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SUMMARY

Several pathogens suppress exfoliation, a key defense of epithelia against microbial colonization. Common
among these pathogens, exemplified by Neisseria gonorrhoeae, is their ability to bind carcinoembryonic an-
tigen-related cell adhesion molecules (CEACAMs). Gonococcal CEACAM engagement triggers the expres-
sion of CD105, which is necessary to block epithelial exfoliation, whereas homotypic CEACAM-CEACAM in-
teractions or antibody-mediated CEACAM clustering does not lead to CD105 expression. Here, we show that
CEACAM-associated bacteria release nitric oxide (NO) during anaerobic respiration, and membrane-perme-
able NO initiates a eukaryotic signaling pathway involving soluble guanylate cyclase (sGC), protein kinase G,
and the transcription factor CREB to upregulate CD105 expression. A murine vaginal infection model with
N. gonorrhoeae reveals this metabolic cross communication allows bacterial suppression of epithelial exfo-
liation to facilitate mucosal colonization. Disrupting NO-initiated responses in host cells re-establishes
epithelial exfoliation and inhibits mouse genital tract colonization by N. gonorrhoeae, suggesting a host-
directed approach to prevent bacterial infections.

INTRODUCTION

Neisseria gonorrhoeae is a human-restricted bacterial pathogen,

which causes one of the most common sexually transmitted dis-

eases (Handsfield, 1990). Gonococci constitute a global health

threat as vaccination is not available andmulti-drug resistant iso-

lates are on the rise (Wi et al., 2017).

Similar to other human-restricted bacteria, such as Neisseria

meningitidis, Haemophilus influenzae, Helicobacter pylori, Fuso-

bacterium spec, Moraxella catarrhalis, or human-pathogenic iso-

lates of Escherichia coli, gonococci exploit a family of epithelial

membrane receptors for host colonization (Brewer et al., 2019;

Hill and Virji, 2003; Königer et al., 2016; Tchoupa et al., 2014;

Virji et al., 1996). These receptors belong to the group of carci-

noembryonic antigen (CEA)-relatedcell adhesionmolecules (CEA-

CAMs), which can be found on mucosal surfaces throughout the

human body (Gray-Owen and Blumberg, 2006; Kuespert et al.,

2006). Inparticular,CEACAM1,CEA (theproduct of theCEACAM5

gene), and CEACAM6 are expressed on the apical membrane of

various epithelial cells and can serve as an initial anchor for the

incoming CEACAM-binding pathogens. To connect to host CEA-

CAMs, microbes employ distinct, structurally unrelated adhesins,

such as the outer membrane embedded Opa protein adhesins of

N. gonorrhoeae (Chen et al., 1997), the coiled-coil stalk of the

UspA1protein ofM. catarrhalis (Hill and Virji, 2003), the beta-barrel

protein OMP P1 of H. influenzae (Tchoupa et al., 2015), or the au-

totransporter HopQ protein of H. pylori (Königer et al., 2016). The

independent evolution of various CEACAM-binding proteins im-

plies that this trait provides a significant advantage for microbes

colonizing the human mucosa. Clearly, intimate association with

the epithelial surface can benefit the initial establishment of patho-

gens in their host. However, CEACAM binding by bacteria pro-

motes mucosal colonization beyond mere physical interaction

(Gray-Owen, 2003; Tchoupa et al., 2014). In the case of Neisseria

gonorrhoeae, it has been demonstrated that CEACAM engage-

ment by the bacteria results in altered gene expression including

de novo expression of CD105 (also known as endoglin), a protein

usually not found on epithelial cells and rather expressed by endo-

thelial cells (Muenzneretal., 2005).CD105expression isnecessary

and sufficient for a phenotypic change of the infected cells, which

show increased integrin activity and enhancedbinding toextracel-

lularmatrix proteins (Muenzner et al., 2005). In the vaginal and cer-

vical epitheliumof the femalegenital tract,where in several regions

superficial epithelial cells are readily shed in response to bacterial

infection (Evans, 1977;McGeeetal., 1981;Melly etal., 1981;Wang

etal., 2017;Yuetal., 2019), theenhanced integrin-mediatedmatrix

attachment of the infected cells translates into reduced exfoliation

(Muenzner et al., 2010, 2016). Together, the intimate association of

the microbes with CEACAMs on the cell surface and the resulting

suppression of exfoliation facilitate establishment of pathogens in

their host by providing a stable platform for mucosal colonization

(Hauck et al., 2012).

Though CEACAM family members have been implicated in

modulating cellular signaling events (Huber et al., 1999; Leung
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et al., 2008; Nagaishi et al., 2006; Poy et al., 2002), howCEACAM

clustering at the plasma membrane leads to altered gene

expression in the nucleus is unclear. The ability of CEACAMs

to modulate gene expression appears particularly intriguing as

several family members, such as CEA or CEACAM6, which can

induce CD105 expression in response to gonococcal binding,

are GPI-anchored proteins (Muenzner et al., 2005). Furthermore,

a CEACAM1 variant with a complete deletion of the cytoplas-

matic domain has also been shown to trigger CD105 expression

upon engagement by Opa protein expressing gonococci

(Muenzner et al., 2005). We speculated that CEACAM clustering

by multivalent bacteria could result in the recruitment of a puta-

tive co-receptor, which would then mediate downstream re-

sponses including CD105 expression.

Here, we report that CEACAM clustering in the absence of

bacteria or CEACAM engagement by metabolically inactive bac-

teria does not lead to downstream signaling. Rather, CD105

expression is initiated by a membrane diffusible gas, nitric oxide

(NO), which is produced by gonococci during anaerobic meta-

bolism. This unforeseen metabolic cross communication be-

tween host-cell-associated bacteria and NO-responsive

signaling modules in mammals allow gonococci to enhance

host cell-matrix adhesion, to suppress exfoliation, and to facili-

tate mucosal colonization. Bacterial NO release not only repre-

sents an unexpected communication channel between inti-

mately host-associated microbes and the epithelium but also

opens an unexplored route to prevent the initial establishment

of bacterial pathogens on the human mucosa.

RESULTS

CEACAM Engagement by Bacteria, but Not Homotypic
CEACAM Interaction or Antibody-Mediated Clustering,
Leads to CD105 Expression
In previous studies, we have demonstrated that engagement of

epithelial CEACAMs, such as CEACAM1, CEA, or CEACAM6

by CEACAM-binding strains of Neisseria gonorrhoeae or of

E. coli leads to the upregulation of CD105 (Muenzner et al.,

2010, 2016). Indeed, when human embryonic kidney 293

(293T) cells stably expressing CEACAM1DCT-GFP (293T CEA-

CAM1; Figure S1) were infectedwith OpaCEA-expressingNeisse-

ria gonorrhoeae for 8 h, the infected cells showed surface

expression of CD105 (Figure 1A). In contrast, infection of 293T

CEACAM1 cells with an isogenic, non-opaque gonococcal strain

did not result in CD105 expression (Figure 1A). Furthermore,

when the parent 293T cells, which do not express any CEACAM

family member, were infected with either the CEACAM-binding

or the non-CEACAM-binding gonococcal strain, no alteration

in CD105 expression was observed (Figure 1A). These data sup-

port the view that CEACAM engagement by CEACAM-binding

bacteria is necessary for the de novo expression of CD105 in

epithelial cells. Surprisingly, when CEACAM1 was stimulated

by a monoclonal CEACAM1-binding antibody, which bound

with high specificity to the 293T CEACAM1 cells and was further

cross-linked with a polyclonal anti-mouse antibody to cluster

CEACAM1, no change in CD105 expression was observed (Fig-

ures 1B and S1). Furthermore, when 293T CEACAM1 cells were

grown at increasing cell densities, which promotes physiological

CEACAM1-CEACAM1 interactions (Figure 1C), again no CD105

expression was observed (Figure 1D). Together, these results

suggest that CEACAM engagement or clustering is not sufficient

to trigger upregulation of CD105 and that bacterial CEACAM

engagement differs from physiological CEACAM clustering.

