
OPEN

RESEARCH ARTICLE

Application of light sheet microscopy for qualitative and
quantitative analysis of bronchus-associated lymphoid
tissue in mice

David Twapokera Mzinza1, Henrike Fleige1, Kristin Laarmann2, Stefanie Willenzon1,
Jasmin Ristenpart1, Julia Spanier3, Gerd Sutter4, Ulrich Kalinke3, Peter Valentin-Weigand2

and Reinhold Förster1

Bronchus-associated lymphoid tissue (BALT) develops at unpredictable locations around lung bronchi following
pulmonary inflammation. The formation and composition of BALT have primarily been investigated by
immunohistology that, due to the size of the invested organ, is usually restricted to a limited number of histological
sections. To assess the entire BALT of the lung, other approaches are urgently needed. Here, we introduce a novel
light sheet microscopy-based approach for assessing lymphoid tissue in the lung. Using antibody staining of whole
lung lobes and optical clearing by organic solvents, we present a method that allows in-depth visualization of the
entire bronchial tree, the lymphatic vasculature and the immune cell composition of the induced BALT.
Furthermore, three-dimensional analysis of the entire lung allows the qualitative and quantitative enumeration of
the induced BALT. Using this approach, we show that a single intranasal application of the replication-deficient
poxvirus MVA induces BALT that constitutes up to 8% of the entire lung volume in mice deficient in CCR7, in
contrast to wild type mice (WT). Furthermore, BALT induced by heat-inactivated E. coli is dominated by a
pronounced T cell infiltration in Cxcr5-deficient mice, in contrast to WT mice.
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INTRODUCTION

Bronchus-associated lymphoid tissue (BALT) was originally
described as clusters of lymphoid tissue embedded along the
walls of large airways in the lung.1 Unlike other secondary
lymphoid tissues, BALT is not constitutively present in all
species2 but can be induced by exposure to microbes or other
compounds, leading to lung inflammation.3–6 As a lymphoid
tissue, BALT functions in the induction of protective host
immune responses through the recruitment, priming and
proliferation of antigen-specific lymphocytes.4,7,8 To further
understand the functions of induced BALT, it is necessary to
study its development and organization in response to diverse
stimuli. Immunohistology of lung cryosections is often used as
a standard method to determine the development and

organization of BALT in different animal models. In this
technique, representative lung cryosections are prepared,
stained with antibodies to label BALT and imaged using a
fluorescence microscope to visualize and quantify the amount
of BALT in the sections. However, this method has several
limitations. It is labor-intensive and difficult to assure quality
standards, particularly as the distribution of induced BALT
within individual lung lobes may vary significantly from animal
to animal.

The advancement of light sheet microscopy (LiSM) has
improved the study of structures within large tissues or whole
organs in three dimensions (3D). During LiSM imaging, excita-
tion light is focused by a cylindrical lens onto a sheet of light
that illuminates only the focal plane of the detection optics.9
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The specimen is illuminated by a thin sheet of light, horizon-
tally, to reduce photobleaching and out of focus blur;10 in the
process of imaging, several single image stacks from different
excited regions are collected and can be reconstructed into a
3D image of the imaged specimen. A major challenge for
imaging whole specimens is that light is directed through
cellular and extracellular structures, which have different
refractive indices (RIs), causing light scattering that results in
images with low resolution and imaging depth.11 Normal-
ization of RIs can be achieved through optical clearing of
specimens prior to imaging. A number of optical clearing
protocols can be used for imaging specimens from transgenic
animals expressing specific fluorescent proteins, as well as
antibody-stained specimens.12–15

In this study, we investigated the application of LiSM for
qualitative and quantitative analysis of BALT in whole mouse
lung lobes. BALT was identified by lymphocyte-specific anti-
body staining of whole lung lobes using a protocol similar to
‘immunolabeling-enabled three-dimensional imaging of solvent
cleared organs’ (iDISCO)16 and optically cleared using an
organic solvent-based protocol, three-dimensional imaging of
solvent-cleared organs (3DISCO),13 prior to LiSM analysis. In
addition, we investigated the induction of BALT by heat-
inactivated Escherichia coli and characterized its development
and organization using immunohistology and LiSM.

MATERIALS AND METHODS

Mice
All mice used in our experiments were bred locally at the
animal facility of the Hannover Medical School under specific
pathogen-free conditions. Ccr7− /−, Cxcr5− /−, Myd88/Trif−/−,
Myd88/Trif/Cardif−/−, and Ifnαr1−/− mice have been described
previously.17–22 All experiments were performed in accordance
with local animal welfare regulations reviewed by the institu-
tional review board and the Lower Saxony State Office for
consumer protection and food safety.

