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Pseudomonas aeruginosa is an opportunistic pathogen that can cause severe
infections in immunocompromised patients. N-(3-oxo-dodecanoyl) homo-
serine lactone (30c12) is a small quorum molecule that is used to communicate
between bacterial cells and between bacteria and the host. However, the exact
molecular mechanisms of this exchange is not yet fully understood. Here, we
present a modality that P. aeruginosa uses to finetune the severity of lung
infection, where 30cl12 is incorporated into the host cell membrane, causing a
marked increase in epidermal growth factor receptor (EGFR) ligand-
independent self-dimerization. This ligand-free self-activation leads to epi-
dermal growth factor receptor-signal transducer activator of transcription-3
(EGFR-STAT?3) signaling, resulting in higher expression of tight junction pro-
teins. This effect reduces the permeability of lung epithelial barrier, which in
turn inhibits the release of P. aeruginosa from alveoli into the systemic circu-
lation, and is essential to the establishment of long-term infection. This finding
suggests a new, pathogen-autonomous mechanism to describe a tendency of
P. aeruginosa of maintaining persistent chronic infection.

In pathological infections, the host immune system attempts to com-
pletely eradicate pathogens to better protect the host. From the per-
spective of pathogen, its harm to the host must be delicately
controlled. If an infection is excessively virulent, the resulting host
mortality would mean the loss of habitat. This scenario likely plays out
in many long-term infections, however, our research into how this type
of regulation works is currently limited.

Pseudomonas aeruginosa is an opportunistic and common
hospital-acquired pathogen, capable of causing a wide array of infec-
tions, particularly in those with compromised immune defense'”. It
can colonize patients with cystic fibrosis (CF) and chronic obstructive
pulmonary disease (COPD), and is the main cause of morbidity and
mortality in these patients®. P. aeruginosa can cause serious lung epi-
thelial barrier damage, resulting in edema, which limits the gas

exchange’®. The epithelial barrier breakdown would also permit P.
aeruginosa to enter the blood circulation to induce bacteremia and
sepsis’ . All those assaults on the host are grave, yet most P. aerugi-
nosa infections can last years or even decades long. While the bacterial
loads are usually high, this gram-negative infection in the lung leads to
relatively mild manifestations compared with other pulmonary bac-
terial pathogens. Host immune responses are likely the main force in
controlling the exacerbation, however, we still do not know whether P.
aeruginosa possesses its intrinsic capacity to actively facilitate this
transition into this long-term and anatomically confined infection.

P. aeruginosa quorum-sensing molecules are used to commu-
nicate between bacterial cells. It is a cell-density dependent regulatory
system controlling the expression of multiple genes and social
behavior. One of the best studied quorum sensing systems is N-(3-
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Fig. 1| The effect of Erlotinib on the survival rate of mice caused by different
strains of P. aeruginosa infection. A Erlotinib-treated C57BL/6 mice (7 weeks old,
male mice, body weight 22 + 0.5 g) showed higher sensitivity to the wild-type strain
P. aeruginosa infection. B Erlotinib had no effect on the survival rate in 3oc12-

deleted P. aeruginosa infection. C Survival rate associated with 3oc12 replenished
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AlasR+lasl strain infection was again reduced with Erlotinib treatment. Kaplan-
Meier log-rank was used for survival analysis test. ***P < 0.001, ***P < 0.0001, ns:
not significant. Graphs are representative of three individual experiments. Source
data are provided as a Source Data file.

oxo-dodecanoyl) homoserine lactone (3oc12) based on the Lasl/LasR
circuitry in P. aeruginosa. Lasl product 3ocl2 regulates a range of
events in the community, and its expression is reciprocally controlled
by its receptor LasR. While 30c12 is understood as a microbial signaling
component, it has widespread effects on host cells. 3oc12 is able to
influence lung epithelial cell transcription™" and binds to 1Q motif
containing GTPase activating protein 1(IQGAP1) protein on the cell
surface to promote epithelial cell migration”. 30c12 has been reported
to influence several cell signaling pathways®" and regulate inflam-
matory responses””?. It affects both pro- and anti-inflammatory
responses: inhibiting the production of TNF-, IL-12, and increasing
the secretion of IL-6, IL-8, IL-10, and IL-1B'***?, Some studies have also
confirmed that 3oc12 can bind to nuclear peroxisome proliferator-
activated receptors (PPARs) to regulate DNA binding activity and
nuclear transcription factor-kB (NF-kB) signaling pathway-related gene
expression®. In particular, 3oc12 has also been reported by us and
others of interacting with cholesterol-rich microdomains on lympho-
cyte cell membranes and influence immune cell signaling®2°.

