captured variability for each PC are shown. Representative data from one out of three independent experiments
are shown. (e) Time-lapse analysis of p65 nuclear translocation upon Shigella infection. HeLa cells expressing p65-YFP (green) and actin-mOrange (red) were
challenged with WT Shigella at an MOI of 20, and images were taken every 5 min. The images show merged channels and are representative of the first occurrence
of entry (focus formation; 0 min) and of p65 nuclear translocation in bystander (35 min; indicated by the arrowhead) and in infected (55 min; indicated by the
arrow) cells. The time scale was normalized to the onset of bacterial entry (see Movie 4, top, in the supplemental data). (f) Quantification of the time after entry
of WT Shigella at which p65 nuclear translocation occurred. The data show mean values from multiple sites of two independent experiments run in duplicate.
%, P < 0.001 by Student’s ¢ test. (g and h) Analysis of p65 localization in p65-YFP-expressing HeLa cells 120 min p.i. upon cytochalasin D treatment and WT
Shigella infection (g) or AmxiD strain infection (h) at an MOI of 20 (see Movie S4, middle and bottom, respectively, in the supplemental data). The representative
images show absence of p65 nuclear translocation (indicated by the arrowheads).
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FIG 3 Identification of six distinct localization-dependent gene expression patterns during Shigella infection in bulk cells. The identified transcriptional
signatures obtained from bulk cells (Fig. 1¢) were classified into profiles using the computational procedure summarized in Fig. S5 in the supplemental material.
In this method, each transcriptional difference of all analyzed genes upon the transitions CO—BY, BY—>VAC, and VAC—CYT was given a score, as follows: —1
for a significant decrease in expression, +1 for a significant increase in expression, and 0 for no significant change at a P value of <0.05 (Mann-Whitney U test).
(Top) Subsequently, the genes were classified into the corresponding profiles according to the decision tree derived from our computational procedure (see Fig.
S5 in the supplemental material). (Middle) The genes were organized by their main annotation. (Bottom) Box plots showing the AC; values of representative
genes, i.e., IL-6, IL-8, XRCC5, Caspase-4, STATI, and CYPIBI. Quadruplicates of bulk cell samples from two independent experiments, with the median
expression values (red lines), as well as the 25% and 75% quartiles (boxes). *, P < 0.05; **, P < 0.005; ***, P < 0.001; ns, not significant; Mann-Whitney U test.

lenged with the WT, AospF, AospG, AmxiE, or AipgD strain, indi-
cating strong activation of a distinct transcriptional signature that
shows minimal differences between the transcriptional signatures
activated by these bacteria. Together, these results suggest that the
internalization of the pathogen is required to activate a bystander
response and that the amplitude of bystander activation, at least
for the tested genes, is independent of the injected bacterial effec-
tors in infected cells.

To investigate if internalization of bacteria causes the by-
stander response, we performed single-cell live imaging using a
reporter plasmid for the onset of inflammation signaling through
the nuclear translocation of the NF-kB subunit p65 (Fig. 2e to h;
see Movie S4 in the supplemental material). Upon entry of WT
Shigella, p65 nuclear translocation first occurred in bystander cells
at 25 (= 10) min p.i. before its onset in infected cells at 50 (*15)
min p.i. (Fig. 2e and f; see Movie $4, upper sequence, in the sup-
plemental material). In contrast, inhibition of bacterial entry by
cytochalasin D treatment (Fig. 2g; see Movie S4, middle, in the
supplemental material) or challenge with AmxiD (Fig. 2h; see
Movie S4, bottom, in the supplemental material) did not lead to
P65 nuclear translocation in any cells, corroborating our hypoth-
esis that bacterial internalization causes the bystander effect, al-
though by an unknown mechanism.

