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Summary

Pulmonary tuberculosis (TB) is an airborne disease
caused by the intracellular bacterial pathogen
Mycobacterium tuberculosis (Mtb). Alveolar
epithelial cells and macrophages are the first point
of contact for Mtb in the respiratory tract. However,
the mechanisms of mycobacterial attachment to,
and internalization by, nonprofessional phagocytes,
such as epithelial cells, remain incompletely
understood. We identified syndecan 4 (Sdc4) as my-
cobacterial attachment receptor on alveolar
epithelial cells. Sdc4 mRNA expression was
increased in human and mouse alveolar epithelial
cells after mycobacterial infection. Sdc4 knockdown
in alveolar epithelial cells or blocking with anti-Sdc4
antibody reduced mycobacterial attachment and
internalization. At the molecular level, interactions
between epithelial cells and mycobacteria involved
host Sdc and themycobacterial heparin-binding hem-
agglutinin adhesin. In vivo, Sdc1/Sdc4 double-
knockout mice were more resistant to Mtb coloniza-
tion of the lung. Our work reveals a role for distinct
Sdcs in promoting mycobacterial entry into alveolar
epithelial cells with impact on outcome of TB disease.

Introduction

Tuberculosis (TB) is a global health threat with 9.6 new
cases and 1.5 million deaths in 2014 (WHO, 2015). This
threat is exacerbated by coinfection with the human
immunodeficiency virus (HIV) and the emergence of
multidrug-resistant strains (WHO, 2015). Mycobacterium
tuberculosis (Mtb), the causative agent of TB, is inhaled
in small droplets into the alveolar space, where it is
internalized through phagocytosis mainly by alveolar
macrophages (Guirado et al., 2013; Pieters, 2008). How-
ever, mycobacteria also invade non-phagocytic cells
such as epithelial cells (Bermudez and Goodman,
1996; Bermudez and Sangari, 2001; Teitelbaum et al.,
1999). Mononuclear phagocytes are both habitat of and
effectors against mycobacteria whereas lung epithelial
cells primarily provide a protective niche (Nishimura
et al., 2008; Nouailles et al., 2014; Rivas-Santiago
et al., 2008; Saiga et al., 2008). Although epithelial cells
are increasingly appreciated as critical players in TB, the
molecular crosstalk with mycobacteria promoting attach-
ment to and internalization by epithelial cells remains
largely unknown.

Syndecans (Sdcs) are type I transmembrane cell sur-
face proteoglycans, which mediate cell binding, cell sig-
nalling and cytoskeletal organization (Bishop et al.,
2007; Couchman, 2010). Their extracellular domains are
covalently attached to heparan sulfate chains, which bind
to a broad spectrum of extracellular molecules (Bartlett
and Park, 2010). The Sdc protein family comprises four
members (Sdc1–Sdc4): Sdc1 is expressed on epithelial
cells and plasma cells, Sdc2 on endothelial cells, Sdc3
in the nervous system and Sdc4 is ubiquitously expressed
(Woods et al., 1998). Because Sdcs bind to and immobi-
lize surface and matrix proteins, cytokines and
chemokines, they are considered key regulators of
numerous biological processes relevant to inflammation.
Consequently, their dysregulation is involved in many
inflammatory disorders (Gotte, 2003). Sdcs have also
been shown to play a central role during infection of host
cells by various viral and bacterial pathogens (Bacsa
et al., 2011; Bobardt et al., 2003; de Witte et al., 2007;
Freissler et al., 2000; Lefevre et al., 2014; Shi et al.,
2013). For example, Sdcs are misused as attachment
receptors by HIV-1 (Bobardt et al., 2003; de Witte et al.,
2007) or by the herpes simplex virus, which up-regulates
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Sdc1 expression thereby facilitating its entry into host
cells (Bacsa et al., 2011).

Mycobacterium bovis is the causative agent of cattle TB.
Attenuated between 1906 and 1921 by Calmette and Gué-
rin, it has since then been used as a vaccine against TB.
M. bovis bacille Calmette–Guérin (BCG) is currently the only
licensed vaccine against TB (Andersen and Kaufmann,
2014). Although BCGhasmarginal effect against pulmonary
TB, it protects against extrapulmonary disease forms in in-
fants (WHO, 2015). The vaccine BCG is also widely used
in experimental studies.

Heparin-binding hemagglutinin (HBHA) is a 199-residue
adhesin that is expressed on the surface of both BCG
and Mtb (Menozzi et al., 1996). HBHA contributes to my-
cobacterial attachment to epithelial cells, likely favouring
the dissemination of Mtb from the lung to other organs
such as spleen and liver (Delogu and Brennan, 1999;
Menozzi et al., 1996; Menozzi et al., 1998; Menozzi
et al., 2006; Parra et al., 2004; Pethe et al., 2000; Pethe
et al., 2001).

