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Few studies within the pathogenic field have used advanced imaging
and analytical tools to quantitatively measure pathogenicity in vivo.
In this work, we present a novel approach for the investigation of
host–pathogen processes based on medium-throughput 3D fluorescence imaging. The guinea pig model for Shigella flexneri invasion of
the colonic mucosa was used to monitor the infectious process over
time with GFP-expressing S. flexneri. A precise quantitative imaging
protocol was devised to follow individual S. flexneri in a large tissue
volume. An extensive dataset of confocal images was obtained and
processed to extract specific quantitative information regarding the
progression of S. flexneri infection in an unbiased and exhaustive
manner. Specific parameters included the analysis of S. flexneri positions relative to the epithelial surface, S. flexneri density within the
tissue, and volume of tissue destruction. In particular, at early time
points, there was a clear association of S. flexneri with crypts, key
morphological features of the colonic mucosa. Numerical simulations
based on random bacterial entry confirmed the bias of experimentally measured S. flexneri for early crypt targeting. The application of
a correlative light and electron microscopy technique adapted for
thick tissue samples further confirmed the location of S. flexneri
within colonocytes at the mouth of crypts. This quantitative imaging
approach is a novel means to examine host–pathogen systems in a
tailored and robust manner, inclusive of the infectious agent.
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he light microscope is an important tool in resolving the interactions between microbes and their hosts. With the advancement of both optical and computational techniques,
quantification of biological events is not only possible, but essential
in deciphering the complex interplays between host and pathogen.
Acquired images are multidimensional datasets that capture complex biological phenomena, and a major task is to computationally
extract statistically relevant data from those images. Such techniques have been readily applied in Cellular Microbiology, a discipline at the interface between cellular biology and microbiology (1).
This field is dominated by studies focusing on microbe–host interactions at the in vitro, cellular scale, and a multitude of bioimage
analysis tools have been developed and used to decipher pathogenic
strategies at the cellular, as well as the molecular, level in high
resolution in both space and time (2).
The next imaging challenge exists on a much larger scale in the
growing field of Tissue Microbiology, which places the pathogen in
its native in vivo environment, the host (3). Biologically speaking,
this environment is essential for the full understanding of a given
pathogen’s invasive strategies and the complex host response;
however, this also places additional complexity and limitations in
regards to imaging, particularly in maintaining cellular and molecular resolution. Novel tools and studies addressing bacterial
infection in vivo are frequently reported in the literature (4, 5).
However, emphasis has been traditionally placed on qualitative
observations at the expense of extensive quantitative efforts. The
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importance of bioimage analyses to automatically extract data
from medium- to large-scale image sampling of infected tissue is
often underappreciated as a method to expand our understanding
of pathogens’ strategies and disease progression. In this work, we
aim to bring quantitative image analysis into the realm of host–
pathogen interactions, specifically examining the progression of tissue
invasion by a model enteropathogenic bacterium, Shigella flexneri.
S. flexneri is the causative agent of bacillary dysentery, an infectious rectocolitis, which remains a major pediatric public health
concern in developing countries. This human-specific pathogen is
transmitted via the fecal–oral route, and namely targets the large
intestine, resulting in acute inflammation, tissue edema, and erosion
of the colonic epithelium (6). The infection strategy of S. flexneri
relies on (i) the transfer of bacterial proteins, termed “effectors,”
into targeted host cells through the type III secretion apparatus
(T3SA), which induces the uptake of the bacteria and perturbs host
cellular processes, and (ii) the capacity of the intracellular bacteria
to spread from cell to cell using actin microfilament-mediated cytoplasmic movement and reactivation of the T3SA (7–10).
Herein, we present a straightforward approach that relies on
the combination of light microscopy and computer analyses to
study the mucosal invasion of a newly developed in vivo model
for shigellosis, S. flexneri intrarectal inoculation of the guinea pig
colon (11). Through the application of simple, open-source image analysis tools, we built up a medium-throughput analysis that
allows observing and robustly measuring host–pathogen interactions. Most importantly, this approach can be adapted to
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Results
Sample Preparation, Acquisition, and Analysis Workflow for Kinetic
Analysis of the Progression of S. flexneri Infection. Our preliminary