A PKG-Dependent Signaling Cascade Induces CD105
Expression
We speculated that cell-associated bacteria might initiate, in par-

allel to CEACAM clustering, additional host signaling pathways,

e.g., by stimulating potential CEACAM1 co-receptors. To get an

idea of the intracellular signaling pathways instrumental for trig-

gering CD105 expression, we employed a pharmacological

approach. Using a panel of protein kinase inhibitors, we observed

that a protein kinase G inhibitor (PKGi), but not inhibitors against

PKA, PKC, or Ca2+/Calmodulin-dependent kinase II (CamKII)

completely abolished the bacteria-triggered upregulation of

CD105 (Figures 2A and 2B). To verify the ability of PKG to stimu-

late CD105 expression, constitutive active (ca) forms of two PKG

enzymes, PKG type I alpha (PKGa), and PKGI beta (PKGb) were

expressed in 293T cells (Figure S1). In the absence of bacterial

infection, expression of either active PKGI isoform resulted in a

gain of function with regard to CD105 expression, while overex-

pression of an unrelated protein tyrosine kinase (focal adhesion ki-

nase; FAK) did not lead to alterations in CD105 levels (Figure 2C).

PKG is embedded in a canonical signaling pathway, which senses

Figure 1. CEACAM Engagement by Bacteria, but Not Homotypic CEACAM Interaction or Antibody-Mediated Clustering, Leads to CD105

Expression

(A) 293T CEACAM1 cells (left panel) or 293T cells (right panel) were infected for 16 h with non-opaque, non-CEACAM-binding gonococci (Ngo Opa�), OpaCEA-

expressing, CEACAM-binding gonococci (Ngo OpaCEA), or left uninfected (control). Cells were stained with a monoclonal a-CD105 antibody and AlexaFluor405-

conjugated goat-a-mouse antibodies and analyzed by flow cytometry. Infection with CEACAM-binding bacteria (blue line) increased CD105 expression by 293T

CEACAM1 cells, whereas infection with Ngo Opa� had no effect (red line). Infection of 293 cells did not lead to CD105 expression. Gray area indicates staining of

uninfected cells.

(B) 293T CEACAM1 cells were incubated or not with 3 mg/mL monoclonal a-CEACAM antibody (clone D14HD11) for 1 h at 4�C, washed with PBS, and mouse

antibodies were clustered for 1 h at 4�Cwith a polyclonal goat a-mouse antibody. Cells were then cultured over night at 37�C and analyzed for CD105 expression

as in (A). Gray area indicates staining of cells with an isotype matched control antibody. Shown is one representative experiment out of three independent

biological replicates.

(C) 293T CEACAM1 cells were seeded at low, medium, or high cell densities. Next day, cells were fixed and analyzed for CEACAM localization by staining with

monoclonal a-CEACAM antibody (green), cell nuclei were visualized by hoechst (blue). Arrows indicate homotypic CEACAM interaction at cell-cell attach-

ment sites.

(D) Cells were seeded as in (C) for 24 h and analyzed for CD105 expression by flow cytometry. Gray area indicates staining of cells with an isotypematched control

antibody. Shown is one representative experiment out of three independent biological replicates.

See also Figure S1.
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elevated levels of the second messenger cyclic guanosine mono-

phosphate (cGMP) and modulates the expression of target genes

by phosphorylating and activating transcription factors of the

CREB family (Figure 2D). Indeed, upregulation of CD105 expres-

sion by caPKGI isoforms correlated with elevated levels of phos-

phorylated CREB (pCREB) (Figure 2E). In line with the idea that

PKG and CREB are involved in cellular responses to CEACAM-

binding bacteria, infection of 293T CEACAM1 cells, but not wild-

type 293T cells by OpaCEA-expressing N. gonorrhoeae was

accompanied by increased PKG-dependent phosphorylation of

CREB (Figure 2F). Together, these findings suggest that PKG

signaling is critical for the upregulation of CD105 expression by

epithelial cells in response to bacterial engagement of CEACAMs.

NO Triggers PKG Signaling and Leads to CD105
Expression by Epithelial Cells
In eukaryotic cells, a rise in cGMP levels results from the activity

of guanylate cyclases (GCs), which occur in the form of integral
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Figure 2. A PKG-Dependent Signaling

Cascade Induces CD105 Expression

(A) 293T CEACAM1 cells were infected with CEA-

CAM-binding, OpaCEA-expressing (Ngo OpaCEA) or

non-opaque gonococci (Ngo Opa�), or left unin-

fected (control). In addition, cells received the in-

hibitors specific for protein kinase A (PKAi), PKCi,

PKGi, Camodulin-dependent kinase II (CaMKIIi), or

solvent (DMSO). 8 h after infection, cells were

stained with a monoclonal a-CD105 antibody and

AlexaFluor405-conjugated goat-anti-mouse anti-

bodies and analyzed by flow cytometry. Shown are

representative experiments.

(B) The bar graph shows the mean percentage of

CD105-positive cells (10,000 analyzed events each)

from three independent experiments executed as

described in (A).

(C) 293T cells were transfected with plasmids en-

coding either constitutive active (ca) PKG Ia, caPKG

Ib or FAK, or left untransfected. 2 days later, cells

were stained for CD105 and analyzed by flow cy-

tometry.

(D) Scheme depicting the canonical NO-triggered

signaling cascade in mammals. The used agonistic

and antagonistic treatments are indicated in green

and red, respectively.

(E) 293T CEACAM1 cells were transfected with

plasmids encoding HA-tagged caPKGa, caPKGb, or

FAK, or left untransfected. 2 days later, whole cell

lysates (WCLs) were probed with antibodies against

phosphoCREB (pCREB), CREB, HA-tag, or tubulin.

(F) 293T CEACAM1 cells (left panels) or 293T cells

(right panels) were infected as in (A) for 16 h. Indi-

cated samples were treated with 5 mMPKG inhibitor

(PKGi). WCLs were probed with antibodies against

pCREB, CREB, or tubulin.

See also Figure S1.

membrane proteins or cytosolic soluble

enzymes (soluble GC; sGC) (Mónica et al.,

2016). sGC, in turn, is activated by

the radical NO, a short-range gaseous

messenger molecule (Figure 2D). Impor-

tantly, a selective inhibitor of sGC (1H-

[1,2, 4]oxadiazolo[4,3,-a]quinoxalin-1-one [ODQ]; Zhao et al.,

2000) strongly reduced CREB phosphorylation (Figure 3A) and

CD105 expression (Figure 3B) in response to bacterial CEACAM

engagement, while ODQ did not affect bacterial viability (Fig-

ure S2). As reported previously (Muenzner et al., 2010, 2005),

CD105 expression triggered by CEACAM-binding, OpaCEA-ex-

pressing gonococci is linked to the reduced detachment of

epithelial cells from a collagen matrix in vitro, while infection

with non-opaque bacteria leads to cell detachment (Figure 3C).

