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Folliculin Controls the Intracellular
Survival and Trans-Epithelial Passage
of Neisseria gonorrhoeae

Tao Yang', Motaharehsadat Heydarian', Vera Kozjak-Pavlovic ', Manuela Urban?,
Richard P. Harbottle? and Thomas Rudel ™

! Biocenter, Chair of Microbiology, University of Wirzburg, Wiirzburg, Germany, 2 DNA Vector Lab, German Cancer Research
Centre (DKFZ), Heidelberg, Germany

Neisseria gonorrhoeae, a Gram-negative obligate human pathogenic bacterium,
infects human epithelial cells and causes sexually transmitted diseases. Emerging
multi-antibiotic resistant gonococci and increasing numbers of infections complicate
the treatment of infected patients. Here, we used an shRNA library screen and
next-generation sequencing to identify factors involved in epithelial cell infection. Folliculin
(FLCN), a 64 kDa protein with a tumor repressor function was identified as a novel host
factor important for N. gonorrhoeae survival after uptake. We further determined that
FLCN did not affect N. gonorrhoeae adherence and invasion but was essential for its
survival in the cells by modulating autophagy. In addition, FLCN was also required to
maintain cell to cell contacts in the epithelial layer. In an infection model with polarized
cells, FLCN inhibited the polarized localization of E-cadherin and the transcytosis of
gonococci across polarized epithelial cells. In conclusion, we demonstrate here the
connection between FLCN and bacterial infection and in particular the role of FLCN in the
intracellular survival and transcytosis of gonococci across polarized epithelial cell layers.

Keywords: gonococcal invasion, folliculin, autophagy, polarized epithelium, polarized cell culture

INTRODUCTION

Neisseria gonorrhoeae is a Gram-negative diplococcus that causes the sexually transmitted disease
(STD) gonorrhea. Gonorrhea is the second most frequently reported STD, which can lead to
pelvic inflammatory disease and infertility. Asymptomatic infection is common and if untreated,
the infection may spread to the rest of the body triggering disseminated gonorrhea. Currently,
N. gonorrhoeae developed resistance to virtually all the available antibiotics used for treatment.
Vaccine development has been hampered by the enormous variety of gonococcal surface factors.
Identification of the host factors involved in the host-pathogen interaction is a crucial step in
understanding the disease development and uncovering novel therapeutic approaches.

N. gonorrhoeae has evolved intricate mechanisms to evade the host immune attack. The
antigenic and phase-variable pili confer the initial attachment to the epithelial cell (McGee et al.,
1981; Rudel et al., 1992), but the switch to a non-piliated status has been suggested as a prerequisite
for efficient invasion (Faulstich et al., 2013). The phase-variable opacity-associated (Opa) adhesion
proteins are other major surface structures of N. gonorrhoeae, mediating adherence to and entry
into host cells (Makino et al., 1991; Kupsch et al., 1993; Chen and Gotschlich, 1996; Bos et al.,
1997a,b; Gray-Owen et al., 1997). Opa proteins recognize different classes of cellular receptors
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including members of the carcinoembryonic antigen cell
adhesion molecule (CEACAM) family (Virji et al., 1996; Gray-
Owen, 1997; Gray-Owen et al, 1997) and heparin sulfate
proteoglycans (HSPGs) (Chen, 1995; van Putten and Paul, 1995)
which enables N. gonorrhoeae to invade epithelial cells and
interact with neutrophils and lymphocytes. A large body of
in vitro studies revealed that the efficiency of HSPG-mediated
invasion was enhanced by vitronectin, fibronectin or fetal bovine
serum (FBS) (Dehio et al, 1998; Duensing and van Putten,
1998; van Putten, 1998). In addition to pili and Opa, the
serotype A of the major outer membrane porin (PorBys) induces
N. gonorrhoeae infection and invasion under low phosphate
condition (Kuhlewein et al., 2006). PorBya -expressing gonococci
are frequently isolated from patients with severe disseminating
infection (Morello and Bohnhoff, 1989).

A recent study indicated that intracellular N. gonorrhoeae were
targeted to the autolysosome and destroyed. A small portion
of the bacteria escaped the host eradication by downregulating
CD46-cytl-mediated autophagy flux (Kim et al., 2019). Besides,
N. gonorrhoeae secretes IgA protease, which cleaves lysosomal-
associated membrane protein 1 (LAMP1) responsible for
lysosome integrity, to increase their survival chance (Lin et al.,
1997). Furthermore, N. gonorrhoeae stimulates apoptosis of the
host cell in a Bak/Bax-dependent manner to accomplish infection
as well (Muller, 2002; Kepp et al., 2007).