experiments indicated that meaningful events (e.g., bacterial
entry and dissemination) during colonic infection by S. flexneri
in the guinea pig model took place within 8 h postchallenge.
Therefore, temporally representative samples from colonic tissues were obtained by sacrificing animals at 2, 4, 6, and 8 h
postintrarectal challenge of invasive, wild-type (M90T), or
T3SA-deficient (mxiD) strains of S. flexneri expressing GFP. The
last 10 cm of distal colon was harvested en bloc. To achieve full
coverage of the harvested tissues, taking into consideration the
dispersed, isolated nature of Shigella invasion foci across the
entire length of the distal colon, the tissues were fixed and
processed as Swiss rolls (12) (Fig. S1). These OCT-frozen tissue
preparations were cut as 30-μm-thick transversal sections,
allowing for extensive 3D coverage of S. flexneri infection foci
within a large tissue volume. Actin microfilaments and nuclei
were stained, and tissue sections were imaged on a CellVoyager
CV1000 spinning disk confocal system, which permitted mediumthroughput capacities via speed of acquisitions, tiling facilities
at high magnification for 3D localization, and high image quality
even deep (30 μm) within tissue.
The acquisition workflow included obtaining a low-magnification brightfield scan of the entire Swiss roll (10× air objective;
Fig. 1A), followed by a GFP fluorescence scan of the tissue to
locate the vast majority of S. flexneri infection foci. The system
sensitivity and strong signal emitted by live, actively GFPexpressing S. flexneri allowed for the identification of small infection foci even at this low-magnification scan. Next, all identified foci were acquired at high resolution (40× oil objective) as
40-μm-thick 3D stacks to ensure full coverage of the 30-μm-thick
tissue section (Fig. 1B). Due to the exhaustive method of sampling, imaging the vast majority of S. flexneri infection foci
(36,566 individual S. flexneri in total) from 31 guinea pigs in 9
conditions (Table 1), there was a total of 172 individual acquisitions ranging from single field-of-views to 4 × 5 3D tile scans, as
determined by the size of infection foci. To ensure the safe
storage of all original images, as well as accessibility for subsequent analyses, all acquired images were stored in the centralized repository OMERO (13). Working from the OMERO
database, multiple users could access the datasets for incremental annotation and analysis, building up the study in
its final form from the outset.
For each acquired image, two key annotations were made:
(i) manual annotation of the tissue morphology and (ii) automatic
segmentation of individual S. flexneri (Fig. 1C and Fig. S2). The

Confirmation of Sample Preparation Quality. To confirm the quality
of the Swiss roll preparation method in retaining tissue integrity,
we compared these preparations to tissues processed in a traditional, transversal-cut method, which we refer to as the “classic”
method (Fig. S3). Method comparison used the same staining
and image acquisition protocol. The width of the colonic mucosa
was measured using two methods, as described in Materials and
Methods; both confirmed that there was no measurable difference in gross morphology introduced by the Swiss roll processing
method. Therefore, the Swiss roll preparation created no bias in
measurements of the colonic morphology compared with the
classic preparation.
Quantification of the Progression of S. flexneri Infection in Colonic
Tissue. With the high-resolution confocal acquisitions made for

each infection focus, we collected a vast amount of qualitative
information, giving us an initial, qualitative impression of the
progression of infection (Fig. S4). However, due to the exhaustive manner by which the S. flexneri-infected colonic tissues were
sampled and annotated, which included both segmentation of
S. flexneri and delineation of the tissue, a wide range of quantifiable datasets could be extracted.
S. flexneri were designated as either tissue-associated or luminal according to their orientation relative to the delineated
surface. Accordingly, the ratio of luminal S. flexneri over the total
bacteria (both luminal and tissue-associated) could be calculated
per time point (Fig. 2A). There was a distinction between the
T3SA-deficient strain, which is incapable of invading nonphagocytic cells, and wild-type S. flexneri. A larger portion of the
mxiD population was luminal at 2 and 4 h postchallenge compared with the wild-type strain. At 6 and 8 h postchallenge, the
T3SA-deficient strain was completely cleared from the lumen,
and the luminal presence of the wild-type strain drastically decreased over time as it entered the tissue. It is important to note
that the lumen was flushed with fixative (Materials and Methods),
potentially leading to an underestimation of the number of luminal S. flexneri associated with the mucosal surface.
The density of Shigella within the colonic tissue was calculated
as the total count of tissue-associated S. flexneri divided by the
total sampled Swiss roll volume, which was estimated to be
0.945 mm3 per animal (Eq. 1 in Materials and Methods and Fig.
2B). This density calculation was possible because the imaging of
Swiss roll sections ensured that the vast majority of bacteria

Table 1. Summary of key kinetic analysis parameters

Bacterial strain
Wild-type Shigella (M90T)

T3SA-deficient Shigella (mxiD)

Uninfected
Total
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surface of the epithelium and the bottom of the mucosa, just
above the muscle layer, were manually annotated, as together
they define the area of the colonic mucosa. As one of the key
morphological features of the colon, crypts were also designated,
marking their mouths at the epithelial surface, as well as their
bases. These annotations were the foundation of all subsequent
quantitative analyses described below.

No. of individual S. flexneri

Time
postchallenge, h

No. of animals

No. of FOVs

Tissue-associated

Luminal

Sampled tissue volume, mm3

2
4
6
8
2
4
6
8
N/A
9 conditions

5
7
3
4
4
4
1
1
2
31

19
43
16
43
29
15
0
0
7
172

477
19,908
3,721
6,139
1,911
1,136
0
0
0
33,292

57
2,704
19
34
224
236
0
0
0
3,274

4.725
6.615
2.835
3.780
3.780
3.780
0
0
1.890
29.295
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other host–pathogen systems, thereby providing generic tools
that bridge Cellular and Tissue Microbiology.