Immune response pathways are differentially regulated de-
pending on the stage of Shigella infection. Next, we aimed to
identify patterns of regulation of the distinct host transcriptional
signatures of bulk cell samples, which might be determined by the
bacterial localization, bacterial effector activities, or both. To this
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end, we developed a procedural-profiling model (see Fig. S5a in
the supplemental material) by which each gene expression signa-
ture (Fig. 1c) is assigned to one profile, depending on the signifi-
cance of transcriptional changes during the possible successive
stages of WT Shigella infection (i.e., CO—VAC—CYT or
CO—BY—VAC—CYT, as depicted in Fig. 3, top). This proce-
dure yields a theoretical maximum of 34 distinct profiles. Surpris-
ingly, the 42 signatures shown in Fig. 1¢c were assigned to only six
profiles (profiles 1 to 6) among the 34 possibilities (Fig. 3). Profiles
1 and 2 contained all genes with increased expression in bystander
cells, which were also induced in infected cells during the vacuolar
stage, with a subset of genes with decreased expression during
cytosolic infection (profile 2). Interestingly, no profile of genes
activated only in bystander cells could be identified for our chosen
gene set. The other four profiles displayed genes uniquely regu-
lated in infected cells, which included an increase of gene expres-
sion either at the vacuolar stage (profiles 3 and 5) or at the cyto-
solic stage (profile 4). Profiles 5 and 6 display genes that showed
decreased expression upon the switch to cytosolic localization. Of
note, 50 signatures did not change significantly at any of the suc-
cessive stages and hence were assigned to profile 0 (see Fig. S5b in
the supplemental material). Furthermore, for a few proinflamma-
tory cytokine genes (CXCL-1, CCL20, TNF-a, and IL-Ia) no ex-
pression was detected in control cells, and hence, neither a statis-
tical test nor profiling could be performed (data not shown).
Together, these profiles suggest that the host immune response to
Shigella infection is tailored to a few expression patterns, possibly
reflecting signaling pathways, whose regulation is finely tuned de-
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pending on the bacterial localization. Furthermore, the observa-
tion of (i) genes regulated in either infected cells, bystander cells,
or both or (ii) those altered only upon direct infection led us to
define these sets of genes as (i) external-danger regulated (profiles
1 and 2) and (ii) internal-danger regulated (profiles 3 to 6).

We next assessed the compositions of genes assigned to each
profile and their known or presumed functions (Fig. 3, middle).
We observed that expression of genes from multiple published
Shigella-induced inflammatory pathways was increased in by-
stander cells and early after bacterial invasion in infected cells,
during the vacuolar stage. Expression of some inflammatory genes
remained increased at the cytosolic stage (e.g., IL-6, profile 1).
However, expression of a subset of these genes was shut down at
the cytosolic stage of infection (e.g., IL-8 and TLR4, profiles 2 and
6), possibly via bacterial effector activities or host cytosolic mech-
anisms targeting the corresponding signaling pathways. This sug-
gests that in both bystander and infected cells a multilayered in-
flammatory response is activated through external danger and
that the signaling pathways involved are differentially regulated
during the cytosolic stage of infection through internal danger.
Expression of type I IFNs, well known to be activated upon recog-
nition of nucleic acids in the cytosol, did not significantly alter
throughout WT Shigella infection (see Fig. S5b, profile 0, in the
supplemental material). In contrast, expression of STAT1, a tran-
scription factor downstream of IFN signaling, was decreased at the
cytosolic stage, indicating targeting of the IRF3 pathway in WT
infection (profile 5).

Analogously to inflammatory genes, stress genes were found in
multiple profiles with similar patterns of differential induction or
downregulation at distinct infection stages (e.g., ATF3, XRCC5, or
CYPIBI, profiles 1, 3, and 6, respectively). Thus, although many
factors of the stress response were differentially regulated exclu-
sively at the cytosolic stage (profile 6), as expected (1, 23), a num-
ber of major stress-related transcription factors and their down-
stream targets were also induced at the bystander and vacuolar
stages. This suggests that both stress and inflammatory genes are
regulated via overlapping or even identical signaling hubs at all
infection stages. Generally, stress responses during bacterial infec-
tions are initiated by diverse stimuli, most notably upon amino
acid starvation in the cytosol or induction of stress at the endo-
plasmic reticulum (ER) (23, 24). We observed that the transcrip-
tional response to cytosolic, but not to vacuolar, WT Shigella in-
fection resembles the amino acid starvation-induced stress
response and involves regulation by the stress receptor GCN2
(data not shown). This response overlapped with a PERK-depen-
dent ER stress response at the vacuolar stage (data not shown).