In the present study, we identified Sdc4 as an impor-
tant interaction partner of Mtb and BCG with epithelial
cells. The knockdown (KD) of Sdc4 in human alveolar
epithelial cells reduced mycobacterial attachment and
internalization. Moreover, Sdc4 was found to interact
with HBHA. Mice lacking both Sdc1 and Sdc4 exhibited
reduced colonization of the lung by Mtb at early time
points post-infection (p.i.). These findings not only eluci-
date novel molecular entities involved in the crosstalk
between mycobacteria and alveolar epithelial cells, but
also provide the basis for novel intervention strategies
against TB.

Results

Sdc4 expression is increased in alveolar epithelial cells in
response to mycobacterial infection

Upon viral infection, Sdc expression is known to be in-
creased on the surface of host cells (Shafti-Keramat et al.,
2003). To assess the role of Sdc in mycobacterial infection,
we first investigated the expression of SdcmRNA in alveolar
epithelial cells and macrophages in response to mycobacte-
rial infection. Human alveolar epithelial cell line A549 cells,
mouse type-II alveolar epithelial cell line T7 cells andmacro-
phages derived from humanmonocytic cell line THP-1 were
infected with BCG for 24h, and analysed for Sdc mRNA ex-
pression by quantitative real-time PCR. The expression of
Sdc4, but not of other Sdcs, was increased in BCG-infected
alveolar epithelial cells correlating with the amount of bacte-
ria (Fig. 1; Fig. S1 A). Additionally, in primary mouse bone
marrow-derived macrophages (BMDMs), Sdc4 expression
was up-regulated upon infection with Mtb (Fig. S2). Thus,
Sdc4mRNA expression is up-regulated in alveolar epithelial
cells and BMDM during mycobacterial infection.

Sdc1 and Sdc4 are expressed in the lung of Mtb-infected
mice and patients with active TB

The gene expression portal BioGPS database (http://
biogps.org) predicts high expression of both Sdc1 and
Sdc4 on human lung cells. To assess Sdc1 and Sdc4
protein distribution during Mtb infection, their expression
was analysed by immunohistochemistry in lungs from mice
aerosol-infected with Mtb H37Rv and compared to unin-
fected controls. Upon infection, Sdc4 was strongly up-
regulated on bronchial and alveolar epithelial cells and

Fig. 1. Sdc4 mRNA induction in
epithelial cell lines by BCG. A549
cells, T7 cells and THP-1
macrophages were infected with BCG
(MOI of 1, 10, 50 and 100) for 24 h, and
quantitative real-time PCR was
performed. (A) Sdc1 or (B) Sdc4
mRNA expression is shown as relative
mRNA level normalized to the
corresponding GAPDH level. Data
are representative of three
independent experiments. *, P< 0.05;
n.s., not significant using the unpaired
t-test. Abbreviations: BCG, bacille
Calmette–Guérin; Sdc, syndecan.
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alveolar macrophages compared to naive lungs (Fig. 2 A
and B). Next, Sdc4 was analysed in lung biopsies from
patients with active TB. Here, Sdc4 was strongly expressed
on epithelial cells in bronchi(oles) and alveoli, as well as on
alveolar macrophages (Fig. 2 D). Sdc1 expression was
detected in the lungs of both naive and Mtb-infected
mice (Fig. S3 A) and in lung biopsies from patients with
active TB (Fig. S3 B). Accordingly, both Sdc1 and Sdc4
proteins were expressed in the lung of Mtb-infected mice
and TB patients.

Sdc4 is involved in mycobacterial attachment to and
internalization by lung epithelial cells

We next constructed Sdc1 and Sdc4 KD cell lines to ana-
lyse their role in mycobacterial attachment to epithelial
cells (Fig. S1 B). Control, Sdc1 and Sdc4 KD A549 cells
were infected with Ds-Red BCG for 3 h, and BCG binding
to epithelial cells was determined by confocal microscopy.
In comparison to control and Sdc1 KD A549 cells, BCG in-
fection levels of Sdc4 KD cells were markedly reduced
(Fig. 3 A, left and middle). Accordingly, colony-forming
units (CFUs) recovered from epithelial cell lysates were
lower in Sdc4 KD cells than in control and Sdc1 KD cells
(Fig. 3 A, right). Both the level of attachment and internal-
ization of BCG bacteria were significantly affected in the
Sdc4 KD cell line as revealed by detection of extracellular
bacteria via an anti-BCG antibody (Fig. S4). Comparable re-
sults were obtained in infection experiments with Mtb and
A549 control, Sdc1 and Sdc4 KD cells (Fig. S5 A and B).
In contrast to epithelial cells, phagocytosis of Mtb H37Rv
by Sdc1�/� and Sdc4�/� BMDMswas not altered compared
to wildtype (WT) macrophages (Fig. S5 C).
Next, we harnessed blocking antibodies specific for Sdc1

and Sdc4 to examine whether blocking of the Sdc receptors
inhibited mycobacterial attachment to and internalization by
A549 epithelial cells. Upon addition of anti-Sdc4 antibody,
the bacterial load in epithelial cells was decreased in a
dose-dependent manner whereas the bacterial load of

non-treated and anti-Sdc1 antibody-treated cells did not dif-
fer (Fig. 3 B and C). We conclude that Sdc4 is critically in-
volved in mycobacterial attachment to and internalization
by alveolar epithelial cells in vitro.