population peak depths, we calculated the penetration rate between acquired time points. The wild-type strain penetrated the
mucosa at ∼7 μm/h and ∼33 μm/h from 2 to 4 h and 4 to 6 h
postchallenge, respectively, whereas the T3SA-deficient strain
showed a retrograde clearing rate of ∼12 μm/h from 2 to 4 h
postchallenge, which culminated with the disappearance of this
strain from the tissue by the 6-h time point, as was also confirmed by the density measurements (Fig. 2B). Wild-type
S. flexneri rarely reached the bottom of the mucosa, whose average
width was ∼315 ± 69 μm (green zone in Fig. 2C). A clear, collective behavior of wild-type S. flexneri was measured in regards to
the movement of the population as these bacteria continue to
penetrate the mucosa while simultaneously replicating.
During human infection, a huge amount of damage occurs to the
infected colonic mucosa (6); however, precise quantification of
resulting damage and its dynamics have been lacking. We aimed to
robustly measure the area of tissue destroyed by S. flexneri over
time; this was done by defining and measuring the area of the tissue
destroyed by infection (Fig. 3 A and B). The area of damaged colonic mucosa steadily increased as the infection progressed with the
wild-type strain of S. flexneri (Fig. 3C), which seamlessly correlated
with the increasing density and depth of the bacteria within the
tissue; also, it is important to note that destruction remained localized at the sites of S. flexneri invasion. For the T3SA-deficient

Fig. 1. A schematic representation of the acquisition and analysis workflow.
(A) Representative brightfield image of a colonic Swiss roll. Diameters for each
Swiss roll ranged from 1 to 2 cm. (B) A representative spinning-disk confocal
MIP of wild-type S. flexneri infection foci from 4 h postchallenge. This image is
a 2 × 2 tile scan. Bacteria intrinsically express GFP (green); F-actin is phalloidin568 (red), and nuclei are DAPI-stained (blue). (Scale bar: 50 μm.) (C) Representative image of both manual and automatic annotations. Manual annotations drawn in Fiji included: epithelial surface (solid black line), muscle layer
(dotted black line), mucosa (open circle), crypt mouths (stars), and crypt bases
(black circles). Automatically detected S. flexneri are represented as red dots.
This representation corresponds to the image in B.

along the full 10-cm length of distal colon were detected. As a
result, a clearing of the T3SA-deficient S. flexneri strain from the
tissue by the 6-h time point was measured, while the wild-type
strain entered the tissue and continued to replicate over the
course of the infection.
The depth penetration of S. flexneri from the epithelial surface
within the colonic tissue was also calculated (Fig. 2C). Each tissueassociated bacterium’s distance from the colonic epithelial surface
was measured and displayed in violin plots. These distribution
plots were not normalized for bacterial counts because they focus
primarily on the collective dynamics of the populations as a
whole. The main peak depths and full width at half maximums
(FWHM) for the wild-type strain of S. flexneri at 2, 4, 6, and 8 h
postchallenge were 5.3, 21.3, 89.9, and 45.4 μm and 12, 26.2, 33.4,
and 42.8 μm, respectively. The main peak depths and FWHM for
the T3SA-deficient strain of S. flexneri at 2 and 4 h postchallenge
were 43, 18.9 μm and 62.8, 30.1 μm, respectively. Using the main
E3284 | www.pnas.org/cgi/doi/10.1073/pnas.1509091112

Fig. 2. Quantification of key features of S. flexneri invasion of the colonic
mucosa. (A) A ratio of luminal S. flexneri per condition was calculated by
dividing the total luminal bacteria by the total bacterial count, including
both luminal and tissue-associated S. flexneri. (B) The density of S. flexneri
was calculated per condition, normalizing tissue-associated S. flexneri counts
over total tissue volume sampled. Bacterial density is presented per cubed
millimeter of tissue. (C) Violin plots of the distribution of S. flexneri depth
penetration over time were determined by measuring the distance of each
individual, tissue-associated S. flexneri’s distance from the delineated surface
of the colonic epithelium. These violin plots are not normalized for bacterial
numbers between conditions. The green dashed line and shaded green area
reveal the average and SD of thickness of the colonic mucosa, ∼315 ± 69 μm,
respectively. ***P < 1e-5 (Student t test).
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S. flexneri Targets Crypts for Early Entry of the Colonic Mucosa. We
previously demonstrated a capacity of S. flexneri to infect the colonic
mucosa within a human ex vivo model of infection (14). Providing
S. flexneri with its natural host tissue, the human colon ex vivo infection offers a solid model to examine early events of invasion,
although it remains quite limited in following later stages of infection, including immune cell recruitment, tissue damage, etc.
Wild-type S. flexneri targeted crypts during early interactions with
the human colonic explants; at 1 h postchallenge, S. flexneri was
consistently associated with crypts (Fig. 4). This association between
crypts and wild-type S. flexneri was also seen within whole-mount
preparations of infected guinea pig colonic tissue (Fig. S5). These
observations prompted the hypothesis that S. flexneri is potentially
targeting crypts for entry into the colonic mucosa.
In order to test this hypothesis, we focused on the earliest time
point in our kinetic analysis of the guinea pig infection model,
2 h postchallenge; this early time point also ensured the least
amount of damage to the tissue in the vicinity of invading bac-