While two-dimensional flat monolayers have provided
meaningful  insight into  host-pathogen interactions,
they lack many essential features of the native infection
microenvironment. Naturally, N. gonorrhoeae infects the
mucosal surfaces of the female cervix and the male urethra,
anorectal, pharyngeal and conjunctival mucosa. These mucosal
surfaces are made of either multilayered non-polarized squamous
epithelial cells or monolayered squamous epithelial cells (Wira
et al,, 2005). The epithelium is sealed by the adherence junction,
which contains catenins and E-cadherin (E-cad) and the tight
junction, containing claudin, occluding and zonula occludens
(ZO) proteins 1 and 2 and others, to prevent the transmigration
of pathogens and toxins (Miyoshi and Takai, 2005; Hartsock
and Nelson, 2008; Niessen and Gottardi, 2008). Studies using
polarized cell culture models developed on Transwell® inserts,
rotating wall vessel bioreactor and porcine small intestinal
submucosa (SIS) scaffold, respectively showed the disruption of
apical junctions upon N. gonorrhoeae infection (Stein et al., 2015;
Laniewski et al., 2017; Heydarian et al., 2019).

The present study was designed to determine the role of
Folliculin (FLCN) in N. gonorrhoeae infection. FLCN, a 64
kDa protein, is associated with Birt-Hogg-Dubé syndrome, an
autosomal dominant condition featured by dermatologic lesions,
pulmonary manifestations, and renal tumors (Skolnik et al.,
2016). FLCN was proposed to function as tumor suppressor
active in several signaling pathways (Schmidt and Linehan, 2018).
In addition, FLCN has been implicated in the activation of
Rab GTPases as guanine nucleotide exchange factor, such as
Rabl1A and Rab34, which are involved in vesicular trafficking
(Starling et al., 2016; Zhao et al., 2018) and has been suggested
to control cellular E-cadherin protein levels and polarization in
a positive (Nahorski et al., 2012) and negative (Medvetz et al.,

2012) manner. Furthermore, FLCN was also reported to be
involved in autophagy regulation as a negative regulator of AMP-
activated protein kinase (AMPK) interfering with the autophagy
flux (Possik et al., 2014) and as an interaction partner of the
crucial autophagy initiator protein LC3/GABARAP (Dunlop
etal, 2014).

In this study, we demonstrate that FLCN is not important
for the adherence or invasion of N. gonorrhoeae, but plays
the role in the intracellular survival of gonococci probably by
modulating the autophagic flux. Furthermore, FLCN interferes
with the amount and polarization of E-cadherin. Knockdown of
E-cadherin reduces the cellular autophagy and increases the N.
gonorrhoeae survival.

MATERIALS AND METHODS

N. gonorrhoeae Strains

The N. gonorrhoeae MS11 strain derivatives N924 (PorBig, Opa™—,
Pili™) and N931 (PorB;g, Opasp, Pili™) were grown on GC agar
plates (Gibco/Thermo Fisher Scientific, Massachusetts, USA)
supplemented with 1% vitamin mix for 14-17h at 37 °C in 5%
CO,. Opa phenotypes were selected by colony morphology and
verified by Western blot.