MVA and BALT induction
Recombinant modified vaccinia virus Ankara (MVA) viruses
have been described previously and were generated by standard
methods.4,5,23 In brief, the virus was propagated in chicken
embryo fibroblasts, concentrated and purified by ultracentri-
fugation through sucrose. To determine the infectious units
(IU) for use, viruses were titrated in chicken embryo fibro-
blasts. Before virus administration, mice were deeply anesthe-
tized with a mixture of Ketamine (Albrecht GmbH) and
Xylazine (Bayer Vital GmbH). MVA was diluted to a final
concentration of 3.3× 108 IU/ml in PBS (Biochrom GmbH),
and 30 μl (107 IU) was administered intranasally.

E. coli
E. coli, strain DH5-α, was cultivated in Luria-Bertani (LB)
medium (BD). Bacteria were plated on LB-agar (Carl Roth)
and incubated overnight at 37 °C. A single colony culture was
prepared in 10ml of LB broth (Carl Roth) and incubated as
above, on a shaker. The bacterial suspension was diluted 1:200

in 100ml LB broth and incubated as above. Bacteria were
harvested at an optical density of 600 (OD600), pelleted, washed
and re-suspended in PBS. Colony forming units (CFU) were
determined by plating different dilutions and counting using a
Thoma cell counting chamber (Brand GmbH); thereafter, they
were heat-inactivated (30 min at 50 °C and an additional
15 min at 85 °C) in a water bath. Heat-inactivation was
confirmed by plating bacteria on LB-agar and Columbia-
blood-agar (Oxoid) and incubating for 72 h. For induction of
BALT, anesthetized mice were administered a single 30 μl
suspension of 3 × 108 CFU, as determined by titration,
intranasally.

Immunohistology
Lung cryosections were stained with anti-CD3-Cy3 (17A2),
anti-B220-AlexaFluor647 (RA3-GB2) (all prepared in-house)
and anti-CD21/35-FITC (7G6; BD) antibodies. For chemokine
staining, goat anti-CXCL12 (polyclonal, PeproTech) and goat
anti-CXCL13 (R&D Systems) antibodies were detected with
donkey anti-goat HRP (Jackson ImmunoResearch) and ampli-
fied with a Tyramide Signal Amplification system (PerkinElmer).
Imaging was performed on an epifluorescence microscope
equipped with an F-View II camera (Olympus). The numbers
of BALT structures per section were counted using the polygon
tool in cellSens software (Olympus).

Lymphocyte labeling
Lymphocytes isolated from wild-type (WT) mouse spleens
were labeled with TAMRA (Invitrogen) as previously
described.24 Briefly, re-suspended lymphocytes were pre-
warmed for 15min at 37 °C in a water bath, mixed with
TAMRA and incubated for another 12min. Labeling effectiveness
was checked by flow cytometry analysis. TAMRA-labeled
lymphocytes were transferred intravenously into BALT-
bearing mice via the tail vein. Mice were sacrificed 18 h later,
and lungs were collected and analyzed by LiSM.

Antibody staining of entire lung lobes
Mice were sacrificed, and the lungs were perfused with 10ml of
cold PBS through the heart; they were then filled with 1 ml of
4% PFA (MP Biomedicals) through the trachea to prevent the
lungs from collapsing and significantly changing their volume
during the optical clearing process. Lungs were carefully
removed and incubated for 2 h in 3ml of 4% PFA for further
fixation. Lung lobes were separated and washed twice in PBS
and then incubated overnight in a blocking/permeabilization
buffer consisting of PBS, 0.1% Tween 20 (Carl Roth) and 10%
rat serum (Innovative Research). Lung lobes were then
incubated for 3 days with 2 μg/ml anti-CD3-Cy3 (17A2) and
2 μg/ml anti-B220-AlexaFluor647 (RA3-GB2) to stain T and B
cell aggregates within BALT, along with 1 μg/ml anti-Thy1.2-
SeTau647 (MMT1) to stain lymphatic vessels. All antibodies
were prepared in-house, and dilutions were prepared in PBS
with 0.05% Tween20.
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Lung lobe optical clearing and LiSM
Clearing of lung lobes was performed based on the 3DISCO
protocol described previously.13 In brief, lung lobes were
incubated for 30min in 50, 70 and 80% (all vol/vol diluted
in dH2O)Tetrahydrofuran (THF; Sigma Aldrich), followed by
three 30min incubations in 100% THF, and finally, incubation
in Dibenzyl ether (DBE) (Sigma-Aldrich). Lobes were imaged
in DBE, using an UltraMicroscope II (LaVision BioTec).
During imaging, specimens were excited with a 488-nm laser
for detection of autofluorescence; for detection of Cy3- and
Alexa647-conjugated antibodies, samples were excited with
561-nm and 647-nm lasers, respectively. A step size of 10 μm
was used to collect images of the whole lung lobes, while for
smaller regions of interest, a step size of 5 μm was used.
Image analysis was performed using Imaris software (Bitplane).
TIFF files collected from the light sheet microscope were
reconstructed into representative 3D images. Using the Surfaces
tool of the Imaris software, the lung lobe and lymphoid
aggregate volumes were determined separately, based on
thresholds corresponding to their respective fluorescence
intensities.