teria, allowing for stronger reliability in crypt mouth annotations.
Distances from each individual bacterium to the closest crypt
axis were measured; the crypt axis was defined as an orthogonal
line passing through the crypt mouth, orthogonal to the epithelial surface (Fig. 5A). Examination of the radial distribution plots
of both populations revealed a seemingly targeted mechanism by
wild-type S. flexneri relative to the T3SA-deficient strain (Fig.
5B). The main peak of wild-type S. flexneri distances to crypts was
measured at 13.6 μm, with a FWHM of 31.2 μm, compared with
the more widely distributed T3SA-deficient strain at 38.3 and
54.4 μm, respectively; this indicated a bias toward shorter distances for the invasive vs. T3SA-deficient strain of S. flexneri.
To confirm that this bias was not resulting from a random
dispersion of S. flexneri, we numerically simulated the hypothesis that bacteria follow a nonbiased, uniform distribution. In
the simulated epithelial surface, crypts were arranged on a
hexagonal grid with spacing of 70.2 ± 27.7 μm, corresponding
with experimentally measured crypt-to-crypt distances in uninfected tissue preparations. The simulated uniform distribution had a main peak of crypt distances at 33.2 μm and FWHM
of 31.5 μm (Fig. 5B), which corresponded to half the distance
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strain, damage was in fact detected at 2 and 4 h postchallenge, although again was negligible by the 6-h time point.

Fig. 3. Quantification of tissue damage after S. flexneri invasion of the colonic mucosa. Representative spinning-disk confocal MIPs of uninfected (A) and wild-type
S. flexneri infection foci from 4 h postchallenge (B). Bacteria intrinsically express GFP (green); F-actin is phalloidin-568 (red), and nuclei are DAPI-stained (blue). (Scale
bar: 50 μm.) (Left) The region delineated by yellow lines corresponds to the area occupied by the colonic mucosa; this region was defined using manual annotations
for the epithelial surface and mucosa bottom. (Center Left) The yellow line indicates the mask created to define the surface of the tissue, defining the lumen. (Center
Right) The intersection of the two previous delineations estimates the regions of tissue damaged by the ensuing S. flexneri infection; (Right) however, only regions
≥100 μm2 were taken into account in the final measurement. (C) The area of damaged tissue is plotted in square microns per individual FOV per condition. Error bars
represent SD. *P < 1e-1; **P < 1e-2 (Student t test).
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Fig. 4. Human ex vivo infection model reveals S. flexneri’s early crypt association. A representative confocal MIP of a human colonic explant infected with GFPexpressing wild-type S. flexneri at 1 h postchallenge. Bacteria intrinsically express GFP (green); F-actin is phalloidin-568 (red), and nuclei are DAPI stained (blue). (Scale
bar: 50 μm.) Arrowheads indicate S. flexneri associated with crypts, whose luminal centers are marked with asterisks as defined by actin brush border staining.

between two crypts. Density maps of the radial probability
distributions were also generated to better reveal distributions
from crypt axes (Fig. 5C). The map generated from the simulation showed a uniform, random distribution 80 μm in diameter centered on the crypt axis, whereas both S. flexneri
strains were comparatively more clustered around small radial
values. However, the T3SA-deficient strain is spread up to
60 μm in radius, whereas the wild-type strain has a higher concentration at smaller radii, as well as a smaller spread in diameter at approximately 40 μm. A statistical analysis using the
Kolmogorov–Smirnov test was carried out to examine the significance of differences between the simulated and experimentally measured distributions of Shigella distances to crypt axes.
The comparison between the simulated distribution and that of
the wild-type and the T3SA-deficient strains of S. flexneri resulted
in P values of 4.1e-20 and 8.9e-16, respectively, showing that
the distribution pattern of S. flexneri distances to crypts is not

random and, specifically in regards to the wild-type strain, strongly
suggests a targeted mechanism.
S. flexneri Is Found Within Colonocytes at the Mouth of Crypts. The
majority of wild-type S. flexneri were found within 13.6 ± 15.6 μm
of crypt axes (Fig. 5B) at a depth of ∼7 μm (Fig. 2C) at 2 h
postchallenge; this suggests these bacteria are in an intracellular
location within the tissue. Although crypts are the targets for
entry at early time points of infection, these data more or less
exclude the crypt lumen as the main route of bacterial entry to
deeper regions of the mucosa and rather support bacterial entry
at the mucosal surface via cells located at crypt mouths. To test
this hypothesis, we used a correlative light electron microscopy
(CLEM) technique to locate the intracellular target of GFPexpressing S. flexneri. To increase the likelihood of identifying
early infection foci, we harvested tissues at 4 h postchallenge,
when S. flexneri is more abundant in the mucosa, ensuring the
presence of both early and later invasion events. The tissues were