Cell Culture, Gene Knockdown, Gene

Overexpression

HeLa2000 cells were cultured in Roswell Park Memorial Institute
medium (RPMI) (Gibco/Thermofisher scientific, Massachusetts,
USA), Hec-1-B (human endometrial adenocarcinoma cell line;
ATCC® HTB113™) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco/Thermofisher scientific,
Massachusetts, USA). UOK257 is a cell line derived from the
renal tumor of a Birt-Hogg-Dubé syndrome (BHD) patient and
deficient in FLCN expression (Yang et al.,, 2008). In the UOK-
FLCN cell line, FLCN was stably expressed by the introduction of
a pCAG-FLCN-SMAR plasmid, a refined version of the FLCN-
SMAR plasmid originally described (Wong and Harbottle, 2013)
(as depicted in Plasmid map Figure S1). After transfection of
UOK?257 cells with this vector using XtremeGene9, the transgenic
cells were selected using 0.5jLg/ml puromycin for a period of 2
weeks. FLCN transgene expression was then stably maintained
in these cells without the use of antibiotics. UOK257 and
UOK-FLCN cells were cultured in DMEM medium. All media
were supplemented with 10% FBS (Sigma/Merck, Darmstadt,
Germany) and 1% Penicillin/Streptomycin (Gibco/Thermofisher
scientific, Massachusetts, USA). The following shRNAs were
used to produce knockdown cell lines: shFLCN (5-TCAGTATG
CAGTCGCAATAAC), shEcad_1 (5-GGACGTGGAAGATGTG
AAT-3") and shEcad_2 (5-GTCTAACAGGGACAAAGAA-3').
Lentiviral shRNA constructs targeting the FLCN or E-cadherin
gene were generated by inserting shRNA oligonucleotides into
the Clal and Mlul sites of the PLVTHM vector. GFP-expressing
cells were sorted by FACS. The quantitative polymerase chain
reaction (QPCR) and Western blot were used to select the positive
knockdown cells. The qPCR primers used for FLCN were 5'-
GCCAGTCTTCAAGTCCCTCC-3" and 5'-TGTATGGGATGA
TGCGGACG-3'. The primers for E-cadherin were 5-CCCG
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CCTTATGATTCTCTGCTCGTG-3" and 5'-TCCGTACATGTC
AGCCAGCTTCTTG-3'.

Infection Experiments

Cells were grown in 24-well cell culture plates with or without
glass coverslips to 60-70% confluency. Infections were performed
in DMEM or RPMI medium supplemented with 10% FBS
and the process was modified from the previous description
(Kuhlewein et al., 2006). The 60-70% confluence monolayers
were transferred to fresh infection medium. Bacteria were
suspended in HEPES medium and added to the cells at a
multiplicity of infection (MOI) of 50. The infected samples
were centrifuged for 5min at 120 x g to synchronize infection
and incubated at 37°C in 5% CO, humidified atmosphere for
2h. The infections were stopped by washing the cells three
times with infection medium. Bafilomycin Al (BafAl, Sigma-
Aldrich/Merck, St. Louis, USA) treated samples were incubated
with 5nM BafAl for 16 h before infection.

Quantification of Adherence, Invasion and

Survival N. gonorrhoeae

To quantify total cell-associated bacteria, infected cells were
lysed in infection medium containing 1% saponin (Sigma-
Aldrich/Merck, St. Louis, USA) for 7 min at 37°C and 5% CO,.
Serial dilutions were plated on GC-agar plates and colony-
forming units (CFU) were counted after 24 h. To quantify the
survival of intracellular bacteria, infected cells were incubated
in infection medium in the presence of 50 ug/ml gentamicin
for another 2h to kill the extracellular bacteria. Bacteria were
released from the infected cell by saponin lysis and CFUs were
determined. Bacterial adherence was obtained by subtracting
the number of intracellular surviving bacteria from the
total cell-associated bacteria. Another method for determining
intracellular bacteria was the differential immunostaining as
described by Kuhlewein et al. (2006). Overlay images of
single channels were obtained using FIJI. Double-positive
staining specified extracellular and single-positive staining
intracellular bacteria.

Immunoblotting Analyses

Cell lysates were analyzed by sodium dodecyl sulfate (SDS)-
poly-acrylamide gel electrophoresis (PAGE). Proteins were
transferred to polyvinylidene difluoride membranes (Millipore,
Massachusetts, USA) and then incubated with different
antibodies. The primary antibodies used in this study were
FLCN (Cell signaling, Massachusetts, USA), E-cadherin
(Proteintech, Manchester, United Kingdom), LC3B (Cell
signaling, Massachusetts, USA).

Generation of Transwell Infection Models

Transwell models were developed based on UOK-FLCN
and UOK257 cell lines for bacterial infection using the
following procedure: 6.5 mm diameter, 3 um pore size polyester
Transwell inserts (Corning, Massachusetts, USA) were seeded
with 100,000 epithelial cells on the apical side. Models
were grown 10 days under submerged static conditions at
37°C/5% CO, for further experiments. The integrity of the

monolayer was determined using 4 kDa FITC-dextran (Sigma-
Aldrich/Merck, St. Louis, USA) permeability assay as described
before (Heydarian et al., 2019).

N. gonorrhoeae Infection of Transwell

Infection Models

Infections of cells grown on Transwell inserts were performed
in DMEM plus 10% FBS at MOI50. To determine the
transmigration of bacteria across the polarized monolayer after
different time points of infection, 25 pl of medium were plated
on GC-agar plate or the medium was centrifuged shortly at
2,400 x g and the pellet resuspended in 25 pl of medium
was plated on GC agar as described (Heydarian et al., 2019).
Infected or non-infected samples were fixed with 4% PFA at
RT for 30 min and decorated with anti-E-cadherin and anti-ZO-
1 (Proteintech, Manchester, United Kingdom) to observe cell
junction proteins and polarization. Z-stack images were taken
using an SP5 confocal microscope and reconstructed by FIJIL.