Statistics
The analysis of measurement variables and graphical presenta-
tions were performed using GraphPadPrism 5 software
(GraphPad Software, Inc). Comparisons within groups were
determined by either unpaired two-tailed tests (Mann-Whitney
tests) or One-Way ANOVA (Kruskal-Wallis tests). Differences
were considered statistically significant for P-valueso0.05.

RESULTS

Sufficient optical clearing of lung lobes using the 3DISCO
protocol for LiSM
The main limitation of imaging whole organs is scattering of
the light when it passes through structures with different RIs.11

Light scattering leads to losses in excitation and emission
efficiency, resulting in images with poor resolution and low
imaging depth.25 Optical clearing of organs to match the RIs
within tissues and the imaging solvent is the only way to
overcome this limitation. Several protocols for optical clearing
of organs for microscopy analysis have been reported.12–15 In
our first experiment, we determined the optimal clearing
protocol for the lung.

First, we tested the clear lipid-exchange Acrylamide-hybri-
dized imaging tissue hydrogel (CLARITY) method, which is an
aqueous solution-based clearing protocol that has been used
for visualization of transgenic immunofluorescent proteins and
antibodies.15 We used a simplified version of the protocol that
was optimized for visualization of antibody-stained brain
specimens in rats.26 Lungs from WT mice were perfused with
a paraformaldehyde/hydrogel solution and incubated overnight
to allow complete tissue polymerization. Polymerized lobes
were optically cleared in Boric acid and imaged on a light sheet
microscope in 2, 20-Thiodethanol. We noticed that the clearing
depth was low, and only the outer regions of the lung could be
cleared and imaged. Furthermore, the lung lobes remained

fragile, making it difficult to handle the samples for imaging of
their entire volume (data not shown).

Next, we tested an organic solvent-based clearing protocol,
3DISCO.13 This protocol is faster and better suited for clearing
antibody-stained tissues.27 Lung lobes from WT mice were
dehydrated and cleared with THF and DBE, after which they
were completely transparent (Figure 1a). Solvent-based clearing
of whole organs is associated with a reduction of their
volume.28 Even though lungs were fixed to retain their
physiological shape, the lobe volume reduced noticeably after
clearing. Cleared lobes were imaged by LiSM, where they were
illuminated horizontally with a thin light sheet (Figure 1b) to
reduce the generation of out-of-focus light that would lead to
low-quality images. Z-stacks for entire lobes were collected and
analyzed using Imaris software. From these images, it was
possible to view individual optical sections across the entire
lobes (Figure 1c), as well as their 3D reconstructions (Figure 1d
and Supplementary Movie S1). Images had excellent quality
with sufficient imaging depth, which allowed visualization of
the entire lung anatomy.

BALT within lung lobes can be visualized by antibody
staining
After successfully using 3DISCO to clear lung lobes for imaging
by LiSM, we next examined whether this method could be
applied to visualize BALT within them. BALT was induced in
mice upon intranasal application of MVA, as described
previously,4,5 or formed spontaneously in Ccr7−/− mice.29 In
these models, two different approaches were assessed to label
BALT within lobes for visualization using LiSM.

The first approach was to intravenously transfer dye-labeled
cells that would home to BALT.4 Lobes from recipient mice
were analyzed 18 h later. Transferred cells efficiently homed to
the lung and were detected within BALT (Figure 2a and
Supplementary Movie S2). However, several TAMRA-labeled
cells and cells that ingested dead TAMRA-positive cells, such as
macrophages, created nonspecific signals within the lung
parenchyma. Even though this approach allowed visualization
of BALT, its further analysis would be affected by the degree of
nonspecific background signals.

The second approach was to label BALT with lymphocyte-
specific antibodies. This was done using a protocol modified
from one previously described by Reiner et al. called iDISCO,
which has been used to visualize structures and processes
within different organs.16 Because BALT is mainly composed of
T and B cells, we stained lung lobes with anti-CD3 and anti-
B220 antibodies before clearing and LiSM. Directly labeled
antibodies conjugated with Alexa Fluor compared to staining
with Cyanide dyes resulted in lower background signals,
especially for higher-spectrum wavelengths (data not shown).
An overnight incubation in PBS-serum supplemented with
Tween20 was optimal to facilitate antibody penetration, and
lymphocytes within BALT were successfully stained after 72 h
(Figure 2b and Supplementary Movie S3). Antibody staining
was highly specific for lymphoid aggregates, with no to very
little nonspecific background staining. As expected, no
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lymphoid aggregate staining was detected in lung lobes from
WT control mice (Figure 2c and Supplementary Movie S4).
These data demonstrate that antibody staining of lymphocytes
within lung lobes was adequate for visualization of BALT
following LiSM. Interestingly, staining with an anti-Thy1 mAb
allowed the visualization of the entire lymphatic vessel tree
within the lung (Figure 2d).

