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Stenotrophomonas maltophilia provokes
NEU1-mediated release of a flagellin-binding
decoy receptor that protects against lethal infection

Erik P. Lillehoj,1,7,* Yafan Yu,2 Avelino C. Verceles,3 Akihiro Imamura,4 Hideharu Ishida,4 Kurt H. Piepenbrink,2,5,6

and Simeon E. Goldblum3
SUMMARY

Stenotrophomonas maltophilia (Sm), a multidrug-resistant pathogen often isolated from immunocompro-
mised individuals, presents its flagellin to multimeric tandem repeats within the ectodomain of mucin-1
(MUC1-ED), expressed on airway epithelia. Flagellated Sm increases neuraminidase-1 (NEU1) sialidase as-
sociation with and desialylation of MUC1-ED. This NEU1-mediated MUC1-ED desialylation unmasks
cryptic binding sites for Sm flagellin, increasing flagellin and Sm binding to airway epithelia. MUC1 over-
expression increases receptor number whereas NEU1 overexpression elevates receptor binding affinity.
Silencing of either MUC1 or NEU1 reduces the flagellin-MUC1 interaction. Sm/flagellin provokes MUC1-
ED autoproteolysis at a juxtamembranous glycine-serine peptide bond. MUC1-ED shedding from the
epithelium not only occurs in vitro, but in the bronchoalveolar compartments of Sm/flagellin-challenged
mice and patients with ventilator-associated Sm pneumonia. Finally, the soluble flagellin-targeting,
MUC1-ED decoy receptor dose-dependently inhibits multiple Sm flagellin-driven pathogenic processes,
in vitro, including motility, biofilm formation, adhesion, and proinflammatory cytokine production, and
protects against lethal Sm lung infection, in vivo.

INTRODUCTION

The first host barrier, with which bacterial pathogens interact in the airways, is the mucus blanket which covers the epithelium.1,2 The mucus

blanket is made up of 2 distinct yet interacting layers, a highly viscous gel layer overlying a periciliary liquid layer. Members of themucin family

comprise the major protein component of mucus, and can be divided into secreted and cell-associated mucins. Of the 5 major mucins that

have been detected in the lung, 2 are secreted, MUC5AC and MUC5B, and 3 are cell-tethered, MUC1, MUC4, and MUC16.2

MUC1 is comprised of an NH2-terminal MUC1 ectodomain (MUC1-ED) coupled to a COOH-terminal MUC1 cytoplasmic domain (MUC1-

CD).1,2 TheMUC1-ED contains a variable number of highly sialylated 20-amino acid (aa) tandem repeats distal to a juxtamembranous,�110 aa

SEA (sea urchin sperm protein, enterokinase, agrin) domain. The SEA domain contains a G-S-V-V-V consensus sequence that can undergo

autoproteolysis with cleavage occurring at the Gly-Ser peptide bond.3–6 The 2 resultant MUC1 cleavage products noncovalently bind as a

heterodimer. The proline-rich MUC1-ED exhibits an extended, rod-like conformation that protrudes higher above the epithelial cell (EC)

surface than other membrane-associated proteins.7 Here, the MUC1-ED is strategically positioned to interact with bacteria in the airway

lumen. In fact, multiple bacteria reportedly bind to the MUC1-ED.8–12 The MUC1-ED is up to 90% carbohydrate, almost entirely through

more than 500 predicted O-linked glycosylation sites within the tandem repeats.13 The relatively short, 72-aa MUC1-CD contains

multiple binding sites for cytosolic signaling molecules.2 How this multifunctional molecule influences the host response to bacteria remains

incompletely understood.

Bacterial flagella are comprised of 3 components: (1) a membrane-embedded basal body, (2) the hook, a flexible linker between the

membrane complex and the flagellar filament, and (3) the filament itself, composed of thousands of copies of the flagellin monomer.14

Flagellin proteins are comprised of 4 distinct domains, D0, D1, D2, and D3.14 The D0 and D1 domains are predominantly a-helical in structure

while the D2 and D3 domains contain a mixture of a-helices and b-sheets. The NH2- and COOH-terminal domains (D0 and D1) are highly

conserved, critical for flagellin monomer polymerization, and separated by an intervening hypervariable region (D2 and D3). The flagellar
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Figure 1. Sm utilizes flagellin to engage human airway epithelia

(A and B) A549 cells were incubated for (A) 30 min with increasing MOIs of Sm or (B) increasing times with Sm at an MOI of 103.

(C) 1HAEo�, CFTE29o�, 16HBE14o�, BEAS-2B, SAEC, and A549 cells, or a no cell control were incubated for 30 min with Sm at an MOI of 103 and Sm adhesion

quantified.

(D) Lysates of flagellin-expressingWT Sm bacteria (lane 1), flagellin-null Sm bacteria (lane 2), and the purified Sm FliC1,2,3 flagellin mixture (lane 3), were resolved

by SDS-PAGE and processed for Sm flagellin immunoblotting (IB) and Coomassie blue staining as loading controls for lanes 1 and 2. Bands of interest are

indicated by arrowheads on right.

(E) WT and flagellin-null Sm were assayed for motility in colony diameter. Vertical bars represent mean G SEM colony diameter in mm.

(F) A representative motility plate of WT (panel i) and flagellin-null (panel ii) Sm is shown.

(G) A549 cells, SAECs, and endotracheal tube PVCwere incubated withWT or flagellin-null Sm and adherent Sm quantified in CFUs/well (cells) or CFU/cm2 (PVC).

(A, B, C, G) Vertical bars represent mean G SEM CFUs/well (cells) or CFU/cm2 (PVC).

(H) Sm FliC1, FliC2, and FliC3 flagellins were purified by ion-exchange chromatography using a linear pH gradient.

(I) Coomassie blue staining of purified Sm FliC1 (lane 1), FliC2 (lane 2), and FliC3 (lane 3) flagellins.

(J) Flagellin immunoblotting of purified Sm FliC1 (lane 1), FliC2 (lane 2), and FliC3 (lane 3) flagellins.

(K–M) A fixed concentration of the Alexa Fluor 594-conjugated Sm FliC1,2,3 flagellin mixture was incubated with A549 cells in the presence of increasing

concentrations of unlabeled FliC1 (K), FliC2 (L), or FliC3 (M) and binding of the labeled flagellins calculated.

(N) A fixed concentration of the Alexa Fluor 594-conjugated Sm FliC1,2,3 flagellin mixture was incubated with A549 cells in the presence of increasing

concentrations of unlabeled Sm FliC1,2,3 flagellin mixture and binding of the labeled flagellins calculated.

(O) A fixed inoculum of Sm was co-cultured with A549 cells in the presence of increasing concentrations of the Sm FliC1,2,3 flagellin mixture and Sm adhesion

assayed. *, increased Sm adhesion (A-C) compared to the PBS or no cell controls at p < 0.05. **, decreased Sm DFliC1,2,3 motility (E), adhesion (G, O), or

fluoroprobe-labeled FliC1,2,3 flagellin mixture binding (K-N) compared to WT Sm motility, adhesion, or absence of unlabeled flagellin mixture, at p < 0.05.

n.s., not significant. Statistical comparisons were made using the Student’s t test. The results are representative of 3 or 6 independent experiments.
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filament participates in bacterial motility, including swimming in liquids and swarming on semi-solid surfaces, adhesion to host proteins,

includingmucins, and biofilm formation.14–18 The flagellin monomer is an immunomodulatory agent that has been introduced as an adjuvant

for vaccines and assorted immunotherapies.19

Stenotrophomonas maltophilia (Sm) expresses 3 flagellin genes, FliC1, FliC2, and FliC3 that form an operon in the Sm genome.20 The Sm

FliC1, FliC2, and FliC3 flagellins self-associate into polar flagella. Sm can be uniflagellated, biflagellated, or multiflagellated. When

each flagellin gene is deleted individually or in combination, and the resultant bacteria screened morphologically and functionally, subtle

differences can be demonstrated in swimming, swarming, adhesion, and biofilm formation.20 FliC1, FliC2, and FliC3 contain 406, 400, and

406 aa, respectively. At the aa level, FliC1 shares 67% identity and 76% homology with both FliC2 and FliC3, while FliC2 and FliC3 share

82% identity and 86% homology.20 Based on their aa sequences, the predicted MWs of FliC1, FliC2, and FliC3 are 41.5 kDa, 40.8 kDa, and

41.4 kDa, respectively (https://www.expasy.org/resources/protparam).

We recently found that Pseudomonas aeruginosa (Pa)-expressed flagellin engages the MUC1-ED on the surface of airway epithelia.21–23

Pa expresses a noncanonical neuraminidase/sialidase (NEU) which contains an active site that does not accommodate sialic acid and lacks

sialidase activity.24 The MUC1-ED-Pa flagellin receptor-ligand interaction recruits the eukaryotic NEU1, together with its chaperone protein,

protective protein/cathepsin A (PPCA), to surface-expressedMUC1. PPCA is absolutely required for proper folding, stability, oligomerization,

and activation of NEU1.25 Although NEU1 has been historically studied in context of its indispensable role in glycan catabolism and the

lysosomal storage disease, sialidosis,25–27 it has been detected on the surface of multiple cell types,28,29 where it desialylates numerous sia-

loproteins, including MUC1.21.30 NEU1 desialylation of the MUC1-ED unmasks cryptic binding sites for Pa-derived flagellin, dramatically

enhancing Pa adhesion to MUC1-expressing epithelia. At the same time, NEU1-mediated MUC1-ED desialylation permits shedding of

the still hyperadhesive, flagellin-targeting MUC1-ED, as a decoy receptor, with both anti-bacterial and anti-inflammatory properties.21–23

In the current studies, we asked whether this flagellin-provoked, NEU1-mediated generation of the MUC1-ED decoy receptor could be

extended to another flagellated, NEU-deficient bacterium, Sm. This multidrug-resistant (MDR) gram-negative, obligate aerobic bacterium

is commonly found in the airways of immunocompromised hosts, individuals with cystic fibrosis, and hospitalized patients with ventilator-asso-

ciated pneumonia.31 Sm adhesion to endotracheal tubes and subsequent biofilm formation is a major factor contributing to the development

of ventilator-associated Sm pneumonia.32 Sm and Pa can often (1) present in similar patients as the same clinical syndromes, ((2) are cultured

from the same environmental sources, (3) can be diagnostically confused in the clinical microbiology laboratory, and (4) are identified as MDR

microorganisms.31–36 In fact, prior to DNA sequencing studies, Pa and Sm were so closely related that Sm was known as Pseudomonas

maltophilia.32
RESULTS
Sm flagellin engages the human airway epithelium

Adhesion of Sm strain KJ bacteria to A549 cells increased as the inoculum size was increased frommultiplicities of infection (MOI)s of 1.0–103

(Figure 1A). At MOI >103, no further increments in Sm adhesion were detected, indicating a finite saturable number of Sm binding sites on

these cells. Using a fixed Sm inoculum size (MOI = 103), as Sm-A549 cell co-culture times were extended from 10 to 30 min, Sm adhesion

increased (Figure 1B). We then incubated Sm (MOI = 103) for 30 min with human airway epithelia derived from anatomical sites along the

entire length of the airway. ECs derived from the human trachea (1HAEo� and CFTE29o� cells), bronchus (16HBE14o� and BEAS-2B cells),

small airways (SAEC), and alveoli (A549 cells) each displayed comparable adhesiveness for Sm (Figure 1C).
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Figure 2. Structural comparison of the flagellin proteins of Sm, Pa, Lp, and STm

(A) X-ray crystallographic structure of Pa FlaB flagellin illustrating the D0, D1, D2, and D3 domains with a-helices shown as blue coils, b-sheets as orange arrows,

and loops as gray lines.

(B) Cryo-EM structure of the Pa FlaB flagellar filament illustrating the exposed b-sheets of the D2 (lower) and D3 (upper) domains.

(C) Structures of Sm, Pa, Lp, and STm flagellins. Note the absence of the D3 domain in the Sm flagellins and distinct orientation of the D2 and D3 domains of STm

flagellin.

(D) Expanded view of superimposed D2 domains of Sm FliC1, FliC2, and FliC3, and Pa FlaA flagellins. Conserved aa’s Val-206 (green circle), Asp-207 (purple

circle), and Lys-220 (red circle) (FlaA numbering) are depicted atomistically. Equivalent residues include Val-247, Asn-248, and Lys-258 in Sm FliC1, Val-250,

Asp-251, and Lys-263 in Sm FliC2, Val-250, Asp-251, and Lys-264 in Sm FliC3, and Ile-210, Ala-211, and Lys-224 in Pa FlaB.

(E) Expanded view of D2 domains of Sm FliC1 and Pa FlaB flagellins (blue and orange) superimposed with Lp flagellin (green). Lys-258 (Sm FliC1) and Lys-224

(FlaB) are depicted atomistically (red circle).
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Wenext compared flagellin expression in bacterial cell extracts of the wild-type (WT) Sm KJ strain (Figure 1D, lane 1) with that of a flagellin-

null strain, Sm DFliC1,2,3,20 in which the 3 flagellin genes had been deleted from the parental KJ strain (Figure 1D, lane 2). Since the 3 Sm

flagellin proteins share a high level of aa sequence similarity, are of comparable MWs, and their respective deletion mutants display only

subtle functional differences,20 for selected experiments, we purified a mixture of the 3 flagellins, as well as the individual FliC1, FliC2, and

FliC3 proteins, from the WT Sm KJ strain. The purified Sm flagellin preparation containing a mixture of the 3 flagellin proteins, designated

as FliC1,2,3, was used as a positive gel-mobility control (Figure 1D, lane 3). When lysates of the flagellin-expressing WT Sm bacterial strain,

the flagellin-null Sm strain, and the purified Sm FliC1,2,3 flagellin mixture were resolved and probed with an antibody (Ab) raised against WT

Sm flagellin, flagellins were detected in the WT Sm strain (Figure 1D, lane 1) and the flagellin mixture control (Figure 1D, lane 3), but not in

flagellin-null Sm (Figure 1D, lane 2). The combined purified FliC1,2,3 flagellin mixture migrated with the same mobility as the Sm-associated

flagellins in a whole cell bacterial extract, and each preparation was recognized by the same anti-flagellin Ab as an apparent single

protein band with an MW of �41.0 kDa (Figure 1D, lanes 1, 3). Uncropped immunoblots corresponding to Figure 1D are shown in Figure S1.

To functionally evaluate the flagellin-expressing WT and flagellin-null Sm strains, both were assayed for motility (Figures 1E and 1F). The

flagellin-null mutant displayed an 89.0% decrease in motility compared to WT Sm. We then asked whether Sm adhesion to human airway

ECs and/or endotracheal tube polyvinyl chloride (PVC) was mediated through Sm flagellin expression. Flagellin-null Sm adhesion to A549

cells and SAECs was decreased by 68.0% and 77.1%, respectively, compared to the adhesion of WT Sm to these same cells (Figure 1G).

In contrast, adhesion of WT Sm to the PVC substrate was not different than adhesion of flagellin-null Sm (Figure 1G).