Fig. 5. S. flexneri target crypts for early entry. (A) Example of the method applied for measurements of bacterial distances to crypt axes. The distance (d)
from each individual S. flexneri from the closest crypt axis (solid white line) was measured. The crypt axis was defined by an orthogonal line drawn from the
surface delineation (dotted yellow line) through the crypt mouth (indicated by X). The image presented is a close-up of a single slice from an acquisition of a
wild-type S. flexneri-infected tissue at 2 h postchallenge. Bacteria intrinsically express GFP (green); F-actin is phalloidin-568 (red), and nuclei are DAPI stained
(blue). (Scale bar: 10 μm.) (B) Radial probability distributions of bacterial distances to crypt axes reveal a bias of wild-type S. flexneri for shorter distances
compared with both the T3SA-deficient strain and a simulated uniform distribution. (C) Density maps of radial probability distributions of bacterial distances
to crypt axes (at center). White to blue color indicates higher to lower probabilities of bacterial presence, respectively. (Scale bar: 40 μm.)
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Fig. 6. CLEM reveals S. flexneri targeting colonocytes at crypt mouths. Arrows
indicate wild-type S. flexneri. Arrowheads indicate crypt mouths. (A) A transmission electron microscopy image of an early invasion event of wild-type
S. flexneri in guinea pig colon at 4 h postchallenge. (Scale bar: 10 μm.)
(B) Close-up of A showing intracellular location of S. flexneri. (Scale bar: 5 μm.)
(C) Another example of an early invasion event of wild-type S. flexneri in
guinea pig colon at 4 h postchallenge. (Scale bar: 5 μm.) (D) Close-up of
C showing intracellular location of S. flexneri. (Scale bar: 5 μm.) G, goblet cell.

Arena et al.

Discussion
Typical pathogenic studies using in vivo models carry out primarily qualitative measures—namely, the classical methods of
histopathological scoring of infected tissues; this was exactly the
case in the establishment of the guinea pig model of Shigellosis
(11). However, histopathological scoring is subject to biases introduced by the human observer. Though historically considered
a measure of the infectious process, these methods are typically
host-centric. Therefore, key information regarding the pathogen
of interest is ignored in the classical experimental scheme; in
short, these remain qualitative exercises, and there is a critical
need to implement more quantitative approaches. In addition,
on the biological side, host–pathogen interactions are not simply
black or white. To properly measure the variations in phenotypes, unbiased measurements must be extracted under varying
conditions, using those numbers to set the scale as opposed to
the reverse, as is the case in histopathological scoring. Automation of such bioimage analyses is not trivial, but given the
initial computational investment, such methods can prove more
robust, statistically relevant, and therefore more informative
of the underlying biology.
We found that despite animal-to-animal variability regarding
infection levels—a common issue in many in vivo experiments—
there was a measureable, distinct “wave” of penetration on the
part of S. flexneri, revealing a collective behavior of the bacterial population during invasion. Interestingly, the main wave of
S. flexneri at 6 h postchallenge never penetrated further than half
the width of the colonic mucosa (Fig. 2C). In fact, at 8 h there
was a recession of the population, although a small portion of
S. flexneri spread beyond. The cause of this retrograde movement
is perhaps due to various aspects of the host response implicated
in clearing S. flexneri from the colonic mucosa (11).
Though the primary emphasis in this study was placed on the
kinetics and dynamics of the wild-type strain of S. flexneri, the
T3SA-deficient strain provided interesting results in regards to
its interactions with the tissue. Despite lacking the targeted
mechanisms of entry measured for the wild-type strain, T3SAdeficient S. flexneri displayed accumulation within the tissue as
measure by their density, depth penetration, and damage at 2
and 4 h postchallenge (Figs. 2 and 3). It is important to note that
the mxiD strain is not a completely passive control, because key
virulence factors, independent of the T3SA, are expressed by this
strain—namely, SepA, MsbB1, and MsbB2, key triggers of a
strong inflammatory response and epithelial damage (17, 18),
and IcsA, an adhesin that promotes host cell contact (19);
this, together with the high inoculum used for the intrarectal
challenge, can elicit a strong tissue response. However, unlike
the invasive, wild-type strain, the T3SA-deficient strain lacks the
ability to actively dampen any ensuing host response through the
secretion of effectors such as OspF and OspG (20, 21), potentially leading to these seemingly aggravated effects at early time
points. Although, ultimately, due to the absence of T3SA, this
mxiD strain is readily and effectively cleared from the tissue by
the 6-h time point.
One of the key aspects revealed in this study was the association of S. flexneri with crypts, particularly at early time points.
Crypts contain the “heart” of epithelial cell regeneration, harboring the stem cells of the colonic epithelium, those cells that
PNAS | Published online June 8, 2015 | E3287
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apical mode of entry for S. flexneri. The morphology of cells
infected by the icsA mutant, particularly on their apical side, is
more perturbed than the wild-type strain, as indicated by the
loss of the microvilli on the brush border and aberrant mitochondria. These perturbations most likely arise from the higher
concentration of the trapped, replicating icsA S. flexneri within
those cells. Taken together, these results support the view that
S. flexneri invade the colonic mucosa by targeting colonocytes in
close proximity to the mouths of crypts.