Sdcs bind to heparin-binding hemagglutinin

HBHA, a mycobacterial surface protein, participates in my-
cobacterial attachment to epithelial cells (Menozzi et al.,
1996). As expected, the internalization rate of epithelial cells
was markedly reduced when cells were cultured with an
HBHA deletion mutant of BCG (Fig. 4 A). HBHA has been
previously shown to interact with heparan sulfate proteogly-
cans (Dupres et al., 2009; Menozzi et al., 1998; Pethe et al.,
2000). Because extracellular domains of Sdcs are com-
posed of heparan sulfate chains (Bartlett and Park, 2010),
we determined whether Sdcs bind HBHA. Fluorescently
labelled recombinant HBHA (rHBHA) was analysed for
binding to control, Sdc1 and Sdc4 KD A549 cells. Binding
of fluorescently labelled HBHA to epithelial cells was signifi-
cantly decreased in the absence of Sdc4 on the cell surface
(Fig. 4 B). In contrast, KD of Sdc1 had no effect on binding of
HBHA to epithelial cells. Binding between HBHA and Sdc
could be confirmed by ELISA with recombinant proteins
(Fig. 4 C). The affinities of the interactions were in the micro-
molar range as determined by surface plasmon resonance
measurements (KD = 1.4 × 10�5, Sdc1; KD = 1.3 × 10�5,
Sdc4) suggesting low-affinity interactions between HBHA
and both Sdc cognates. Although the deletion of either
Sdc4 or HBHA decreased the bacterial load in A549 cells,
the differential internalization rate between the HBHA
mutant and WT BCG was not altered in absence of Sdc4
(Fig. 4 D). Therefore, we consider additional mycobacterial
interaction partners for Sdcs beside HBHA.

Enhanced resistance of Sdc1/4�/� double KO mice to early
Mtb infection

To determine the role of Sdcs in TB, WT, Sdc1�/� and
Sdc4�/� single KO mice as well as Sdc1/4�/� double KO

Fig. 2. Sdc4 expression in mouse and human
lung tissue.
A and B. Mice were infected with low-dose Mtb
H37Rv. Naive lung (A) and day 15 p.i. are shown
(B). Sdc4 staining of bronchial cells (asterisks)
and alveolar epithelial cells and macrophages
(arrows) is indicated. Lung specimens of a total
of three mice were analysed for each condition.
C. Rat IgG isotype control on mouse sections.
D. Lung biopsies from patients with active TB.
Overview (left panel). Sdc4 staining of bronchiolar
(middle panel, asterisks) and alveolar epithelial
cells and macrophages (right panel, arrows). A
total of four specimens were analysed.
E. Rabbit IgG isotype control on human sections
as control for Sdc4 staining (left panel) andmouse
IgG isotype control on mouse sections as control
for Sdc1 staining (right panel).
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(DKO) mice were infected with a low aerogenic dose ofMtb
H37Rv and bacterial burdens in lungs were monitored
between days 1 and 15 p.i. Overall, CFUs in WT and single
KOmice did not differ (Fig. S6). In contrast, CFUs in lungs of
Sdc1/4�/� DKO animals were significantly reduced over
controls at all time points (Fig. 5 A). Bacterial dissemination
of the bacteria from lung to spleen and liver at days 15 and
21 p.i., however, was not affected (Fig. 5 B and data not
shown). We assume that the early decrease in pulmonary
bacterial burden in Sdc1/4�/� DKOmice was because of re-
duced internalization by Sdc1/4-expressing cells lining the
respiratory tract. To verify this hypothesis experimentally,
WT and Sdc1/4�/� DKO mice were infected systemically
with a high dose of Mtb. In contrast to aerosol infection,

bacterial burdens of the lungs of WT and Sdc1/4�/� DKO
mice at day 1 p.i. by the systemic route did not differ (Fig. 5
C). Moreover, the cellular composition of innate immune
cells was similar in both naive and Mtb-infected WT and
Sdc1/4�/� DKO mice (Fig. S7). Together, these data
demonstrate that Sdc1 and Sdc4 serve as initial contact
points for early establishment of pulmonary infection byMtb.

Immune responses of alveolar epithelial cells to
mycobacteria

To further characterize the role of alveolar epithelial cells in
mycobacterial infection, we investigated cell death and
cytokine/chemokine secretion of epithelial cells harbouring