To further explore the role of the 3 Sm flagellins, FliC1, FliC2, and FliC3, in bacterial adhesion to airway ECs, we purified the individual

proteins from Sm strain KJ bacteria by ion-exchange chromatography (Figure 1H). Each purified flagellin was presumptively identified by

its relative elution position compared to its predicted isoelectric point, pI = 5.44 (FliC1), pI = 6.01 (FliC2), and pI = 5.16 (FliC3) (https://

web.expasy.org/compute_pi/). The 3 purified flagellins were processed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) for both Coomassie blue staining (Figure 1I) and flagellin immunoblotting (Figure 1J). Each of the 3 flagellin proteins was recog-

nized by the anti-flagellin Ab and migrated with comparable gel mobilities of �41.0 kDa. We then asked whether the individual FliC1, FliC2,
4 iScience 27, 110866, September 20, 2024
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Figure 3. Sm flagellin binds to the MUC1-ED

(A) HEK293T cells were transfected with the pcDNA3.1 empty vector, or plasmids encoding for TLR5 (pTLR5) or MUC1 (pMUC1), the cells were lysed and the

lysates processed for TLR5 (lanes 1, 2) or MUC1 (lanes 3, 4) immunoblotting. To control for protein loading and transfer, the blots were stripped and

reprobed (IB*) for b-tubulin.

(B) HEK293T cells overexpressing TLR5 or MUC1, or empty vector-transfected cells, were incubated with Sm and adherent bacteria quantified. Vertical bars

represent mean G SEM CFUs/well.

(C) A549 cells were transfected with pcDNA3.1 or pMUC1 and binding of increasing concentrations of the Alexa Fluor 594-labeled Sm FliC1,2,3 flagellin mixture

determined. Data points represent mean G SEM bound flagellin in molecules/EC.

(D) Scatchard analysis of binding data in (C). The linear regression equation and R2 value are indicated adjacent to each line.

(E and F) HEK293T cells were infected with Ad-GFP or Ad-MUC1, and A549 cells were transfected with MUC1-targeting or control siRNAs, and both cell types

were cultured for 48 h. (E) Ad-GFP- and Ad-MUC1-infected cells (lanes 1, 2) and MUC1 siRNA- and control siRNA-transfected cells (lanes 3, 4) were lysed and the

lysates processed for MUC1 immunoblotting. (F) Infected or transfected cells were incubated with Sm and cell-bound bacteria quantified. Vertical bars represent

mean G SEM Sm adhesion in CFUs/well.

(G) A549 cells were transfected withMUC1-targeting or control siRNAs, cultured for 48 h, and binding of increasing concentrations of the Alexa Fluor 595-labeled

Sm FliC1,2,3 flagellin mixture determined. Data points represents mean G SEM bound flagellin in molecules/EC.

(H) Scatchard analysis of binding data in (G).

(I–K) A549 cells and A549 cells transfected with MUC1-targeting or control siRNAs were incubated for 48 h and then stimulated for 1 h with 10 ng of the Sm

FliC1,2,3 flagellin mixture or PBS. (I) Non-transfected, PBS-treated (lane 1), control siRNA-transfected, flagellin-stimulated (lane 2), and MUC1 siRNA-

transfected, flagellin-stimulated (lane 3) cells were lysed, and the lysates processed for pERK1/2 immunoblotting. To control for protein loading and transfer,

the blots were stripped and reprobed for total ERK2. The �44.0 kDa pERK1 (upper) and �42.0 kDa pERK2 (lower) bands, as well as the total ERK2 band, are

indicated by arrowheads on the right. (J) Densitometric analysis of pERK1/2 normalized to total ERK2 displayed in (I). Vertical bars represent mean G SEM

normalized pERK1/2 signal. (K) Supernatants from the cells in (I) were processed for IL-8 levels and normalized to total EC protein. Vertical bars represent

mean G SEM normalized IL-8 concentrations in pg/mg EC protein. *, increased Sm adhesion (B, F), flagellin binding (C), ERK activation (J), or normalized

IL-8 release (K) compared to pcDNA3.1, pTLR5, Ad-GFP, control siRNA, or PBS controls at p < 0.05. **, decreased Sm adhesion (F), flagellin binding (G), ERK

activation (J), or normalized IL-8 release (K) compared to the siRNA controls at p < 0.05. n.s., not significant. Statistical comparisons were made using the

Student’s t test. The results are representative of 3 or 6 independent experiments.
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and FliC3 flagellins recognized and bound to the same receptor expressed on human airway epithelia. We tested each of the 3 Sm flagellins

for its ability to competitively displace the FliC1,2,3 flagellin mixture labeled with the Alexa Fluor 594 fluoroprobe, from binding sites ex-

pressed on airway epithelia (Figures 1K, 1K, and 1M). In the absence of the unlabeled flagellins, the fluoroprobe-labeled FliC1,2,3 flagellin

mixture displayed robust binding to airway epithelia. When a fixed concentration of the labeled FliC1,2,3 flagellin mixture was assayed for

binding to A549 cells in the presence of increasing concentrations of the unlabeled FliC1, FliC2, or FliC3 flagellins, each of the unlabeled fla-

gellins dose-dependently decreased binding of the labeled FliC1,2,3 flagellin mixture (Figures 1K, 1L, and 1M). These data indicate that each

of the 3 Sm-derived flagellins bind to the same receptor. Sm and A549 cells were co-cultured in the presence of increasing concentrations of

the unlabeled FliC1,2,3 flagellin mixture to test for its ability to competitively displace a fixed concentration of the fluoroprobe-labeled

FliC1,2,3 flagellin mixture from binding sites on airway epithelia (Figure 1N). The unlabeled flagellin mixture dose-dependently decreased

binding of the labeled flagellin mixture. We then tested whether increasing concentrations of the unlabeled FliC1,2,3 flagellin mixture could

interfere with Sm adhesion to airway epithelia (Figure 1O). As the concentration of the flagellin mixture increased, Sm adhesion decreased.

These combined results indicate that the exogenous, purified flagellins bind to and occupy one or more receptor(s) on the ECs, thereby pre-

venting docking of Sm-associated flagellins. Although the introduction of unlabeled flagellins specifically and competitively displaced the

labeled FliC1,2,3 flagellin mixture (Figures 1K–1N) and diminished Sm adhesion (Figure 1O), the Sm adhesion curve did not approach

0 CFUs/well on the y axis, raising the possibility that one or more bacterial adhesins other than flagellin, such as fimbriae,37 might also be

operative.

Flagellin structural analyses

On the basis of our previous22,23 and current studies, we found that select bacterial flagellins (Sm FliC1, FliC2, and FliC3, and Pa FlaA and FlaB)

bind to airway epithelia to provoke MUC1-ED shedding, whereas other flagellins (Legionella pneumophila [Lp] FliC and Salmonella enterica

serovar Typhimurium [STm] FliC) do not. To establish a structural basis for this inconsistent flagellin bioactivity, we constructed molecular

models of these flagellin proteins. Figure 2A displays the ribbon structure of Pa FlaB. Figure 2B shows the cryo-EM structure of Pa FlaB,

demonstrating that the D2 and D3 domains each have an exposed b-sheet (orange arrows). Individual structures of Sm, Pa, Lp, and STm fla-

gellins are shown in Figure 2C. The D2 and D3 domains of STm FliC are highly dissimilar and of different orientation compared to the D2 and

D3 domains of the Sm, Pa, and Lp flagellins, which may account for the inability of STm FliC to bind to airway ECs to provoke Sm shedding.23

Further, while the 3 flagellins of Sm each possess the D2 domain, they lack the D3 domain. Superimposition of the D2 domains of the Sm and

Pa flagellins reveals 3 conserved aa residues, which in the case of Pa FlaA include Val-206, Asp-207, and Lys-220, that spatially coalesce in the

tertiary structure of the proteins (Figure 2D, green, purple, and red circles). In addition, Sm and Pa flagellins possess a groove between their

D2 domain b-sheet and the adjacent a-helix (residues 218–225), with the conserved Lys-220 residue in the a-helix. While Lp flagellin also pos-

sesses this groove, it is obstructed by a peptide loop encompassing residues 201–218 and its a-helix lacks the conserved Lys residue (Fig-

ure 2E). These features may account for the inability of Lp flagellin to bind to airway ECs and provoke MUC1-ED shedding.23 Taken together,

these results suggest that the 3 conserved aa’s and/or the groove in the D2 domain between the b-sheet and a-helix of the Sm and Pa fla-

gellins participate in flagellin binding and bacterial adhesion to airway epithelial binding site(s).
6 iScience 27, 110866, September 20, 2024
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Figure 4. Sm flagellin binds to multimeric tandem repeats within the MUC1-ED

(A) Schematic of rMUC1-ED proteins containing a 6XHis epitope tag fused to each NH2-terminus, including the (1) rMUC1-ED-WT with 15 tandem repeats, aa 1–

375, (2) rMUC1-ED-D1 with 15 tandem repeats, aa 1–311, and (3) rMUC1-ED-D2 distal to the tandem repeats, aa 312–375. Each 20-aa tandem repeat (G-S-T-A-P-

P-A-H-G-V-T-S-A-P-D-T-R-P-A-P) within the MUC1-ED is indicated by TR.

(B) Each recombinant protein displayed in (A) was screened for its ability to inhibit binding of a fixed concentration of the Alexa Fluor 594-conjugated Sm FliC1,2,3

flagellin mixture to MUC1-expressing airway epithelia and bound flagellin in molecules/EC calculated.

(C) A549 cells were incubated with a fixed concentration of Alexa Fluor 594-conjugated Sm FliC1,2,3 flagellin mixture in the presence of increasing concentrations

of the rMUC1-ED-WT with 15 tandem repeats and flagellin binding calculated.

(D) The 6XHis-tagged rMUC1-ED proteins in (A) were immobilized on Ni-NTA-agarose beads. The purified Sm FliC1,2,3 flagellin mixture was incubated with the

6XHis-taggedWT-rMUC1-ED, rMUC1-ED-D1, or rMUC1-ED-D2 proteins immobilized on the beads (lanes 2–4), the Ni-NTA-agarose beads alone (lane 1), or was

directly loaded on the gel as a gel mobility control (lane 5). Proteins bound to the beads and the loaded flagellin gel mobility control were processed for flagellin

immunoblotting.

(E) Densitometric analysis of flagellin signal in immunoblots displayed in (D).

(F) The proteins unbound to the Ni-NTA-agarose beads in the same samples studied in (D) were processed for flagellin immunoblotting.

(G) Densitometric analysis of flagellin signal in immunoblots displayed in (F). PD, pull-down.

(H) Schematic of rMUC1-ED proteins containing decreasing numbers of tandem repeats and a 6XHis epitope tag fused to each NH2-terminus, including the (1)

rMUC1-ED-D1 with 15 tandem repeats, aa 1–311, (2) rMUC1-ED-D3 with 6 tandem repeats, aa 1–131, (3) rMUC1-ED-D4 with 3 tandem repeats, aa 1–71, and (4)

rMUC1-ED-D5 with 1 tandem repeat, aa 1–31.

(I) Each recombinant protein displayed in (H) was assayed for its ability to inhibit binding of a fixed concentration of the Alexa Fluor 594-conjugated Sm FliC1,2,3

flagellin mixture to MUC1-expressing airway epithelia and bound flagellin in molecules/EC calculated. The dashed line indicates the linear regression analysis,
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Figure 4. Continued

and the corresponding linear regression equation and correlation coefficient (R2) are shown. (B, E, G, and I) Vertical bars represent meanG SEM FliC1,2,3 flagellin

signal. *, increased flagellin signal (E) compared to the bead control at p < 0.05. **, decreased bound flagellin (B, C, and I) or flagellin signal (G) compared to the

PBS or bead control at p < 0.05. n.s., not significant. Statistical comparisons were made using the Student’s t test. The results are representative of 3 or 8

independent experiments.
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Sm Flagellin binds to the MUC1-ED

Two established receptors for flagellin that are expressed on the surface of airway epithelia include the classical host pattern recognition

receptor, Toll-like receptor (TLR)538 and MUC1.39 Given that primary SAECs and A549 cells both co-express MUC1 and TLR5,2 human

embryonic kidney (HEK)293T cells that express extremely low or undetectable endogenous TLR5 and MUC1,40,41 were transfected for

TLR5 expression (Figure 3A, lanes 2 vs. 1) or MUC1 expression (Figure 3A, lane 4 vs. 3). Uncropped immunoblots corresponding to Figure 3A

are shown in Figure S2A. First, we compared Sm adhesion to HEK293T cells overexpressing TLR5 to its adhesion to cells transfected with the

empty vector control. Robust TLR5 expression did not enhance Sm adhesion (Figure 3B). In contrast, Sm adhesion to HEK293T cells overex-

pressing MUC1 was increased 5.5-fold compared to cells transfected with the empty vector control and increased 3.8-fold compared to cells

overexpressing TLR5 (Figure 3B). To further support a MUC1-flagellin, receptor-ligand interaction, HEK293T cells overexpressing MUC1 or

transfectedwith the empty vector control were incubatedwith increasing concentrations of the fluoroprobe-labeled FliC1,2,3 flagellinmixture

and flagellin binding determined. We found that MUC1 overexpression in HEK293T cells increased the binding of the fluoroprobe-labeled

FliC1,2,3 flagellin mixture compared to the empty vector control (Figure 3C). Scatchard analysis of the binding data (Figure 3D) allowed us to

quantify the number of flagellin binding sites on the ECs, as indicated by the X axis intercept of the binding plot, and binding affinity of the

flagellin-MUC1 interaction, as indicated by the slope of the binding plot (�1/Kd), where Kd represents the dissociation constant of the ligand-

receptor interaction.21,22 MUC1 overexpression increased the number of flagellin binding sites 2.1-fold without altering its binding affinity

compared to the empty vector control (Figure 3D). While MUC1 overexpression (Figure 3E, lane 2 vs. 1) increased Sm adhesion (Figure 3F),

small interfering (si)RNA-inducedMUC1 silencing (Figure 3E, lane 4 vs. 3) diminished it (Figure 3F). Uncropped immunoblots corresponding to

Figure 3E are shown in Figure S2B. MUC1 knockdown (Figure 3E, lane 4) diminished the number of binding sites for the fluoroprobe-labeled

FliC1,2,3 flagellinmixture compared to a nontargeting control siRNAby 78.2%without changing receptor binding affinity (Figures 3G and 3H).

Finally, as established biochemical markers of intracellular signaling downstream to the flagellin-MUC1-ED interaction,42 we assayed for

ERK1/2 activation and IL-8 release in airway ECs transfected with MUC1-targeting or nontargeting control siRNAs and stimulated with the

Sm FliC1,2,3 flagellin mixture or PBS control (Figures 3I–3K). The FliC1,2,3 flagellin mixture increased ERK1/2 activation by 43.5-fold

(Figures 3I and 3J) and IL-8 release by 16.0-fold (Figure 3K), each compared to their respective PBS controls. Prior MUC1 knockdown reduced

flagellin-induced ERK1/2 activation by 68.4% (Figure 3J) and diminished IL-8 release by 67.8% (Figure 3K), each compared to their respective

siRNA controls. Uncropped, replicate immunoblots corresponding to Figure 3I are shown in Figure S3. These combined data identify MUC1

as the predominant signal-transducing airway epithelial receptor for the Sm-expressed flagellins.