Several years ago, our lab reported that 3ocl2 has a strong affinity
for the plasma membrane, its insertion into the membrane causes lipid
raft dissolution®”. This effect when applied to immune cells causes
ligand-independent aggregation of tumor necrosis factor receptor
1(TNFR1) and its activation. As lung epithelial cells are in direct contact
with P. aeruginosa, we investigated whether this generalizable effect on
lipid rafts would alter other membrane receptor signaling as well. We
report here that 3ocl2 strongly activated epidermal growth factor
receptor (EGFR) on the lung epithelium cells. Here, 30oc12 also caused
EGFR ligand-independent activation, and transduced signals via down-
stream signal transducer activator of transcription-3(STAT3), resulting
in higher expression of several cell tight junction molecules. The loss of
this regulation resulted in massive expansion of infected areas and
rapid spread of P. aeruginosa into the blood circulation. Interestingly,
this mechanism can be used in the absence of infection to directly
regulate lung permeability for therapeutic purposes. We therefore have
potentially identified a simple method employed by P. aeruginosa to
confine its afflicted area to maintain long term infection. Our work may
suggest an intervention method for lung permeability-related diseases.

Results

EGFR is activated in the presence of 30c12 in P. aeruginosa
infection

30c12’s effect on the dissolution of lipid rafts is likely universal as lipid-
ordered (L,) and disordered (Ly) domains are present on all mamma-
lian cell membranes®*?. Co-incidentally, EGFR is arguably the most
studied transmembrane receptor with reference to lipid order
changes™. It has been generally accepted that disruption of lipid rafts
induces EGFR activation®. Therefore, on the lung epithelial cells,
whether 3ocl2 regulates EGFR signaling is a valid question. We per-
formed an intranasal administration of WT P. aeruginosa (PAO1) as
previously reported” with or without co-injection of Erlotinib, a clin-
ical inhibitor (blocking tyrosine kinase activity, IC50 20 nM) of the
EGFR. This caused a dramatic reduction in survival rate of C57BL/6
mice (Fig. 1A). To rule out any unintended toxicity of Erlotinib, we
repeated this experiment with two additional EGFR blockers,
PD153035 (IC50 29pM) or AG1478 (IC50 3 nM), the results were the
same (Supplementary Fig. 1A). Therefore, EGFR signaling mediates a
protective effect during P. aeruginosa infection. We next analyzed
whether this potential mechanism was mediated by 3oc12. We have
previously generated a P. aeruginosa strain with las/ deletion (Alasl,
PAOL1 strain with a mutant in 3oc12 encoding region). Infection with
this strain caused increased death rate, yet the co-administration of
Erlotinib was no longer able to change the mortality (Fig. 1B). This
suggested the protective effect of 3oc12 was mediated via EGFR. To
confirm the role of EGFR, an AlasR stain with a forced expression
(pMMB E67-lasl vector) of 30c12 at comparable levels to that of PAO1
was used (AlasR+lasl). As LasR is essential to the Lasl/LasR circuity, it is
not only responsible for the feedback induction of Lasl, but also
mediates several hundred additional events other than [as/
transcription®>*, In the AlasR+lasl strain, Lasl is the only mechanism
restored with the complete absence of other factors driven by LasR>.
Here, the mortality associated with this mutant was again sensitive to
Erlotinib administration (Fig. 1C). Our data suggested that 3ocl2-
mediated membrane disruption caused an EGFR activation event, and
this event appeared to be protective of the host in P. aeruginosa
infection.
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Membrane lipid raft disruption causes increased ligand-free
dimerization of EGFR