Moreover, while mainly antiapoptosis genes were induced in
bystander cells and at the vacuolar stage (e.g., CYR61 and Birc2,
profiles 1 and 3), the response switched toward an expression
program promoting cell death upon cytosolic infection (e.g.,
Caspase-4 and NF-kBI, profile 4). These results provide evidence
that external danger during Shigella infection mainly sustains an-
tiapoptosis, while prolonged internal danger leads to a shift to-
ward an active proapoptosis program within the host cell. Finally,
bacterial translocation to the cytoplasm also resulted in regulation
of autophagy genes (e.g., Atgl6L, profile 6), as expected (23, 25).

Together, the dissection of the dynamics of host gene expres-
sion signatures revealed a complex and finely tuned adaptation of
distinct immune response pathways. It allows the distinction be-
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tween external- and internal-danger-regulated signaling path-
ways.

OspF subverts specific intracellular signatures from differ-
ent gene families and host pathways. To decrypt the roles of the
injected T3SS effectors in the establishment of the dynamic gene
expression profiles, we compared their induced stage-dependent
transcriptional signatures in bulk cell samples. PCA plots of AospF
strain-induced vacuolar and cytosolic signatures no longer clearly
separated as independent clusters and shared nearest-neighbor
connections (compare Fig. S6a in the supplemental material to
Fig. 1b). In contrast, responses to AipgD, AospG, or AmxiE strain
infection did not result in a loss of localization-dependent signa-
tures for infected cells (compare Fig. S6b to d in the supplemental
material to Fig. 1b). Furthermore, jointly plotting the WT and
mutant strains demonstrated distances between the WT- and
AospF strain-induced signatures larger than those between WT-
and AipgD, AospG, or AmxiE mutant-infected cells (compare Fig.
S6e to Fig. S6f to h and Movie S5 to Movies S6 to S8 in the sup-
plemental material). Therefore, we conclude that, of the tested
effectors, OspF had the broadest impact on the Shigella-induced
host immune responses at both the vacuolar and the cytosolic
stages.

We also examined the broad scale of the effector-induced
changes in localization-dependent intracellular responses using
subtractive heat maps. These maps indicate if gene expression is
higher (yellow) or lower (blue) upon infection with the respective
mutants compared to WT infection (Fig. 4a to d). Infection with
the AospF strain led to modulation of more genes (25 genes in
total) than infection with the AipgD (17 genes), AospG (9 genes),
or AmxiE (15 genes) strain, respectively (Fig. 4e). Moreover, upon
AospF strain infection, expression of the majority of genes was
significantly increased compared to WT infection during both
vacuolar (14 genes) and cytosolic (17 genes) localization, portray-
ing OspF as a master regulator dampening host gene expression
independent of the stage of infection. Of note, in addition to in-
flammatory genes, this included genes for the cellular integrated
stress and repair responses, cell cycle regulation, antiapoptosis,
and lipid metabolism, suggesting that OspF impacts gene expres-
sion for a broad spectrum of host responses. In particular, OspF
strongly altered the expression of genes assigned to profiles 1 and
2 that were also regulated by external danger (Fig. 3). These genes
are regulated via the MAPK signaling pathways, most likely down-
stream of Nod1 activation, in agreement with the known impact
of OspF on MAPK activity (13).