Sm flagellin directly binds to multimeric tandem repeats in the MUC1-ED

We then asked which portion of the MUC1-ED molecule might recognize the Sm-expressed flagellins. First, we screened Escherichia coli-ex-

pressed recombinant (r)MUC1-ED proteins for their ability to block binding of the Alexa Fluor 488-conjugated FliC1,2,3 flagellin mixture

to MUC1-expressing airway epithelia. These rMUC1-ED proteins corresponded to the (1) full-length human rMUC1-ED-WT containing 15

tandem repeats, aa 1–375 (rMUC1-ED-WT), (2) rMUC1-ED NH2-terminus followed by 15 tandem repeats, aa 1–311 (rMUC1-ED-D1), and (3)

rMUC1-ED COOH-terminus distal to the tandem repeats, aa 312–375 (rMUC1-ED-D2), each containing an NH2-terminal polyhistidine

(6XHis) epitope tag (Figure 4A). The full-length rMUC1-ED-WT and tandem repeat-containing rMUC1-ED-D1 deletion mutant each

profoundly diminished flagellin binding, whereas equimolar concentrations of the COOH-terminal rMUC1-ED-D2 deletion mutant lacking

tandem repeats did not (Figure 4B). When increasing concentrations of the full-length rMUC1-ED-WT were tested, it dose-dependently

decreased binding of the Alexa Flour 594-labeled Sm FliC1,2,3 flagellin mixture to A549 cells (Figure 4C). To establish a direct

Sm flagellin-MUC1-ED interaction in a cell-free system, the FliC1,2,3 flagellin mixture was incubated with each of the 6XHis-tagged

rMUC1-ED proteins immobilized on nickel-nitrilotriacetic acid (Ni-NTA)-agarose beads or with the Ni-NTA-agarose beads alone. Proteins

bound to the beads and a FliC1,2,3 flagellin mixture gel mobility control were processed for flagellin immunoblotting (Figure 4D and 4E).

The flagellin mixture bound to the tandem repeat-containing full-length rMUC1-ED-WT and the rMUC1-ED-D1 deletion mutant (Figure 4D,

lanes 2, 3), but not to the rMUC1-ED-D2 deletionmutant lacking tandem repeats (Figure 4D, lane 4) or the bead control (Figure 4D, lane 1). The

proteins that did not bind to Ni-NTA-agarose beads were similarly processed for flagellin immunoblotting as a control (Figures 4F and 4G).

The flagellin signal was markedly reduced for those samples incubated with either of the 2 tandem repeat-containing rMUC1-ED proteins

(Figure 4F, lanes 2, 3), whereas robust flagellin signal was evident in the sample after incubation with either the rMUC1-D2 deletion mutant

lacking tandem repeats (Figure 4F, lane 4) or with the beads alone (Figure 4F, lane 1). Uncropped, replicate immunoblots corresponding to

Figures 4D and 4F are shown in Figures S4. Finally, to establish the number of tandem repeats required for binding of the SmFliC1,2,3 flagellin

mixture, rMUC1-ED constructs containing 15 tandem repeats, aa 1–311 (rMUC1-ED-D1), 6 tandem repeats, aa 1–131 (rMUC1-ED-D3), 3

tandem repeats, aa 1–71 (rMUC1-ED-D4), or 1 tandem repeat, aa 1–31 (rMUC1-ED-D5), each containing an NH2-terminal 6XHis epitope

tag (Figure 4H), were assayed for their ability to inhibit binding of the FliC1,2,3mixture to A549 cells. First, the rMUC1-ED requiredR3 tandem

repeats to inhibit binding of Sm flagellin to MUC1-expressing airway epithelia (Figure 4I). Further, rMUC1-ED constructs with increasing
8 iScience 27, 110866, September 20, 2024



Figure 5. Sm increases NEU1 and PPCA association with MUC1

(A, C, and F) A549 cells were incubated with the PBS control for 4 h (lane 1) or Sm for 1 h (lane 2), 2 h (lane 3), or 4 h (lane 4). (A) Equal protein aliquots of cell lysates

were immunoblotted with anti-NEU1 Ab. To control for protein loading and transfer, the blots were stripped and reprobed for anti-b-tubulin. (B) Densitometric

analyses of NEU1 signals in (A) normalized to b-tubulin signals. (C and F) Equal protein aliquots of the lysates were immunoprecipitated (IP) with (C) anti-MUC1-

CD Ab or (F) anti-NEU1 Ab. The MUC1-CD immunoprecipitates were processed for NEU1 or PPCA immunoblotting (C), while the NEU1 immunoprecipitates

were processed for MUC1-CD immunoblotting (F). In each case, to control for protein loading and transfer, the blots were stripped and reprobed with the

relevant immunoprecipitating Ab.
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Figure 5. Continued

(D and E) Densitometric analyses of NEU1 (D) and PPCA (E) signals, each normalized to MUC1-CD signal. (G) Densitometric analyses of MUC1-CD signal

normalized to NEU1 signal.

(H) A549 cells were incubated with increasing concentrations of the NEU1-selective sialidase inhibitor, C9-BA-DANA, and assayed for sialidase activity for the

fluorogenic substrate, 4-MU-NANA, in arbitrary fluorescence units. Vertical bars represent mean G SEM sialidase activity.

(I–K) The same reciprocal NEU1/PPCA-MUC1-CD co-immunoprecipitation assays were performed using cells pretreated with the PBS control (lane 1) or the

NEU1-selective sialidase inhibitor, C9-BA-DANA (lane 2). Densitometric analyses of NEU1 (J) and PPCA (K) signals, each normalized to MUC1-CD signal, or

the MUC1-CD signal (M) normalized to NEU1 signal. *, increased NEU1/PPCA association with MUC1 (D and E) or increased MUC1 association with NEU1

(G) compared to the medium control at p < 0.05. **, decreased sialidase activity (H) compared to the medium control at p < 0.05. n.s., not significant.

Statistical comparisons were made using the Student’s t test. The results are representative of 3, 4, or 6 independent experiments.
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numbers of tandem repeats increasingly inhibited FliC1,2,3 binding to the MUC1-expressing cells (Figure 4I). Linear regression analysis re-

vealed that the correlation between tandem repeat number and inhibition of flagellin binding was highly significant (R2 = 0.9955, p < 0.005).

Sm Increases NEU1 and PPCA association with MUC1

We asked whether Sm engagement of MUC1 might increase association of NEU1 and/or its chaperone/transport protein, PPCA, with the

MUC1 substrate. First, Sm exposure did not increase NEU1 protein expression in A549 cells over 2–24 h (Figures 5A and 5B). We then

used reciprocal co-immunoprecipitation assays to screen for changes in NEU1-MUC1 and PPCA-MUC1 association. In Sm-exposed cells,

immunoprecipitation of MUC1-CD time-dependently co-immunoprecipitated both NEU1 (Figures 5C and 5D) and PPCA (Figures 5C and

5E) and immunoprecipitation of NEU1 time-dependently co-immunoprecipitated MUC1-CD (Figures 5F and 5G). Sm increased association

of NEU1 and PPCA with MUC1 as early as 1 h (Figures 5C, 5E–5G). However, at 1 h, the Sm-induced increase in MUC-CD co-immunoprecip-

itation of NEU1 did not achieve statistical significance (p = 0.0559) (Figure 5D). Compared to the 0 h controls, Sm stimulation at 4 h increased

MUC1-NEU1 association 15.0-fold (Figure 5D) and 26.6-fold (Figure 5G), and increased MUC1-PPCA association 68.0-fold (Figure 5E).

We then askedwhetherNEU1 catalytic activity was required for Sm-inducedMUC1-NEU1 and/orMUC1-PPCA association.We introduced

the NEU1-selective sialidase inhibitor, C9-butyl-amide-2-deoxy-2,3-dehydro-N-acetylneuraminic acid (C9-BA-DANA),43 to A549 cells and

found that it dose-dependently inhibited total sialidase activity for the fluorogenic substrate, 2-(4-methylumbelliferyl)-a-D-N-acetylneura-

minic acid (4-MU-NANA) (Figure 5H). Sm and A549 cells were co-cultured for 4 h in the presence of 267 mM (100 mg/mL) of C9-BA-DANA,

after which the same co-immunoprecipitation assays were performed. Inhibition of NEU1 catalytic activity did not alter Sm-induced

MUC1-NEU1 or MUC1-PPCA association compared to their respective PBS controls (Figures 5I–5M). Uncropped, replicate immunoblots cor-

responding to Figure 5A, 5C, 5F, 5I, and 5L are shown in Figures S5–S9. These combined data indicate that Sm adhesion toMUC1-expressing

human airway epithelia rapidly increases MUC1 association with NEU1 and its chaperone, PPCA, and that NEU1 catalytic activity is not

required for their increased association.

Sm Provokes NEU1-mediated MUC1-ED desialylation

Since exposure of A549 cells to Sm increases NEU1/PPCA-MUC1 association (Figures 5C–5G), we asked whether Sm might also provoke

MUC1-ED desialylation. Peanut agglutinin (PNA) lectin was used to selectively probe for desialylated MUC1-ED. To validate the PNA lectin,

we demonstrated that PNA recognized asialofetuin (Figure 6A, lane 2) but not sialylated fetuin (Figure 6A, lane 1). In supernatants of Sm-chal-

lenged cells, MUC1-ED desialylation was increased by 3.3-fold (Figure 6B, lane 2 vs. 1, 6C) and 9.2-fold (Figures 6D, lane 2 vs. 1 and 6E)

compared to supernatants from PBS-treated ECs. In contrast, the cell-associated MUC1-ED in lysates from Sm-exposed cells was not

more desialylated than was MUC1-ED from control cell lysates (Figures 6B, 6D, lane 4 vs. 3, 6C, 6E). Finally, we asked whether MUC1-ED de-

sialylation was specifically mediated by NEU1. A549 cells were transfected with either NEU1-targeting or nontargeting control siRNAs (Fig-

ure 6F, lane 2 vs. 1), treated with Sm or PBS, and the supernatants incubated with PNA-agarose, and the PNA-bound proteins processed for

MUC1-ED immunoblotting. In the supernatants from cells transfected with control siRNAs, Sm dramatically increasedMUC1-ED desialylation

compared to MUC1-ED in supernatants from the PBS control cells (Figures 6G, lane 2 vs. 1 and 6H). Prior silencing of NEU1 dramatically

reduced Sm-induced MUC1-ED desialylation by 90.8% compared to the control siRNAs (Figures 6G, lane 4 vs. 2 and 6H). Uncropped, repli-

cate lectin blots and immunoblots corresponding to Figures 6A, 6B, 6D, 6F, and 6G are shown in Figures S10–S14. These combined data

indicate that (1) Sm increases MUC1-ED desialylation, (2) MUC1-ED desialylation is associated with its release from the cell surface, (3)

cell-associated MUC1-ED is not desialylated, and (4) MUC1-ED desialylation is specifically and exclusively mediated by NEU1.

NEU1 regulates the Sm flagellin-MUC1-ED interaction

We asked whether altered NEU1 expression or catalytic activity might influence binding of the Alexa Fluor 594-labeled FliC1,2,3 flagellin

mixture and/or Sm adhesion to MUC1-expressing human airway epithelia. A549 cells infected with an adenovirus (Ad) encoding for catalyt-

ically-active NEU1 (Ad-NEU1) exhibited dramatically increasedNEU1 expression compared to ECs infectedwith an Ad expressing green fluo-

rescent protein (GFP) as a vector control (Figure 7A, lane 2 vs. 1). Uncropped immunoblots corresponding to Figure 7A are shown in Fig-

ure S15. A549 cells were infected with Ad-NEU1 or the Ad-GFP vector control, incubated with increasing concentrations of the

fluoroprobe-labeled FliC1,2,3 flagellin mixture, and flagellin binding determined. Compared to the vector control, NEU1 overexpression

increased binding of the flagellin mixture to the ECs (Figure 7B). Scatchard transformation of the binding data indicated that NEU1 overex-

pression increased the binding affinity of the MUC1-ED-flagellin interaction by 4.2-fold without altering receptor number (Figure 7C). In
10 iScience 27, 110866, September 20, 2024



Figure 6. Sm provokes NEU1-mediated MUC1-ED desialylation

(A) Fetuin (lane 1) and asialofetuin (lane 2) were processed for PNA lectin blotting as negative and positive controls, respectively, to validate PNA specificity.

(B) A549 cells were incubated with the PBS control (lanes 1, 3) or Sm atMOI = 103 (lanes 2, 4). Equal protein aliquots of cell culture supernatants (lanes 1, 2) and cell

lysates (lanes 3, 4) were immunoprecipitated with anti-MUC1-ED Ab and theMUC1-ED immunoprecipitates processed for PNA lectin blotting (LB). To control for

protein loading and transfer, the blots were stripped and reprobed with the immunoprecipitating anti-MUC1-ED Ab.

(C) Densitometric analyses of PNA signal normalized to MUC1-ED signal.

(D) A549 cells were incubated with the PBS control (lanes 1, 3) or Sm atMOI = 103 (lanes 2, 4). Equal protein aliquots of cell culture supernatants (lanes 1, 2) and cell

lysates (lanes 3, 4) were incubated with PNA-agarose and the PNA-binding proteins processed for MUC1-ED immunoblotting.

(E) Densitometric analyses of PNA-bound MUC1-ED signal.

(F) A549 cells were transfected with NEU1-targeting (lane 2) or nontargeting control (lane 1) siRNAs, lysed, and the lysates processed for NEU1 immunoblotting.

(G) A549 cells were transfected with nontargeting control (lanes 1, 2) or NEU1-targeting (lanes 3, 4) siRNAs and incubated with the PBS control (lanes 1, 3) or Sm at

MOI = 103 (lanes 2, 4). Equal protein aliquots of cell culture supernatants were incubated with PNA-agarose and the PNA-binding proteins processed for MUC1-

ED immunoblotting.
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Figure 6. Continued

(H) Densitometric analyses of PNA-bound MUC1-ED signal. *, increased MUC1-ED desialylation (C, E, and H) compared to the PBS control at p < 0.05. **,

decreased MUC1-ED desialylation compared to control siRNA (H) at p < 0.05. Statistical comparisons were made using the Student’s t test. The results are

representative of 3 independent experiments.
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contrast, overexpression of either a catalytically-dead NEU1 mutant, NEU1-G68V,44 containing a Gly45-to-Val substitution (Figure 7A, lane 3

vs. 1), or NEU3 (Figure 7A, lane 5 vs. 4), did not influence flagellin binding (Figure 7B and 7C). Silencing of endogenous NEU1 expression in

human airway epithelia (Figure 6F, lane 2 vs. 1) diminished binding of the fluoroprobe-labeled FliC1,2,3 flagellinmixture (Figure 7D). Here, the

binding affinity was diminished by 59.6%, whereas the receptor number was unchanged (Figure 7E). We then asked whether inhibiting the

catalytic activity of NEU1, the predominant sialidase in human airway epithelia,30 without altering its expression, might influence Sm flagellin

binding to human airway epithelia. A549 cells were incubated with increasing concentrations of the fluoroprobe-labeled FliC1,2,3 flagellin

mixture in the presence of C9-BA-DANA or the PBS control, and flagellin binding determined. Compared to the PBS control, inhibition of

NEU1 catalytic activity decreased binding of the flagellin mixture to the ECs (Figure 7F). Scatchard analysis of the binding data indicated

that NEU1 inhibition decreased the binding affinity by 79.9% without altering receptor number (Figure 7G).

Next, we asked whether these NEU1-mediated changes in flagellin binding might translate to changes in Sm adhesion to airway ECs.