Importantly, the ability of OpaCEA-expressing gonococci to sup-

press epithelial cell detachment was reverted by ODQ treatment

(Figure 3C) indicating that sGC is required downstream of bacte-

rial CEACAM engagement to trigger CD105 expression and

enhance cell-matrix attachment. In line with this idea, an agonist

of sGC (BAY 41–2272) triggered phosphorylation of CREB and

promoted CD105 expression by epithelial cells independent of

bacterial infection (Figures 3D and 3E). While the increased

CREB phosphorylation upon bacterial infection was blocked
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Figure 3. NO Triggers PKG Signaling and Leads to CD105 Expression by Epithelial Cells

(A) 293T CEACAM1 cells were infected CEACAM-binding, OpaCEA-expressing (Ngo OpaCEA), non-opaque gonococci (Ngo Opa�), or left uninfected (�). Cells

received the indicated amounts of the sGC inhibitor ODQ or solvent. WCLs were analyzed by western blotting using antibodies against phosphoCREB (upper

panel), total CREB (middle panel), or tubulin (lower panel).

(legend continued on next page)
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by ODQ, the sGC inhibitor did not interfere with CREB phosphor-

ylation induced by caPKG (Figure 3F). These results suggest that

sGC, PKG, and CREB act in a signaling pathway to increase

CD105 expression and thereby promote host cell-matrix adhe-

sion in response to bacterial CEACAM engagement. Similar to

CEACAM-binding gonococci, CEACAM-binding E. coli, such

as the AfaE-III adhesin-encoding strain A30, have also been

shown to trigger CD105 expression (Muenzner et al., 2016).

The CD105 expression induced by AfaE-III-expressing E. coli,

but not by the adhesin-deficient isogenic strain, was paralled

by a strong increase in CREB phosphorylation (Figure S3).

Most importantly, CREB phosphorylation and CD105 expression

triggered by E. coli AfaE-III were completely abrogated by pre-

treatment of 293T CEACAM1 cells with the sGC inhibitor ODQ

or with the PKG inhibitor (Figure S3), suggesting that stimulation

of sGC-PKG-CREB signaling leading to CD105 expression can

occur in response to several CEACAM-binding bacteria.

As NO is a physiological stimulator of sGC, we wondered

whether addition of NO would mimic the effect of bacterial infec-

tion on epithelial cells. Indeed, treatment of 293T cells with DETA

NONOate (2,20-(2-hydroxy-2-nitrosohydrazinylidene)bis-ethan-
amine), a chemical NO donor, triggered CREB phosphorylation

and pronounced expression of CD105 (Figures 3G and 3H).

Also in cell lines derived from gonococcal target tissues, such

as immortalized human vaginal epithelial cells as well as

ME180 cervix carcinoma cells, application of DETA or stimula-

tion of sGC with BAY 41–2272 led to CD105 expression, while

application of ODQ or a PKG inhibitor blocked the bacteria-trig-

gered increase in CD105 expression (Figure S4). Together, these

results reveal that concomitant with the bacterial engagement of

CEACAMs, a NO-initiated signaling pathway is elicited in in-

fected human epithelial cells, which is ultimately responsible

for the upregulation of CD105.

CREB-Binding Sites in the CD105 Promoter Mediate the
Transcriptional Response to Increased NO Levels
If enhanced expression of CD105 is due to an intracellular NO-

triggered cascade, this should be reflected by NO-PKG-CREB-

dependent transcriptional activity of the CD105 promoter.

Indeed, a ~2 kb fragment of the humanCD105 promoter contains

two predicted CREB-binding sites (Figure S5A) (Graulich et al.,

1999). In luciferase reporter assays, this fragment showed strong

transcriptional activity upon infection of CEACAM-expressing

cells with CEACAM-binding gonococci, while a promoterless

control construct or a truncated CD105 promoter (~400 bp) led

to weak luciferase expression under these conditions (Fig-

ure S5B). Importantly, deletion of the CREB-binding site

~700 bp upstream of the transcriptional start site (CRE-1)

completely abolished the bacteria-induced activity of the 2-kb

CD105 promoter fragment (Figure S5B). Furthermore, co-

expression of a dominant-negative CREB mutant (CREB

S133A) blunted the activity of the 2-kbCD105 promoter fragment

upon bacterial infection (Figures S5B and S5C). Supporting the

idea that theCD105promoter strongly responds toNO-signaling,

addition of the sGC agonist BAY 41–2272, DETA, or overexpres-

sion of caPKGa resulted in strong luciferase activity, which de-

pended on the CRE1 site and occurred in these cases in the

absence of bacterial infection (Figures S5D and S5E). Together,

these results demonstrated that a host cell intrinsic,NO-triggered

signaling pathway leads to CD105 promoter activity and that the

identical components are instrumental to allow upregulation of

CD105 expression by CEACAM-binding gonococci.

Anaerobic Nitrite Respiration by Bacteria Is the Main
Source of NO
Under inflammatory conditions, inducible NO synthase (iNOS)

can be expressed bymultiple cell types, including epithelial cells.

iNOS and other eukaryotic NOS enzymes convert L-arginine to

L-citrulline thereby releasing NO (Alderton et al., 2001). To inves-

tigate, if the NO responsible for CD105 expression in epithelial

cells might originate from the activity of endogenous NOS, we

employed NG,NG-dimethyl-L-arginine (ADMA), a specific inhibi-

tor of eukaryotic NOS enzymes. Surprisingly, pharmacological

blockade of NOS activity did not reduce CREB phosphorylation

or CD105 expression by CEACAM-expressing cells upon infec-

tion with CEACAM-binding gonococci (Figure 4A). Therefore,

we considered the infecting microorganisms as an alternative

source of NO, as this radical occurs as a metabolic intermediate

in many bacteria (Poole, 2005; Zumft, 1997). Importantly, formal-

dehyde fixation of gonococci, which does not destroy their CEA-

CAM-binding properties (Figure S6), completely abrogated their

ability to induce CD105 expression in epithelial cells (Figure 4B).

This finding indicated that only metabolically active bacteria

can trigger this host cell response. One candidate metabolic re-

action responsible for NO production by N. gonorrhoeae is the

reduction of nitrite. Gonococci can employ a truncated denitrifi-

cation pathway, which uses nitrite as an electron acceptor

(Figure 4C). The nitrite reductase AniA catalyzes this reaction

and releases NO, which can be further reduced to nitrous oxide

N2O by the NO reductase NorB (Figure 4C). Denitrification in

(B) 293T CEACAM1 cells were infected or not with Ngo OpaCEA and treated with ODQ as indicated. Cells were analyzed for CD105 expression by flow cytometry.

Gray area indicates staining of uninfected cells. Shown is a representative result of three experiments.

(C) 293T CEACAM1 cells were infected or not with Ngo Opa� or Ngo OpaCEA for 16 h in the presence of ODQ as indicated. Cells were detached and plated on

collagen or BSA for 90 min. Following washing, adherent cells were fixed stained with crystal violet. Left panels show representative field of views of cells plated

on collagen. Crystal violet was eluted and the absorbance at 590 nm was measured. Bars represent mean ± SD from quadruplicate wells.

(D) 293T CEACAM1 cells were incubated with the indicated amounts of the sGC stimulator BAY 41–2272 or solvent. After 16 h, cells were analyzed by flow

cytometry for CD105 expression. Gray area indicates staining of solvent-treated cells.

(E) 293T CEACAM1 cells were treated as in (D) and whole cell lysates were analyzed by western blotting as in (A).

(F) 293T CEACAM1 cells were transfected with caPKGa or were infected with Ngo Opa�, Ngo OpaCEA, or left uninfected. Cells were treated with ODQ as

indicated and WCLs were analyzed by western blotting as in (A).

(G) 293T CEACAM1 cells were treated for 6 h with the indicated concentrations of the NO-releasing compound DETA or solvent and WCLs were analyzed by

western blotting as in (A).

(H) Samples as in (G) were analyzed by flow cytometry for CD105 expression. Gray area indicates staining of untreated cells with a control antibody.