Upon AipgD infection, fewer genes were dampened at the cy-
tosolic stage than at the vacuolar stage (10 versus 2 genes) (Fig. 4b
and e) compared to WT infection. Hence IpgD, in contrast to
OspF, predominantly dampens host transcriptional signatures
only at the cytosolic stage of infection. Interestingly, this included
asubset of genes that were assigned to profile 0 upon WT infection
(see Fig. S5b in the supplemental material), i.e., type I IFN genes,
CXCLI10, and HBD3 (Fig. 4b). This highlights a previously unrec-
ognized role of IpgD in the host cytosolic type I IEN signaling
pathways. Our data on AospG strain-infected cells showed that
genes involved in antiapoptosis and (oxidative) stress were signif-
icantly less expressed than during WT infection, predominantly at
the vacuolar stage of infection (Fig. 4c and e), implying a role of
OspG in positively regulating survival. Finally, compared to WT
infection, the AmxiE-activated transcriptional response displays
both decreased expression of apoptosis genes at the vacuolar stage
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FIG 4 OspF regulates apoptosis and the host inflammatory and stress response. (a to d) Heat maps showing subtracted AC;s and indicating if the relative
difference in gene expression was higher (yellow) or lower (blue) in mutant- compared to WT-infected cells. All the genes for which this difference was significant
(P < 0.05) for at least one of the indicated stages upon infection with the AospF (a), AipgD (b), AospG (c), or AmxiE (d) mutant are shown. Subtracted median
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mutant than in WT Shigella-infected cells.

(as observed for AospG strain infection) and enhanced expression
of inflammatory genes at the cytosolic stage (as observed for
AipgD strain infection), suggesting that MxiE reflects the effects of
multiple secondary effectors, in agreement with its role as a
transcriptional activator for secondary bacterial effectors (Fig. 4d
and e).

Single-cell analysis revealed that Shigella disrupts coordi-
nated gene expression via the effector OspF. We turned to single-
cell analysis to explore the impact of bacterial effectors on the
coordination of localization-dependently expressed genes. We
performed adequate controls and preprocessing of the single cell
data obtained (as detailed in Materials and Methods and Results
and Fig. S7 in the supplemental material). We aimed at distin-
guishing detection biases resulting from nonspecific C;- measure-
ments of weakly expressed genes and valid C;- measurements of
genes showing low or absent expression in the respective individ-
ual cells. To do this, we first assessed the concordance of single-cell
and bulk cell results by comparing the average Cy,. (obtained
from bulk cell replicates containing 20 cells per bulk cell sample)
to the cumulative C of single cells (cCr,.), a computed C; value
corresponding to the sum of expression values from 20 single cells
(see Fig. S7a in the supplemental material). Then, we determined
a C; cutoff (Cryp,o,) above which all C;s were regarded as nonspe-
cific, and thus nonexpressed, in order to improve the global con-
cordance of single- and bulk cell measurements (see Fig. S7b in the
supplemental material). To determine a suitable C,,,,, we evalu-
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ated two global measures of concordance, the absolute mean dif-
ference between the Cpy. and the cCy (see Fig. S7b, red line, in
the supplemental material) and the average root mean square de-
viation (RMSD; see Fig. S7b, blue line, in the supplemental mate-
rial) for a range of C; cutoffs. This identified the Cp,,, as 23, the
application of which removed nonspecific measurements and re-
tained over 90% of all single-cell expression data, thus providing
single-cell expression data that were highly concordant with the
collected bulk cell data (Fig. 5a; see Fig. S7b, green line, and Ma-
terials and Methods in the supplemental material). Next, we per-
formed box plot and statistical analyses of single-cell measure-
ments using the log LRT, which simultaneously tests for
differences in mean expression and the proportion of cells ex-
pressing a given gene (26) (see the supplemental material). This
demonstrated that the differential, localization-dependent gene
expression signatures largely mirrored the results obtained from
bulk cells (Fig. 5b; see Fig. S7cand d in the supplemental material).
However, we observed exceptions for some inflammatory genes
under certain conditions, e.g., IL-8 expression in bystander cells,
for which the cC; was strongly overestimated (see Fig. S7c and d
in the supplemental material). This highlights the importance
of taking single-cell measurements for transcriptional analysis of
heterogeneous populations. In order to analyze the distribution of
expression measurements over individual single cells and to ob-
tain information about whether a detected differential gene ex-
pression results from differences between distinct subpopula-
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tions, we employed violin plot analysis. The C values of some  were set up). Heat maps give information about the degree of
genes, e.g., NFKBIA and CXCL2, showed a multimodal distribu-  increased (orange), decreased (blue), or unchanged (gray) corre-
tion (Fig. 5b, arrows), suggesting the existence of subpopulations  lation between all pairs of genes of a given pathway during indi-
expressing these genes in different quantities. In contrast, the C,.  vidual infection stages (e.g., CO—BY or CO—VAC). This analysis
values of B2M and JunB were log-normally distributed around the  revealed a strong increase of gene pair correlations of proinflam-
mean (Fig. 5b, arrowheads), which points to the expected stochas-  matory genes, but not of apoptosis or stress genes, at the bystander
tic distribution of constant gene expression in single cells. stage (CO—BY) upon infection with either Shigella WT or mutant