Fig. 3. Involvement of Sdc4 in BCG
attachment to and internalization by
epithelial cells.
A. Scramble control and Sdc KD A549
cells were cultured with Ds-Red BCG
[MOI of 20 (red)] for 3 h. Cells were
stained with phalloidin (green) and
nucleus with DRAQ5TM (blue). Scale
bar represents 50 μm. Fluorescence
intensities of BCG were determined in
an average of six random fields using
ImageJ software (left and middle).
A549 cells were cultured with BCG
(MOI of 20) for 3 h. Cells were lysed
and diluted samples were plated onto
agar plates. CFUs were quantified
(right).
B and C. A549 cells were treated with
5 μg/ml anti-Sdc1 antibody or 5 μg/ml
anti-Sdc-4 antibody for 2 h, and then
cultured with Ds-Red BCG [MOI of 20
(red)] for 3 h. Cells were stained with
phalloidin (green) and nucleus with
DRAQ5TM (blue). Scale bar represents
50 μm. Fluorescence intensity of BCG
was determined in an average of six
random fields using ImageJ software
(left and middle). A549 cells were
treated with anti-Sdc-1 antibody or
anti-Sdc-4 antibody (200 ng/ml, 1 μg/
ml, 5 μg/ml) for 2 h, and then cultured
with BCG (MOI of 20) for 3 h. Cells
were lysed and diluted samples were
plated onto agar plates. Total bacterial
counts (CFUs) were quantified (right).
Data are representative of three
independent experiments. *, P< 0.05;
**, P< 0.01; ***, P< 0.005; n.s., not
significant using the Bonferroni’s post-
test (A) or one-way ANOVA (B and C).
Abbreviations: Ab, antibody; BCG,
bacille Calmette–Guérin; CFU, colony-
forming unit; KD, knockdown; Sdc,
syndecan.
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BCG. Control, Sdc1 or Sdc4 KD A549 cells were treated
with BCG, and chemokines and cytokines were
analysed by ELISA (Fig. 6). Inflammatory cytokines,
including IL-12, TNF-α, IL-1β and IL-6, were not detected
in BCG-treated epithelial cell cultures. In contrast, IL-8
and MCP-1 were produced by BCG-treated cell lines and
BCG-treated Sdc4 KD cells secreted these chemokines
at lower concentrations compared to the control and
Sdc1 KD cells (Fig. 6 A). Next, we examined the cell death

of BCG-treated epithelial cells. Cell death of BCG-treated
cell lines was induced after 48 h, but was decreased in
Sdc4 KD cells as compared to control and Sdc1 KD cells
(Fig. 6 B). In agreement with these data, the induction of
chemokines and cell death by HBHA mutant BCG was
reduced compared to WT BCG (Fig. 6 C and D). We
conclude that attachment to and internalization of BCG
via Sdc4 contribute to the induction of inflammation and
host cell death.

Fig. 4. Involvement of HBHA in mycobacterial attachment to epithelial cells.
A. A549 cells were culturedwith Dil-C18-stainedWTorHBHAmutant BCG [MOI of 20 (red)] for 3 h. Cells were stainedwith phalloidin (green) and nucleuswith
DRAQ5TM (blue). Scale bar represents 50 μm. Fluorescence intensity of BCG was determined in an average of six random fields using ImageJ software.
B. Scramble control and Sdc KD A549 cells were incubated with 2.5 μg/ml of recombinant Alexa 647-labelled HBHA for 30min on ice and the median
fluorescence intensity of HBHA-bound cells was determined by flow cytometry. Data are representative of two independent experiments with two technical
replicates each.
C. ELISA to determine interaction between HBHA and Sdc1 and Sdc4 (black bars). ELISA was performed with BSA instead of HBHA as control (white bars).
D. Scramble control andSdcKDA549 cells were culturedwithWTorHBHAmutant BCG (MOI of 20) for 3 h. Cells were lysed and diluted sampleswere plated
onto agar plates. Data are representative of two or three independent experiments. **,P< 0.01; ***,P< 0.005; n.s., not significant using the one-way ANOVA
(A, B) or the Bonferroni’s post-test (D). Abbreviations: BCG, bacille Calmette–Guérin; CFU, colony-forming unit; HBHA, heparin-binding hemagglutinin
adhesion; MFI: median fluorescence intensity; KD, knockdown; OD, optical density; Sdc, syndecan; WT, wild-type.
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Discussion

Studies aimed at deciphering the early attachment and inter-
nalization mechanisms of Mtb in the lung have largely

focused on the crosstalk between Mtb bacteria and macro-
phages and dendritic cells (Guirado et al., 2013; Lerner
et al., 2015). Recent in vitro studies revealed that type II ep-
ithelial cells serve as reservoirs facilitating persistence of

Fig. 5.Ameliorated Mtb burden in lungs
of Sdc1/4�/� DKO mice during early
stage of infection.
A. Kinetics ofMtb colonization in Sdc1/
4�/� DKO and C57BL/6J WT mice.
Mice were aerosol infected with a low
dose of H37Rv (200 CFUs). Mice were
sacrificed and bacterial counts (CFUs)
in lungs determined at days 1, 7 and 15
p.i. as indicated.
B. Bacterial burdens in spleen (left) and
liver (right) of mice sacrificed at day 15 p.i.
C. Bacterial burden in lungs of mice
infected i.v. with 1 ×105CFUs of H37Rv
and sacrificed at day 1 p.i. Data showone
representative out of two or three
independent experiments, with at least
five mice per time point. *, P< 0.05;
**, P< 0.01; n.s. not significant using the
Mann–Whitney test. Abbreviations: CFU,
colony-forming unit; Sdc1/4�/� DKO,
syndecan double knockout; p.i., post-
infection; WT, wild-type.