NEU1 overexpression (Figure 7A, lane 2 vs. 1) increased Sm adhesion to A549 cells 3.3-fold compared to Sm adhesion to cells infected

with the vector control (Figure 7H). In contrast, overexpression of either NEU1-G68V, (Figure 7A, lane 3 vs. 1) or NEU3 (Figure 7A, lane 5

vs. 4) did not (Figure 7H). NEU1 knockdown decreased Sm adhesion by 57.4% compared to cells transfected with the nontargeting control

siRNA (Figure 7I). We then introduced escalating concentrations of C9-BA-DANA to the Sm adhesion assay. C9-BA-DANA at concentrations

R2.7 mMdose-dependently decreased Sm adhesion to airway epithelia (Figure 7J). Taken together, these combined data indicate that NEU1

catalytic activity dramatically increases Sm adhesion to human airway epithelia through increases in the binding affinity between Sm-ex-

pressed flagellin and the MUC1-ED receptor expressed on the surface of these same cells.

Sm provokes MUC1-ED shedding

After exposure of A549 cells to either Smor the FliC1,2,3 flagellinmixture, cell culture supernatants were collected andMUC1-ED levels quan-

tified by enzyme-linked immunosorbent assay (ELISA) and normalized to total EC protein. At MOIs of 0.1–103, Sm dose-dependently

increased MUC1-ED shedding (Figure 8A). The Sm-provoked shedding could be detected as early as 2 h, with further time-dependent

increments through 24 h compared to either pre-exposure shedding or the simultaneous PBS controls (Figure 8B). Exposure of A549 cells

to PBS alone also was associated with small, but detectable, increases in MUC1-ED shedding at 12, 24, and 48 h compared to the 0 h control

(Figure 8B). We then incubated Sm atMOI = 103 for 24 h with 1HAEo�, CFTE29o�, 16HBE14o�, BEAS-2B, SAEC, or A549 cells and assayed for

MUC1-ED shedding. Sm provoked comparable levels of MUC1-ED shedding from these epithelia derived from the entire length of the

airway (Figure 8C). This pattern of Sm-induced MUC1-ED shedding paralleled airway epithelial NEU1 expression30 and total cellular

MUC1 expression (Figure 8C). As anticipated, MUC1-ED shedding was highly correlated with total cellular MUC1 expression (R2 = 0.9625,

p < 0.001) (Figure 8D). We then compared flagellin-expressingWT Sm and flagellin-null Sm for their abilities to provoke MUC1-ED shedding

in A549 cells (Figure 8E) and SAECs (Figure 8F). The flagellin-null mutant induced 75.6% and 63.0% less MUC1-ED shedding in A549 cells and

SAECs, respectively, compared to that observed for WT Sm. The WT Sm-induced MUC1-ED shedding from A549 cells was greater than that

seen from SAECs (Figures 8C, 8E, and 8F). The purified Sm FliC1,2,3 flagellin mixture dose-dependently increasedMUC1-ED shedding up to

8.6-fold compared to the simultaneous baseline control (Figure 8G). Isomolar concentrations of the 3 distinct Sm flagellin proteins, FliC1,

FliC2, and FliC3, each promoted comparable levels of MUC1-ED shedding (Figure 8H). Sm-induced MUC1-ED desialylation was restricted

to the soluble MUC1-ED pool released into the supernatant (Figures 6B–6E). We asked whether Sm-induced, NEU1-mediated MUC1-ED

desialylation might promote MUC1-ED shedding. Prior silencing of NEU1 decreased Sm flagellin-provoked shedding by 79.8% compared

to the simultaneous nontargeting siRNA control (Figure 8I). Similarly, inhibition of NEU1 catalytic activity with C9-BA-DANA decreased the

Sm flagellin-induced shedding by 83.4% compared to the PBS control (Figure 8J).

Sialylation protects glycoproteins against proteolytic cleavage.46,47 Three MUC1-ED sheddases have been identified in extrapulmonary

tissues, including matrix metalloproteinase 14 (MMP14), a disintegrin and metalloprotease 17 (ADAM17), and ɤ-secretase.48–50 Transcripts
for MMP14 and ɤ-secretase, but not ADAM17, have been reported in airway epithelia.51 In addition to these 2 classical MUC1-ED sheddases,

elastase also reportedly cleaves MUC1.8,52 We asked whether one or more of these 3 proteases expressed in airway epithelia, might be

operative during Sm flagellin-induced MUC1-ED shedding. We screened 6 protease inhibitors, 2 of which are known to target each of these

3 proteases, at concentrations 10-fold and 100-fold greater than their reported IC50 values.
53–58 In each and every case, the protease inhibitors

failed to block or diminish Sm-flagellin-induced shedding (Figure 8K and 8L). These results suggest that Sm-provoked MUC1-ED shedding

cannot be ascribed to one or more of these 3 proteases.

TheMUC1-ED contains an SEA domain within themembrane-proximal portion of its ectodomain.1,2 Autoproteolysis occurs at the peptide

bond between the Gly and Ser residues within a conserved G-S-V-V-V motif.3–6 We asked whether the permissive effect of MUC1-ED

desialylation on MUC1-ED shedding might involve the SEA domain. HEK293T cells expressing either a full-length rMUC1-WT, or a

rMUC1-S317A mutant, containing a Ser317-to-Ala substitution at the Gly-Ser peptide bond, known to render the MUC1 protein resistant

to autoproteolysis,59 were studied. These same cells were exposed to Sm and assessed for MUC1-ED shedding. Shedding from the cells ex-

pressing the S317Amutationwas reducedby 88.6% compared to rMUC1-WT-expressing cells (Figure 8M). These combined data indicate that

(1) Sm dose- and time-dependently increases MUC1-ED shedding, (2) Sm-expressed flagellin is absolutely required and sufficient for
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Figure 7. NEU1 sialidase regulates Sm flagellin binding and Sm adhesion to MUC1-expressing human airway epithelia

A549 cells were infected with Ad-NEU1, Ad-NEU1-G68V, Ad-NEU3, or Ad-GFP as the vector control, and incubated for 48 h.

(A) Ad-GFP- (lanes 1, 4), Ad-NEU1- (lane 2), Ad-NEU1-G68V- (lane 3), and Ad-NEU3- (lane 5) infected cells were lysed and the lysates processed for NEU1 (lanes 1–

3) or NEU3 (lanes 4, 5) immunoblotting.

(B) The infected cells were incubated with increasing concentrations of the Alexa Fluor 594-labeled Sm flagellin mixture and bound flagellin determined.

(C) Scatchard analysis of binding data in (B).

(D and E) A549 cells were transfected with NEU1-targeting or control siRNAs and cultured for 48 h. (D) The transfected cells were incubated with increasing

concentrations of the Alexa Fluor 594-labeled Sm flagellin mixture and bound flagellin determined. (E) Scatchard analysis of binding data in (D).
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Figure 7. Continued

(F andG) A549 cells were treated with 267 mMof the NEU1-selective sialidase inhibitor, C9-BA-DANA, or PBS control. (F) The cells were incubated with increasing

concentrations of the Alexa Fluor 594-labeled Sm flagellin mixture and bound flagellin determined. (G) Scatchard analysis of binding data in (F). (B, D, and F) Data

points represent mean G SEM bound flagellin in molecules/EC.

(H) The infected and noninfected cells, as described in (A, B, and C), were incubated with Sm and the cell-adherent Sm determined.

(I) The transfected cells, as described in (D and E), were incubated with Sm and the cell-adherent Sm determined.

(J) A549 cells were pre-incubated with increasing concentrations of C9-BA-DANA or PBS control. The cells were incubated with Sm and the cell-adherent Sm

determined. (H, I, J) Vertical bars represent mean G SEM Sm adhesion in CFUs/well. *, increased flagellin binding (B) or Sm adhesion (H) compared to the

Ad-GFP vector control at p < 0.05. **, decreased flagellin binding or Sm adhesion compared to control siRNA (D and I), the PBS control (F and J), or Ad-

NEU1 (H) at p < 0.05. n.s., not significant. Statistical comparisons were made using the Student’s t test or ANOVA. The results are representative of 3, 6, or

12 independent experiments.
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stimulatingMUC1-ED shedding, (3) each of the 3 Smflagellins increases shedding, (4) Sm-provoked shedding requiresNEU1 catalytic activity,

and (5) MUC1-ED shedding requires cleavage of the Gly-Ser peptide bond within its SEA domain.

Flagellin-expressing Sm increases MUC1-ED shedding into the bronchoalveolar compartment of mice and humans

We asked whether Sm and/or its flagellins might also increase MUC1-ED shedding in vivo. Mice were administered intranasally (i.n.) flagellin-

expressing WT or flagellin-null Sm at 1.0 3 108 CFU/mouse or an equivalent volume of PBS vehicle alone. At 24 h post-challenge, BALF was

collected and MUC1-ED levels quantified by ELISA and normalized to total BALF protein. In the BALF of WT Sm-challenged mice, the mean

normalized MUC1-ED level was increased 32.6-fold, while the MUC1-ED level in the BALF of mice administered flagellin-null Sm was only

increased 5.4-fold, each compared to their respective PBS controls (Figure 9A). The WT Sm-induced increase in MUC1-ED BALF levels

was 6.1-fold greater than that seen after challenge with the flagellin-null Sm strain. Aliquots of BALF from these same Sm-challenged

mice were centrifuged to pellet the bacteria, and the bacterial pellets processed for murine MUC1-ED immunoblotting. WT Sm pulled-

down the MUC1-ED (Figures 9B, lanes 1–4, 9C), whereas flagellin-null Sm did not (Figures 9B, lanes 5–8 and 9C). These data indicate that

the shed MUC1-ED retains its adhesiveness for flagellated Sm in vivo and that Sm flagellin expression is required for its binding to the

shedMUC1-ED. Administration i.n. of the purified Sm FliC1,2,3 flagellin mixture increased theMUC1-ED level in BALF up 34.4-fold compared

to the simultaneous PBS control (Figure 9D). BALFMUC1-EDdesialylation inmice challenged i.n. with the FliC1,2,3 flagellinmixture increased

3.4-fold (Figures 9E, lanes 6–10 and 9F) compared to that seen in the PBS control-administered mice (Figures 9E, lanes 1–5 and 9F). Prior

NEU1 inhibition with C9-BA-DANA reduced the Sm flagellin-induced MUC1-ED shedding by 95.1% compared to that seen in Sm

flagellin-challengedmice given the PBS control (Figure 9G). Taken together, flagellated Sm and purified Sm-derived flagellins each provokes

MUC1-ED shedding in mice, in vivo. Further, the shed, desialylated MUC1-ED retains its ability to bind flagellated Sm, and Sm flagellin-pro-

voked MUC1-ED shedding is NEU1-dependent.

We then asked whether Sm-provoked, in vivo MUC1-ED shedding might be extended to Sm-infected humans. MUC1-ED levels were

determined in BALFs collected from ventilated patients in which their BALFs either cultured positive for only Sm, for bacteria other than

Sm, or were culture-negative, and each MUC1-ED level was normalized to total BALF protein in the same sample (Figure 10A). The mean

normalized MUC1-ED concentration in the BALFs of Sm-infected patients was 17.6-fold higher than that found in the BALFs that cultured

positive for bacteria other than Sm, and 25.2-fold higher than that found in BALFs from culture-negative patients. In reciprocal lectin blotting

experiments, the level of desialylatedMUC1-ED in BALF fromSm-infected patients was 4.1-fold (Figures 10B, lanes 5–8 and 10C) and 27.6-fold

(Figures 10D, lanes 5–8 and 10E) higher than that seen in the culture-negative controls (Figures 10B and 10D, lanes 1–4). BALFs that cultured

positive either for Sm or other bacteria were centrifuged to pellet the bacteria and the bacterial pellets processed for MUC1-ED immunoblot-

ting. In BALF that cultured positive for Sm, the amount of MUC1-ED that was co-centrifuged with Sm was 5.7-fold greater (Figures 10F, lanes

5–8 and 10G) than that pulled down in BALF that cultured positive for bacteria other than Sm (Figures 10F, lane 1–4 and 10G). These findings

indicate that ventilator-associated Sm pneumonia increases MUC1-ED desialylation and shedding, and that the shed MUC1-ED retains its

adhesiveness for flagellin-expressing Sm.

Human rMUC1-ED functions as a flagellin-targeting decoy receptor, in vitro, and protects against lethal Sm lung infection,

in vivo

We asked whether flagellin-provoked release of desialylated MUC1-ED from mucosal surfaces might benefit the host. We tested human

rMUC1-ED-WT for its ability to inhibit flagellin-driven motility. The rMUC1-ED-WT molecule dose-dependently restrained Sm motility by

up to 79.0% compared to the simultaneous PBS control (Figure 11A). In a biofilm assay where flagellin-expressing Sm were incubated with

increasing concentrations of rMUC1-ED-WT, the rMUC1-ED-WT dose-dependently reduced biofilm formation by up to 77.7% (Figure 11B).

When Sm were co-cultured with A549 cells in the presence of increasing concentrations of rMUC1-ED-WT, Sm adhesion to the airway

epithelia was dose-dependently diminished by up to 86.9% (Figure 11C). However, when Sm were co-cultured with sections of PVC endotra-

cheal tubes or polystyrene (PS) microwells, the rMUC1-ED-WT protein failed to reduce Sm adhesion to either substrate (Figure 11D). When

the airway ECs were incubated with Sm in the presence of the same escalating concentrations of rMUC1-ED-WT, IL-8 levels in the culture

supernatants were dose-dependently reduced by up to 63.6% (Figure 11E). In contrast, rMUC1-ED-WT displayed no effect on the

growth of flagellin-expressing Sm compared to the PBS control (Figure 11F). The rMUC1-ED-WT molecule dramatically reduced binding

of the fluoroprobe-labeled Sm FliC1,2,3 flagellin mixture to airway epithelia (Figures 11G and 11H). Compared to the PBS control, bound
14 iScience 27, 110866, September 20, 2024
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Figure 8. NEU1 regulates Sm flagellin-provoked MUC1-ED shedding

(A and B) A549 cells were incubated for (A) 24 h with increasing MOIs of Sm or the PBS control or (B) increasing times with the PBS control or Sm at an MOI of 103.

(C) 1HAEo�, CFTE29o�, 16HBE14o�, BEAS-2B, SAEC, andA549 cells, or a no cell control, were incubatedwith Sm for 24 h at anMOI of 103.MUC1-ED levels in cell

culture supernatants (A–C) or cell lysates (C) were measured and normalized to total EC protein.

(D–J) Linear regression analysis of the correlation between MUC1-ED levels in 1HAEo�, CFTE29o�, 16HBE14o�, BEAS-2B, SAEC, and A549 cell culture

supernatants, each normalized to total EC protein, following incubation of the cells with Sm for 24 h at an MOI of 103, or the no cell control, and normalized
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Figure 8. Continued

MUC1-ED levels in the corresponding cell lysates, or the no cell control. A549 cells (E) and SAECs (F) were incubated with flagellin-expressingWT Sm or flagellin-

null Sm and normalized MUC1-ED levels in culture supernatants determined in mg/mg EC protein. A549 cells were treated with (G) increasing concentrations of

the purified SmFliC1,2,3, flagellin mixture or PBS control or (H) 25 mMof each of the individually purified FliC1, FliC2, or FliC3 flagellins, and normalizedMUC1-ED

levels in culture supernatants determined. A549 cells were transfected with NEU1-targeting or control siRNAs (I), or treated with the NEU1-selective inhibitor, C9-

BA-DANA or PBS alone (J). The cells were stimulated with the Sm FliC1,2,3, flagellin mixture or PBS control and normalized MUC1-ED levels in culture

supernatants determined.