These findings raised the question of coordination of gene ex-  strains (Fig. 5¢). This indicates concomitant regulation of the re-
pression patterns upon bacterial infection within a single cell. To  spective gene pairs in bystander cells of only the inflammatory
assess whether genes of entire pathways were regulated concomi-  responses, which were independent of bacterial effectors. Further-
tantly within a cell, we carried out an analysis of inflammatory, —more, no concomitant coordination of inflammatory, apoptosis, or
apoptosis, and stress gene pairs to check for correlation within  stress genes was measured in cells infected with WT Shigella at the
single cells (Fig. 5c to e). To do this, we computed both the Spear-  vacuolar (CO—VAC) or cytosolic (CO—CYT and VAC—CYT)
man’s rank correlation coefficients and empirical P values of the  stages (Fig. 5¢ to e). In contrast, AospF infection led to a strong
absolute measured correlation for all possible pairs of genes for  increase in correlations of proinflammatory gene pairs at both the
inflammation, apoptosis, or stress (Fig. 5c to e; see the supplemen-  vacuolar and cytosolic stages (Fig. 5¢). Moreover, correlations also
tal material for further details of how correlation measurements increased for gene pairs of apoptosis at the cytosolic stage and of
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stress response genes at the vacuolar stage during AospF strain
infection (Fig. 5d and e). Together, this suggests that the bacterial
effector OspF is capable of disrupting the potentially highly syn-
chronized gene expression of proinflammatory, apoptosis, and
stress genes in infected cells. Further, upon infection with AospG
and AmxiE strains, correlations of apoptosis and stress genes
strongly decreased at the cytosolic stage (Fig. 5d and e), indicating
that the bacterial effectors OspG and MxiE maintain the concom-
itant expression of apoptosis and stress genes.

The bacterial effector OspF and infection of the cytosolic
compartment reduce concomitant host gene expression. We
further investigated the impact of OspF on gene expression corre-
lations of individual gene pairs of the proinflammatory host re-
sponse (see Fig. S7e in the supplemental material). Heat maps
showed the degree of correlation (green) or anticorrelation (pur-
ple) of expression of indicated gene pairs that showed concomi-
tant expression for at least at one of the indicated conditions (CO,
BY, VAC, or CYT). This revealed that upon WT infection, fewer
gene pairs (7 pairs) were concomitantly expressed, and correla-
tions were largely weakened or even lost at the cytosolic stage (see
Fig. S7¢, left, in the supplemental material). In contrast, more gene
pairs (14 pairs) with concomitant expression were observed dur-
ing AospF infection (see Fig. S7e, right, in the supplemental ma-
terial). However, analogously to WT infection, we also observed a
decrease or loss of significant correlation of most gene pairs at the
cytosolic stage during AospF strain infection. This suggests that
coordination of concomitant gene expression is weakened both by
the bacterial effector OspF and upon cytosolic localization. Of
note, the correlative expression pattern within a cluster of genes
consisting of IL-8, CXCL-2, NFKBIA, IER3, CXCL-1, and cJun was
considerably stronger upon AospF infection, underlining the tar-
geted action of OspF in the disruption of this specific cluster of
genes.