Fig. 6. Immune response of alveolar
epithelial cells.
A and B. Scramble control and Sdc KD
A549 cellswere infectedwith BCG (MOI
of 20) for 48 h. Levels of the indicated
chemokines and LDH activity in the
culture supernatants were measured by
ELISA and Cytotoxicity Detection Kit
respectively.
C and D. A549 cells were cultured with
WT or HBHA mutant BCG (MOI of 20)
for 48 h. Levels of the indicated
chemokines and LDH activity in culture
supernatants were measured by ELISA
and Cytotoxicity Detection Kit
respectively. Data are representative of
two independent experiments.
*, P< 0.05; **, P< 0.01; ***, P< 0.005;
n.s., not significant using the
Bonferroni’s post-test. Abbreviations:
BCG, bacille Calmette–Guérin; HBHA,
heparin-binding hemagglutinin; KD,
knockdown; Sdc, syndecan; WT, wild-
type.
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Mtb (Krishnan et al., 2010; Lerner et al., 2015). Accordingly,
breaching of the alveolar epithelium could result inmycobac-
terial dissemination from the lung to distant organs (Krishnan
et al., 2010; Russell, 2001). Few data, however, are avail-
able describing mechanisms underlying Mtb attachment to
and internalization by epithelial cells (Krishnan et al.,
2010). Moreover, the in vivo impact of the epithelial cell as
a niche for Mtb persistence, and a source of spreading
remains incompletely understood.
In this study we have identified a novel molecular mecha-

nism for Mtb attachment to and internalization by lung
epithelial cells. Distinct members of the proteoglycan family
– the Sdcs – were identified as mediators of attachment to
and internalization by airway epithelial cells for both Mtb
and BCG. In a TB mouse model, Sdcs impacted on the
course of TB at early time points p.i. with Mtb.
Sdc1/Sdc4�/�DKOmice showed reduced lung colonization
after aerosol exposure toMtb. Intriguingly, reducedMtb load
in the lungs of Sdc1/Sdc4�/� DKO mice was most
pronounced at very early time points p.i., most notably as
early as day 1 p.i. Moreover, after systemic infection, myco-
bacterial load in the lung of Sdc1/Sdc4�/� DKO mice was
comparable to that of WT mice. Because the ameliorating
effect of Sdc1/4 deletion was not because of differences in
lung-resident innate cells and/or the recruitment of innate
cells, our data provide compelling evidence for mycobac-
terial attachment to and internalization by the epithelial
cell lining of the respiratory tract expressing Sdcs. Unique
Sdcs seem to mediate adhesion of Mtb to the lining
epithelium and facilitate its uptake by phagocytic cells.
However, an additional intrinsic regulation in alveolar
macrophages cannot be excluded, albeit our in vitro data
do not support an essential role for Sdcs in mycobacterial
internalization by macrophages.
Mycobacterial attachment and internalization up-

regulated the mRNA expression of Sdc4 in alveolar epithe-
lial cells in a dose-dependent manner, whereas the mRNA
expression of the other Sdc family members (Sdc1–Sdc3)
remained largely unaltered. Therefore, Sdc4 seems to be
the main mediator of mycobacterial attachment to and inter-
nalization by lung epithelial cells. Selective and specific
targeting of a single member of the Sdc family was also
shown in other types of infection. Whereas HEV clearly
targets Sdc1, KD of Sdc4 did not inhibit viral binding to host
cells (Kalia et al., 2009). Contrary to this, Sdc4 but not Sdc1
mediates HCV internalization as has been revealed by
genetic KD experiments (Lefevre et al., 2014). Concurrent
with the exclusive Sdc4 induction, the KD of Sdc4 in
epithelial cells resulted in reducedmycobacterial attachment
and internalization. Moreover, at later time points, Sdc4
mediated cell death of alveolar epithelial with potential impli-
cations for inflammation and tissue damage. Although our
data suggest Sdc4 as important mediator ofMtb internaliza-
tion by lung epithelial cells, single gene deletions of Sdc1

and Sdc4 in infected mice did not alter bacterial colonization
of the lung, spleen or liver. Sdc1 and Sdc4 are expressed in
steady state in the bronchoalveolar space and likely have
redundant functions in tissues. This could explain the neces-
sity of both molecules for restriction of Mtb in the lung.
Importantly, Sdcs bind and mobilize surface and matrix pro-
teins under homeostatic conditions and can thus modify the
composition of the alveolar lining fluid (Pruessmeyer et al.,
2010; Tan et al., 2012). Components of the alveolar fluid
can largely influence clearance of the bacilli by neutrophils,
which are recruited early during infection (Arcos et al.,
2015). Furthermore, it is known that under homeostatic
conditions, Sdc1 and Sdc4 are constitutively released by
lung epithelial and smooth muscle cells and inflammation
strongly increases this shedding into the bronchoalveolar
fluid (Pruessmeyer et al., 2010; Tan et al., 2012). The
presence of Sdc4 in lung fluids could have positive as well
as negative implications in TB: binding of shed Sdc4 to
mycobacteria could inhibit their binding to cell-surface
Sdc4 and prevent adherence to epithelial cells, but it could
also facilitate mycobacterial attachment to the mucus lining
of the airways. Future experiments are needed to verify
these notions.