See also Figures S2–S5.
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Figure 4. Anaerobic Nitrite Respiration by Gonococci Is the Main Source of NO

(A) 293T CEACAM1 cells were infected with non-CEACAM-binding (Ngo Opa�) or OpaCEA-expressing, CEACAM-binding gonococci (Ngo OpaCEA), or left un-

infected. 30 min prior to the infection with Opa-expressing bacteria the cells were incubated with the indicated amounts of ADMA. Whole cell lysates were

(legend continued on next page)
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gonococci only occurs under anaerobic conditions, as AniA

expression is tightly regulated by oxygen (Mellies et al., 1997).

Thus, under standard growth conditions, AniA expression by

N. gonorrhoeaewasmarginal (Figure 4D). However, upon anaer-

obic culture in the presence of nitrite, strong expression of AniA

was observed (Figure 4D). We reasoned that AniA might also be

upregulated in the course of in vitro infection assays, which are

performed under static, non-aerated growth conditions. Indeed,

within 4–8 h after infection of epithelial cells in vitro, AniA was

strongly expressed by the gonococci (Figure 4E), indicating

that oxygen levels in the infected cultures drop rapidly and

induce anaerobic nitrite respiration by the bacteria. Most impor-

tantly, pre-conditioning of gonococci to anaerobic growth before

infection resulted in elevated levels of CREB phosphorylation

and a doubling of CD105 upregulation by the infected epithelial

cells (Figures 4F and 4G). This increased expression of CD105

again depended on the ability of N. gonorrhoeae to tightly bind

to the host cell surface via the CEACAM-binding OpaCEA-adhe-

sin, as Opa negative (Opa�) gonococci did not lead to enhanced

CD105 expression, even when these bacteria were pre-condi-

tioned to anaerobic growth (Figure 4G). Together, these results

suggest that the anaerobic nitrite metabolism of gonococci is

responsible for the stimulation of an NO-sensitive signaling

pathway in the eukaryotic host cell. This metabolic cross

communication requires intimate contact between the bacteria

and the infected cells as the radical NO can only act withinmicro-

meter distance (Furchgott and Jothianandan, 1991).

Purified Gonococcal AniA Can Induce CD105
Expression and Suppresses Epithelial Exfoliation
Under anaerobic conditions, AniA is an essential protein for gon-

ococci (Mellies et al., 1997). Accordingly, a genetic loss-of-func-

tion experiment with AniA mutant bacteria was not feasible.

Therefore, we produced wild-type AniA and a nitrite reductase-

deficient variant of AniA (AniA H280L) as recombinant proteins

in E. coli (Figure S7). The purified wild-type enzyme generated

NO from nitrite, while AniA H280L was inactive (Figure S7). Addi-

tion of wild-type AniA, but not AniA H280L, to epithelial cell cul-

tures induced CREB phosphorylation and CD105 expression in

the absence of bacterial infection (Figures 5A and 5B), demon-

strating that exogenous AniA can produce sufficient amounts

of NO to trigger the sGC-PKG-CREB intracellular signaling

cascade in epithelial cells leading to CD105 expression. To allow

AniA activity, the samples were supplemented with 2-mM nitrite,

a nitrite concentration that does not compromise the growth of

gonococci under aerobic or anaerobic conditions (Figure S2).

During gonococcal infection of the female genital tract, we

have shown previously that upregulation of CD105 on vaginal

epithelial cells is the decisive host factor, which suppresses

epithelial exfoliation (Muenzner et al., 2010). Accordingly, while

OpaCEA-expressing, CEACAM-binding bacteria could suppress

exfoliation of epithelial cells in CEA-transgenic mice, non-opa-

que, piliated gonococci inducedmassive exfoliation as observed

by scanning electron microscopy (SEM) of whole mount organs

(Figures 5C and 5D). In agreement with the massive exfoliation,

only low amounts of piliated, non-opaque bacteria were re-iso-

lated from the genital tract, while higher numbers of OpaCEA-ex-

pressing, CEACAM-binding bacteria were recovered (Figure 5E).

Interestingly, when recombinant wild-type AniA, but not AniA

H280L, was co-applied together with piliated gonococci and 2-

mM nitrite, the exfoliation was completely suppressed (Figures

5C and 5D). The reduced detachment of the epithelial cells in

the presence of AniA directly correlated with higher numbers of

recovered piliated, non-opaque bacteria 24 h after infection (Fig-

ure 5E). The lack of exfoliation upon addition of AniA suggests

that exogenous production of NO can help to suppress epithelial

exfoliation and thereby facilitate bacterial colonization of the

vaginal mucosa.

Stimulation of sGC Signaling Suppresses Epithelial
Exfoliation In Vivo

The striking effect of AniA addition on infection-triggered exfo-

liation implies that the NO – sGC – PKG – CREB – CD105 axis

also plays a role in the intact tissue in vivo. Therefore, we

reasoned that stimulation of this signaling cascade should sup-

press the physiological exfoliation response upon infection with

non-CEACAM-binding gonococci. Again, female mice were

vaginally infected with piliated, non-opaque gonococci, and a

strong exfoliation of superficial epithelial cells was observed

(Figure 6A). The number of exfoliating cells/area was more

than tripled in infected animals compared with the uninfected

situation (Figure 6B). In contrast, when the sGC agonist BAY

analyzed by western blotting using antibodies against phosphoCREB (upper panel), total CREB (middle panel), and tubulin (lower panel). The same samples were

analyzed by flow cytometry for CD105 expression (right panel).

(B) Cells as in (A) were infected with Ngo OpaCEA, which were treated or not with 4% paraformaldehyde (PFA) prior to infection. Cells were analyzed by flow

cytometry for CD105 expression.

(C) Flow chart depicting the denitrification pathway from nitrate to nitrogen. N. gonorrhoeae lacks several enzymes and therefore can only utilize nitrite (NO2�),

which is reduced by the nitrite reductase AniA under anaerobic conditions to NO,which can be further converted by the NO reductaseNorB to nitrous oxide (N2O).

Other bacteria, such as E.coli, can initiate denitrification by using nitrate (NO3�).

(D) Ngo OpaCEA were cultured under anaerobic growth conditions in the presence of 2mMNaNO2. Directly after inoculation (T0) and at the indicated days (T2–T5)

lysates of the bacteria were prepared and analyzed by western blotting with polyclonal antibodies against AniA (upper panel) or with monoclonal antibodies

against Opa proteins (lower panel).

(E) 293T CEACAM1 cells were infected with Ngo OpaCEA and lysates of the bacteria prior to infection (pre) or at the indicated times after infection (post) were

analyzed by western blotting as in (D).

(F) Cells as in (E) were infected for 16 h with Ngo OpaCEA grown for the indicated times under anaerobic conditions as in (D). Control cells remained without

infection (w/o). Whole cell lysates were analyzed bywestern blotting using antibodies against phosphoCREB (upper panel), total CREB (middle panel), and tubulin

(lower panel).

(G) 293T CEACAM1 cells were infected with Ngo Opa� or Ngo OpaCEA grown for 3 days under anaerobic or for 1 day under regular aerobic conditions as

indicated. After 16 h, infected cells were analyzed by flow cytometry for CD105 expression. Each panel shows representative results of at least three independent

repetitions.

See also Figure S6.
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Figure 5. Purified Gonococcal AniA Can Induce CD105 Expression and Suppresses Epithelial Exfoliation

(A) 293T CEACAM1 cells were incubated for 16 h with the indicated amounts of recombinant AniA wild type (WT; left panels) or catalytically inactive AniA H262A

(right panels) in the presence of nitrite. Whole cell lysates were analyzed by western blotting using antibodies against phosphoCREB (upper panel), total CREB

(middle panel), and tubulin (lower panel). In the right panel, lysates of cells incubated in the presence of 25 mg AniA, WT were loaded as positive control.