Since OspF has been localized to the IL-8 promoter (13), we
performed network analysis of all gene pairs from our data set that
show correlations with IL-8 (Fig. 6). Cytoscape analysis depicted
expression data for the indicated genes in 40 single cells (shown as
radar plots) and their degrees of correlation with IL-8 (indicated
by the thickness of the green edges) at the indicated stages of WT
or AospF strain infection. Surprisingly, this revealed strong corre-
lations of IL-8 expression, not only with other inflammatory
genes, but also with genes related to apoptosis or the stress re-
sponse. This was evident within bystander cells upon both WT
and AospF strain infection. In WT-infected cells, most of these
correlations were strongly affected at the vacuolar stage and were
mostly lost at the cytosolic stage (e.g., IL-8 and CXCL-2). In con-
trast, in AospF strain-infected cells, more and stronger gene pair
correlations with IL-8 were observed at the vacuolar stage. This
was followed by the loss of some correlations at the cytosolic stage
(IL-8 and IL-6), while other correlations remained strong (e.g.,
IL-8 and TNFAIP3). This illustrates how both the bacterial effec-
tor OspF and the infection of the host cytosol have a disruptive
role in the coordination of gene expression within the IL-8 net-
work.

Taking the data together, single-cell analysis revealed that Shi-
gella targets the coordination of host gene expression within spe-
cific pathways during host cell invasion. Importantly, both the
bacterial compartmental switch to the host cytosol and the bacte-
rial effector OspF led to the disruption of coordinated gene ex-
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pression patterns from proinflammation, apoptosis, and stress
pathways.

DISCUSSION

In this study, we hypothesized that individual stages of bacterial
infection lead to activation of distinct transcriptional signatures.
We established a robust and comprehensive workflow to correlate
different stages of S. flexneri infection with the activated host im-
mune response signatures of two different epithelial cell lines.
FACS-based single-cell sorting, multiplex gPCR analysis, and rig-
orous computational analysis at the bulk and single-cell levels en-
abled us to delineate how specific factors differentially act on host
epithelial cells during the infectious process, i.e., (i) the bacterial
invasion itself, (ii) pathogen localization, and (iii) the injected
T3SS effectors.

We opted for medium-throughput multiplex qPCR, the gold
standard for gene expression analysis. This proved to be highly
favorable for reliable, sensitive, and reproducible comparison of
representative “reporter” genes for specific gene families in intact
single cells. Currently, powerful methodologies for transcriptional
analysis from hundreds of genes (microarrays) or by whole tran-
scriptomes (RNA-seq) in bulk cells exist. However, although sin-
gle-cell RNA-seq is becoming more refined (27), it still remains
challenging to get unbiased results for weakly expressed genes. We
decided to measure transcriptional responses at 3 h p.i., as they
gave robust gene expression values for most sorted bulk and single
cells compared to earlier time points (data not shown). By that
time, cells at different stages of infection, including the short-lived
vacuolar phase, could be isolated due to the nonsynchrony of the
invasion process. Using our previously developed FRET approach
combined with fluorescent bacteria, we were able to distinguish
these stages and could measure host responses at distinct stages of
bacterial infection.

We deciphered distinct host immune signatures that corre-
spond to individual stages of bacterial infection, i.e., the by-
stander, the vacuolar, and the cytosolic stages, thus confirming
our hypothesis. These localization-dependent signatures were
similar for both HeLa and polarized Caco-2 cells (Fig. 1; see Fig. S4
in the supplemental material), a trend that also appeared to be true
for bystander responses, although we could not always isolate a
reliable bystander population from Caco-2 cells.