HBHA is well appreciated as mycobacterial adhesin bind-
ing to heparan sulfate-containing proteoglycans (Menozzi
et al., 1998; Mueller-Ortiz et al., 2002; Pethe et al., 2002).
In this line, we identifiedHBHA as interaction partner for both
Sdc4 and Sdc1. Binding of HBHA to epithelial cells was
reduced when Sdc4 was deleted. Yet, our data suggest that
HBHA is not the only mycobacterial adhesin binding to Sdcs
on epithelial cells. First, the interaction between HBHA and
Sdc4 or Sdc1 was of low affinity. Second, and more
importantly, the role of HBHA and Sdc4 seems to be com-
plementary, because in the absence of both molecules the
infection of epithelial cells was further impaired when com-
pared to the absence of either partner. This could explain
the apparent discrepancy of our findings indicating a role
for Sdcs in the initial pulmonary infection of Mtb in mice
and the findings by Pethe et al. that deletion of HBHA in
mycobacteria affects extrapulmonary dissemination but not
colonization of the lung (Pethe et al., 2001).

HBHA interactions with glycosaminoglycan (GAG) sites
have previously been postulated (Menozzi et al., 1996;
Menozzi et al., 1998; Pethe et al., 2000) and proteoglycans
other than Sdcs (i.e. glypicans) contain GAG sites. Addition-
ally, other mycobacterial adhesins, such as the laminin-
binding adhesin bind to extracellular proteoglycans (Kinhikar
et al., 2006). Hence, we consider it most likely that the
HBHA–Sdc interaction is only one way by which Mtb
attachment to and internalization by lung epithelial cells is
promoted. How distinctive the role for Sdcs is in comparison
to other receptors such as glypicans or the extracellular
matrix needs to be addressed in further studies. This appar-
ent redundancy of molecular interaction between Mtb and
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epithelial cells can be interpreted to suggest that epithelial
cells serve as important host niche for Mtb.

In conclusion, we here describe the targeting of Sdc family
cognates as a strategy ofMtb for attachment to and internal-
ization by lung epithelial cells. These molecules promote
colonization and stable infection of the lung facilitating
attachment to, and internalization by, epithelial cells. Hence,
not only alveolar macrophages, but also respiratory
epithelial cells are targeted by Mtb at early stages of
infection. This novel entry mechanism could be exploited
for future intervention strategies aimed at prevention of
stable infection directly at the port of entry.

Experimental procedures

Ethics statement

The use of human biopsies was based on informed patient

consent and approved by the Ethics Commission of Charité

Hospital Berlin (Ulrichs et al., 2005). Sdc1 and Sdc4 immunohis-

tochemistry staining was performed on healthy human trachea

(Abcam) as described in the Supplementary Methods. All animal

experiments were performed in accordance with the German

Animal Protection Law (G 0063/11; T0087/13).

Cells and bacteria

M. bovis BCG (Denmark background), Ds-Red BCG (Saiga et al.,

2015), WT M. bovis BCG, HBHA-mutant M. bovis BCG (Pasteur,

1173P2) and Mtb strain H37Rv (ATCC, no. 27294) were grown in

Middlebrook 7H9-ADC medium and stored at �80 °C until use.

Human alveolar epithelial A549 cells, human THP-1 cells, mouse

type-II alveolar epithelial T7 cells and mouse BMDMs were cultured

and differentiated as described in the Supplementary Methods.

Quantitative real-time PCR

Cells were infected with BCG [multiplicity of infection (MOI) of 1, 10,

50 and 100] for 3 h, and then vigorously washed with phosphate-

buffered saline (PBS) to eliminate extracellular BCG. After 24h, total

RNA was isolated with Trizol (Invitrogen) and reverse-transcribed

using the iScript cDNA Synthesis kit (Bio Rad). Quantitative real-

time PCR was performed with the ABI7900H system (Applied

Biosystems) and using Sdc sequence primers (Table S1).

Histology and immunohistochemistry

Animals were aerosol-infected withMtb, using a Glas-Col inhalation

exposure system. Mouse lung was fixed with 4% paraformaldehyde

(PFA) and embedded in paraffin. Formalin-fixed, paraffin-embedded

lung tissues from patients with pulmonary TB were provided by the

Central Tuberculosis Research Institute in Moscow through Dr.

George Kosmiadi.

Generation of Sdc KD cell lines

Lentiviruses were produced according to TRC lentiviral proceedings

(https://www.broadinstitute.org/genome_bio/trc/publicProtocols.

html). HEK 293T cells were transfected with lentiviral packaging mix

(Sigma) and 100 ng of shRNA (Table S2) containing pLKO.1-puro

vector (Sigma) using Fugene 6 (Roche). For lentiviral infections,

A549 cells were seeded one day prior to infection. Next day, cells

were infected with 10 μl of lentivirus in medium containing 8 μg/ml

of polybrene (Sigma). Transduced cells were further selected using

5 μg/ml puromycin (Calbiochem). To determine the KD efficiency,

total RNA was isolated with Trizol reagent and reverse-transcribed

using the iScript cDNA Synthesis kit. Quantitative real-time PCR

was performed using SYBR Green sequence primers (Table S1).