BALT within lung lobes could be quantified following LiSM
We next quantified BALT within LiSM-imaged lung lobes
using Imaris software’s ‘Surfaces’ tool by rendering the volume
surfaces of the entire lung lobe, as well as individual T cell and
B cell aggregates (Figure 3a and Supplementary Movie S5). In
both, WT and Ccr7−/− murine B and T cells contributed
equally to BALT (Figure 3b). As expected, there was no BALT
in lobes from untreated WT mice, except for a few isolated
lymphoid aggregates, whereas these structures were readily
present in lung lobes from untreated Ccr7−/− mice (Figure 3c).
We determined the volume of the left lobe, right inferior lobe,
right superior lobe and right middle lobe. The right post-caval
lobe was not included in the analysis because of its substantial

reduction in volume following clearing, leading to technical
challenges during imaging. The volume of individual lung lobes
was calculated as the percentage of the sum of the 4 lobes
analyzed. No differences in the distribution of the whole lobe
volumes between WT and Ccr7−/− mice were detectable
(Figure 3d).

Qualitative and quantitative analyses of BALT with LiSM
and immunohistology are similar
Next, we analyzed MVA-induced BALT in WT and Ccr7− /−

mice by LiSM and compared the results to immunohistology
analyses in which lung cryosections were stained with DAPI, to
identify cellular aggregates. As expected, aggregates could
not be found in cryosections from uninfected WT mice
but were found following MVA infection. In contrast, BALT
could be found in cryosections from uninfected Ccr7−/− mice
and considerably increased in size and number following
MVA-infection (Figures 4a and b). Immunohistological
observations were similar to LiSM, with lobes stained with
antibodies specific for B and T cells. There was no staining in
the lung lobes from uninfected WT mice, while prominent

Figure 1 3DISCO clearing and light sheet microscopy (LiSM) imaging of whole lung lobes. (a) Clearing of separated lung lobes using
organic solvents. Separated lung lobes (left) were dehydrated in increasing concentrations of THF followed by optical clearing in DBE
(right) before LiSM imaging. (b) Diagrammatic representation of LiSM set-up showing sample orientation, excitation by a thin light sheet
and image acquisition. (c, d) Representative LiSM micrographs from 3DISCO-cleared lung lobes, showing sectional and 3D views of an
imaged lobe from a wild type (WT)mouse. AF, autofluorescence.
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Figure 2 Identification of bronchus-associated lymphoid tissue (BALT) in lung lobes for light sheet microscopy (LiSM) imaging. (a)
Representative LiSM micrograph from a lung lobe, showing TAMRA-labelled lymphocytes (red) that were intravenously transferred into
BALT-bearing mice before LiSM imaging to identify BALT. (b, c) Representative LiSM images showing lymphocyte-specific antibody
staining to visualize BALT within lung lobes. Whole-lung lobes from a Ccr7−/− mouse or WT mouse (as a control) were stained with anti-
CD3 (red) and anti-B220 (blue) to identify and visualize BALT following LiSM imaging. (d) Representative LiSM micrograph showing Thy1
staining (blue) in a lung lobe from an untreated wild type (WT)mouse. AF, autofluorescence.
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staining was detected after MVA-infection (Supplementary
Movie S6).

For immunohistology-based BALT quantification, cryosec-
tions were stained with anti-CD3 and anti-B220 antibodies,
and individual structures were counted and measured. Four
cryosections from around the main bronchi and vessels were
analyzed per lung.5,29 There was significantly more BALT per
cryosection from MVA-infected WT mice compared to unin-
fected mice. In Ccr7−/− mice, as expected, BALT was already
present in untreated lungs; however, the amount increased
significantly in the MVA-infected group (Figure 4c). Likewise,
LiSM revealed a significant increase in the volume of BALT
within MVA-infected WT mice compared to uninfected mice,
with 0.6% of the total lung being occupied by BALT, on
average. In non-infected Ccr7−/− mice, 0.4% of the total lung
volume was occupied by spontaneous BALT on average; this
value increased to 4.2% in the MVA-infected group
(Figure 4d).

Characterization of E. coli-induced BALT
Different pathogens can induce BALT formation by triggering
different molecular pathways.5 E. coli is not a typical lung
pathogen but rather a gut commensal; however, there is
evidence that it can cause pneumonia, particularly in newborns
and patients requiring intensive care.30–33 Furthermore, an
intranasal administration of an E. coli endotoxin, lipopoly-
saccharide (LPS), induces airway inflammation.34–36 We, there-
fore, investigated whether intranasal administration of a

heat-inactivated lab strain of E. coli, DH5-α, could induce the
formation of BALT.

WT mice were infected with one dose of E. coli, and lung
lobes were examined for BALT formation by LiSM 18 days
later. BALT was detected near both the secondary and tertiary
bronchi, as well as bronchioles (Figure 5a). At least 0.25% of
the E. coli-infected lobes were occupied by BALT (Figure 5b).
The distribution and frequency of E. coli-induced BALT on day
18 were similar to that of MVA-induced BALT on day 12, as
shown previously,4,5 suggesting that E. coli induces BALT with
slower kinetics.