The bystander response consisted of activated inflammatory,
apoptosis, and stress response pathways and thus appeared more
complex than anticipated (15, 16) (Fig. 2). Moreover, all genes
induced in bystander cells were also markers of early intracellular
infection. However, in contrast to host responses of infected cells,
the onset and amplitude of the bystander response were indepen-
dent of a subset of injected bacterial effectors. We propose that the
bystander response is activated very early upon infection to mount
a comprehensive host immune response that escapes the bacterial
immune offensive strategies. None of the tested Shigella mutants,
including the AmxiE strain, which does not express about half of
the injected bacterial effectors, displayed an altered bystander re-
sponse. Furthermore, bystander responses were shown previously
to be induced by other bacteria, including Listeria monocytogenes
(16). Therefore, it is very likely that bacterial invasion into cells is
the event inducing a bystander response in neighboring, unin-
fected cells. This defines invasion as a pattern of pathogenesis,
possibly discriminating pathogenic from nonpathogenic threats
(Fig. 7). Internalization of pathogens as an inducer for bystander
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FIG 6 The bacterial effector OspF and the cytosolic infection stage disrupt concomitant gene expression within the IL-8 network. The cytoscape networks show
all the genes that have at least one significant correlation with IL-8 for at least one of the indicated stages of infection (BY, VAC, and CYT) with WT (left) or AospF
(right) Shigella. The radar plots indicate expression threshold (ET) values (Cr,,,.x — Cry red spikes) and median expression (blue lines) corresponding to the
magnitude of expression of the indicated genes within 40 individual cells from two independent experiments. Each radar plot corresponds to the expression of
the respective gene in a single cell. The green edges represent the existence and strength of concomitant expression between the genes within the same cell
connected by the edge.

activation would allow epithelial cells to avoid premature and un-
due inflammation in response to nonpathogenic bacteria, such as
commensals. It remains to be investigated if noninvading patho-
gens, such as enterohemorrhagic Escherichia coli (EHEC), induce
such bystander responses. Moreover, according to our hypothesis
of an early-onset bystander response, inflammatory activation oc-
curred much earlier, and in a stronger fashion, in bystander than
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in infected cells. Thus, we propose, in line with previous reports
(15, 16), that a signal upstream of the signaling pathways hijacked
by bacterial effectors (e.g., MAPK and NF-kB) is propagated to
noninfected cells to cause bystander activation. This signal might
be either a bacterium-derived, intracellularly processed PAMP or
a host-derived molecular mechanism generated upon bacterial
internalization, such as cytoskeletal reorganization. Interestingly,
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Noninfected cells in proximity to infected cells (gray) sense bacterial invasion in the infected cells as a pattern of pathogenesis leading to concomitant expression
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for a detailed description).

during L. monocytogenes infection, which produces fewer actin
rearrangements during invasion, less bystander activation was ob-
served (16, 28). However, in contrast to previous studies that pro-
posed a gap junction-mediated signal transfer to bystander cells,
we observed bystander activation in cells without gap junctions
(15, 16). This puts forward the existence of alternative signaling
routes for the potential mediator. One candidate could be the
rapid release and paracrine action of eATP, which is known to
induce both inflammation and apoptosis responses (10). To-
gether, our findings on the bystander population emphasize its
role as a potent and integral part of the host epithelial cell immune
response, and it can thus be considered an “immunological com-
partment” that differentially senses and exhibits distinct immune
responses (Fig. 7). This bystander compartment may be a front-
line host strategy to escape or to compensate for the effector-
mediated attack in infected cells.

The vacuolar and cytosolic stages were distinguished from the
bystander stage through the modulation or additional activation
of proinflammatory, pro- and antiapoptosis, stress, and repair
genes (Fig. 7). Progress of the bacteria to the cytosolic compart-
ment caused a distinct change in the transcriptional profiles of all
tested responses (Fig. 1 and 3). Of note, as vacuolar rupture occurs
within 5 to 15 min upon invasion, observed differences in gene
expression are unlikely to result from differences in the duration
of infection (8). This late stage of regulation included autophagy,
stress, repair, and apoptosis genes. The cytosolic access of bacteria
includes vacuolar-membrane damage, leakage of bacterial prod-
ucts, bacterial intracellular spread, and replication in the cytosol.
Exploitation of the host cytoskeleton and nutrient starvation as a
result of cytosolic access cause signaling changes due to host re-
ceptors, which detect bacterial MAMPs and DAMPs. These stim-
uli individually and differentially actuate the cytosolic recognition
machinery, rather than membrane bound, leading to a number of
host responses, including stress, autophagy, inflammation, and
apoptosis, thus explaining our results, and as hypothesized (22,
23,25, 29).