Statistical Analysis

Statistics were performed using Student’s ¢-test in the R package
or using One-Way ANOVA, Tukey’s multiple comparison test in
GraphPad Prism Software (GraphPad Software, Inc., San Diego,
USA). Data are represented as means =+ s.d, P < 0.05 was taken
as statistical significance.

RESULTS

FLCN Is a Host Factor Critical for

Intracellular N. gonorrhoeae

By orchestrating autophagy signaling (Dunlop et al., 2014; Possik
et al, 2014) and cell junction integrity (Medvetz et al., 2012;
Nahorski et al., 2012; Goncharova et al., 2014), FLCN plays
a central role in two central processes connected to mucosal
infection with N. gonorrhoeae. To analyze the function of FLCN
in gonococcal infection, we generated a stable shRNA-expressing
HeLa2000 cell line where FLCN expression was downregulated
(Figure 1A). The knockdown efficiency was about 50% and
40% (qPCR) for two selected clones. These cell lines were
then used for gentamicin protection assays to determine the
number of adherent and intracellular bacteria after infection.
Cells were infected with N931 (Opa50, PorBig, Pili™) in both
RPMI and RPMI with FBS conditions. In general, the number
of adherent and gentamicin-resistant gonococci was higher in
the presence of FBS in the infection medium, indicating that
the presence of FBS enhanced bacterial adherence and uptake.
FLCN downregulation did not affect adherence (Figure 1B),
but dramatically reduced the number of intracellular gonococci
(Figure 1C) in the presence of FBS. The effect of FBS affects
the interaction of Opa50 expressing bacteria with host cell
integrin receptors (Dehio et al., 1998; Duensing and van Putten,
1998; van Putten, 1998), whereas FLCN expression has been
shown to be independent of FBS (Goncharova et al., 2014)
and growth factors (Laviolette et al., 2017). To confirm that
the presence of intracellular bacteria depended on FLCN, we
overexpressed FLCN in HeLa2000 cells (Figure 1D). As expected,
the overexpression of FLCN did not affect the adherence
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FIGURE 1 | FLCN downregulation leads to decreased survival of gonococci. HelL.a2000 and Hec-1-B cells and their respective knockdown cell clones were infected
with N931 (MOI 50) in RPMI or DMEM medium with or without FBS and then subjected to a gentamicin protection assay. (A) Western blot of FLCN of HelLa control
(Continued)
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FIGURE 1 | and FLCN knockdown cells. (B) Infected cells were lysed and the total number of colonies forming units was quantified by dilution plating. Shown is the
number of adhered bacteria (calculated as total minus surviving bacteria). (C) 50 M gentamicin was added to the infected cells for 2 h to kill the extracellular
gonococci. Cells were lysed and the number of colonies forming units was quantified. (D) Western blot of control and FLCN-Flag overexpressing HelLa2000 cells.
Adhered (E) and intracellular (F) gonococci were determined and calculated by normalizing to Hela control plus FBS. (G) Western blot of control and
shRNA-expressing Hec-1-B cells. Adherent (H) and intracellular () bacteria were determined and normalized to control sShRNA expressing Hec-1-B in DMEM plus
FBS. Data (B,C,E,F,H,l) represent the mean + s.d with three independent repeats. Significance was determined using student t-test, *P < 0.05.

significantly (Figure 1E) but increased the number of gentamicin
resistant gonococcal (Figure 1F). Furthermore, similar results
were obtained in Hec-1-B endometrial adenocarcinoma cells
upon knockdown of FLCN (Figures 1G-1I), excluding a cell-type-
specific effect (Figure 1G). In summary, our data demonstrated
that FLCN is an important factor that influences the number of
intracellular gonococci in epithelial cells.