(K and L) A549 cells were incubated for 24 h with Sm (MOI = 103) in the presence of the PBS control or inhibitors for MMP-14 (marimastat, UK-370106), g-sceretase

(begacestat, hirogacestat), or elastase (sivelestat, freselestat) at concentrations of 10X (K) or 100X (L) the reported IC50 of each inhibitor and normalizedMUC1-ED

levels in culture supernatants determined.

(M) HEK293T cells expressing either the WT rMUC1 or the rMUC1-S317A SEA domain cleavage-resistant mutant were stimulated with the Sm FliC1,2,3, flagellin

mixture and normalizedMUC1-ED levels in culture supernatants determined. Vertical bars representmeanG SEMnormalizedMUC1-ED levels in mg/mg protein.

*, increased mean normalized MUC1-ED levels compared to (A, G, H) the PBS controls, (B) the simultaneous PBS controls at each Sm exposure time, or (C) the

simultaneous no cell controls at p < 0.05. **, decreasedmean normalized MUC1-ED levels compared toWT Sm (E and F), control siRNA (I), PBS control (J), or WT

MUC1 expression (M) at p < 0.05. Statistical comparisons were made using the Student’s t test. The results are representative of 3 or 6 independent experiments.

ll
OPEN ACCESS

iScience
Article
flagellin, i.e., receptor occupancy, was decreased by 95.3% without altering binding affinity (Figure 11H). Therefore, the rMUC1-ED-WT pro-

tein dramatically disrupts a diverse array of in vitro Sm flagellin-driven processes essential for Sm pathogenicity.

We then tested the ability of rMUC1-ED-WT to protect against lethal Sm lung infection, in vivo. First, we determined the Sm inoculum size

required to establish a lethal lung infection. Mice were administered i.n. with 1.0x109, 1.0x1010, or 1.0 3 1011 CFU/mouse of Sm and survival

followed for 7 days. At 7 days post-infection (Figure 11I), mice administered i.n. with 1.03 109 CFU per mouse of Sm exhibited 100% survival,

mice administered i.n. with 1.03 1010 CFU had 50% survival, and administration of 1.03 1011 CFU resulted in 0% survival. Next, the rMUC1-

ED-WT (100 mg/g body weight) or PBS control were co-administered i.n. to mice together with 1.03 1011 CFU/mouse of Sm and survival was

followed for 7 days. At 7 days post infection (Figure 11J), mice co-administered with flagellin-expressing Sm and the rMUC1-ED-WT protein

exhibited 71.4% survival versus 14.3% survival in mice co-administered with Sm plus the PBS control. These data demonstrate that the human

rMUC1-ED-WT protein protects against lethal murine Sm lung infection and support the potential therapeutic value for E. coli-expressed

rMUC1-ED-WT for human invasive Sm lung infections.
DISCUSSION

Bacterial adhesion to the host epithelial surface is mediated through one or more bacterial adhesins and their cognate host cell recep-

tors.14,16,60 We first asked whether Sm might reach out to and cross-talk with host airway epithelia through its flagella. In one report,

flagellin-expressing WT Sm displayed greater adhesion to HEK293T cells than did flagellin-null bacteria.20 In the current studies we found

that the flagellin-null Sm mutant also displays profoundly reduced adhesion to either of 2 distinct human airway epithelia compared to

WT Sm. Further, WT Sm adhesion was dose-dependently reduced in the presence of increasing concentrations of either a purified Sm

FliC1,2,3 flagellin mixture or each individual flagellin protein. Our structural analyses of select bacterial flagellins, including the 3 Sm flagellins,

suggest that 3 conserved aa’s (Val-206, Asp-207, and Lys-220), and/or the groove in the D2 domain between the b-sheet and a-helix, of the Sm

flagellins participate in bacterial adhesion to host ECs. These combined data establish the 3 Sm flagellins as adhesins required for Sm adhe-

sion to the human airway epithelium.

Overexpression of the established pattern recognition receptor for bacterial flagellin, TLR5,38 in HEK293T cells did not increase their adhe-

siveness for Sm. Further, multiple flagellated bacteria known to activate TLR5 each reportedly failed to provoke MUC1-ED shedding.23

Another receptor that we considered for flagellated Sm was the MUC1-ED. In fact, multiple flagellated bacteria, including, Pa, Heliobacter

pylori,Campylobacter jejuni, E. coli, Salmonella enterica, and Yersinia pseudotuberculosis,8–12 each reportedly binds to theMUC1-ED. In the

current studies, we found that MUC1 overexpression increased the binding of the FliC1,2,3 flagellinmixture and Smbacteria to airway epithe-

lial and HEK293T cells, whereas siRNA-induced silencing of MUC1 dramatically reduced these same 2 endpoints. As a quantifiable biochem-

ical endpoint for intracellular signaling downstream to the MUC1-ED—flagellin receptor-ligand interaction,42 the FliC1,2,3 flagellin mixture

increased ERK1/2 activation compared to the PBS control, and prior silencing of MUC1 dramatically reduced the flagellin-provoked ERK1/2

activation compared to the nontargeting siRNA control. Therefore, the Sm-derived flagellins constitute signal-transducing ligands for the

MUC1 host receptor, and activation of ERK1/2 by these flagellins is predominantly transduced through MUC1.

When E. coli-expressed recombinant proteins corresponding to MUC1-ED-WT, or the MUC1-ED-D1 and MUC1-ED-D2 deletion mutants,

were screened for their ability to block binding of the FliC1,2,3 flagellin mixture to MUC1-expressing airway epithelia, only tandem repeat-

containing proteins were inhibitory. The tandem repeat-containing proteins directly bound to the Sm flagellins. Previous studies have

demonstrated that multiple MUC1-ED tandem repeats are required for the MUC1-ED to assume the tertiary structure necessary for its bioac-

tivity.61–63 Biophysical measurements have demonstrated that a single MUC1-ED tandem repeat adopts a random coil structure in solution,

whereasR3 tandem repeats adopt a stable, rod-shaped conformation (60). Other investigators screened synthetic peptides corresponding

to increasing numbers of MUC1-ED tandem repeats, to either suppress the human T-lymphocyte proliferative response,62 or to block binding

of human intracellular adhesion molecule-1 to MUC1.63 They observed that peptides corresponding to R3 tandem repeats were inhibitory

and that inhibitory activity was directly proportional to the number of repeats present in the peptide. The results of these studies are in agree-

ment with our current findings. These combined data indicate that multimeric tandem repeats within theMUC1-ED adopt a rod-like bioactive
16 iScience 27, 110866, September 20, 2024



Figure 9. Flagellin-expressing Sm provokes MUC1-ED shedding in the airways of mice in vivo

(A) DBA/2 mice were administered i.n. the PBS control, flagellin-expressing WT Sm, or flagellin-null Sm, and MUC1-ED levels in BALF measured and normalized

to total BALF protein.

(B) BALFs from DBA/2 mice administered i.n. with WT (lanes 1–4) or flagellin-null (lanes 5–8) Sm were centrifuged and the bacterial pellets processed for MUC1-

ED immunoblotting.

(C) Densitometric analysis of the bacteria-associated MUC1-ED signal in the blots in (B).

(D) DBA/2 mice were administered i.n. the PBS control or the Sm FliC1,2,3 flagellin mixture and normalized MUC1-ED levels in BALF determined.

(E) BALFs from DBA/2 mice administered i.n. with the PBS control (lanes 1–5) or Sm FliC1,2,3 flagellin mixture (lanes 6–10) were incubated with PNA-agarose and

the PNA-binding proteins processed for MUC1-ED immunoblotting.

(F) Densitometric analyses of the PNA-bound MUC1-ED signals in the blots in (E).

(G) DBA/2mice were administered intraperitoneally (i.p.) with 170 nmol/g body weight of the PBS control or the NEU1-selective sialidase inhibitor, C9-BA-DANA.

After 24 h, the mice were administered with the same dose of inhibitor or PBS control and administered i.n. with the Sm FliC1,2,3 flagellin mixture. After an

additional 24 h, normalized MUC1-ED levels in BALF were determined. (A, D, and G) Vertical bars represents mean G SEM normalized MUC1-ED levels in

mg/mg protein. (C and F) Vertical bars represents mean G SEM MUC1-ED signal. *, increased mean normalized MUC1-ED level (A and D) or MUC1-ED

signal (F) compared to the PBS control at p < 0.05. **, decreased mean normalized MUC1-ED level (A and G) or MUC1-ED signal (C) compared to WT Sm or

the PBS control at p < 0.05. Statistical comparisons were made using the Student’s t test. The results are representative of 4 or 5 independent experiments.
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conformation that can recognize and respond to multiple ligands, including the 3 Sm-expressed flagellins. Although monomeric flagellin

clearly binds to the rMUC1-ED-WT molecule containing multimeric tandem repeats, the magnitude of this binding is likely greater than

that measured here, given the potential polyvalent interactions between multimeric flagellins within the bacterial flagellar filament and
iScience 27, 110866, September 20, 2024 17



Figure 10. Sm provokes MUC1-ED desialylation and shedding in the airways of patients with ventilator-associated Sm pneumonia

(A) BALFs were obtained from hospitalized patients with ventilator-associated pneumonia that cultured positive for either Sm or bacteria other than Sm, or from

culture-negative ventilated patients. MUC1-ED levels in BALFs were quantified by ELISA and normalized to total BALF protein. Vertical bars represent meanG

SEM normalized MUC1-ED levels in mg/mg protein.

(B) BALFs that were culture negative (lanes 1–4) or cultured positive for Sm (lanes 5–8) were immunoprecipitated with anti-MUC1-ED Ab and the MUC1-ED

immunoprecipitates processed for PNA lectin blotting. To control for protein loading and transfer, the blots were stripped and reprobed for MUC1-ED.

(C) Densitometric analyses of PNA signal normalized to MUC1-ED signal in the blots in (B). Vertical bars represent mean G SEM normalized PNA signal.

(D) The same BALFs from (B) were incubated with PNA-agarose and the PNA-bound proteins processed for MUC1-ED immunoblotting.

(E) Densitometric analyses of PNA-bound MUC1-ED signal of the blots in (D).

(F) BALFs that cultured positive for bacteria other than Sm (lanes 1–4) or cultured positive for Sm (lanes 5–8) were centrifuged and the bacterial pellets processed

for MUC1-ED immunoblotting.

(G) Densitometric analysis of bacteria-associated MUC1-ED signal in the blots displayed in (F). (E and G) Vertical bars represent meanG SEMMUC1-ED signal. *,

increased mean normalized MUC1-ED level (A), normalized PNA signal (C), PNA-associated MUC1-ED signal (E), or bacteria-associated MUC1-ED signal

(G) compared to culture-negative BALFs or BALFs culture positive for bacteria other than Sm at p < 0.05. Statistical comparisons were made using the

Student’s t test. The results are representative of 4 independent experiments.
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the multiple tandem repeats within the MUC1-ED. Whether cell-associated and/or shed MUC1 molecules with more tandem repeats exhibit

greater adhesiveness for flagellated Sm and Pa, or whether individuals expressingMUC1 with different tandem repeat numbers have altered

susceptibility to bacterial colonization and/or invasive infection is unknown.

The MUC1-ED receptor is central to our hypothetical model for Sm and Pa binding to airway epithelial cells (Figure 12). However, Sm also

binds to abiotic surfaces, and colonizes and infects indwelling plastic catheters, mechanical ventilators, nebulizers, hemodialysis circuits, and

prostheses.34 Accordingly, Sm adhesion to a number of artificial substrates has been studied. To varying degrees, Sm binds to PS plas-

tic,35,64,65 as well as glass and Teflon.66 Other investigators compared Sm adhesion to PS with its adhesion to borosilicate glass and
18 iScience 27, 110866, September 20, 2024
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Figure 11. Human rMUC1-ED functions as a flagellin-targeting decoy receptorwith antibacterial and anti-inflammatory properties in vitro, and protects

against lethal Sm lung infection, in vivo

(A–D) Increasing concentrations or rMUC1-ED-WT, aa1-375, or the PBS control were incubated with Sm, and the bacteria assayed for (A) motility and (B) biofilm

formation, or adhesion to (C) A549 cells or (D) sections of PVC endotracheal tubes, or PS cell culture wells.

(E) The culture supernatants were assayed for IL-8 levels and normalized to total EC protein. (A–E) Vertical bars represent mean G SEM Sm motility in mm, Sm

biofilm formation in A595 values, Sm adhesion in CFUs/well, or normalized IL-8 levels in pg/mg protein.

(F) Sm were cultured in LB medium in the presence of 100 mM of rMUC1-ED-WT or PBS control and assayed for bacterial growth. Data points represent meanG

SEM A600 values.

(G) A549 cells were incubated with increasing concentrations of the Alexa Fluor 594-labeled Sm flagellin mixture in the presence of 100 mM of rMUC1-ED-WT or

PBS control, and bound flagellin determined. Data points represent mean G SEM bound flagellin in molecules/EC.

(H) Scatchard analysis of binding data in (G). The insert magnifies the clustered values for the rMUC1-ED-treated flagellin.

(I) DBA/2 mice were administered i.n. with increasing CFUs of WT Sm and survival followed for 7 days.

(J) DBA/2 mice were co-administered i.n. 1.03 1011 CFU/mouse of WT Sm with 100 mg/g body weight of rMUC1-ED-WT or PBS control, and survival followed for

7 days *, increased survival (J) compared to the PBS control at p < 0.05. **, decreased Sm motility (A), biofilm formation (B), adhesion (C), IL-8 release (E), or

flagellin binding (G) compared to the respective PBS controls at p < 0.05. Statistical comparisons were made using the Student’s t test or the Mantel-Cox log

rank test. The results are representative of 3, 4, or 7 independent experiments.
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polypropylene plastic.67 Sm adhesion to PS exceeded that seen to the other 2materials.Whether flagellin is involved in Smadhesion to one or

more plastics is unclear. Although plastic cannot intrinsically express MUC1, it may become coated with shedMUC1-ED-containing mucus.17

In one study, ultrastructural analysis by scanning electronmicroscopy of Sm adhering to plastic coverslips revealed flagella-like structures.37 In

another study, anti-flagellin Ab reduced Sm adhesion to PS in a dilution-dependent manner.66 In the current studies, we examined a plastic

material highly relevant to ventilator-associated Sm pneumonia, PVC-derived endotracheal tubes.68 Sm adhesion to PVC surpassed that

observed for PS. However, Sm adhesion to 6 distinct airway epithelia exceeded that seen for PVC. When adhesion of flagellin-expressing

WT Sm was compared to flagellin-null Sm, the flagellated bacteria displayed greater adhesion to the airway epithelia, but this was not the

case for Sm adhesion to PVC. These data indicate that although Sm flagellins are required for bacterial adhesion to host cells, they do not

contribute to its adhesion to PVC. Further evidence that Sm flagellins do not contribute to Sm adhesion to PVC is the observation that the

flagellin-targeting, rMUC1-ED decoy receptor that completely blocks flagellin binding and Sm adhesion to airway epithelia, does not inhibit

Sm adhesion to PVC or PS.
Figure 12. Hypothetical model for Sm/Pa flagellin-provoked shedding of the flagellin-targeting, MUC1-ED decoy receptor from the airway epithelial

surface

(A) Sm/Pa flagellin engages the tandem repeats of the MUC1-ED.

(B) This receptor-ligand interaction increases NEU1/PPCA association with and desialylation of the MUC1-ED.