To determine the cellular composition, frequency and size of
E. coli-induced BALT, we examined lung cryosections on days
6, 12, 18 and 30 following induction. After staining with
anti-CD21/35 (FDCs), anti-CD3 (T cells) and anti-B220 (B cells)
antibodies, the cryosections were analyzed with an epifluores-
cence microscope. BALT could be observed starting at the
earliest time point and consisted of B cell follicles, which
became more organized by days 18 and 30, characterized by the
presence of follicular dendritic cells (FDCs; Figure 5c).

For further analysis, E. coli-induced lymphoid aggregates
were classified into three types according to criteria pre-
viously used for the classification of MVA- and P. aerugi-
nosa-induced aggregates.5 Type I aggregates were composed
of organized B-cell follicles surrounded by T cells, type II
aggregates lacked organized B-cell follicles but contained B
and T cells, and type III aggregates predominantly consisted
of T cells only (Figure 5d). The relative frequency of type I

Figure 3 Quantification of bronchus-associated lymphoid tissue (BALT) in light sheet microscopy (LiSM)-imaged lung lobes. (a) Surface
renderings of antibody-stained and LiSM-imaged lung lobes isolated from a Ccr7−/− mouse, using Imaris software, to determine the volume
of T-cell (anti-CD3, red) and B-cell (anti-B220, blue) aggregates, which were subsequently used to calculate the volume of BALT within
lobes. (b) Percent volume of T- and B-cell aggregates per lung lobe quantified in WT (left) and Ccr7−/− (right) mice. (c) Percent volume of
BALT per lung lobe quantification in WT and Ccr7−/− mice. (d) Relative volume of whole lung lobes from WT and Ccr7−/− mice. Individual
lung lobe volume was calculated as the percent of the sum of left, right inferior, right superior and right middle lobes. For quantitative
analysis, eight mice were included per group, with at least six independent experiments performed. Bars represent median values;
***Po0.001. AF= autofluorescence. Scale bars=500 μm.
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aggregates was similar between days 6 and 12 but increased
significantly on days 18 and 30. In contrast, the opposite
trend was observed for type II aggregates, with significantly
fewer aggregates found at days 18 and 30; no significant
differences were observed for type III aggregates (Figure 5e).
In addition to frequency, the size of the individual aggregates
was determined. There was no difference in the size of type I

lymphoid aggregates from day 6 to day 18; however, they
were significantly larger at day 30 compared to day 12 and
day 18. Compared to day 6, a significant reduction in the size
of type II lymphoid aggregates was observed on days 12, 18
and 30. Likewise, the size of type III aggregates was smaller
on days 12 and 18, but their size on day 30 was similar to
their size on day 6 (Figure 5f).

Figure 4 Comparing qualitative and quantitative analysis of modified vaccinia virus Ankara (MVA)-induced bronchus-associated lymphoid
tissue (BALT) between immunohistology and light sheet microscopy (LiSM). (a) Representative immunofluorescence micrographs of WT and
Ccr7−/− lung cryosections from uninfected or MVA-infected mice (12 days post-infection), stained with DAPI (red). (b) Representative LiSM
micrographs of WT and Ccr7−/− lung lobes from uninfected or MVA-infected mice (12 days post-infection) stained with anti-CD3 (red) and
anti-B220 (blue) antibodies. (c) Quantitative analysis of the amount of BALT per lung (mean value of 4 sections per lung) from uninfected
or MVA-infected WT and Ccr7−/− mice (WT, uninfected n=6, MVA-infected n=8; Ccr7−/−, uninfected n=8, MVA-infected n=7). (d)
Quantitative analysis, using Imaris software, of the percent volume of BALT per lung (mean value of left lobe, right inferior lobe, right
superior lobe and right middle lobe per lung) from uninfected or MVA-infected WT and Ccr7−/− mice (WT, uninfected n=8, MVA-infected
n=9; Ccr7−/−, uninfected n=8, MVA-infected n=8). For quantitative analysis, at least 6 independent experiments were performed. Bars
represent median values; **Po0.01; ***Po0.001. AF= autofluorescence. Scale bars=500 μm.
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Figure 5 Qualitative and quantitative analysis of E. coli-induced bronchus-associated lymphoid tissue (BALT) in WT mice.
(a) Representative light sheet microscopy (LiSM) lung lobe micrograph showing BALT formation following E. coli infection (18 days post-
infection). To visualize BALT, lung lobes were stained with anti-CD3 (red) and anti-B220 (blue) antibodies. (b) Quantitative analysis, using
Imaris software, of the percentage volume occupied by BALT per lung lobe in LiSM-imaged lung lobes from uninfected and E. coli-infected
WT mice. Data were collected from eight uninfected and four E coli-infected mice. Four lung lobes were analyzed per mouse.
(c) Representative immunofluorescence micrographs taken over time from lung sections of mice in which BALT was induced by infection
with E. coli. BALT was identified by staining cryosections with anti-CD21/35 (green), anti-CD3 (red) and anti-B220 (blue) antibodies.
(d) Immunofluorescence micrographs showing how E. coli-induced lymphoid aggregates were classified as either type I, type II or type III
based on the presence or absence of organized B cell follicles. Lung cryosections were stained with anti-CD3 (red) and anti-B220 (blue).
Quantitative analysis showing (e) relative frequency and (f) size of type I, type II, and type III lymphoid aggregates over time following
E. coli infection in wild type (WT)mice. Three mice were analyzed at each time point, and plotted data was collected from 4 cryosections
per mouse. Representative immunofluorescence micrographs showing expression levels of (g) CXCL12 and (h) CXCL13 chemokines over
time following E. coli infection in WT mice. Error bars (e) represent means± s.d.; bars (b, f) represent median values; *Po0.5; **Po0.01;
***Po0.001. The color of stars (e) relates to the type of lymphoid aggregate, as indicated. AF, autofluorescence.
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Finally, we characterized E. coli-induced BALT by investigat-
ing the expression of the C-X-C chemokine ligands 12 and 13
(CXCL12 and CXCL13) over time. Lung cryosections from
days 6, 12, 18 and 30 were stained with anti-CD21/35, anti-
CXCL12 or anti-CXCL13, and anti-B220 antibodies. While
expression of CXCL12 was detected at all time points
(Figure 5g), expression of CXCL13 was only observed at days
18 and 30, coinciding with the presence of FDCs. (Figure 5h).