(legend continued on next page)
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41–2272 was co-applied together with the bacteria, the exfoli-

ation response was blunted and the number of exfoliating cells/

area dropped to the level found in uninfected cells (Figures 6A

and 6B). As expected, the reduced epithelial exfoliation led to

increased numbers of bacteria, which could be recovered

from the BAY 41–2272 treated animals (Figure 6C). In mice

receiving BAY 41–2272, piliated bacteria could even be

observed by immunohistological staining in contact with the

vaginal mucosa, while only in very rare occasions piliated,

non-opaque gonococci were detected on the mucosa of un-

treated animals (Figure 6D). Most importantly, CD105 expres-

sion was found throughout the mucosal epithelium, when unin-

fected or infected mice were treated with the sGC agonist

(Figure 6D). In contrast, no CD105 expression was observed

when mice were infected with non-CEACAM-binding gono-

cocci even in the rare situations, where single bacteria were

associated with the mucosa (Figure 6D). These results corrob-

orate the prior in vitro findings and link the sGC – cGMP-PKG

signaling axis to CD105 expression by vaginal epithelial cells

in vivo.

Blockade of Host Cell sGC Signaling Interferes with
Gonococcal Colonization by Re-establishing Epithelial
Exfoliation
As gonococci appear to profit from the suppression of exfolia-

tion, it would be desirable to stimulate epithelial exfoliation as a

means to reduce cell-associated bacteria and to counteract

mucosal colonization by these highly adapted pathogens. There-

fore, we asked whether an antagonist of sGC could revert the

bacteria-induced suppression of exfoliation. Accordingly, we

applied the sGC inhibitor ODQ during vaginal infection. As re-

ported before and in contrast to the non-CEACAM-binding gon-

ococci (see Figure 6A), the OpaCEA-expressing, CEACAM-bind-

ing gonococci almost completely suppressed exfoliation, with

numbers of exfoliating cells comparable to uninfected animals

(Figures 7A and 7B). However, upon co-application of ODQ, a

strong exfoliation response of the superficial epithelial cells

was observed (Figure 7A). The increased exfoliation seen in

ODQ-treated animals was not elicited by the inhibitor, as unin-

fected animals treated with ODQdid not show signs of increased

exfoliation (Figure 7A). The numbers of exfoliating cells/area in

the animals infected for 24 h with OpaCEA-expressing bacteria

and treated with ODQ were 3-fold higher than in uninfected an-

imals or in animals treated with solvent only (Figure 7B). In the

solvent-treated animals, CEACAM-binding bacteria could be

found in association with the mucosal surface on almost every

immunohistological tissue section, while in the ODQ-treated an-

imals only occasionally bacteria could be detected (Figure 7C).

As expected, the untreated animals expressed CD105 on their

superficial epithelial cells 24 h after infection with CEACAM-

binding bacteria (Figure 7C). In contrast, in the ODQ-treated an-

imals not only lower numbers of bacteria remained on the epithe-

lial surface but also CD105 expression by the host cells was not

observed (Figure 7C). Most likely as a consequence of the

increased exfoliation upon ODQ application, lower numbers of

bacteria could be re-isolated 24 h after infection, despite the

fact that OpaCEA-expressing bacteria were able to attach to

the human host receptor present in the CEA-transgenic mice

(Figures 7C and 7D). Together, these results underscore the

role of the bacteria-triggered, NO-mediated host cell signaling

cascade for CD105 expression by superficial epithelial cells

and the suppression of exfoliation. Furthermore, the striking

reversion of the tissue phenotype and the reduced bacterial re-

covery upon ODQ treatment suggests that local pharmacolog-

ical intervention into a host signaling pathway might be an effec-

tive means to interfere with gonococcal colonization of the

female genital tract.

DISCUSSION

Neisseria gonorrhoeae is a highly specialized microbe, which

does not occur outside of the human body. Therefore, survival

of gonococci strictly depends on the ability of these bacteria to

colonize the mucosal surface of their sole natural host. The low

dose of less than 1,000 gonococci needed for a productive infec-

tion in men (Schneider et al., 1995) attests to the remarkable ef-

ficiency by whichN. gonorrhoeae can establish itself onmucosal

surfaces of the urogenital tract, the throat, the colon, or the eye.

Gonococci, similar to other human-restricted microbial patho-

gens, engage epithelial receptors of the CEACAM family to inti-

mately attach to the mucosal surface of the vaginal tract (Islam

et al., 2018; Sintsova et al., 2015). Aside from physical attach-

ment, CEACAM binding also facilitates colonization by allowing

the bacteria to suppress epithelial exfoliation (Muenzner et al.,

2010, 2005). Here, we identify an unexpected communication

between CEACAM-associated N. gonorrhoeae and the mucosal

epithelium, which helps to explain the extraordinary capability of

gonococci to colonize the human mucosa. Our results indicate

that an intimate Opa adhesin-mediated interaction with CEA-

CAM family receptors is pre-requisite to allow a short-range

messenger and metabolic intermediate of bacterial anaerobic

respiration, NO, to reach the host cell. Inside the eukaryotic

cell, NO triggers a conserved signaling cascade involving sGC,

cGMP, PKG, and the transcription factor CREB to upregulate

expression of CD105, which is responsible for increased cell-

matrix adhesion and blunted epithelial exfoliation.

Host-produced NO is known to have antibacterial properties

in inflammatory settings. Indeed, the iNOS, which can be

(B) Cells were incubated as in (A) with 25 mg of AniA WT, AniA H262A, or left untreated. Then, cells were analyzed by flow cytometry for CD105 expression.

(C) CEA-transgenic (CEAtg) mice were infected with OpaCEA-expressing gonococci (NgoOpaCEA), non-opaque, piliated gonococci (Ngo P+), or infectedwith Ngo

P+ supplemented with 25 mg active (WT) or inactive (H262A) AniA in the presence of nitrite. 24 h after infection, the urogenital tracts were excised and processed

for SEM. SEM pictures at different magnifications show whole mount organs (top row) or the luminal surface of the upper vaginal and cervical regions.

(D) In samples from (C), the number of exfoliating cells/area was enumerated. Bars represent mean ± SD of exfoliating cells from an area of ~0.075 mm2 (n = 24; 8

areas/animal) derived from three animals each treatment.

(E) CEAtg mice were infected as in (C) and 24 h later, bacteria were re-isolated from the genital tract. Each data point in the graph reflects the number of bacteria

re-isolated from an individual animal (n = 3–7). Data were compiled from two independent experiments. The median for each experimental group of animals is

indicated by a line; numbers of recovered bacteria were compared by Mann–Whitney U test and significant differences (**p < 0.01, *p < 0.05) are indicated.