(C) NEU1-mediated MUC1-ED desialylation unmasks cryptic binding sites for Sm/Pa flagellin, enhancing flagellin binding and Sm/Pa adhesion to MUC1-

expressing airway epithelia.

(D) This rapid, extensive MUC1-ED desialylation exerts conformational stress that catalyzes autoproteolysis at the Gly-Ser bond within the SEA domain,

permitting MUC1-ED release from the airway epithelial surface into the airway lumen.

(E) The shed, soluble MUC1-ED retains its hyperadhesiveness for Sm/Pa flagellin to function as a flagellin-targeting decoy receptor that reduces Sm motility,

biofilm formation, and adhesion to airway EC-associated MUC1-ED, and IL-8 production, in vitro, and protects against lethal Sm/Pa lung infection, in vivo.
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Approximately 80% of the more than 500 predicted MUC1-ED O-linked glycosylation sites generate glycan chains that terminate in sialic

acid.45 Sialic acid is bulky and negatively charged, and in its terminal position can introduce steric hindrance and electrostatic repulsion.69,70

These properties allow high levels of sialylation to mask cryptic binding sites or receptors from their binding partners or ligands. However,

we found robust Sm adhesion to MUC1-expressing airway epithelia. We asked whether Sm might exploit NEU1, the predominant sialidase

expressed in human airway epithelia and whose expression spatially correlates with that known for MUC1 expression,30 to enhance the Sm

flagellin-MUC1-ED interaction. We found that Sm rapidly increases MUC1 association with both NEU1 and PPCA, implicating Sm-provoked

mobilization of a preformed NEU1 pool. In the supernatants of airway epithelia co-cultured with Sm, soluble MUC1-ED was consistently

desialylated, whereas desialylation of cell-associated MUC1-ED could not be detected. That desialylation was evident for the soluble

extracellular MUC1-ED, but not the cell-associated MUC1-ED, raised the question as to whether MUC1-ED desialylation may play a permis-

sive or causal role in its release. Prior silencing of NEU1 almost completely protected against both Sm-induced MUC1-ED desialylation and

shedding. These combined data indicate that NEU1 is required for MUC1-ED desialylation, which in turn, is required for its release from the

cell surface.

We asked whether NEU1 might regulate the interaction between Sm and/or its flagellins with the MUC1-ED. NEU1 overexpression

increased binding of the Sm FliC1,2,3 flagellin mixture to MUC1-expressing epithelia through increased binding affinity, without increasing

receptor number, and dramatically increased Sm adhesion to these same cells. As anticipated, silencing of NEU1 and inhibition of NEU1

catalytic activity each dramatically reduced both binding of the Sm FliC1,2,3 flagellin mixture and Sm adhesion. Prokaryotic neuraminidases

are established virulence factors for viral and bacterial pathogens.71 To our knowledge, Sm does not express a neuraminidase. Rather, this

prokaryotic organism recruits a eukaryotic sialidase, NEU1, to enhance its own adhesion to host tissues, and possibly, its overall pathogenicity.

These same findings have been observed for another flagellated, NEU-deficient bacterium, Pa.21–23

In a mouse model, we have extended Sm-induced MUC1-ED shedding, in vitro, to an intact animal model. Flagellin was necessary

and sufficient, and NEU1 catalytic activity was required. The shed MUC1-ED was desialylated and retained its adhesiveness for Sm flagellins.

Finally, in patients with ventilator-associated Sm pneumonia, BALF levels of shed MUC1-ED were dramatically elevated compared to

that found in patients with BALF culture-positive for bacteria other than Sm, or with culture-negative BALFs. Again, the shed MUC1-ED

was desialylated and retained its adhesiveness for Sm flagellins. Taken together, our human in vitro and murine in vivo studies can be

extended to in vivo humanpathophysiology.Measurement ofMUC1-ED levelsmay offer a rapid, reliablemeans to identify ventilated patients

with Sm pneumonia that could serve as a guide for empiric antibiotic therapy to target this increasingly, intrinsically MDR pathogen.

Themechanism(s) through which Sm and its flagellins increaseMUC1-ED shedding is unclear. Sialylation masks protease recognition sites

and protects glycoproteins against proteolysis.46,47 NEU1-mediated desialylation is required for Sm/flagellin-provoked MUC1-ED shedding.

One would predict that MUC1-ED desialylation would increase its susceptibility to proteases. However, at concentrations up to 100-fold

greater than their reported IC50 values, multiple inhibitors that target the 3 lung-expressed proteases reported to proteolytically release

the MUC1-ED from the cell surface,8,49,50,52 failed to block or diminish Sm/flagellin-provoked shedding. To address whether autoproteolysis

at the Gly-Ser bond within the MUC1-ED SEA domain was required for Sm/flagellin-induced MUC1-ED shedding, a full-length rMUC1 and a

rMUC1-S317Amutant59 resistant to SEA autoproteolysis each was overexpressed in HEK293T cells and themanipulated cells treated with the

Sm FliC1,2,3 flagellin mixture. In the cells overexpressing the S317A mutant, MUC1-ED shedding was almost nonexistent. This observation

indicates that disruption of the Gly-Ser bond within the SEA domain is absolutely required for Sm/flagellin-induced MUC1-ED shedding.

Several biophysical studies have demonstrated that MUC1 SEA domain autoproteolysis is catalyzed by conformational stress.3–6,72 Changes

in sialylation are known to alter intramolecular bonds, glycan chain flexibility, and glycoprotein conformation.73–75 More specifically, removal

of sialic acid induces conformational changes in human serum amyloid P, a2 macroglobulin, b1 integrin, a1 acid glycoprotein, K+ and Na+

channels, and erythropoietin.76–81 Even more relevant to this discussion, NEU1-mediated desialylation itself reportedly promotes

conformational changes in the insulin receptor in both HEK293T cells and C57BL/6 mice, and b2-integrin in human neutrophils.82,83 Each

MUC1molecule contains hundreds of bulky, negatively-charged sialic acidmolecules.1,2,13We propose that rapid and extensiveNEU1-medi-

ated, MUC1-ED desialylation introduces conformational stress, which in turn, catalyzes SEA autoproteolysis, with cleavage at the Gly-Ser

bond, a prerequisite event for flagellin-provoked MUC1-ED shedding.

Sm-expressed flagellins constitute virulence factors that increase Smmotility, Sm adhesion to host epithelia andmucus, biofilm formation,

and proinflammatory gene expression.17,20,84 One would predict that a host response that disrupts one or more of these flagellin-driven

processes would protect against flagellin-mediated Sm pathogenicity. Human rMUC1-ED directly binds to the Sm-expressed flagellins

and shed MUC1-ED retains its hyperadhesiveness for Sm. At MUC1-ED concentrations comparable to those found in the BALFs of Sm-in-

fected patients, the flagellin-targeting, E. coli-expressed human rMUC1-ED dose-dependently reduced Sm motility, biofilm formation,

adhesion to airway epithelia, as well as IL-8 production. Blockade of these flagellin-driven events might conceivably help the host to contain

a bacterial infection. In fact, co-administration of human rMUC1-ED with a lethal dose of Sm increased 7-day survival of mice from 14.3% to

71.4%. However, the human rMUC1-ED exerted no detectible bacteriostatic or bactericidal activities for Sm. Themechanismof action ofmany

conventional antibiotics requires bacterial replication and cell wall remodeling.36 It is possible that human rMUC1-ED, which itself does not

alter bacterial replication, might be combined with antibiotics for synergistic therapy against MDR flagellated pathogens.

The current data establish a novel host defense mechanism in response to select flagellated, NEU-deficient bacteria, such as Sm and Pa,

with generation of a flagellin-targeting, MUC1-ED decoy receptor at the airway epithelial surface (Figure 12). In this schema, these 2 flagel-

lated, NEU-deficient prokaryotes present their flagellin protein to themembrane-tetheredmucin,MUC1, which in turn, recruits the eukaryotic

sialidase, NEU1. NEU1-mediated MUC1-ED desialylation unmasks cryptic binding site(s) within its tandem repeats, rendering the MUC1-ED
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hyperadhesive for these 2 bacteria. The rapid, extensive removal of numerous sialic acid molecules from the MUC1-ED generates

conformational stress within its SEA domain, catalyzing autoproteolysis at its Gly-Ser cleavage site, generating the still hyperadhesive,

flagellin-targeting MUC1-ED decoy receptor. This decoy receptor disrupts multiple flagellin-driven bacterial and host processes. Whether

these findings can be extrapolated to (1) other flagellated, NEU-deficient respiratory pathogens, (2) extrapulmonary mucosal surfaces, (3)

membrane-tethered mucins other than MUC1, (4) other sialylated receptors and surface-expressed sialoproteins, (5) other host sialidases, (6)

prokaryotic neuraminidases, and/or (7) sialic acid-rich biofilm formation, requires further studies. Finally, our data establish the MUC1-ED

decoy receptor as a mechanistically novel host response that may be harnessed as a therapeutic intervention to target select flagellated

pathogens, including MDR strains.

Limitations of the study

In vitro studies using human airway epithelial cells were mostly performed using A549 cells derived from a lung adenocarcinoma. We only

tested one strain each of WT Sm and Sm DFliC1,2,3 bacteria. The mechanism(s) whereby intracellular NEU1 desialylates the extracellular

MUC1-ED was not determined. Two of the 4 known mammalian NEUs, NEU2 and NEU4, were not evaluated. Disease scores of Sm-infected

mice were not measured as a means to determine whether WT Smmight cause more inflammation compared to flagellin-null Sm DFliC1,2,3.

Other than promoting survival following lethal Sm challenge, we did not test whether rMUC1-ED might also exhibit other flagellin-targeting

decoy receptor functions in vivo.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-mouse MUC1-ED LifeSpan BioSciences Cat# LS-C88106; RRID: AB_1809766

Mouse anti-human MUC1-ED Thermo Fisher Scientific Cat# MA1-06503; RRID: AB_558126

Hamster anti-human MUC1-CD Thermo Fisher Scientific Cat# MA5-11202; RRID: AB_11000874

Mouse anti-human IL-8 Thermo Fisher Scientific Cat# M801; RRID: AB_223583

Mouse anti-human b-tubulin Thermo Fisher Scientific Cat# MA5-16308; RRID: AB_2537819

Rabbit anti-human NEU1 Abcam Cat# ab1141807; RRID: AB_1141807

Rabbit anti-human PPCA Abcam Cat# ab126127; RRID: AB_11129908

Rabbit anti-human NEU3 Sigma-Aldrich Cat# HPA038730; RRID: AB_2676180

Mouse anti-human TLR5 Santa Cruz Biotechnology Cat# sc-52963; RRID: AB_793184

Mouse anti-human phospho-ERK1/2 BD Biosciences Cat# 612358; RRID:AB_399647

Mouse anti-human ERK2 BD Biosciences Cat# 610103; RRID: AB_397509

HRP-conjugated rabbit anti-mouse IgG KPL Cat# 61-6520; RRID: AB_2533933

HRP-conjugated goat anti-rabbit IgG KPL Cat# 65-6120; RRID: AB_2533967

HRP-conjugated goat anti-hamster IgG KPL Cat# PA1-29626; RRID: AB_10985385

Bacterial and virus strains

Stenotrophomonas maltophilia strain KJ Wu et al.20 N/A

Stenotrophomonas maltophilia strain KJ

DFliC1,2,3

Wu et al.20 N/A

E. coli NEB 5-alpha New England Biolabs Cat# C2987H

Biological samples

Sm FliC1,2,3 flagellin mixture This study N/A

Sm FliC1 flagellin This study N/A

Sm FliC2 flagellin This study N/A

Sm FliC3 flagellin This study N/A

Patient-derived BALF Verceles et al.23 N/A

Chemicals, peptides, and recombinant proteins

C9-BA-DANA Hyun et al.43 N/A

4-MU-NANA Sigma-Aldrich Cat# 69587

Asialofetuin Sigma-Aldrich Cat# F3004

Fetuin Sigma-Aldrich Cat# A4781

Critical commercial assays

Vitek MS bioMerieux Ver.3.2

Experimental models: Cell lines

A549 ATCC Cat# CRM-CCL-185

HEK293T ATCC Cat# CRL-3216

1HAEo- Laboratory of Dieter Gruenert, California

Pacific Medical Center Research Institute

N/A

CFTE29o Laboratory of Dieter Gruenert, California

Pacific Medical Center Research Institute

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

16HBE14o- Laboratory of Dieter Gruenert, California

Pacific Medical Center Research Institute

N/A

BEAS-2B Laboratory of Sekhar Reddy, University of

IIllinois Cancer Center

N/A

SAEC Lonza Cat# CC-2547

Experimental models: Organisms/strains

Mouse: DBA/2J The Jackson Laboratory RRID:IMSR_JAX:000671

Oligonucleotides

NEU1 siRNA Dharmacon Cat # L-011092-00-0005

NEU3 siRNA Dharmacon Cat # L-010641-02-0005

MUC1 siRNA Dharmacon Cat# # M-004019-02-0020

Nontargeting control siRNA Dharmacon Cat # D-001810-01-05

Recombinant DNA

pcDNA3.1(+) Thermo Fisher Scientific Cat# V79020

pBAD/His-B Thermo Fisher Scientific Cat# V43001

pTLR5 Laboratory of Stephanie Vogel,

University of Maryland

N/A

Ad-MUC1 GenScript Custom synthesis

Ad-GFP GenScript Custom synthesis

Ad-NEU1 Cross et al.85 N/A

Ad-NEU1-G68V Cross et al.85 N/A

Ad-NEU3 Cross et al.85 N/A

MUC1-ED-WT, aal-375 Lillehoj et al.59 N/A

MUC1-ED-D1, aal-311 GenScript Custom synthesis

MUC1-ED-D2, aa312-375 GenScript Custom synthesis

MUC1-ED-D3, aa 1-131 GenScript Custom synthesis

MUC1-ED-D4, aa 1-71 GenScript Custom synthesis

MUC1-ED-D5, aa 1-31 GenScript Custom synthesis

Software and algorithms

SAS software SAS Institute Ver. 9.4

Excel Microsoft Windows 11

Mantel-Cox log rank test https://www.evanmiller.org/ab-testing/

survival-curves.html

N/A

AlphaFold2 Jumper et al.86 N/A

RoseTTAFold Baek et al.87 N/A

UCSF ChimeraX Pettersen et al.88 N/A

ImageJ https://imagej.net/ij/ N/A

Other

Ni-NTA-agarose Thermo Fisher Scientific Cat# R90101

Protein G agarose Thermo Fisher Scientific Cat# 20397

Biotinylated PNA Vector Laboratories Cat# B-1075-5

PNA-agarose Vector Laboratories Cat# AL-1073

Lipofectamine 2000 Invitrogen Cat# 11668030

HRP-conjugated streptavidin Sigma-Aldrich Cat# RABHRP3

Polymyxin B-agarose Sigma-Aldrich Cat# P1411

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Macro-Prep High Q Bio-Rad Cat# 1580040

Endotracheal tube Serfinity Medical Cat# 1010156

Human MUC1 ELISA Lillehoj et al.22 N/A

Mouse MUC1 ELISA Lillehoj et al.22 N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacteria

The parental Sm strain KJ expressing FliC1, FliC2, and FliC3 flagellins and the flagellin-null SmDFliC1,2,3 bacterial strain were kindly provided

by Dr. Tsuey-Ching Yang, Department of Biotechnology, Laboratory Science in Medicine, National YangMing Chiao Tung University, Taipei,

Taiwan.20 The parental KJ strain is a Sm clinical isolate.89 Bacteria were cultured at 37�C in LB medium (10 mg/mL tryptone, 5.0 mg/mL yeast

abstract, 10 mg/mL NaCl) (Thermo Fisher Scientific, Waltham, MA), and quantified spectrophotometrically at A600.
Cell cultures

Human airway ECs derived fromdistinct regions of the airway, including the trachea (1HAEo� andCFTE29o� cells), bronchus (16HBE14o� and

BEAS-2B cells), terminal bronchioles (small airway epithelial cells [SAECs]), and alveolus (A549 cells) were studied. The sex of these cells has

not been reported and the cell lines were not authenticated or tested formycoplasma contamination. A549 cells are an alveolar type II cell line

derived from a lung adenocarcinoma (American Type Culture Collection, Manassas, VA). 16HBE14o�, CFTE29o�, and 1HAEo� are SV40 T

antigen transformed cell lines that were provided by Dr. Dieter Gruenert (California Pacific Medical Center Research Institute, San Francisco,

CA). BEAS-2B is an SV40-transformed cell line that was provided by Dr. Sekhar Reddy (University of Illinois, Chicago, IL). HEK293T cells were

from ATCC. Cells were cultured at 37�C in 5% CO2 in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) containing 10% fetal

bovine serum (Hyclone Laboratories, Logan, UT), 50 units/ml penicillin, and 50 mg/mL streptomycin. Human primary SAECs (Lonza, Walkers-

ville, MD) were cultured at 37�C in 5% CO2 in predefined small airway growth medium (Lonza) containing hydrocortisone, human EGF,

epinephrine, transferrin, insulin, retinoic acid, triiodothyronine, and fatty acid-free bovine serum albumin.90 Only SAEC passages 2–4 were

studied.
Murine model of Sm-Provoked MUC1-ED shedding

Animal studies were reviewed and approved by the University of Maryland Baltimore Institutional Animal Use and Care Committee (protocol

number 0617005) and conducted in accordance with guidelines of the Care andUse of Laboratory Animals of theNational Institutes of Health.