FLCN Supports N. gonorrhoeae

Intracellular Survival

To investigate whether the increased numbers of gentamicin-
resistant gonococci in the presence of FLCN was a consequence
of better invasion or impaired intracellular killing, we
investigated adherence, invasion and survival by differential
immunofluorescence staining and gentamicin protection assay
in parallel (Rechner et al., 2007). One set of the infected samples
was treated with saponin to quantify the total cell-associated
bacteria. The second set was incubated with gentamicin for
another 2h to kill the extracellular bacteria and intracellular
survival of bacteria was determined in CFU assays. Adherence
was calculated as the total number of bacteria minus the
number of intracellular survivors. The third set of samples
was fixed and stained twice with different anti-gonococcal
antibodies. The first staining was done before permeabilizing
the host cell membrane, the second was carried out after the
permeabilization. Hence, invaded bacteria were only labeled
once with antibody whereas extracellular bacteria were double
labeled. Confocal images were taken, and invasion was quantified
by FIJI analysis. These assays were performed with UOK257,
a FLCN-deficient cell line and the FLCN-complemented cell
line UOK-FLCN. FLCN did not affect adherence or invasion
but contributed to the survival of N931 (Figures2A-C). In
addition, to determine whether this effect depended on the
surface adhesin proteins, we used the Opa- and pilus-negative
derivative N924 (Opa~, PorB;g, Pili™) as a control. FLCN did
not affect adherence (Figure 2D) or invasion (Figure 2E), but
was critical for the survival of N924 (Figure 2F), although the
efficiency of gonococcal uptake was clearly reduced compared
to the bacteria expressing Opa-adhesins. Taken together the data
of N931 and N924, we assumed that FLCN played a general
role in gonococcal survival. Furthermore, we could show that
the efficiency by which cells could kill engulfed N931was lower
in UOK-FLCN than in UOK257 with FBS in the infection
medium (Figure 2G) whereas the killing efficiency was similar in
UOK-FLCN and UOK257 in DMEM condition (Figures 2H,I).
Thus, FLCN favors gonococcal survival by decreasing the host
killing efficiency. This effect is visible, however, only in the
presence of FBS during the infection.

FLCN-Mediated Downregulation of
Autophagy Supports the Survival of

Intracellular Gonococci

As reported previously (Kim et al, 2019), N. gonorrhoeae
modulates the autophagy flux to evade intracellular killing.
In addition, FLCN has been implicated in the regulation of
autophagy as a direct interaction partner for LC3/GABARAP
(Dunlop et al.,, 2014). During autophagy the cytosolic LC3-I
conjugates to phosphatidylethanolamine to form LC3-II, which
is recruited to autophagosomal membranes. LC3-II is degraded
by lysosomal enzymes upon the fusion of the lysosome with
the autophagosome (Yoshii and Mizushima, 2017). Blocking
LC3-II degradation by Bafilomycin Al (BafAl) reflects the total
amount of LC3-II. As shown in Figures 3A,B, FLCN inhibits
the autophagy as the total amount of LC3B II of UOK257 tends
to be higher than that of the UOK-FLCN. Additionally, FLCN
inhibits autophagy upon gonococcal infection. The total amount
of LC3B-II has increased significantly in the FLCN negative cell
(UOK257) while that in the FLCN positive cell (UOK-FLCN)
was not significantly increased. Therefore, we assume that FLCN
inhibits the autophagic flux, which supports the survival of
intracellular gonococci.

To test our hypothesis, we carried out gentamicin protection
assays in non-treated cells, solvent (DMSO)- and BafA1-treated
cells. As shown in Figure 3C, gonococcal adherence was similar
for UOK-FLCN and UOK257 under all treatment conditions.
In contrast, bacterial survival was strongly increased in BafA1-
treated UOK cells (Figure 3D). These data supported our
hypothesis that FLCN was critical for gonococcal survival by
interfering with the autophagic flux.

FLCN Negatively Regulates E-cadherin

Polarization

Autophagy influences cell polarization probably by the control
of cell junction protein expression (Nighot and Ma, 2016).
Similarly, FLCN has been shown to control cellular E-cadherin
protein levels and polarization in a positive (Nahorski et al.,
2012) and negative (Medvetz et al., 2012) manner. We, therefore,
investigated the role of FLCN in cellular polarization and in
particular the fate of the adherence junction protein E-cadherin
in gonococcal infection. In UOK-FLCN cells, we found lower
levels of E-cadherin mRNA and protein compared to UOK257
(Figures 4A,B). To rule out the possibility that this was a cell-
type-specific phenomenon, we tested single clones of Hec-1-B
FLCN knockdown cells (Figure 1G) for E-cadherin expression
(Figure 4C). E-cadherin expression was very low in control
knockdown cells but detectable in Hec-1-B FLCN knockdown
cells (Figure 4C), supporting the role of FLCN in suppressing
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UOK257 to detect FLCN and actin was a loading control.