Confocal microscopy

WTM. bovis BCG and the HBHA-mutantM. bovis BCG strain were

stained with 1 μM Dil-C18 (Invitrogen) by incubation for 2 h prior to

use. A549 cells were infected with Ds-Red BCG or Dil-C18

stained-BCG (MOI of 20) for 3 h, vigorously washed with PBS and

fixed with 4% PFA at 37 °C for 15min. Cells were incubated with

Alexa 488 phalloidin (Life Technologies) and DRAQ5 (Biostatus)

for 20min. Stained cells were mounted with ProLong Gold antifade

reagent (Life Technologies) on glass slides and analysed using a

fluorescence microscope (Leica TCS SP8). Fluorescence intensi-

ties were determined using ImageJ software.

In vitro infection assay

A549 cells were infected with BCG (MOI of 20) for 3 h orMtbH37Rv

(MOI of 1) for 30min and 2 h, and then vigorously washed with PBS.

Cells were incubated with lysis buffer (0.5% Triton X-100/PBS)

for 5min. Harvested cells were serially diluted with dilution buffer

(0.05% Tween 80/PBS) and plated on 7H10 or 7H11-OADC

agar plates.

Expression and purification of mycobacterial HBHA

Native HBHA expressed by M. bovis was kindly provided by Dr.

Camille Locht (Institut Pasteur, Lille, France) and generated as

previously described (Masungi et al., 2002). The plasmid for the ex-

pression of recombinant HBHA was kindly provided by Dr. Giovanni

Delogu (University of Sacred Heart, Milano, Italy). The histidine-

tagged HBHA was expressed in a recombinantM. smegmatis strain

as previously described (Delogu et al., 2004).

Binding of labelled HBHA to epithelial cells

For labelling of recombinant HBHA with Alexa 647 dye (Life

Technologies), the protein was extensively dialysed in PBS

overnight before use. Labelling was performed according to

manufacturer’s instructions (Life Technologies).

WT and KD cells were harvested as described above, counted

and diluted to 107 cells/ml. Subsequently, the cells were incubated

with 2.5 μg of HBHA conjugated to Alexa 647 for 1 h on ice, washed

twice with PBS and analysed by flow cytometry.

Enzyme-linked immunosorbent assay and cytotoxicity
assay

A549 cells were infected with BCG or HBHA-mutant BCG (MOI of

20) for 3 h, vigorously washedwith PBS and then supernatants were

harvested after 48 h. Levels of chemokines in culture supernatants
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were measured by enzyme-linked immunosorbent assay (ELISA),

following manufacturer’s instructions (R&D Systems). Lactate

dehydrogenase (LDH) activity was detected by Cytotoxicity

Detection Kit according to manufacturer’s instructions (Roche). The

ELISA for detecting the interaction between HBHA and Sdc1 and

Sdc4 was performed as described in the Supplementary Methods.

Mice

C57BL/6 (WT) mice were purchased from the Jackson Labora-

tory. Sdc1�/� and Sdc4�/� mice were kindly provided by Dr.

Frank Echtermeyer and Dr. Martin Götte (Alexander et al.,

2000; Echtermeyer et al., 2001) and backcrossed for more than

12 generations with C57BL/6 mice. Sdc1/4�/� DKO mice were

generated by mating Sdc1�/� and Sdc4�/� mice. WT, Sdc1�/�,

Sdc4�/� and Sdc1/4�/� littermates were bred and kept under

specific pathogen-free conditions and infected mice were kept

in a biosafety level 3 facility.

Animals were aerosol-infected with Mtb H37Rv using a Glas-Col

inhalation exposure system at a low dose of approximately

200 CFUs per mouse. For intravenous infections, mice received

5 × 105CFUs of H37Rv into the tail vein. At designated time points,

mice were sacrificed and the left lung lobe was homogenized in

PBS containing 0.05% Tween 80. Serial dilutions of the homoge-

nates were plated onto Middlebrook 7H11 agar supplemented with

10% OADC (BD Biosciences) and ampicillin (25μg/ml).

Flow cytometry

Single-cell suspensions (SCSs) were prepared from the lungs of na-

ïve WT and Sdc1/4�/� DKO mice (Nouailles et al., 2014). Single

cells were subsequently stained for surface markers by commercial

anti-mouse antibodies according tomanufacturer’s instructions (see

Supplementary Methods).