See also Figures S2 and S7.
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expressed by stimulated macrophages, rapidly produces

micromolar amounts of NO radicals by conversion of arginine

to citrulline (Aktan, 2004). While high concentrations of the NO

radical can be detrimental to microorganisms and eukaryotic

cells alike (Fang, 2004), the nanomolar concentrations of NO

produced by constitutive NOS (cNOS) enzymes, which are ex-

pressed by several cell types, have important physiological

roles. In particular, cNOS derived NO stimulates the activity of

sGC, which produces the intracellular second messenger

cGMP to regulate amultitude of homeostatic processes in mam-

mals such as blood pressure, neurotransmitter release, or

platelet aggregation (Alderton et al., 2001; Ignarro, 1990). Both

mammalian cNOS and iNOS alike are sensitive to inhibition by

the arginine antagonist ADMA. It was therefore surprising to

observe that the bacteria-induced upregulation of CD105 de-

pends on a NO-triggered signaling cascade, yet this process is

undisturbed by ADMA. These puzzling findings can now be

reconciled by the fact that the NO production, which leads to

CD105 expression, does not rely on a host-derived NOS

enzyme, but rather is due to the gonococcal copper-containing

nitrite reductase AniA (Boulanger and Murphy, 2002; Mellies

et al., 1997). This enzyme is expressed by gonococci, when ox-

ygen as an electron acceptor is limited and the bacteria instead

utilize nitrite in a truncated denitrification pathway (Barth et al.,

2009). Identifying the anaerobic metabolism of gonococci as

the source of NO not only nicely explains the lack of CD105

expression in response to physiological CEACAM stimulation

but also helps to clarify two further enigmatic features of bacte-

ria-triggered CD105 upregulation and suppression of exfoliation:

the requirement for intimate, Opa-CEACAM-mediated attach-

ment of the pathogens as well as the potentiation of the pheno-

type by anaerobic pre-conditioning of the bacteria. In this

context it is important to stress that NO is able to freely traverse

biological membranes but can only act on short distances

(Furchgott and Jothianandan, 1991). The limited working range

of NO within a few micrometers is due to the radical nature of

this gas, as it rapidly reacts with thiol groups, iron-sulfur clusters

in proteins, and, in aerobic environments, with reactive oxygen

species (Grisham et al., 1999). Therefore, the intimate interaction

afforded by the Opa-CEACAM interaction, which leads to a tight

embedding of the bacteria into the host cell membrane or even to

endocytic uptake into the host cell (Schmitter et al., 2007; Wang

et al., 1998), appears as a pre-requisite to allow sufficient

amounts of NO to reach the host cell cytoplasm and to initiate

NO-sensitive signaling pathways. Accordingly, non-Opa-ex-

pressing bacteria, which do not tightly associate with the host

cell surface, are not in a position to influence host processes

via NO. A critical parameter influencing the ability of gonococci

to suppress exfoliation is the absence of oxygen and the switch

of these bacteria to anaerobic respiration. In this regard, AniA is

one of the major proteins expressed under low oxygen condi-

tions as found in the female genital tract, a habitat rich in faculta-

tive and obligate anaerobic organisms (Anahtar et al., 2015;

Ravel et al., 2011). As gonococci are generally cultured undermi-

croaerophilic conditions, AniA expression is low to absent under

such conditions. However, upon oxygen depletion, AniA expres-

sion is massively upregulated and the presence of AniA-directed

antibodies in the sera of gonorrhoea patients suggests that this

process is relevant in vivo (Clark et al., 1988). Moreover, we

find AniA expressed within a few hours after infection of isolated

epithelial cells, suggesting that static cell cultures attain anaer-

obic conditions during infection assays in vitro. These findings

also clarify, why bacteria-triggered upregulation of CD105 by

isolated epithelial cells occurs within several hours and not within

minutes of infection (Muenzner et al., 2005), as bacteria first have

to get exposed to decreasing oxygen levels in the infected cul-

tures. However, pre-conditioning of the bacteria by anaerobic

growth conditions or addition of exogenous, recombinant AniA

can directly trigger NO-signaling in the eukaryotic cells and

exaggerate CD105 upregulation.

Though bacterially derived metabolites such as short chain

fatty acids (SCFAs) are known to influence host cells (Donohoe

et al., 2011; Fellows et al., 2018; Kelly et al., 2015), the direct

signaling activities of a bacteria-derived gas have not been

observed before. In contrast to stable molecules such as SCFAs,

which can be consumed by co-occurring commensal bacteria or

can act on distant tissues, the short-range action of the NO

radical assures that only the cell-attached NO-producing gono-

cocci will directly profit from the exchange with the epithelium.

That the resulting suppression of exfoliation might be particularly

useful in colonizing the urogenital tract is demonstrated by a nat-

ural experiment: recent years have seen the emergence of a

novel group of Neisseria meningitidis, which represents the

closest relative of gonocci and usually inhabits the nasopharynx

of humans, where it is transmitted via aerosols. This arising

clonal complex of meningococci has acquired the ability to colo-

nize the urogenital tract and to be transmitted by sexual contact,

generating a new venereal disease (Bazan et al., 2016). The

Figure 6. Stimulation of sGC Signaling Suppresses Epithelial Exfoliation In Vivo

(A) CEAtg mice were treated or not with 50 nM BAY41-2272 (BAY41) 30 min before infection with piliated, non-opaque (Ngo P+) gonococci. Some untreated

animals were left uninfected. After 24 h, the urogenital tracts were excised and processed for SEM. SEM pictures at different magnifications show whole mount

organs (top row) or the luminal surface of the upper vaginal and cervical regions. Whereas massive epithelial exfoliation is evident for CEAtg mice infected with

pilliated gonococci, a strongly reduced detachment of epithelial cells is observed in mice pretreated with the sGC stimulator.

(B) Quantification of exfoliating epithelial cells/area from samples in (A). Bars represent mean ± SD of exfoliating cells from an area of ~0.075mm2 with 5 separate

areas per organ and 5 animals per treatment (n = 25).

(C) CEAtg female mice were infected as in (A) and 24 h later, bacteria were re-isolated from the genital tract. Each data point in the graph reflects the number of

bacteria re-isolated from an individual animal (n = 3–7). Data were compiled from two independent experiments. The median for each experimental group of

animals is indicated by a line; numbers of recovered bacteria were compared by Mann–Whitney U test and significant differences (*p < 0.05) are indicated.

(D) Genital tracts from CEAtg mice infected for 24 h with Ngo P+ in the presence or absence of BAY41 or from uninfected animals treated with BAY41 were

excised and cryosections were co-stained with rabbit polyclonal antiserum against N. gonorrhoeae (green) and against murine CD105 (red). Cell nuclei were

visualized by Hoechst (blue). Arrowheads indicate bacteria in contact with the epithelial surface. Host-associated bacteria rarely occurred in untreated animals,

where most tissue sections did not contain bacteria (see the two bottom rows with sections from untreated animals). Expression of CD105 (white arrows) is seen

in mice treated with BAY41 irrespective of infection, while CD105 is absent in untreated animals. The inserts show magnifications of bacterial attachment sites.
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astonishing change in lifestyle of these meningococci is accom-

panied by gene losses, but also by the acquisition of a large, 3.8-

kb gonococcal genomic fragment encoding the AniA and NorB

genes (Tzeng et al., 2017). Our results now provide a causal

explanation, how AniA and its NO-producing activity can facili-

tate mucosal colonization in the urogenital tract by both gono-

cocci and menigococci.

The central role that AniA has in this process renders this

enzyme an interesting target for vaccine development or even

direct pharmacological inhibition. A more immediate access

point for interference with this process is provided by the well-

developed suite of pharmacological agents that modulate the

human NO-signaling cascade, such as agonists and antagonists

of the sGC. Indeed, topical application of an sGC inhibitor to the

female genital tract disrupts the ability of the bacteria to sup-

press epithelial exfoliation. In the case of Neisseria gonorrhoeae,

where antibiotic treatment options are getting limited and where

the transmission event usually does not occur unnoticed, such a

kind of post-exposure treatment could block the initial stages of

the infection process. Therefore, our study not only provides a

surprising additional chapter to the means by which prokaryotes

communicate with their multicellular hosts but also provides an

unexpected opportunity to disrupt the chain of transmission for

one of the major venereal diseases worldwide.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J mice carrying the complete human CEA gene (CEAtg mice) (Eades-Perner et al., 1994) and wildtype C57BL/6J mice (ob-

tained from Elevage Janvier, Le Genest Saint Isle, France) were kept under specified pathogen-free conditions under a 12-h light

cycle in the animal facility of University of Konstanz in accordance with national and institutional guidelines. The CEAtg line wasmain-

tained heterozygous for the CEA transgene by crossing male CEAtg mice with female wildtype mice. Offspring of these crosses were

genotyped by PCR and female mice were used between 6 – 8 weeks of age for infection experiments. Experiments involving animals

were performed in accordancewith theGerman Law for the Protection of AnimalWelfare. The animal care and use protocol, including

the protocol of experimental vaginal infection of female mice, was approved by the appropriate state ethics committee and state

authorities regulating animal experiments (Regierungspr€asidium Freiburg, Germany) under the permit file number G-15/43.