FIGURE 2 | Adherence, invasion and survival of N931 was determined in UOK-FLCN and UOK257 cells. (D-F) Adherence, invasion and survived of N924 in
UOK-FLCN and UOK257 cells. (G,H) Shown are the rates by which intracellular N931 were killed in the respective cells grown in DMEM with (G) or without (H) FBS.
Data represent the mean =+ s.d with three independent repeats. Significance was determined using student t-test, *P < 0.05. (I) Western blot of UOK-FLCN and

E-cadherin expression. During gonococcal infection, E-cadherin
protein levels were transiently increased (Figure 4D). Different
from the adherence junction protein E-cadherin, the tight
junction protein ZO-1 was not influenced by the presence or
absence of FLCN in UOK cell (Figures 4E,F, 6A, 7A), indicating
that FLCN influenced selectively adherence junctions.

E-cadherin Knock-Down in UOK257

Increases N. gonorrhoeae Survival

To elucidate the role of E-cadherin in gonococcal infection, we
constructed an E-cadherin knockdown cell line in UOK257.
The successful knockdown was shown by both Western blot
and immunofluorescence staining (Figures 5A,B). To test
whether E-cadherin had a role in autophagy flux regulation,
we determined the LC3B II levels in both non-treated and
BafAl-treated cells. These experiments revealed that autophagy
was increased in the presence of E-cadherin (Figures 5C,D).
In addition, a gentamicin protection assay was used to
determine the adherence and survival of gonococci in control
and E-cadherin knockdown cells. E-cadherin knockdown
did not affect the adherence but increased the survival
rate of gonococci (Figure 5E). To further investigate if the
survival defect of E-cadherin was mediated by autophagy,
we compared the survival of gonococci in mock-treated and
BafAl-treated cells. The inhibition of autophagy counteracted
the survival defects in the E-cadherin control cells but
had no major effect on gonococcal survival in E-cadherin
knockdown cells (Figure 5E), supporting a role of E-cadherin
in autophagy regulation and suppression of gonococcal
intracellular survival.

FLCN Negatively Regulates E-cadherin and
Delays Gonococcal Transmigration in

Polarized Cells

To reach deeper tissues, gonococci have to overcome the
epithelial barrier during infection, of which the cell-cell
communication and cell polarization are critical markers (Wang
et al.,, 2017; Heydarian et al., 2019). To investigate the role of
FLCN in this process, we seeded the UOK cells on transwell
support to induce cell polarization. Similar to the results in 2D
cell culture, FLCN expression did not affect ZO-1 localization
to the membrane, but it decreased the amount of membrane-
associated E-cadherin and no polarization of E-cadherin was
found in UOK-FLCN (Figure 6A).

To determine whether the defect of E-cadherin expression
in UOK-FLCN cells affects gonococcal transmigration, we
infected cells grown on transwells with N931 from the
apical compartment and monitored transmigration by
immunofluorescence microscopy and recovery of viable
bacteria from the basal compartment of the transwell. Gonococci

remained at the top of the cells even after 24 h infection time
(Figure 6B). Bacteria transmigrated to the basal side of the
epithelial layer 96 h post-infection (pi) in UOK257 but not in
UOK-FLCN (Figure 6B). Despite unstructured ZO-1 staining
after 96h of infection, the barrier integrity investigated by
FITC-dextran permeability assay remained similar as in the
non-infected sample (Figure 6C). The delayed transmigration
of gonococci in UOK-FLCN was also supported by a 7-fold
higher CFU count of the bacteria collected from the bottom
of the transwell in FLCN-negative cells at 48 h pi (Figure 6D),
suggesting that gonococcal transmigration is inhibited in
FLCN-positive cells.

E-cadherin Inhibits Gonococcal

Transmigration in Polarized Cells

We next tested if the delayed transmigration in UOK-FLCN
cell was due to the defect in E-cadherin polarization. We,
therefore, seeded control and E-cadherin knockdown cells
on transwells. ZO-1 expression was not affected under these
conditions (Figure 7A). The majority of the bacteria were
on the apical side of the cells 24h pi and more of them
transmigrated with the progression of time until 96h pi as
seen on confocal microscopy of the transwell models infected
with N931 at MOI 50 (Figure 7B). Infection did not affect
the barrier integrity (Figure 7C). However, transmigration was
strongly increased upon E-cadherin knockdown in the absence
of FLCN expression (Figure 7D).