Statistical analysis

The statistical significance of data from in vitro experiments was

evaluated using either unpaired t-test, or one-way ANOVA and

Bonferroni’s post-test for multiple measurements. CFU counts in

lungs of mice were compared using the Mann–Whitney test. Values

of P< 0.05 were considered statistically significant.
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Additional supporting information may be found in the online
version of this article at the publisher's web-site:

Table S1. qPCR primer sequences
Table S2. shRNA sequences
Fig. S1. mRNA expression in Sdc2 and Sdc3 KD cell lines in
response to BCG. (A) A549 cells, T7 cells and THP-1
macrophages were cultured with BCG (MOI of 1, 10, 50
and 100) for 24 h, and quantitative real-time PCR was
performed. Data are representative of three independent
experiments. (B) Lentiviruses were produced according to
TRC lentiviral proceedings for the generation of Sdc KD cell
lines. Data are shown as relativemRNA levels normalized to
the corresponding GAPDH level. Data are representative of
two independent experiments. *, P < 0.05. Abbreviations:
WT, wild-type; KD, knockdown; BCG, bacille Calmette–
Guérin; Sdc, syndecan.
Fig. S2. Induction of Sdc1 and Sdc4 mRNA expression by
Mtb. Bone-marrow-derived macrophages (BMDMs) were
culturedwith MtbH37Rv (MOI of 1) for 4 h (left) or 28 h (right)
and quantitative real-time PCR was performed. Data are
representative of two independent experiments. **; P < 0.01;
n.s., not significant. Abbreviations: Sdc, syndecan.
Fig. S3. Sdc expression on the trachea and lung of mice and
TB patients. (A) Sdc4 expression on tracheal epithelial cells
of mouse lung tissue (left panel) and human lung tissue
(right panel). (B) Mice were infected with low-dose Mtb
H37Rv. Naive lung (top) and lung at day 15 p.i (middle)
and 56 p.i. (bottom) are shown. A total of 2-3 specimens
were analyzed for Sdc1 expression. (C) Lung biopsies from
patients with active TB. Sdc1 staining of lung sections at
different magnifications as indicated. A total of 6 specimens
were analyzed.
Fig. S4. Involvement of Sdc4 in BCG attachment to versus
internalization by lung epithelial cells. WT, Scramble control
and Sdc KD A549 cells were infected with Ds-Red BCG
[MOI of 20 (red)] for 3 h. Extracellular bacteria were detected

by a Cy5-conjugated anti-rabbit IgG secondary antibody
(left). Cells were stained with phalloidin (green) and nucleus
with DAPI (blue). Numbers of BCG staining positive for Cy5
or Ds-Redwere quantified in an average of six random fields
using ImageJ software (right). Representative data from two
independent experiments. Abbreviations: KD; knockdown;
Sdc, syndecan; WT, wild-type.
Fig. S5. Involvement of Sdc4 inMtb attachment to and inter-
nalization by lung epithelial cells. (A) Scramble control and
Sdc KD A549 cells were cultured with Mtb H37Rv (MOI of
1) for 30 min and 2 h. Cells were lysed and samples were
plated onto agar plates. Cumulative data from two indepen-
dent experiments. (B) Scramble control and Sdc KD A549
cells were cultured with Ds-Red MTB [MOI of 20 (red)] for
3 h. Cells were stained with phalloidin (green) and the
nucleus with DAPI (blue). The percentage of cells harboring
Mtbwas quantified (bottom) by determining the fluorescence
intensities ofMTBbacteria in an average of six random fields
using the ImageJ software. Data are representative of two
independent experiments. (C) WT, Sdc4�/� and Sdc1�/�

bone marrow-derived macrophages were cultured with Mtb
H37Rv [MOI of 5] for 4 h. Cells were lysed and sampleswere
plated onto agar plates. Data fromone experiment with three
technical replicates. *, P< 0.05; **; P< 0.01; ***; P< 0.005;
n.s., not significant. Abbreviations: MTB, Mycobacterium
tuberculosis; CFUs, colony-forming units; KD; knockdown;
Sdc, syndecan; WT, wild-type.
Fig. S6. Similar Mtb load in lungs of WT, Sdc1�/� and
Sdc4�/� mice during early stages of infection. Sdc4�/� (A)
or Sdc1�/� KO mice (B) were infected with a low aerosol
dose of Mtb H37Rv (200 CFUs). At indicated time points p.i.,
mice were sacrificed and bacterial burden in the lungs
determined. Data of one representative (day 15 p.i.) or two
independent (day 1 p.i.) experiments. Abbreviations: p.i.,
post-infection; CFUs, colony forming units; WT, wild-type;
Sdc, syndecan.
Fig. S7. Frequencies of innate cells in the lung of naive
WT and Sdc1/4�/� DKO mice. Mice were sacrificed and
lungs were harvested and homogenized to obtain single-
cell suspensions. Innate cell populations in the lung were
identified by flow cytometric analysis. (A) Gating strategy
for all cell populations analyzed. (B) Comparison of
percentages of PMNs, alveolar macrophages, lung macro-
phages, lung monocytes and DCs of total leukocytes in
the lung of WT (black) and Sdc1/4�/� DKO mice (white).
Representative data from two independent experiments
with three mice each. Abbreviations: DCs, dendritic cells;
PMNs, polymorphonuclear leukocytes; Sdc1/4�/� DKO,
syndecan double knockout; p.i., post-infection; WT,
wild-type.
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