To establish the connection between 30c12 and EGFR, we used a sim-
plified in vitro system. Human lung epithelial cell line A549 was treated
with 3oc12 for 20 min, then the lysates were analyzed for levels of
phosphorylated EGFR. The result showed that 3ocl2 induced EGFR
phosphorylation in a dose-dependent manner at tyrosine 1068 site
(Fig. 2A). Then we co-cultured supernatants of PAO1, Alas/ and AlasR
+lasl with A549 cells. The data indicated that the presence of 3oc12 was
responsible for EGFR phosphorylation (Fig. 2B). Lipid raft removal can
increase EGFR diffusion rate on cell membrane in favor of its
activation®**, As endogenously expressed EGFR is difficult to label
with precision in a background of uncontrolled noises and nonspecific
binding, to track diffusion rate of EGFR on the cell membrane, we used
the CRISPR/Cas9 genome-editing tool to produce a knock-in mutant
EGFR with a Halo tag attached to the endogenous EGFR in HEK293
cells, and EGFR mobility was tracked with JFX646 -HaloTag ligand(-
Supplementary movies 1-2). Addition of 10 pM 30c12 to the knock-in
cell line disrupted the lipid raft, partially expelled EGFRs into the dis-
ordered lipid phase, and increased the diffusion rate of EGFR (Fig. 2C-
G). The model of EGFR motion on living cell membrane can be divided
into four patterns: free, confined, directed, immobile*?, although in
this assay the “directed” mode made up less than 0.01% of the total and
hence not analyzed. The details in pattern classification are provided in
the methods. We found that 3oc12 increased the percentage of free
motion pattern and decreased the immobile (Fig. 2D). We also found
that the diffusion coefficient of each pattern in 3ocl2-treated group
was higher than the control group (Fig. 2F). EGFR activation is the
result of monomeric EGFR dimerization on the cell surface, in response
to its ligand®’*%. Again, to avoid the interference from the endogenous
receptor, we transfected EGFR-mEGFP plasmid into MCF7 cells, which
endogenously express very low level of EGFR, and used single-
molecule photobleaching step-counting (SMPSC) to check whether
3oc12 induced EGFR dimer formation on the cell surface”***°, The
results showed that 3oc12 was indeed able to increase the number of
dimers (Fig. 2H). Collectively, these data demonstrated that 3oc12
activated the EGFR on lung epithelial cells, potentially by changing
lipid order.

As the cortical cytoskeleton may alter the diffusion coefficient of
transmembrane receptors*, we performed Structured Illumination
Microscopy (SIM) to examine the membrane-proximal actin network
before and after 3oc12 treatment. We did not find evidence indicating
that the addition of 30c12 directly altered the cortical actin filament
and stress fiber structure in HeLa or A549 cells (Fig. 21 and Supple-
mentary Fig. 2A-C), which seems to suggest that in our system 30cl12
does not heavily influence receptor diffusion via blocking their asso-
ciation with the cytoskeleton.

Lipid raft disruption leads to EGFR dimerization

To elucidate the molecular mechanisms of EGFR dimerization influ-
enced by the membrane phase state, we carried out all-atom mole-
cular dynamics (MD) simulations. Two membrane patches of L, and
L4 phase states were employed to represent the intact and disrupted
states of lipid rafts, respectively (Supplementary Fig. 3). It is known
that phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2)present in the
inner leaflet of cell membrane may associate with the juxtamem-
brane domain of EGFR and inhibit the dimerization***’. To check
whether 30c12 molecules can penetrate through the membrane and
interact with PI(4,5)P2 to impact EGFR dimerization, we prepared a
simulation system, where nine 30cl2 molecules were positioned
above the membrane with six PI(4,5P2 molecules randomly dis-
tributed in the inner leaflet. After 100 ns unbiased MD simulation, all
the 3o0c12 molecules successfully inserted into the membrane (Sup-
plementary Fig. 4A). We then calculated the interaction energy
between 3o0cl12 and PI(4,5)P2 (Supplementary Fig. 4B) and found

weak and occasional interactions occurring mostly between the
hydrophobic chains of 3oc12 and PI(4,5)P2 (Supplementary Fig. 4C).
To further characterize the distribution of 30cl12 across the mem-
brane, we calculated the density distribution of 3oc12 and other
membrane components along the membrane normal direction
Supplementary Fig. 4D). These data indicate that 30c12 molecules are
difficult to penetrate through the membrane and form effective
interactions with PI(4,5)P2.