DISCUSSION

Although N. gonorrhoeae is mainly an extracellular pathogen,
colonization of epithelial cell layers can lead to gonococcal
invasion and transcytosis into the subepithelial space (Criss and
Seifert, 2006; Wang et al., 2008). Gonococci in the subepithelial
space have been detected in patients of disseminating gonococcal
infection (Draper et al.,, 1980; McGee et al., 1981) suggesting
that traversal of the epithelial layer is a relevant process in
gonococcal pathogenesis. However, the mechanism of traversal
is not understood in detail so far. Studies in polarized cell
culture have shown that gonococci pass epithelial layers without
breaching the tight junctions (Edwards et al, 2013). These
findings suggest (but do not prove) that gonococci may use
the intracellular route to overcome epithelial barriers. We
investigated in this study the role of FLCN in the intracellular
survival of gonococci and the traversal of these bacteria over
epithelial barriers. Loss of FLCN on the one side affected the
survival of intracellular gonococci by enhanced autophagy. This
effect was not prominent in polarized epithelial cells in which
FLCN was required to keep the epithelial barrier intact and
prevent the traversal of gonococci.
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FIGURE 3 | FLCN inhibits the autophagy flux and supports gonococcal intracellular survival. (A) Representative immunoblot displaying LC3B-1, LC3B-II, and B-actin of
UOK-FLCN and UOK257 cells. The cells were either left untreated or were treated with the solvent DMSO or with 5 nM Bafilomycin A1 (BafA1) for 16 h in the absence
or presence of gonococcal infection. (B) Densitometric quantification of LC3-1l levels in three independent immunoblots shown in (A). Data represent the mean + s.d
with three independent repeats. Significance was determined using One-Way ANOVA, *P < 0.05. (C) Adherence and (D) intracellular survival of N931 were
determined in UOK-FLCN and UOK257 either left untreated or treated with DMSO or 5nM BafA1 for 16 h. The cells were infected with N931 (MOI 50) for 2 h and then
analyzed by gentamicin protection assay. Data represent the mean =+ s.d with three independent repeats. Significance was determined using student t-test, *P <
0.05, **P < 0.001.

Our initial observation of an impact of FLCN on the (2019) demonstrated that gonococci are targeted to the
control of the autophagic flux and the intracellular survival  autophagic pathway and are efficiently killed during the early
of gonococci is in line with recent publications. Lu et al.  phase after invasion. However, a subpopulation can survive
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FIGURE 6 | FLCN negatively regulates E-cadherin and it delays gonococcal transmigration in polarized epithelial cells. (A) Confocal microscopy of transwell models of
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autophagic killing and survives for extended periods. It would ~ VSP34/Beclin-1 and thereby induce autophagy (Meiffren et al.,
be interesting to test if FLCN is upregulated in these cells  2010). The downregulation of CD46-cytl and the remodeling
after long-term infections to downregulate the autophagic flux.  of the lysosome later during infection promotes intracellular
In another study, the initiation of autophagy by gonococcal — survival (Kim et al., 2019). Although it is not yet clear
invaders was shown to depend on the interaction with  how lysosomal remodeling is orchestrated by gonococci,
the Type I membrane protein isoform CD46-cytl and its FLCN could be involved in this process. FLCN has been
scaffold GOPC (Kim et al, 2019). CD46-cytl/GOPC recruit  demonstrated to regulate lysosome function by promoting
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(MOI 50) determined in UOK257 transfected with pLVTHM and UOK257 E-cadherin shRNA after 48 h of infection. Data represent the mean + s.d with three
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the mTORCI1-dependent phosphorylation and cytoplasmic  prevents both lysosome formation and autophagy by interfering
sequestration of the transcription factor EB (TFEB) (Petit et al.,  with these processes at the transcriptional level.

2013), a master regulator for lysosome biogenesis (Sardiello Based on the results obtained for a role of FLCN on
et al.,, 2009) and autophagy (Settembre et al., 2011). FLCN thus  intracellular survival of gonococci we assumed that traversal of
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epithelial layers should be prevented in the absence of FLCN if
the intracellular route significantly contributes to this process.
The opposite was the case. Gonococci traversed the epithelial
layer more efficiently in the absence of FLCN. This effect was
not simply due to the loss of epithelial integrity since the trans-
epithelial permeability was very low even after extended times of
infection, and irrespective of the absence or presence of FLCN.
We, therefore, assumed that in these polarized epithelial cells
another function of FLCN may be dominant, the control of cell
polarity. FLCN has been shown to localize to adherence junctions
by interacting with the beta-catenin homolog and armadillo
repeat-containing protein p0071 (Medvetz et al., 2012; Nahorski
et al, 2012). In line with a function in adherence junction
formation, Goncharova et al. (2014) showed that loss of FLCN
leads to downregulation of the major adherence junction protein
E-cadherin in mouse alveolar epithelial cells. This is, however,
in stark contrast to our findings since E-cadherin was strongly
upregulated in UOK257 cells and downregulated in cells with
restored FLCN expression (UOK-FLCN; see Figure 4). Whether
the different findings of FLCN on E-cadherin expression depend
on the cell type (airway/kidney) or the species (mouse/human)
remains to be shown.