MICROBIOLOGY

processed as agarose-embedded, 200-μm-thick transversal sections (15). CLEM of these thick tissue samples allowed us to
selectively locate early infection foci based on the GFP-expression
of S. flexneri before EM processing. The location of S. flexneri at
the mouth of the crypts was also confirmed at the same distances
measured in the kinetic analysis. In addition, CLEM revealed
S. flexneri within colonocytes at the mouths of the crypts (Fig. 6).
These cells were closely associated with crypts due to the close
proximity of goblet cells.
These data were also confirmed with immunofluorescent
staining using specific markers for various cell types of the colonic mucosa, including wheat germ agglutinin (WGA; goblet
cells), vimentin (mesenchymal cells of the lamina propria), ezrin
(brush border of colonocytes), galectin-3, and RSK1 (cytoplasm
of colonocytes) (Fig. S6). Virtually all S. flexneri were found
in ezrin/galectin-3/RSK1-positive, WGA/vimentin-negative cells
found at the proximity of crypt mouths at the mucosal surface.
These cells also showed a highly concentrated phalloidin staining
on their apical face, which is a signature of the brush border of
the colonic mucosa. Hence, we believe these additional labelings
support the conclusion of the CLEM experiments, indicating
that the cells targeted by S. flexneri during mucosal invasion are,
in fact, colonocytes.
To further demonstrate S. flexneri targeting of these cryptassociated colonocytes, we performed the same infection experiment with another mutant strain of S. flexneri, icsA, which
does not have the capacity to spread from cell to cell (16). This
strain has the potential to be “trapped” in those cells targeted
upon initial entry into the colonic mucosa. CLEM images of
colonic tissue of animals infected with this strain indicated
that the icsA mutant strain, similarly to the wild-type strain,
targeted colonocytes near the mouth of the crypt (Fig. S7).
However, the icsA mutant was apically located in the cytoplasm of these cells. These observations support a potential