With PI(4,5)P2 ruled out, our results showed that in the L, system,
the transmembrane domains of EGFR remained monomeric in the
finite simulation period (200 ns) (Fig. 3A). Upon disruption of the lipid
raft domain, as indicated by the Ly system, two monomers of EGFR
were found to form a dimer shortly via a polar GxxxG-like motif, and
the dimer was stable in the last 100 ns (Fig. 3B)**. We quantified these
observations by examining the proximity of the GxxxG-like motifs. In
the L, system, the distance kept fluctuated around the initial value of
2 nm (Fig. 3C). However, the Ly system displayed a contrasting trend
where the distance between two motifs gradually decreased until a
minimal value of 0.93 nm was reached (Fig. 3D). This shortest distance
was similar to that measured by NMR experiments*!, suggesting that a
stable dimer of EGFR was formed in the non-raft membrane domain.
Moreover, the inter-molecular residue contact maps further sup-
ported our findings (Fig. 3E, F). Dimerization of the EGFR occurred
exclusively in the Lq system, with the interaction sites corresponding
to the GxxxG-like motifs (Fig. 3F). Furthermore, through calculating
the interaction energy, we discovered that van der Waals interactions
played a pivotal role in the EGFR dimerization (Fig. 3G, H). Since our
simulation systems mainly adopt four components that constitute the
L, and Ly phase membranes, we further constructed two complex
models consisting of more lipid components. We obtained similar
results, i.e., EGFR remained monomeric in the L, phase membrane but
rapidly formed dimerization in the L, system (Supplementary Fig. 5).
To further validate our conclusion, we constructed a plasma mem-
brane model with coexisting L, and Ly phase domains, with five EGFR
dimers pre-positioned at the phase boundary. We observed that the
EGFR dimers preferred the Ly phase domain and remained there
throughout the 4 ps simulation (Supplementary Fig. 6A). The two-
dimensional (2D) radial distribution functions (RDF) further confirmed
EGFR dimer accumulation in the Ly phase (Supplementary Fig. 6B). In
all, the transmembrane domains of EGFR prefer to be monomeric in
the lipid raft domain but immediately dimerize upon disruption of the
lipid raft by 3ocl2, triggering the ligand-free activation of EGFR. As
EGFR has been used as a model for spontaneous activation upon dis-
ruption of L,, via computational biological analysis, we believe our
study is the first to propose a motif-based dimerization mechanism
that clearly explains EGFR’s persistent signaling in domain-less lipid
bilayers.

Thermodynamic and kinetic analysis of EGFR dimerization dic-
tated by the membrane phase state

While the MD analysis indicated a strong bias towards self-
dimerization of EGFR in Ly domains, we explored further whether
such a behavior is supported by changes in the system's free energy.
Dimerization of EGFR in the lipid bilayer membrane can induce chan-
ges in the enthalpy and entropy of the system. Thus, quantifying the
interactions between EGFR and lipids can help elucidate the mechan-
isms controlling the selective dimerization of EGFR in membranes with
different phase states*’. Compared to the membrane patches rich in
unsaturated lipids, lipid rafts are primarily composed of sphingolipids
and cholesterol, resulting in a thicker, tighter, and less fluid structure*®.
This feature was characterized by the higher degree of lipid ordering in
the L, system than that in the L4 system (Fig. 4A, C). The presence of
EGFR disrupted the normal lipid packing in the L, system, thus
decreasing the order parameter for lipids around EGFR. Dimerization
of EGFR induced less contacts with lipids, thus decreasing entropy of
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Fig. 2 | Membrane lipid raft disruption causes ligand-free increased dimeriza-

tion of EGFR. A 3oc12-induced EGFR phosphorylation in dose depended manner.