We found that E-cadherin is also involved in the control of
gonococcal survival, however, the function appears to be different
in polarized and non-polarized cells. In cells grown as 2D culture
(non-polarized), a gonococcal infection caused an initial increase
in E-cadherin expression which was downregulated at later time
points. Interestingly, silencing E-cadherin expression in UOK257
cells significantly reduced the autophagic flux (Figure 5C) and
strongly increased the survival of gonococci (Figure 5E). Since
interfering with autophagy in E-cadherin expressing UOK257
cells rescued gonococcal survival, it is safe to say that E-cadherin
functions as a positive regulator of autophagy in these non-
polarized cells. In polarized cells, the function of E-cadherin
is not as clear, and this has several reasons. Polarized cells
are much more resilient to infection and assays have to be
performed over days rather than for hours. It is therefore
almost impossible to precisely determine the number of bacteria
which enter these cells and survive in them. Gentamicin may
not kill all extracellular bacteria, for example, bacteria may be
protected if they are localized between cells below the tight
junctions in an otherwise fully polarized epithelial layer. The clear
effects we found for the transmigration of polarized epithelial
cells are therefore hard to interpret. Clearly, loss of FLCN
highly significantly increased transmigration over the epithelial
layer whereas the gentamicin-resistant population was decreased,
similarly as in non-polarized cells. This could indicate, that in
polarized epithelial cells FLCN reduces extracellular traversal and
increases intracellular survival.

Other than expected from the result obtained in non-
polarized epithelial cells, E-cadherin silencing in high-expressing
UOK257 cells boosted transmigration significantly (Figure 7D).
A possible explanation for this observation may be that the
loss of adherence junctions in the UOK257 cells upon E-
cadherin knockdown facilitates gonococcal transmigration in
otherwise intact polarized epithelial cells. This is in line with
the results of a previous study in endometrial and fallopian tube

epithelium which shows that gonococci induced redistribution
of the adherens junction proteins E-cadherin and its adapter
protein B-catenin from the membrane to a cytoplasmic pool.
Similar as in our study (ZO-1), gonococcal infection did not
induce modification or distribution of the tight junction proteins
Occludin and ZO-1 (Rodriguez-Tirado et al., 2012). In primary
polarized cells of the endocervix, infection with gonococci caused
also the disruption of tight junctions and the redistribution
of Occludin and ZO-1 (Edwards et al., 2013). It is, therefore,
possible that disruption of junctional complexes is a more
general mechanism of gonococcal traversal of polarized epithelia,
which, depending on the tissue type may affect adherence and/or
tight junctions.

FLCN has been connected to multiple cellular processes
including mTOR signaling, transforming growth factor p (TGF-
B), AMP-activated kinase (AMPK) signaling, autophagy and the
formation of lysosomes. Intriguingly, all these pathways are also
connected to cell polarization and integrity. Although FLCN has
so far only been described in non-communicable diseases, it may
play a more prominent role in infection than so far recognized.
These functions may include the control of the epithelial
barrier integrity and autophagy as defense strategies against
invading pathogens.
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Figure S1 | Schematic representation of plasmids pCAG-FLCN-SMAR.
PCAG-FLCN-SMAR is used for generation of UOK-FLCN cell line. It contains the
FLCN cDNA and harboring the S/MAR module downstream of the expression
cassette. CAG, promoter; Puro, puromycin resistance gene; gray feature, P2A
self-cleaving sequence; FLCN, FLCN cDNA; SMAR, scaffold/matrix attachment
region; bb, bacterial backbone; Ele40, Element40 insulator.

Figure S2 | FLCN didn't affect the Opa57 and PorBjx mediated adherence nor
survival. UOK cells infected with N313 (Opa57) in DMEM medium and N927
(PorBja) in HEPEs respectively. Gentamicin protection assay was performed to
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