divide and differentiate into all cell types found along the colonic
surface. Therefore, there is a potentially huge impact on the
tissue if this region is affected in any way during an attack by an
invasive pathogen. Even beyond the context of the active infection, any resulting damage could potentially lead to long-term
repercussions in tissue regeneration, cancer development, etc.
Any lasting consequences would be more likely a result of indirect influences, because S. flexneri rarely reaches the bottom of
crypts to directly target stem cells within their sheltered niche.
Based on previous observations (Fig. 4 and Fig. S6), we tailored our analyses to examine S. flexneri’s potential association
with crypts. As a result of our exhaustive quantification of
S. flexneri positions relative to crypt mouths, we revealed a measureable propensity of this pathogen to target them during the
initial stages of mucosal invasion (Fig. 5). With the generation of a
simulation of random binding, we showed that the experimentally
measured distribution pattern of S. flexneri distances to crypts at
early time points was biased toward small distances, indicating this
pathogen is specifically targeting crypts. Through the use of CLEM
on thick tissue sections, we also identified cryptoproximal colonocytes as the crypt-associated target of S. flexneri entry into the colonic mucosa (Fig. 6 and Fig. S7). This work has opened the
doorway to consider alternative routes for S. flexneri invasion other
than the canonical target, the M cell, as is described for multiple
enteroinvasive bacterial pathogens (22–24). The reasons for
S. flexneri targeting of these cryptoproximal colonocytes, and
their exact nature, have yet to be determined; perhaps they
trigger S. flexneri contact through the expression of specific luminal markers not expressed by neighboring cells potentially due
to their state of differentiation. Alternatively, environmental
factors could draw S. flexneri toward the mouth of the crypts, and
due to their proximity, these particular cells would be subsequently targeted; however, this goes beyond the scope of this
particular quantitative study, instead providing a new area of
investigation.
Using relatively simple image acquisition and analysis methods, we were able to unveil the progression of S. flexneri infection
in a relevant small animal model of in vivo colonic invasion.
The true strength in this work is the translation of acquired
images into corresponding quantitative datasets, highlighting
the breadth and depth of information that can be gathered from
bioimage analyses of this kind. These methods can readily be
adapted and applied to other host–pathogen systems, inclusive
of the infectious agent, as well as key host factors, including
various cell types. Also, the continued development of novel
tissue preparation approaches that respect the integrity and
three-dimensionality of the tissue, such as optical clearing
methods (e.g., CLARITY and CUBIC) (25, 26), in combination
with continued advancements in imaging techniques, such as
light sheet fluorescence microscopy, represent exciting possibilities in the exhaustive extraction of data from pathogeninfected tissues. We hope bioimage analyses will play an increasingly important role in bringing quantitative elements to in
vivo host–pathogen studies.
Materials and Methods
Bacterial Strains. The following S. flexneri strains were used: M90T, the
S. flexneri 5a wild-type strain (27); the mxiD mutant (SF401) derivative of
the wild-type strain (28); and the icsA mutant (SC557) derivative of the wildtype strain (9). Derivatives of those strains harboring the pFPV25.1 plasmid
allowing the expression of GFPmut3 were generated for imaging by light
microscopy (29). Bacteria were grown at 37 °C on trypticase soy (TCS; Becton
Dickinson) agar plates containing 0.01% Congo red (Serva). Individual colonies were grown at 37 °C in TCS broth for 8 h. From this culture, 1 mL was
plated on TCS agar plates (without Congo red) and incubated overnight to
form a bacterial lawn. The bacteria were then recovered with physiological
water (saline) and diluted to obtain a suspension of 5 × 10 10 CFU/mL
(adapted from ref. 30).
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Animals, Infections, and Sample Preparations. In this work, we adapted the
previously established guinea pig model of Shigellosis (11). Female specific
pathogen-free Hartley guinea pigs (120–250 g) were purchased from Charles
River Laboratories, maintained in animal care facilities of Institut Pasteur,
and provided with food and water ad libitum. Infections were performed in
a biohazard facility in accordance with Institut Pasteur animal protocols (no.
2013-0113). Briefly, animals were anesthetized intraperitoneally using a
mixture of ketamine (100 mg/kg; Merial) and xylazine hydrochloride (10 mg/kg;
Bayer) before intrarectal inoculation of S. flexneri strains at 1010 cfu per
200 μL. Animals were killed at 2, 4, 6, and 8 h postchallenge. The distal 10 cm
of colon were harvested and flushed with 4% (vol/vol) paraformaldehyde
(PFA) in 1× PBS, inverted on wooden skewers, and kept in 4% PFA 1× PBS for
1–2 h to complete fixation of the tissue and incubated in 1× PBS glycine
(100 mM) for 30 min to quench the PFA. Tissues were then immersed successively in 15% and 30% (wt/vol) sucrose at 4 °C overnight. Tissues were
released from the skewers by a longitudinal incision and prepared as Swiss
rolls (Fig. S1). Swiss rolls were then embedded in Tissue-Tek OCT compound
(Sakura) using a flash-freeze protocol and frozen at −80 °C.
Immunofluorescence Staining. For immunofluorescence samples used for
quantitative analyses, transversal colon sections of 30 μm thickness were
stained using a modified protocol from ref. 15. Briefly, tissues on slides were
fixed with 4% PFA for 10 min at room temperature, then washed with 1×
PBS and stained using Alexa Fluor 568 phalloidin (1:20; Invitrogen) in 1× PBS
containing 2% Triton (vol/vol) and 1% BSA (wt/vol) overnight at 4 °C. The
following day, DAPI (1:5,000) was added directly to the tissues and incubated for 20 min at room temperature. The slides were then washed with
1× PBS and mounted with ProLong Gold (Invitrogen). Other immunofluorescence samples were prepared as follows: 10- to 20-μm-thick transversal
colon sections were stained again using a modified protocol from ref. 15.
Briefly, sections were permeabilized in PBS/0.2% Triton X-100 for 30 min and
incubated overnight at 4 °C with primary antibodies diluted in PBS/0.2%
Triton X-100/1% DMSO (PBD). The primary antibodies used were mouse
monoclonal antibodies against vimentin (no. 18-0052; Life Technologies),
ezrin (no. 610602; BD Biosciences), and galectin-3 (no. 556904; BD Biosciences), and a rabbit monoclonal antibody against RSK1 (no. 8408; Cell
Signaling). Sections were then washed three times with 1× PBS and stained
for 3–4 h at room temperature with secondary antibodies Alexa Fluor 568
goat anti-mouse or anti-rabbit (nos. A11031 and A11036; Life Technologies),
Alexa Fluor 647 phalloidin (no. A22287; Life Technologies), and DAPI (SigmaAldrich). Labeling with wheat germ agglutinin Alexa Fluor 555 (no. W32464;
Life Technologies) was performed in 1× PBS before permeabilization necessary for subsequent phalloidin staining. Samples were washed three times
with 1× PBS, briefly rinsed in water, and mounted using MOWIOL-DABCO.
Image Acquisition. For the quantification, fluorescence 3D images were acquired
with an automated spinning-disk microscope (CellVoyager 1000; Yokagawa
Electrics). The Swiss rolls were first scanned with a 10× air objective (Olympus;
UPLSAPO 10× 0.4 N.A. air) in brightfield to locate the tissue, followed by a scan
to locate GFP-expressing S. flexneri. The GFP expression was strong enough that
even at this low magnification, the vast majority of foci of infection could be
unambiguously identified; their locations were stored, and in a third scan, each
focus was imaged with a 40× oil objective (Olympus; UPLSAPO 40× 1.3 N.A oil).
Images captured the 30-μm-thick tissue over three channels (DAPI, GFP, AF568),
and 1 to 25 3D tiles of 200 × 200 × 30 μm each had to be stitched together,
depending on the size of the given focus, yielding images with sizes ranging
from 200 MB to 5 GB. This method ensured that each bacterium along the 10-cm
colon length within a 30-μm-thick section was accounted for without having to
image the entire sample at high resolution (Fig. 1 A and B). All other image
acquisitions were acquired on a Leica SP5 confocal microscope using a HCX PL
APO 63× oil/1.40–0.60 lambda blue objective.
Data Storage. Images, annotations, and analysis results were stored and
organized on an OMERO database (13). The dataset comprised of 172 images
spread over nine conditions and amounted to over 250 GB total with annotations and analysis results.
Image Analysis. Specific region of interests (ROIs) were manually drawn within
Fiji (31), which included epithelial surface and muscle layer (segmented
lines), mucosa (oval), and crypt mouth and base (points) (Fig. S2A). Automatic segmentation of each individual S. flexneri was carried out using the
Fiji plug-in, TrackMate (fiji.sc/TrackMate) (Fig. S2B), yielding their x, y, and z
coordinates. Together, bacterial positions and manual annotations were
then used in MATLAB scripts (MathWorks) to yield final analysis results. In
particular, the epithelial surface and mucosa bottom were interpolated by
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Formula 1 : Swiss roll volume estimation
V = height × length × width
[1]