Bacterial Culture
Gonococcal strains used in this study were derived from N. gonorrrhoeae strain MS11 and were described previously (Muenzner

et al., 2005). Strains were routinely cultured at 37�C in 5%CO2 onGCagar plus vitamin supplement (BectonDickinson) and passaged

daily. The gonococci were either non-piliated and expressed a CEACAM-binding Opa protein (Ngo OpaCEA; strain N309), they were

non-piliated and non-opaque (Ngo Opa-; strain N302), or they were piliated and non-opaque (Ngo P+; strain N280).

For infection with aerobic grown cultures, the bacteria were suspended in DMEM, the optical density of the suspension at 550nm

(OD550) was used to estimate the number of the microorganisms according to a standard curve, and the bacteria were added to the

cells at the indicated multiplicity of infection (MOI) or were used for vaginal infection of mice using 1 x 108 bacteria/animal.

Anaerobic cultivation of gonococci was performed in anaerobic chambers containing GasPak� EZ Anaerobe Container System

Sachets (Becton-Dickinson, Heidelberg, Germany) or in liquid culture. In the first case, the gonococci were inoculated onto GC agar,

and a sterile filter disk (Schleicher and Schuell) containing 20 ml of a 20% NaNO2 solution placed in the center of each plate (Knapp

and Clark, 1984). To create low oxygen liquid cultures, 20 ml of PPM medium was supplemented with 2 mM NaNO2 and filled into

25ml McCartney bottles. Bacteria were added to an OD550 of 0.1, bottles were closed, and incubated on a shaking platform (90 rpm)

at 37� C for different time points. To analyse the gonococci for the presence of Opa protein, single colonies were expanded on GC

agar, lysed and analysed by Western blotting using Opa specific antibodies (clone 4B12/C11).

The uropathogenic E. coli strain A30 (isolated from a cystitis patient) harbouring the afa-3 gene cluster is a non-hemolytic, serotype

O75 strain expressing the CEACAM-binding AfaE-III adhesin (E. coli AfaE-III). E. coli AfaE-III and the afa-deficient isogenic strain

(E. coli DAfaE-III) have been described previously (Muenzner et al., 2016) and were cultured on LB agar.

Cell Culture
The human embryonic kidney cell line 293T (293T cells; ACC-635, DSMZ, Braunschweig, Germany) was cultured and transiently

transfected as described (Muenzner et al., 2005).

The human cervix carcinoma cell line ME-180 (ATCC HTB-33, Rockville, MD) was cultured in DMEM containing 10% fetal calf

serum (FCS) at 37�C in 5% CO2 and subcultured every third day. The human vaginal epithelial cell (hVEC) line MS74 (Rajan et al.,

2000) was obtained from A.J. Schaeffer (Feinberg School of Medicine, Northwestern University, Chicago, IL), cultured on gela-

tine-coated dishes in DMEM containing 10% FCS, non-essential amino acids, pyruvate and subcultured every third day.

METHOD DETAILS

Generation of Stable Cell Lines
To generate a CEACAM1DCT-GFP encoding lentiviral vector, human CEACAM1 cDNA was amplified from plasmid pcDNA3.1 CEA-

CAM1-4L-HA (Muenzner et al., 2016) with the forward primer CEACAM1-Nhe_sense 5’-GAACTGCTAGCACCATGGGGCACCTCT-

CAG-3’ and reverse primer CEACAM1DCT-AgeI_reverse 5’-GCTAGACCGGTGCATATTTCCCGAAATGCAG-3’. The resulting frag-

ment was cloned in the NheI and AgeI restriction sites of lentiviral vector pLL3.7 (Rubinson et al., 2003) resulting in an in-frame

fusion between CEACAM1 extracellular and transmembrane domains and the GFP coding sequence. To generate lentiviral particles,

293T cells were transfected using calcium phosphate DNA precipitation with 5 mg of pLL3.7 CEACAM1DCT-GFP, 3 mg of packaging

plasmid psPAX2 and 2 mg of plasmid pMD2.G encoding the VSV envelope protein (Addgene plasmids #12260 and #12259). After 8 h,

themediumwas replacedwith fresh DMEMcontaining 10%CS. Three days later, the virus-containing culturemediumwas collected,

centrifuged at 2000 rpm at 4�C for 7 min, sterile filtered and stored. HEK 293 were transduced with lentiviral particles and 3 days later

sorted by FACS to select for GFP-positive cells. The sorted, GFP-positive population of CEACAM1DCT-GFP expressing 293T cells

(CEACAM1 cells) was used for experiments.

Immunofluorescence Staining, Western Blotting and Flow Cytometry
Western blotting and immunofluorescence staining was performed as described previously (Schmitter et al., 2004). Flow cytometry

was performed on a LSRII flow cytometer (BD Biosciences) equipped with 405nm, 488nm, and 561nm laser lines using FACS Diva

software.
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Production of Soluble CEACAM N-Terminal Domains and Binding to Bacteria
293T cells were transfectedwith 5 mg plasmid DNA encoding secretedGFP-fusion proteins of the N-terminal domains of humanCEA-

CAM family members. After 24 h, the medium of the transfected cultures was replaced by OptiMEM (LifeTechnologies, Darmstadt,

Germany). Two days later the culture supernatants containing the secreted fusion proteins were collected, centrifuged for 15 min at

5000 rpm. The GFP-derived fluorescence was analysed using a Varioskan Flash reader (ThermoScientific) to adjust equal amounts of

the secreted fusion proteins. For pull-down experiments, indicated bacteria were suspended in PBS and binding to the receptor pro-

tein contained in cell culture supernatants was determined as described (Kuespert et al., 2007).

Cell Adhesion Assay
To evaluate cell adhesion to the extracellular matrix, 96-well plates were coated with 25 mg/ml collagen type 1 from calf skin (ICN

Biomedicals, Irvine, CA) or BSA in PBS for 24 hours at 4�C. 293T CEACAM1 cells were serum starved (20 h) and infected with the

indicated bacterial strains at a MOI of 30 for 16 hours. Following infection, cells were detached and kept in suspension medium

(DMEM, 0.2% BSA) for 15 min before being replated at 4 x 104 cells/well onto the collagen-coated or BSA-coated wells. Cells

were allowed to adhere for 90 min before non-adherent cells were removed by three gentle washes with PBS. Remaining cells

were fixed and stained for 60min with 0.1% crystal violet in 0.1M borate, pH 9. After washing and drying, the crystal violet was eluted

in 10 mM acetic acid and the staining intensity was measured at 590 nm with a Varioskan Flash (ThermoScientific, Oy Microplate

Instrumentation; Vantaa, Finland).