E. coli-induced BALT in Cxcr5−/− mice is characterized by
T-cell aggregates surrounded by B-cell follicles
Since CXCL12 and CXCL13 were expressed in E. coli-induced
BALT, we hypothesized that CXCL13/CXCR5 signaling might
be involved in the recruitment and organization of B cells. To
confirm this hypothesis, we induced E. coli BALT in Cxcr5-
deficient (Cxcr5−/−) mice in order to compare its cellular
composition and organization, as well as its relative frequency,
with WT mice. Lung cryosections from these mice were

analyzed on day 18, which had been seen in previous
experiments to be the peak time point for E. coli BALT
development. LiSM showed that E. coli was capable of inducing
BALT in Cxcr5−/− mice (Figure 6a), which was similar in
volume per lobe to WT mice (Figure 6b). However, when
characterizing the ratio of infiltrated T and B cells in the whole
lung tissue, lobes of Cxcr5−/− mice contained significantly more
T-cell infiltrates compared to WT mice, whereas B-cell
infiltrates were comparable (Figure 6c).

BALT in WT mice has been described as cellular aggregates
of organized B-cell follicles surrounded by T cells.37 Immuno-
fluorescence micrographs taken from lung sections of Cxcr5−/−

mice showed a different cellular arrangement. A higher number
of organized BALT aggregates consisted of T cells in the center,
with B cells, which rarely contained FDCs, around them
(Figure 6d). The relative frequencies of type I and type III
lymphoid aggregates were significantly lower, while the fre-
quency of Type II aggregates was significantly higher in Cxcr5

Figure 6 Qualitative and quantitative comparison of E. coli-induced bronchus-associated lymphoid tissue (BALT) in wild type (WT)and
Cxcr5−/− mice. (a) Representative light sheet microscopy (LiSM) micrographs showing the distributions of T and B cell aggregates in the
lung on day 18 following E. coli infection. Micrographs were taken from lung lobes stained with anti-CD3 (red) and anti-B220 (blue). (b)
Quantitative analysis, using Imaris software, showing the volume of the whole lung lobe occupied by BALT; comparison between WT and
Cxcr5−/− mice. (c) Quantitative analysis of T- and B-cell aggregates in whole lung lobes; comparison between WT and Cxcr5−/− mice. Data
(b, c) was collected from 4 WT and 4 Cxcr5−/− mice, in which four lung lobes were analyzed per mouse from at least 3 independent
experiments. (d) Representative immunofluorescence micrographs taken from lung cryosections of WT and Cxcr5−/− mice on day 18
following E. coli infection. Cryosections were stained with anti-CD21/35 (green), anti-CD3 (red) and anti-B220 antibodies. (e) Relative
frequency of type I, type II and type III lymphoid aggregates on day 18 following E. coli infection of WT and Cxcr5−/− mice. (f) Sizes of
type I, type II and Type III lymphoid aggregates quantified on day 18 following E. coli infection of WT and Cxcr5−/− mice. Data (e, f) were
collected from 7 WT and 4 Cxcr5−/− mice, in which 4 lung cryosections were analyzed per mouse from at least 3 independent
experiments. Bars (b, c, f) represent median values; error bars (e) represent means± s.d.; *P˂0.5; ***P˂0.001. The color of stars (e) relates
to the type of aggregate, as indicated.
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−/− mice (Figure 6e). Furthermore, all types of lymphoid
aggregates were significantly larger in Cxcr5−/− mice (Figure 6f).