= 30 μm × 10 cm × 315 μm
= ð30e-3Þ × 100 × ð315e-3Þ mm = 0. 945 mm3
Tissue Damage Quantification. We defined a damage score as follows: in an
optical slice, the damage score was the area of the tissue eroded from the
epithelial surface. The damage was automatically measured using a Python
script running within Fiji (available online). Briefly, for each FOV, only the
actin channel (AF568) was considered, working with a maximal intensity
projection (MIP) of the 30-μm-thick tissue. The lumen was segmented via a
simple automatic threshold operation using the percentile method. The
damage area was then calculated as the intersection of the lumen mask with
the mucosa mask, the latter generated from the manual annotations described above (Fig. 3 A and B). Individual areas smaller than 100 μm2 were
discarded. The damage score was reported as the damaged area within individual FOVs; again, Student t tests were carried out to examine the significance of differences between conditions and time points.
Comparing S. flexneri Localization with Random Simulations. To investigate
whether or not S. flexneri location on the colonic mucosa surface at early
time points was random, we relied on numerical simulations. We measured
the distances between crypt mouths in uninfected samples and found the
average distance to be 70.2 ± 27.7 μm (mean ± SD, n = 33). We used these
values to simulate a LP surface with 10 × 10 crypt mouths, distributed on an
hexagonal lattice of size 70.2 μm with positions shifted by a random
Gaussian value of σ = 27.7 μm. The simulated mucosa surface spanned
∼1 mm2. We then simulated 106 uniformly, randomly distributed bacteria on
the simulated mucosa surface. We then calculated the bacterial distances to
the closest crypt axes (Fig. 5A) using the same approach as for the experimental dataset. These distances were used to build the radial probability
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Human Samples. Tissue specimens were obtained with patient consent
according to the guidelines of the French Ethics Committee for Research on
Human Tissues from colonic cancer patients undergoing surgical resection.
Specimens were taken at a distance from the tumor in macroscopically and
histologically normal areas. Ex vivo infections were carried out as described in
refs. 14 and 32. Briefly, S. flexneri strains were prepared for infections at a
concentration of 2 × 108 bacteria per square centimeter of tissue. At 1 h
postchallenge, the tissues were fixed, and confocal images of whole-mount
tissues were obtained on a LSM700.
Correlative EM Processing. Agarose-embedded, Vibratome sections of infected
guinea pig colons with a nominal thickness of 200 μm were fixed on gridded
glass-bottom MatTek dishes using tissue glue (Histoacryl; B. Braun Medical S.A.).
Next, images of the GFP-expressing S. flexneri were taken with an upright
LSM700 confocal microscope to determine approximated X and Y positions
relative to the MatTek. The Z position was recovered using the autofluorescence of the tissue. After determinations of the X, Y, and Z positions
of small invasion foci, sections were fixed with 2.5% (vol/vol) of glutaraldehyde (Sigma-Aldrich) in 0.1 M Hepes, pH 7.2. Postfixation was done with 1%
osmium tetroxide (Merck) and 1.5% (vol/vol) ferrocyanide (Sigma-Aldrich) in
0.1 M Hepes. After dehydration by a graded series of ethanol, the sections
glued to the MatTek dishes were infiltrated with epoxy resin as described
in ref. 33. We used the X and Y positions for trimming the resin block, and the
Z position to roughly determine the start of the thin sectioning using a Leica
UC 7 microtome (Leica Microsystems). The 70-nm sections were collected on
formvar-coated slot grids (EMS) and were contrasted with 4% (vol/vol) uranyl
acetate and Reynolds lead citrate. Stained sections were observed with a
Tecnai spirit FEI operated at 120 kV. Images were acquired with FEI Eagle
digital camera.
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distributions for bacteria relative to the closest crypt axis for both the experimental S. flexneri strains, wild-type and T3SA-deficient, and the simulated bacteria (Fig. 5B). Using these radial distributions, we generated XY
density maps for bacterial distributions in the three conditions (Fig. 5C).
Because radial probability density is estimated via a kernel of finite size, it
does not converge to zero for r = 0, which causes the XY density map to
diverge close to the crypt axis. This effect occurs because of the method
used to build the density and does not result from a biological phenomenon. Kolmogorov–Smirnov tests were carried out to examine the significance of differences between the simulated and experimentally measured
distributions.
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bacterium as the orthogonal distance from the bacterium to the closest crypt
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for bacterial penetration at 2 h postchallenge (Fig. 5A). The mucosa width
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