CD105 Promoter Constructs and Luciferase Assays
The CD105 promoter constructs pCD105FL and pCD105s correspond to pCD105(-1950/+350) and pCD105(-50/+350), respectively

(Botella et al., 2002), and were generously provided by Carmelo Bernabeu (Centro de Investigaciones Biológicas, CSIC, Madrid,

Spain). Mutation of the CRE consensus binding site 1 (Graulich et al., 1999) was achieved with primers DCRE1-for 5’-GGCAGACG

GATCACTTGAATTCAGGAGTTCGAGACCAGC-3’ and DCRE1-rev 5’- GCTGGTCTCGAACTCCTGAATTCAAGTGATCCGTCTGCC

-3’. The mutation was confirmed by DNA sequence analysis. For luciferase assays, 293T CEACAM1 cells were co-transfected

with 4 mg of different CD105 reporter constructs together with 1 mgmKate-encoding plasmid for normalization. As a negative control,

pGL-2 basic encoding a promoterless luciferase was used (Promega, Cambridge, USA). In some cases, cells received additionally

plasmids encoding caPKGIa or CREB S133A. Then the remaining samples were additionally transfected with the empty vector con-

trol (pcDNA) to end up with the same total quantities of plasmid DNA. 24 h after transfection, cells were either infected or not for 16

hours with gonococci cultured under anaerobic growth conditions, or cell were treated or not with the sGC stimulator BAY, the NO

releasing substance DETA (for 6 hours). After washing, cells were lysedwith 300 ml of lysis buffer (25mMTris/phosphate, 4mMEGTA,

1% Triton X-100, 10% glycerol, 2 mM dithiothreitol) for 15 minutes at 4�C. After centrifugation at 13,000 rmp for 5 minutes, 30 ml of

each supernatant was transferred to a 96-well plate and 175 ml assay buffer (25 mM Tris/phosphate, 20 mM MgSO4, 4 mM EGTA,

2 mM ATP, 1 mM dithiothreitol) and 1 mM D-luciferin were added and measured over 10000 ms, in a Varioskan� Flash (Thermo-

Fisher) using SkanIT software.

Cloning and Expression of Recombinant AniA
The aniA gene of N. gonorrhoeae MS11-B2 was amplified from genomic DNA using primers AniA_for 5’-ACTCCTCC

CCCGCCATGGGTGGCGAACAAGCTGC-3’ and AniA_rec 5’-CCCCACTAACCCGTTAATAAACGCTTTTTTCGGATGCAGAGGC-3’.

The PCR product was cloned into a pDNR-dual-LIC vector (Adrian et al., 2019) to yield plasmid pDNR-dual-LIC-AniA. Using

the primers AniA H280L_for 5’-GGCAGACGGATCACTTGAATTCAGGAGTTCGAGACCAGC-3’ and AniA H280L_rev 5’-

GCTGGTCTCGAACTCCTGAATTCAAGTGATCCGTCTGCC-3’ a missense mutation was introduced into AniA WT to yield the cata-

lytically inactive AniA H280L. Via Cre mediated recombination, the cDNAs were transferred into the acceptor vector pET24a-His-

SUMO-loxP, which was generated from vector pCA528 (Andréasson et al., 2008) by insertion of a LoxP cassette in-frame with

the His6-SUMO coding sequence (Creator-acceptor-vector-construction Kit; BD Biosciences). AniA wt and AniA H280L were ex-

pressed in E. coli BL21(DE3) at 30�C for 4h upon induction with IPTG. The proteins were purified from bacterial lysates by standard

Ni-affinity chromoatography and the size and purity of AniA was analysed by SDS PAGE.

AniA Activity Assay
Nitrite reduction by AniA was evaluated using the Griess reagent kit (LifeTechnologies) according to (Kahler and Guze, 1957). Briefly,

recombinant AniA wildtype or AniA H280L (20 mg) were incubated at 30�C in 20 mM phosphate buffer pH 6.0 with 2 mM NaNO2,

14 mM sodium dithionite, and 0.7 mM methyl viologen under anaerobic conditions. After 5, 15, 30, 60, 120, 180 and 240 min, the

reaction was stopped and 50 ml of the samples were transferred to triplicate wells of a 96-well plate. There, 50 ml of 1% sulfanilamide

in 5% phosphoric acid were added and after 5 min incubation mixed with 50 ml of 0.1%N-1-napthylethylenediamine dihydrochloride

in H20. After 10 min, the absorption at 548nmwas determined to calculate the remaining nitrite in the sample according to a standard

curve obtained with NaNO2.

Vaginal Infection with N. gonorrhoeae

Experimental vaginal infection of female mice with gonococcal strains was performed as previously described (Muenzner et al.,

2010). Briefly, female mice were subcutaneously injected with 17-b-estradiol (Calbiochem, Darmstadt, Germany) 4 days prior to
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infection. Trimethoprim sulphate was administered orally via drinking water (40 mg/ 100 ml) to reduce growth of commensal flora

during estrogen treatment. Before infection, the vagina was washed three times with 30 ml PBS and mice were inoculated intravagi-

nally with 108 CFU of the indicated bacteria suspended in 20 ml of PBS. Pharmacological compounds (BAY 41-2272 or ODQ) were

applied vaginally 10min prior to the infection in a volume of 20 ml. Recombinant AniA (25 mg) was inoculated together with the bacterial

suspension in PBS and supplemented with 2mMNaNO2. 24 h after infection, the mucosa-associated gonococci were re-isolated by

cotton swaps and serial dilutions were plated on GC agar cam/erm. The colonies were enumerated after 20 h of incubation at 37�C,
5% CO2.

Scanning Electron Microscopy and Immunohistochemistry of Vaginal Tissue
The genital tract of animals, infected for 24 h or uninfected, was excised and the longitudinally opened vaginal and uteral tissue was

mounted. The whole mount organ was fixed with 2% glutaraldehyde, 3% formaldehyde in 0.1 M sodium-cacodylatebuffer, pH 6.9

containing 0.09 M sucrose, 0.01 M CaCl2, 0.01 M MgCl2 for at least 1h at 4�C. The fixed samples were further processed and an-

alysed by scanning electron microscopy essentially as described previously (Muenzner et al., 2010). For immunohistochemistry, tis-

sue samples were immediately fixed with 4% paraformaldehyde for at least 24 h and transferred to 10% sucrose, 0.05% cacodylic

acid for 1 h at 4�C. Next, samples were transferred to a sucrose-gradient from 10 to 30% at 4�C over night. Organs were mounted in

embedding medium (Cryo-M-Bed; Bright Instrument, Huntingdon, UK) and frozen at -20�C. 10 mm thick sections were cut at -20�C
using a cryostat (Vacutom HM500, Microm, Germany). Sections were incubated with a mouse monoclonal antibody against CEA

(clone COL-1) or a rat monoclonal antibody against murine CD105 (clone MJ7/18) together with a polyclonal rabbit antibody against

N. gonorrhoeaeMS11 (IG-511). Detection of the primary antibodies was accomplished by incubation with a combination of Cy5-con-

jugated goat-anti-rabbit antibody (1:250) and rhodamine-conjugated goat-anti-rat antibody (1:250; in the case of CD105 detection) or

Cy3-conjugated goat-anti-mouse antibody (1:250; in the case of CEA detection). Cell nuclei were visualized by the addition of

Hoechst 33342 in the final staining step. Samples were analysed with a TCS SP5 confocal laser scanning microscope (Leica, Man-

nheim, Germany). Images were digitally processed with Photoshop CS (Adobe Systems, Mountain View, CA) and images of individ-

ual detection chanels were merged to yield pseudo-coloured images

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Methods
For the statistical evaluation of in vivo infection experiments, the number of re-isolated bacteria from individual animals was

compared between different treatments using the non-parametric Mann Whitney-U test or the Kruskal-Wallis One Way Analysis

of Variance on Ranks as the data did not exhibit a normal distribution. Significant differences between groups are indicated by *

p<0.05; ** p<0.01; *** p<0.001.

DATA AND CODE AVAILABILITY

This study did not generate/analyze datasets/codes.
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