B Co-cultured supernatants of different strains of P. aeruginosa with A549 cells:
Alasl strain that lacks the 30cl12 production was less able to induce EGFR phos-
phorylation. C Fluorescently labeled EGFR-Halo (by JFX646-HaloTag ligand) par-
tially colocalizes with Alexa555-conjugated Cholera toxin-B labeled lipid rafts

before, but not after, treatment with 10 mM MBCD or 10 pM 30cl12. Scale bar, 5 pm.

The bottom panel showed the fraction of EGFR-Halo spots in lipid raft structures
before and after treatment with MBCD or 3ocl2. Data are are presented as the
mean = SD (n=11, 9 and 12 cells). D Stacked Histogram shows fractions of EGFR
tracks classified as free, confined, or immobile under 3ocl2 stimulation. Data are
representative of three independent experiments and are presented as the

mean + SD(n =32,29). E Distributions of the diffusion coefficient of membrane-
docked EGFR molecules before and after 3oc12 treatment. F The diffusion coeffi-
cient values for free, confined, and immobile diffusion states of EGFR molecules

under 30c12 stimulation. Data are representative of three independent experiments
and are presented as the mean + SD(n =32,29). G Confinement radius distribution
of confined track segments for each condition. Minimal of 1000 trajectories from
approximately 30 cells each in DMSO and 3oc12-stimulated groups from three
experiments were selected for analysis(n = 32,28). Data represent mean + SD.

H SMPSC analysis of dimer formation of EGFR-mEGFP on 3oc12-treated cell surface.
The results of each group were counted from 10 to 30 cells with more than 4000
individual fluorescent molecules. Data are representative of two independent
experiments and are presented as the mean + SD(n =12,24,12,24). I Super-
resolution structured illumination (SIM) imaging of cortical actin filaments using
TIRF illumination mode. The representative images of the actin cytoskeleton of
cells with DMSO, 30c12 (10 pM), or latrunculin B (375 nM) treatment were shown.
(C, D, F, G and H). Statistical significance was tested by two-tailed unpaired Stu-
dent’s t-test. *P < 0.05. *P < 0.01, ***P < 0.0001. Source data are provided as a
Source Data file.
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Fig. 3 | Influence of the membrane phase state on EGFR dimerization revealed
by all-atoms MD simulations. Time sequences of simulated snapshots depicting
the states of two transmembrane domains of EGFR in the L, (A) and L4 (B) phase
membranes. The GxxxG-like motifs participating in the dimerization are displayed
as green beads. C, D Time evolutions of the distance between GxxxG-like motifs of

EGFR in L, (C) and L4 (D) phase membranes. Residue contact maps of EGFR in L, (E)
and Lq (F) phase membranes. The locations of GxxxG-like motifs in dimerized EGFR
in the L4 phase membrane were labeled with gray dashed lines. Time evolutions of
the van der Waals and electrostatic interaction energies between two monomers in
L, (G) and L4 (H) phase membranes. Source data are provided as a Source Data file.

the L, system (Fig. 4A, B). This decrease in entropy corresponds to
increase in the Gibbs free energy, thus being unfavorable to dimer-
ization of EGFR. In contrast, no apparent change in the lipid ordering
was observed for EGFR dimerization in the Lq4 system (Fig. 4C, D). The

transmembrane domain of EGFR tended to tilt in the Ly phase domain
due to the positive hydrophobic mismatch. The tilting of EGFR was
beneficial for the contacts of GxxxG-like motifs, being responsible for
EGFR dimerization (Fig. 3B).
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Fig. 4 | Thermodynamic and kinetic analysis of EGFR dimerization in L, and L4
phase membrane systems. Two transmembrane domains of EGFR in either
monomeric or dimeric forms were incorporated in two membranes of L, and
Lgphase states, and each simulation was performed for 200 ns. The lipid order
parameter diagrams and the probability distributions when monomeric (A, C) and
dimerized (B, D) EGFR were incorporated in the L, (A, B) and Lq4 (C, D) phase

membranes. E Changes in protein-protein, protein-lipid and lipid-lipid interaction
energies after dimerization of EGFR in L, (E) (n=30,30,30) and L4 (F) (n=30,30,30)
systems. G Mean square displacements (MSD) of EGFR and lipids in L, and Ly
systems. The diffusion constants were calculated by fitting the MSD curves and
marked aside the lines. Data are as the mean + SD. Source data are provided as a
Source Data file.