The results from these experiments show that E. coli-induced
BALT organization involves the CXCL13/CXCR5 signaling
pathways. The organization of BALT in Cxcr5−/− mice is
different from classical BALT, which is defined by B-cell
follicles surrounded by T cells. E. coli-induced BALT is
characterized by larger individual aggregates containing more
T cells that accumulate in the center of BALT, surrounded by
FDC-poor B cell zones.

Lack of MyD88-, TRIF-, Cardif- and IFNαR1-mediated
signaling does not affect the formation of E. coli-induced
BALT
Induction of immune responses requires pattern recognition
receptor association with specific pathogen-associated molecu-
lar patterns in a process that initiates downstream signaling
cascades via adaptor molecules, such as MyD88, TRIF and
Cardif.38,39 We reported previously that P. aeruginosa-induced
BALT in mice deficient for Myd88 and Trif showed differences

regarding the relative frequency and size of lymphoid aggre-
gates compared to WT mice.5 Similarly, we induced E. coli
BALT in Myd88−/−Trif−/−, Myd88−/−Trif−/−Cardif−/−, and
Ifnαr1−/− mice. We included Ifnαr1−/− mice because Toll-like
receptor (TLR) signaling often results in the production of type
I interferons. On day 18 following infection, we analyzed the
quality and quantity of induced BALT in the above-mentioned
strains, as well as in WT mice. Surprisingly, there were no
obvious differences regarding the cellular composition of the
strains analyzed, with the exception of Ifnαr1−/− mice wherein
the majority of type I aggregates lacked FDCs (Figure 7a). A
similar observation was made regarding the relative frequency
of different types of lymphoid aggregates. Here again, the
number of type I aggregates in Ifnαr1−/− mice was significantly
reduced (Figure 7b). However, aggregates were larger in both
Myd88−/−Trif−/− and Myd88−/−Trif−/−Cardif−/− mice compared
to WT mice, but similar in Ifnαr1−/− mice, with the exception
of type III aggregates (Figure 7c).

These observations show that, in contrast to P. aeruginosa,
the induction of BALT by E. coli does not rely on MyD88-,

Figure 7 Lack of MyD88, TRIF, Cardif and IFNαR1 signaling does not affect the development of E. coli-induced BALT. (a) Representative
immunofluorescence micrographs from lung sections taken from day 18 following E. coli infection in WT, Myd88−/−Trif−/−, Myd88−/−Trif
−/−Cardif−/− and Ifnαr1−/− mice. (b) Relative frequency and (c) size of type I, type II and type III lymphoid aggregates on day 18 following
E. coli infection. Data (b, c) collected from seven WT, 2 Myd88−/−Trif−/−, 3 Myd88−/−Trif−/−Cardif−/− and 3 Ifnαr1−/− mice, in which four
lung sections were analyzed from at least 2 independent experiments. Error bars (b) represent means± s.d.; bars (c) represent median
values; *P˂0.5; ***P˂0.001. The color of stars (b) relates to the type of aggregate, as indicated. Scale bars=100 μm.
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TRIF- or CARDIF-mediated signaling. However, there was a
minimal effect of IFNαR1, a receptor that is commonly
involved in anti-viral immune responses.

DISCUSSION

This study demonstrates that LiSM can be applied to visualize
and quantify BALT within entire lung lobes of mice. We could
identify and visualize BALT by staining constituent lympho-
cytes with antibodies prior to optical clearing and LiSM
imaging. Antibody staining and imaging of whole organs have
been previously used to study the expression of antigens in
embryonic and adult neural organs, to understand disease
hallmarks and kidney function.16,40,41 Here, we used a model of
spontaneous BALT in Ccr7−/− mice, as well as BALT induced
by pathogens, to determine its volume per lung lobe by
computational analysis using Imaris software.

We had previously reported that spontaneous BALT in Ccr7
−/− mice is primarily positioned in specific locations within the
lung, that is, close to the main bronchi and surrounding
vessels.29 Based on these observations, an immunohistology-
based protocol for the qualitative and quantitative character-
ization of BALT based on the analysis of 4 complete lung
sections taken from the central lung harboring the main
bronchi has been used to determine the representative quanti-
fication of BALT.4,5,29 As a consequence, BALT located at more
distal regions was excluded from the analysis. This limitation
has been overcome with the protocol reported in this manu-
script, and our data show that LiSM can be superbly suited for
visualizing and determining the volume of BALT in the
entire lung.