Equal numbers of male and female adult DBA/2 mice (18–20 g, 20–22 weeks) (The Jackson Laboratory, Bar Harbor, ME) were randomly as-

signed to the experimental groups and administered i.n. with 1.03 108 CFU/mouse of the flagellin-expressingWT Sm strain, the flagellin-null

Sm strain, or PBS control. In other experiments, mice were administered i.n. with 10 ng/mouse of the purified, LPS-free, Sm FliC1,2,3 flagellin

mixture or PBS control. In still other experiments, mice were administered i.p. with 170 nmol/g (15 ng/g) body weight of C9-BA-DANA or PBS

control. After 24 h, mice were administered i.p. with a second identical dose of the same inhibitor or PBS control and administered i.n. with

100 ng/mouse of the Sm FliC1,2,3 flagellin mixture. After an additional 24 h, the mice were euthanized by CO2 inhalation and cervical dislo-

cation, and BALF harvested. Pyrogen-free 0.9% NaCl was introduced i.t. into the lungs in 5 x 1.0-mL aliquots, after which the BALF was

retrieved with gentle suction, its volume recorded, and samples placed on ice. The BALF was filtered through sterile gauze, centrifuged at

450xg to remove cells, and the supernatants concentrated 25-fold by passage through membrane filters (pore size 10 kDa) mounted in Cen-

tricon tubes (Millipore, Burlington, MA). BALF samples were assayed for shedMUC1-ED levels by ELISA and normalized to total protein con-

centration. In mouse survival studies, male and female DBA/2 mice were administered i.n. with increasing inocula (1x109-1x1011 CFU) of Sm

and survival measured daily by Kaplan-Meier analysis.22 In other survival studies, mice were co-administered i.n. with 13 1011 CFU of Sm plus

100 mg/g body weight of human rMUC1-ED-WT or PBS control and survival measured.
BAL in patients with ventilator-associated pneumonia

This studywas conducted in accordancewith theDeclaration of Helsinki and other local statutes or regulations protecting subjects in biomed-

ical research, and was approved by the Institutional Review Board of the University of Maryland Baltimore (protocol numbers HP-00059183

and HP-00083805). The age, sex, gender, ancestry, race, ethnicity, and socioeconomic status of the participants has been reported.23

Informed consent was obtained from all participants. BAL was performed on patients diagnosed with ventilator-associated pneumonia. Clin-

ical diagnosis of pneumonia was based on findings of a new infiltrate by chest X-ray or CAT scan in the setting of fever, purulent sputum,

leukocytosis, and diminished oxygenation.91 Briefly, after conscious sedation with fentanyl and midazolam, and local anesthesia with 2% lido-

caine, the bronchoscope was wedged in a 3rd or 4th order bronchus, after which 125 mL of sterile pyrogen-free 0.9% NaC1 was injected in

25-mL aliquots and the BALF retrieved and pooled. An aliquot of BALF was cultured and bacteria identified at the University of Maryland

Medical Center ClinicalMicrobiology Laboratory following standard laboratory procedures using the VitekMS automatedmass spectrometry
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microbial identification system (Biomerieux, Marcy l’Etoile, France) and interpreted according to clinical and Laboratory Standards Institute

criteria.92 The remainder of the BALF was filtered through sterile gauze, centrifuged at 450xg to remove cells, and the supernatant concen-

trated 25-fold by ultrafiltration and stored at �80�C until use. Studies on the BALF included quantitation of MUC1-ED by ELISA and a total

protein assay. VAP patients culture-positive for only Sm, bacteria other than Sm (E. coli, P. mirabilis, K. pneumoniae, S. aureus), and culture-

negative patients were entered into the study.

METHOD DETAILS

Sm Adhesion to human airway epithelia

A549 cells were cultured in 24-well plates (Thermo Fisher Scientific) (2.0x105 cells/well) and incubated for 24 h with increasing Sm inocula

(MOI = 0.1-104) or with Sm at MOI = 103 for increasing times (0–90 min) at 37�C in 5% CO2. The cells were washed, fixed for 10 min with

2.5% glutaraldehyde, and washed again. Adherent bacteria were released with 0.05% trypsin and Sm CFUs enumerated after overnight in-

cubation at 37�C on LB agar plates. In other experiments, Sm adhesion wasmeasured using: 1) 1HAEo�, CFTE29o�, 16HBE14o�, BEAS-2B, or
A549 cells, SAECs, or a no cell control, incubated for 30min at 37�Cwith Sm atMOI = 103, 2) A549 cells or SAECs were incubated for 30 min at

37�C with flagellin-expressingWT Sm or the flagellin-null Sm strain, both at MOI = 103, 3) A549 cells incubated for 30 min at 37�C withWT Sm

at MOI = 103 in the presence of 0.25–25 mM of the Sm FliC1,2,3 flagellin mixture, 1.0–100 mM of rMUC1-ED-WT, or the PBS control, or co-

incubated with 2.7–267 mM of C9-BA-DANA or the PBS control, 4) HEK293T cells transfected for 24 h for expression of the TLR5 or MUC1

proteins, or the pcDNA3.1 empty vector control, and incubated for 30 min at 37�C with Sm at MOI = 103, 5) HEK293T cells infected for

48 h at 37�C with Ad-GFP or Ad-MUC1 and incubated for 30 min at 37�C with Sm at MOI = 103, 6) A549 cells pre-incubated with 2.7 mM

of MUC1-targeting, NEU1-targeting, or nontargeting control siRNAs and incubated for 30 min at 37�C with Sm at MOI = 103, and 7)

uninfected A549 cells or A549 cells infected for 48 h at 37�C with Ad-GFP, Ad-NEU1, Ad-NEU1-G68V, or Ad-NEU3 (each at MOI = 100)

and incubated for 30 min at 37�C with Sm at MOI = 103.

Sm Adhesion to plastics

For PVC, 0.5 cm sections of an endotracheal tube (7.0 mm inside diameter, 9.5 mm outside diameter, 5.5 cm2 surface area) (Serfinity Medical,

Cerritos CA) were cut using a sterile surgical scalpel. For PS, untreated 24-well culture plates were used (1.9 cm2/well) (Thermo Fischer Sci-

entific). The plastics were incubated for 30min at 37�Cwith 2.03 108 CFU of flagellin-expressingWT Smor the flagellin-null Sm strain, washed

with PBS, pH 7.2, and adherent bacteria quantified by CFU counting.20 In other experiments, PVC and PS plastics were incubated for 30min at

37�C with 2.03 108 CFU of WT Sm in the presence of 1.0–100 mM rMUC1-ED-WT or PBS control, washed, and adherent bacteria quantified.

Purification of Sm flagellins

An overnight culture of WT Sm strain KJ was centrifuged at 5,000xg for 30 min at 4�C, resuspended in Krebs-Ringer buffer, and incubated for

1 h at 37�C. The bacteria were collected by centrifugation, and the supernatant was filtered through a 0.22 mmporemembrane (Millipore) and

boiled for 20 min. The filtrate was concentrated by centrifugal ultrafiltration using membrane filters (pore size 10 kDa) mounted in Centricon

tubes (Millipore), adjusted to pH 4.0 with 0.05 M sodium acetate buffer, and the Sm FliC1, FliC2, and FliC3 proteins purified by ion-exchange

chromatography on a Macro-Prep High Q resin column (Bio-Rad). Two purification methods were used: 1) the Macro-Prep High Q resin was

washed with 0.05 M sodium acetate buffer, pH 4.0, and the mixture of Sm FliC1, FliC2, and FliC3 proteins (FliC1,2,3) eluted as a single batch

with 50mMBis-Tris buffer, pH 8.0 asmonitored at A280 and 2) theMacro-PrepHighQ resin was washed with 0.05M sodium acetate buffer, pH

4.0, and the individual FliC1, FliC2, and FliC3 proteins eluted using a linear gradient of 50 mM Bis-Tris from pH 4.0 to 8.0. One mL fractions

were collected, and A280 and pH of each fraction measured. The eluted FliC1,2,3 flagellin mixture and individual FliC1, FliC2, and FliC3 pro-

teins were incubated for 1 h at 4�Cwith polymyxin B-agarose (Thermo Fisher Scientific) to remove lipopolysaccharide, after which less than 0.1

endotoxin units/mg of protein was detected by the Limulus amebocyte lysate assay.22

SDS-PAGE and immunoblot assays

Sm bacteria were concentrated by centrifugation at 5,000xg for 30 min at 4�C, washed with PBS, pH 7.2 at 4�C, the bacterial pellet sonicated

on ice using a probe sonicator, and the sonicate centrifuged at 10,000xg for 15min at 4�C.93 A549 andHEK293T cells were rinsedwith ice-cold

HEPES buffer, lysed with 50 mM Tris-HCl, pH 8.0, 1.0% Nonidet P-40, 0.5% SDS, 150 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride,

5.0 mg/mL leupeptin, 1.0 mg/mL pepstatin A, 1.0 mg/mL aprotinin, 1.0 mM vanadate, 1.0 mM sodium fluoride, 10 mM disodium pyrophos-

phate, 500 mM p-nitrophenol, and 1.0 mM phenylarsine oxide, and the protein concentration using the Bio-Rad Protein Assay Dye Reagent.

Equal amounts of protein were resuspended in Laemmli sample buffer containing 10% 2-mercaptoethanol, heated for 10 min at 95�C, and
resolved by discontinuous polyacrylamide gel electrophoresis on 8–16% separating gels containing 25 mM Tris-HC1, 190 mM glycine, and

0.1% SDS, pH 8.3. Resolved proteins were stained overnight at 22�C with 0.1% Coomassie R-250 in 40% methanol and 10% acetic acid,

and destained with 40% methanol and 10% acetic acid. For immunoblot analysis, resolved proteins in SDS-acrylamide gels were transferred

to PVDFmembranes and the membranes blocked for 1 h at 22�C using 5.0% nonfat milk in 50 mM Tris-HCl, pH 8.0, 150 mMNaCl, and 0.01%

Tween 20 (TBS-T). Themembranes were incubated for 1 h at 22�Cwith the appropriate primary Ab followed by incubation for 1 h at 22�Cwith

the corresponding HRP-conjugated secondary Ab, and developedwith ECL reagents. To confirm equivalent protein loading and transfer, the

immunoblots were strippedwith 62.5mMTris-HCl, pH 6.7, 100mM2-mercaptoethanol, and 2.0% SDS, washedwith TBS-T, and reprobedwith
30 iScience 27, 110866, September 20, 2024
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mouse anti-b-tubulin Ab followed by HRP-conjugated goat anti-mouse Ab and developed with ECL reagents. For phospho(p)ERK1/2 immu-

noblots, the blots were stripped and reprobed for total ERK2.42 For all blots, the bands of interest were quantified using ImageJ software

(https://imagej.net/ij/).

Sm motility assay

Bacteria inmid-log phase (A600 = 0.5) were resuspended in LBmedium, stab-inoculated into 0.3% LB agar plates, incubated overnight at 37�C,
and colony diameters measured as an indicator of bacterial motility.22 In other experiments, Sm were pre-incubated for 1 h at 37�C with

1.0–100 mM of rMUC1-ED-WT or the PBS control, washed, resuspended in LB medium, and analyzed for motility.

Fluorometric Sm flagellin binding assays

The FliC1,2,3 Sm flagellin mixture was labeled using the Alexa Fluor 594 conjugation kit (Abcam, Waltham, MA) according to the manufac-

turer’s recommendations. A549 cells in 24-well plates (2.0x105 cells/well) were incubated for 30 min at 4�C with 10 nM of the Alexa Fluor

594-labeled FliC1,2,3 flagellin mixture in the presence of 0.1–10 nM of the unlabeled FliC1,2,3 flagellin mixture, the unlabeled individual

FliC1, FliC2, or FliC3 flagellins, or PBS control. The cells were washed with PBS, pH 7.2 and bound flagellin determined by fluorometry

(lex = 591 nm, lem = 615 nm).21,22 In other experiments, A549 cells in 24-well plates were incubated for 30 min at 4�C with 10 nM of Alexa

Fluor 594-labeled FliC1,2,3 in the presence of 0.01–100 nM of rMUC1-ED-WT, rMUC1-ED-D1, rMUC1-ED-D2, or PBS control, or with 1.0 mMof

rMUC1-ED-D1, rMUC1-ED-D3, rMUC1-ED-D4, rMUC1-ED-D5 or PBS control. The cells were washed and bound flagellin determined. In still

other experiments, A549 cells in 24-well plates were transfected for 48 h at 37�C in 5% CO2 with 1.0 mg/well of the pcDNA3.1 plasmid incor-

porating the full-length MUC1 cDNA (pMUC1) or the pcDNA3.1 empty vector control, or with 2.7 mMof the MUC1-targeting or nontargeting

control siRNAs, and washed with PBS, pH 7.2. The cells were incubated for 30 min at 4�C with 0.2–8.0 nM of the Alexa Fluor 594-labeled

FliC1,2,3 flagellin mixture, washed again, and bound flagellin determined. Scatchard analysis of the binding data were performed to quantify

the number of flagellin binding sites on the cells, as indicated by the X axis intercept of the binding plot, and the binding affinity of the

flagellin-MUC1-ED interaction, as indicated by the slope of the binding plot (�1/Kd), where Kd represents the dissociation constant.21,22 In

yet other experiments, A549 cells in 24-well plates were infected for 48 h at 37�C with Ad-GFP, Ad-NEU1, Ad-NEU1-G68V, or Ad-NEU3

(each at MOI = 100) or transfected for 48 h at 37�C with 2.7 mM of NEU1-targeting or nontargeting control siRNAs. The cells were washed,

incubated for 30min at 4�Cwith 0.2–8.0 nMof theAlexa Fluor 594-labeled FliC1,2,3 flagellinmixture, washed again, bound flagellin was deter-

mined, and Scatchard analysis performed. Finally, A549 cells in 24-well plates were incubated for 30 min at 4�C with 0.2–8.0 nM of the Alexa

Fluor 594-labeled FliC1,2,3 flagellin mixture in the presence of 100 mM rMUC1-ED, 267 mM (100 mg/mL) of C9-BA-DANA, or PBS control,

washed again, bound flagellin determined, and Scatchard analysis performed.