September 2015 Volume 83 Number 9

Infection and Immunity

Systematic classification of gene expression profiles reflected
functional pathways, which are differentially regulated depending
on the stage of infection, on bacterial effectors, or on both (Fig. 3).
In conjunction with the analysis of the bacterial-mutant-induced
transcriptional signatures (Fig. 4), this sheds light on how the
injected effectors impact the activated transcriptional signatures,
depending on the bacterial localization. With respect to inflam-
matory genes, activation of a multilayered immune response was
identified, which was differently affected by the cytosolic bacterial
localization and by the bacterial effectors OspF and/or IpgD. First,
the strong and the partial inhibition of inflammatory genes of
profile 2 (e.g., IL-8) and of profile 1 (e.g., IL-6), respectively, by the
bacterial effector OspF in infected cells identified their regulation
via MAPK, and most likely NF-kB, signaling pathways (Fig. 7).
Second, expression of a subset of these genes appeared to depend
on the bacterial effector IpgD, suggesting their regulation via mul-
tiple signaling pathways. Third, infection with the AipgD strain
revealed a further, previously underestimated inflammatory im-
mune response mediated by the IRF3-IFN pathway, which was
undermined during cytosolic WT Shigella infection. The molecu-
lar mechanisms of both the IpgD-dependent activation of inflam-
matory genes and the suppression of type I IFNs during cytosolic
infection require further investigation. Our analysis on the local-
ization-dependent inflammatory signaling during Shigella infec-
tion revealed the general shutdown of multiple signaling pathways
during cytosolic infection. Moreover, this led us to the classifica-
tion of externally and internally danger-regulated signaling path-
ways, which discriminate between general danger originating
from Shigella infection in the environment or acute danger of
direct infection. The former is represented by, e.g., MAPK and
NEF-kB signaling, which was activated in bystander and infected
cells; the latter includes IRF3 signaling or apoptosis- and au-
tophagy-regulating pathways activated only in infected cells. A
large diversity of OspF-modulated genes was observed in this and
other studies, suggesting direct and indirect effects on MAPKs and
other substrates targeted by this effector (30). The identification of
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such novel non-MAPK-related OspF substrates is, however, be-
yond the scope of this study.

Our correlation analysis of single cells demonstrated that each
of the bacterium-induced host transcriptional programs is highly
coordinated within a cell (Fig. 5). We discovered that Shigella is
able to disrupt this via the action of a single T3SS effector, OspF
(Fig. 5 and 6). This occurred only within the boundaries of the
infected cell and not in bystander cells (Fig. 7). Thus, our multi-
plex single-cell analysis brings novel insight into the relevance of
compartmentalization to coordination of immune responses: (i)
it highlights once more the important role of bystander cells as an
immunological compartment that establishes and maintains a co-
ordinated immune response to pathogenic bacteria, (ii) it suggests
how bacterial effectors target the coordination of specific host
gene expression programs, and (iii) it underscores the disruption
of concomitant gene expression as a bacterial strategy to subvert
host immune responses. In this context, OspF has been reported
to alter chromatin recruitment of NF-«B to the IL-8 promoter
(13). Nevertheless, our combined single- and bulk cell analysis
suggests a larger impact of OspF on the modulations of transcrip-
tional host responses. This is also supported by a study measuring
its broad impact on the host protein phosphorylation status (30).
Single-cell analysis has been crucial for the discovery of new sub-
populations during early developmental stages (31) and of novel
myeloid cell lineages (32), as well as for transcriptional correlation
analysis during the cell cycle (33). Our work is the first report on
transcriptional networks of bacterium-infected single cells high-
lighting how both distinct infection stages and bacterial effectors
shape the compartmentalized, coordinated host immune re-
sponse.
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