Furthermore, we showed that E. coli can induce BALT in
mice. Until now, there has been no evidence that intranasal
administration of E. coli induces BALT, except where LPS co-
application with influenza virus has been used; in that case, it
was evident that LPS-induced lung inflammation alone does
not lead to the development of BALT, even when administered,
repetitively.6 Here, we administered a single dose of heat-
inactivated E. coli, lab strain DH5-α, which led to the
development of BALT that was characterized by organized
B-cell follicles consisting of CXCL13-expressing FDCs and
other cells expressing CXCL12. While CXCL12 was present
throughout the time course of our analysis, CXCL13 was only
present from day 18 onwards, suggesting that both chemokines
serve different functions during E. coli-induced BALT forma-
tion and maintenance. Unlike in MVA-induced BALT, where
the peak time point was reached on day 12 and both CXCL12
and CXCL13 are expressed early,4,5 the peak time point for E.
coli-induced BALT was reached at a later time point (day 18).
The later emergence of CXCL13 following induction was likely
crucial for this long-term maintenance (up to day 30).

The development of primary and secondary lymphoid
organs follows a chain of genetically encoded events,42 while
the formation of tertiary lymphoid organs, such as induced
BALT, is primarily driven by inflammatory or autoimmune-
based events. To further understand the role of key chemokines
required for the recruitment of lymphocytes during the

formation of E. coli-induced BALT, we compared its formation
in WT and Cxcr5−/− mice. Similar to observations in WT mice,
E. coli was able to induce development of BALT in Cxcr5−/−

mice, indicating that E. coli BALT induction does not entirely
depend on CXCL13/CXCR5-mediated signaling. Related
results have been previously reported by us and others for
MVA-induced BALT in Cxcr5−/− mice 5 and influenza-induced
BALT in Cxcl13−/− mice.43 Rangel-Moreno et al43 reported that
BALT in Cxcl13−/− mice could promote the generation of
influenza-specific IgG. In our study, we did not determine
whether antibody responses were affected in Cxcr5−/− mice, but
based on similar observations regarding influenza-induced
BALT, we speculate that this would not be the case.

However, E. coli-induced BALT in Cxcr5−/− mice was
characterized by T-cell aggregates surrounded by B-cell follicles,
in contrast to WT mice where B cells follicles were always
located in the center. Further LiSM analysis indicated that the
majority of aggregates in Cxcr5−/− mice were dominated by
T cells. In our previous reports concerning secondary lymphoid
organs, we observed that the disruption of CXCR5 leads to
defects in B-cell migration and follicle organization.22 This
effect appears to be the same for tertiary lymphoid organs,
based on evidence from E. coli-induced BALT indicated by our
results in this study and recent reports using Pneumocystis
jirovecii for BALT induction.44

Our results also show that E. coli-induced BALT develops in
mice deficient for either two (Myd88−/−Trif−/−) or three
(Myd88−/−Trif−/−Cardif−/−) adaptor molecules that are asso-
ciated with signaling pathways initiated by pattern recognition
receptors during induction of immune responses to
pathogens.38,39 We have previously reported that defects in
MyD88 and TRIF (when either one or both molecules were
knocked out) impaired the development of P. aeruginosa-
induced, but not MVA-induced, BALT.5 Pathogen-associated
molecular patterns associated with E. coli, such as LPS, can be
recognized by TLR4.45 Despite the fact that MyD88 acts as a
general signaling adaptor molecule associated with TLRs,46 a
MyD88-independent pathway for TLR4, based on the activa-
tion of IRF3 and induction of IFN-inducible genes, has been
previously reported.47 Therefore, it can be speculated that the
development of E. coli-induced BALT in these mice could
involve other different pathways. However, to confirm this
hypothesis, additional experiments need to be performed.

IFNαR1 signaling is commonly associated with anti-viral
responses.48 However, we observed a slight impairment in E.
coli-induced BALT in Ifnαr1−/− mice. There are reports that
show evidence of a protective role played by IFN signaling
against E. coli infection, by enhancing the production of TNF-α
and IFN-γ.49 It is possible that the slight impairment in E. coli-
induced BALT in Ifnαr1−/− mice could be due to effects on
induction of host protective immune response following E. coli
administration.

In conclusion, we report a method that allows robust
analysis of the architecture of entire lung lobes, including the
bronchial and lymphatic vascular tree and structures present in
lungs, such as BALT. This could not previously be determined
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by examining epifluorescence on cryosections. Alone or in
combination with immunohistochemistry, this approach will
provide additional insights into understanding the develop-
ment and organization of BALT and may be useful for studying
other lung pathologies, such as lung carcinomas. Nevertheless,
LiSM has certain limitations. For example, we could not
determine the distribution and organization of lymphocytes
within BALT and measure their size in our analysis. Further-
more, we could not use LiSM to visualize certain cell
populations and chemokines, because they require special
staining conditions that, so far, are not compatible with our
staining and clearing protocol. In addition, we identified E. coli
as a potent inducer of BALT. Considering the enormous
volume BALT can reach following pathogen exposure, as
demonstrated in this study, it is important to investigate the
development of BALT in different induction models and to
further delineate its function in initiating adaptive immune
responses to control infections of the lung.
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