Flagellin structural analyses

The X-ray crystal structures of the Pa FlaA and STm FliC flagellins, and the cryogenic electron microscopy (cryo-EM) structure of Pa FlaB have

been reported.94–96 In the absence of X-ray crystallographic or cryo-EM data, aa sequences of the 3 Sm flagellins20 and single Lp flagellin

(GenBank accession number ANN95373.1) were used to model their respective tertiary structures using AlphaFold2 and RoseTTAFold.86,87

The 7 flagellin proteins (Sm FliC1, FliC2, and FliC3, Pa FlaA and FlaB, Lp FliC, and STm FliC) were superimposed over either their D0/D1 do-

mains or their D2 domain b-sheets, and corresponding regions analyzed using UCSF ChimeraX.88

Adenoviral constructs

NEU1 (GenBank accession number NM_000434.3) and NEU3 (GenBank accession number NM_006656.5) sequences were synthesized

by Primm Biotech (Cambridge, MA). A plasmid encoding the catalytically dead NEU1-G68V mutant was kindly provided by Dr. L. Debelle

(Université de Reims, Reims, France). The NEU1, NEU1-G68V, and NEU3 sequences were subcloned into an Ad vector using the AdEasy

Adenoviral Vector System (Stratagene, La Jolla, CA) according to the manufacturer’s recommendation.85 Briefly, each sequence was subcl-

oned into the pShuttle-IREs-hrGFP-1 shuttle vector using appropriate restriction enzymes and ligation. Each resultant shuttle plasmids were

linearized by PmeI digestion and, with the Ad backbone plasmid (pAdEasy-1, Qbiogene/MP Biomedicals, Solon, OH), were used to co-trans-

form electrocompetent E. coli BJ5183 cells to produce recombinant plasmids. Recombinant plasmids were selected for kanamycin resistance

and screened for recombination by PacI digestion. Recombinant plasmids were used to transform XL10-Gold cells and bacterial lysates were

passed throughMaxiprep columns (Qiagen, Germantown, MD) for plasmid purification. Ad-NEU1, Ad-NEU1-G68V, and Ad-NEU3 were line-

arized by PacI digestion and transfected in the presence of lipofectamine (Invitrogen) into AD-293 cells. After 7–10 days, cells were scraped

off flasks with a rubber policeman and subjected to 3 freeze-thaw cycles, and virus was harvested in the supernatants for presentation to fresh

AD-293 cells and titration in a plaque-forming assay. Ad-GFP and Ad-MUC1 were purchased from GenScript (Piscataway, NJ).

Manipulation of MUC1, TLR5, and NEU1 expression

To overexpress TLR5 or MUC1, A549 and HEK293T cells were transfected with plasmids encoding for TLR5 or MUC1, or the empty vector

control (pcDNA3.1), and cultured for 48 h21,22 To overexpress NEU1, A549 cells were infected with Ad-NEU1 or an Ad-GFP vector control.21,22

As additional controls, cells were infected with Ad-NEU1-G68V or Ad-NEU3.21,97 To silence MUC1 or NEU1 expression, cells were centri-

fuged, and the pellet was resuspended in 100 mL of Amaxa Nucleofector solution (Lonza) with 2.7 mg of MUC1-targeting or NEU1-targeting
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siRNAs, or irrelevant control siRNAduplexes not corresponding to any known sequence in the humangenome.21,30,97 Each cell-siRNAmixture

was transferred to an Amaxa-certified cuvette and subjected to programmed electroporation, and the transfected cells cultured for 72 h. To

confirm protein overexpression and/or knockdown, the transfected or infected cells were lysed and the lysates processed for MUC1, TLR5, or

NEU1 immunoblotting.

Expression and purification of human rMUC1-ED and its deletion mutants

The 375 aa full-length humanMUC1-ED-WT cDNA in the pcDNA3.1 plasmid has been reported.59 The rMUC1-ED deletion mutants contain-

ing 15 (rMUC1-ED-D1, aa 1–311), 6 (rMUC1-ED-D3, aa 1–131), 3 (rMUC1-ED-D4, aa 1–71), or 1 (rMUC1-ED-D5, aa 1–31) tandem repeat(s), and

the rMUC1-ED deletionmutant containing only the SEA domain (MUC1-ED-D2, aa312-375), all in the pET-21b plasmid, were purchased from

GenScript and subcloned into pBAD/His-B using standard procedures.98 The 6XHis-tagged rMUC1-ED-WT, -D1, -D2, -D3, -D4, and -D5 plas-

mids were transformed into E. coli NEB 5-alpha competent cells (New England Biolabs, Ipswich, MA), the cells cultured to mid-log phase

(A600 = 0.5), induced for 3 h at 37�C with 0.01% arabinose, and lysed by sonication. The 6X-His-tagged rMUC1-ED-WT, -D1, -D2, -D3, -D4,

and -D5 proteins were purified on a Ni-NTA-agarose affinity column, and their purities confirmed on Coomassie blue-stained SDS-polyacryl-

amide gels.22,23

6XHis-rMUC1-ED protein binding assays

Equal protein aliquots of the purified Sm FliC1,2,3 flagellin mixture were incubated for 3 h at 4oC with the 6XHis-tagged MUC1-ED-WT,

aa1-375, MUC1-ED-D1, aa1-311, or MUC1-ED-D2, aa312-375 proteins immobilized onNi-NTA-agarose beads or with Ni-NTA-agarose beads

alone.99 The agarose-bound flagellin was eluted with PBS, pH 7.2 containing 300 mM imidazole and dialyzed against PBS, pH 7.2. The

agarose-bound and unbound proteins were resolved by SDS-PAGE, transferred to PVDF membranes, and processed for flagellin

immunoblotting.

MUC1-NEU1, MUC1-PPCA, and NEU1-MUC1 Co-Immunoprecipitation assays

A549 cells in 24-well plates (2.0x105 cells/well) were cultured for 1 h at 37�C in 5% CO2 in the presence of Sm (MOI = 103) or the PBS vehicle

control. The cells were washed with PBS, pH 7.2 and lysed with 50 mM Tris-HCl, pH 8.0, 1.0% Nonidet P-40, 150 mM NaCl, 0.1 mM phenyl-

methylsulfonyl fluoride, 5.0 mg/mL leupeptin, 1.0 mg/mL pepstatin A, 1.0 mg/mL aprotinin, 1.0 mM vanadate, 1.0 mM sodium fluoride, 10 mM

disodium pyrophosphate, 500 mM p-nitrophenol, and 1.0 mM phenylarsine oxide, and the lysates centrifuged at 10,000xg for 15 min at 4�C
and incubated overnight at 4�Cwith anti-MUC1-CDor anti-NEU1Abs. The resultant immune complexes were immobilized by incubation with

protein G agarose for 2 h at 4�C, centrifuged, washed, processed for immunoblotting with anti-NEU1, anti-MUC1-CD, or anti-PPCA

Abs.21–23,30 In other experiments, Ad-NEU1 infected A549 cells (MOI = 100) were co-incubated for 1 h at 37�C with Sm in the presence of

267 mMof C9-BA-DANA or the PBS control and lysed. To control for protein loading and transfer of immunoprecipitates, the blots were strip-

ped and reprobed with the immunoprecipitating Ab. Each MUC1-CD signal was normalized to either the NEU1 or PPCA signal and each

NEU1 signal was normalized to the MUC1-CD signal in the same lane in the same stripped and reprobed blot.

Fluorometric assay for sialidase activity

A549 cells (1.0x106 cells/reaction) were suspended in 200 mL of 500 mM sodium acetate, pH 4.4 containing 0.1% Triton X-100 and protease

inhibitor mixture (Thermo Fisher Scientific) and co-incubated for 1 h at 37�C with 25 mL of 2.0 mM 4-MU-NANA and 2.7–267 mM of C9-BA-

DANA or PBS control, mixing the tubes every 15min. The sialidase reaction was terminated by addition of 133 mM glycine, pH 10.3,

60 mM NaCl, and 0.083 M Na2CO3, after which the fluorescence intensity was measured with a Bio-Rad fluorometer (lex = 355 nm,

lem = 460 nm).30,43,85

PNA lectin blotting of desialylated MUC1-ED

PNA lectin binds to subterminal galactose residues after removal of terminal sialic acid.100 Asialofetuin (1.0 m g) was used as a positive control

for PNA-binding proteins and fetuin (1.0 mg) was used as a negative control. Equal protein aliquots of cell culture supernatants or total

cell lysates, or mouse or human BALFs, were immunoprecipitated overnight at 4�C with anti-mouse MUC1-ED or anti-human MUC1-ED

Abs, or incubated for 1 h at 4�C with PNA immobilized on agarose beads to selectively enrich for PNA-binding proteins.21–23,30 The

MUC1-ED immunoprecipitates and the PNA-bound protein were resolved by SDS-PAGE. Here, in order to adequately visualize the

>250 kDa MUC1-ED protein, SDS-polyacrylamide discontinuous gel electrophoresis was performed under reducing condition in 3% stack-

ing/5% separating acrylamide gels containing 25 mM Tris-HC1, 190 mM glycine, 0.1% SDS, pH 8.3 until the 150 kDa prestained protein

MWmarker reached the bottomof the gel.21–23,30 The resolved proteins were transferred to PVDFmembranes and themembranes incubated

for 1 h at 22�C with either biotinylated PNA followed by incubation for 1 h at 22�C with HRP-conjugated streptavidin, or for 1 h at 22�C with

anti-humanor anti-mouseMUC1-EDAbs followedby incubation for 1 h at 22�Cwith HRP-conjugated secondary Abs, and ECL reagents. In the

case of the MUC1-ED immunoprecipitates, to confirm equivalent protein loading and transfer, blots were stripped and reprobed with anti-

MUC-EDAb followed byHRP-conjugated secondary Ab and ECL reagents. For the humanMUC1-ED desialylation experiments, the PNA and

MUC1-ED signals for each of the PBS controls were set to 1.0 and the corresponding PBS-normalized PNA andMUC1-ED signals for the Sm-

exposed cells calculated
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MUC1-ED shedding by human airway epithelia, in vitro

A549 cells (2.0x105 cells/well) in 24-well plates were incubated for 24 h at 37�C in 5% CO2 with increasing Sm inocula (MOI = 0.1-104 CFUs) or

for increasing times (0–48 h) at 37�C in 5%CO2 with Sm atMOI = 103 or the PBS control, andMUC1-ED levels in cell culture supernatants were

measured by ELISA and normalized to total cell protein.21–23 In other experiments, normalized MUC1-ED levels in cell culture supernatants

were calculated in 1) 1HAEo�, CFTE29o�, 16HBE14o�, BEAS-2B, A549 cells, SAECs, or a no cell control, incubated for 24 h at 37oC with Sm at

MOI = 103, 2) A549 cells or SAECs incubated for 24 h at 37�Cwith flagellin-expressingWT or flagellin-null Sm, both at MOI = 103, 3) A549 cells

incubated for 24 h at 37�C in 5% CO2 with 0.25–25 mMof the purified FliC1,2,3 flagellin mixture, or with 25 mM of the purified individual FliC1,

FliC2, or FliC3 flagellin proteins, 4) A549 cells pre-incubated for 48 h at 37�C with 2.7 mM of the NEU1-targeting or nontargeting control

siRNAs, or with 267 mMof C9-BA-DANAor PBS control, and incubated for 24 h at 37�Cwith Sm atMOI = 103, and 5) HEK293T cells transfected

for 24 h for expression of the full-length WT rMUC1 or rMUC1-S317A proteins and incubated for 24 h at 37�C with Sm at MOI = 103.
Detection of Sm-mouse/human MUC1-ED complexes

BALF from mice administered i.n. with 1.03 108 CFU/mouse of the flagellin-expressing WT Sm or flagellin-null Sm strains, and human BALF

from patients with Sm lung infections or infections with other bacteria, were centrifuged at 10,000xg for 30 min at 4�C to pellet the bacteria,

and the bacterial pellet washed with PBS, pH 7.2. The bacteria were resuspended in Laemmli SDS-PAGE sample buffer containing 10%

2-mercaptoethanol, heated for 10 min at 95�C, and processed for mouse or human MUC1-ED immunoblotting as above.
ELISAs for mouse and human MUC1-ED, and human IL-8

Mouse and human BALFs or human cell supernatants were centrifuged at 10,000xg for 10 min at 4�C, added in triplicate to 96-well

ELISA plates (Thermo Fisher Scientific), and incubated overnight at 4�C. Wells were blocked for 1 h at 22�C with PBS, pH 7.2, containing

10 mg/mL bovine serum albumin, and 50 mg/mL sucrose, and washed with TBS-T. The samples were reacted for 2 h at 22�C with

200 mg/mL of rabbit anti-mouse or mouse anti-human MUC1-ED Ab, or mouse anti-human IL-8 Ab, washed with TBS-T, reacted for 2 h at

22�C with 200 mg/mL of HRP-conjugated goat anti-mouse IgG or HRP-conjugated goat anti-human IgG secondary Abs, and washed with

PBS-T. Bound antibodies were detected with tetramethylbenzidine substrate at A450.
23 Standard curves were generated using purified mu-

rine/human rMUC1-ED-WT and human rIL-8 proteins.
Sm biofilm assay

Overnight cultures of Sm in LB medium were adjusted to A600 = 0.1 in M9 medium, incubated for 48 h at 37oC in 96-well tissue culture plates

(Thermo Fisher Scientific) with 1.0–100 mMof rMUC1-ED-WT, or the PBS control, washed with deionized water, stained with 0.1% crystal violet

for 10 min at 22�C, and washed with deionized water. The crystal violet was solubilized with 30% acetic acid for 10 min at 22oC and A595

measured.22,23
QUANTIFICATION AND STATISTICAL ANALYSIS

All values were expressed as meanG SEM. Power and sample size analyses were performed, as described.101,102 Values for n are indicated in

each figure and figure legend. Two sample comparisons were performed by the two-tailed Student’s t test using the Microsoft Excel Analysis

ToolPak add-in (Microsoft, Redmond, WA). Multiple sample comparisons were performed by analysis of variance (ANOVA) with Duncan’s

multiple range test using SAS software (version 9.4, SAS Institute, Cary, NC). For Scatchard analysis of fluorometric Sm flagellin binding

data, linear trendlines, the corresponding linear regression equations, and R2 values were calculated usingMicrosoft Excel. Kaplan-Meier sur-

vival curves of Pa-infected mice were compared using the Mantel-Cox log rank test (https://www.evanmiller.org/ab-testing/survival-curves.

html). Statistical significance was set at p < 0.05.
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