We further calculated the energy of interactions between differ-
ent components to comparatively analyze the enthalpy change
induced by EGFR dimerization in L, and L4 systems. As shown in
Fig. 4E, F, dimerization of EGFR induced decreases of the protein-
protein and lipid-lipid interaction energies in both L, and Ly systems.
By contrast, EGFR dimerization in the L, system induced more increase
of the protein-lipid interaction energy than that in the Ly system. It
suggested that the dimerization of EGFR in the L, system was less
favorable in enthalpy than that in the L4 system.

In addition to the thermodynamic contribution, the dimerization
of EGFR could be influenced by the membrane fluidity. We thus con-
ducted a kinetic analysis on the diffusivity of different components in
the L, and Ly membrane systems. Mean square displacements (MSD)
for both EGFR and lipid components were calculated according to the
trajectories of MD simulations (Fig. 4G). As expected, the diffusivity of
lipids was significantly reduced by forming raft domains. In accor-
dance, the diffusion rate of EGFR in the L,, system was much lower than
that in the Ly phase membrane. These results indicated that disruption
of lipid rafts can enhance the membrane fluidity to promote the
movement of EGFR, creating favorable conditions for dimerization.
This result echoed our particle-tracking and SMPSC results.

Overall, our simulation results revealed that the dimerization of
EGFR in the lipid raft domain can be both thermodynamically and

kinetically hindered. Upon disruption of the lipid raft to form a Lq4
phase domain, the EGFR dimerization became thermodynamically
favorable and can be accomplished shortly due to the enhanced dif-
fusivity. This suggested that the ligand-free activation of EGFR may be
more dependent on its membrane environment rather than the EGFR
itself.

Juxtamembrane or the entire extracellular domain of EGFR
minimally impacts EGFR dimerization

While the transmembrane domain of EGFR directly senses the mem-
brane change, the extracellular domain of EGFR has been suggested to
impede the dimerization of EGFR". In addition, whether the interac-
tions between the juxtamembrane domain and PI(4,5)P2 influence
EGFR dimerization remains unknown. We prepared two additional
simulation systems to take these two factors into consideration. Our
simulations of EGFR with transmembrane and juxtamembrane
domains showed that they remained monomeric in the L, phase, while
dimerization occurred in the Ly phase membrane (Fig. 5A, B). The
distinct behaviors in response to the membrane phase state were
further reflected in the distances between GxxxG-like motifs (Fig. 5C,
D), the residue contact maps (Fig. 5E, F), and the interaction energies
between transmembrane domains (Fig. 5G). We also calculated the
distances between juxtamembrane domains, and it showed an
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Fig. 5 | Effect of the juxtamembrane domain on EGFR dimerization in L, and L4
phase membranes with PI(4,5)P2 molecules present in the inner leaflet.

A, B Time sequences of simulated snapshots depicting the states of EGFR con-
taining juxtamembrane and transmembrane domains in the L, (A) and L4 (B) phase
membranes. The GxxxG-like motifs participating in the dimerization are displayed
as green beads. PI(4,5)P2 molecules are displayed in yellow. The right panel of each
figure shows an enlarged image illustrating interactions between juxtamembrane
domains of EGFR and PI(4,5)P2 in the inner leaflet. Time evolutions of the distance

between GxxxG-like motifs of EGFR in L,, (C) and L4 (D) phase membranes (red
lines). The distances between juxtamembrane domains are also displayed (blue
lines). Residue contact maps of EGFR in L,, (E) and L4 (F) phase membranes.
Transmembrane and juxtamembrane domains are separated by dashed lines.
Average interaction energies between transmembrane domains (G)
(n=30,30,30,30) and juxtamembrane domains (H) (n=30,30,30,30) of EGFR in L,
and L4 phase membranes. Data are as the mean + SD. Source data are provided as a
Source Data file.

opposite trend with the transmembrane domain of EGFR in the Ly
phase membrane (Fig. 5D). Since the length of the transmembrane
domain of EGFR is longer than the membrane thickness, the trans-
membrane domain tends to tilt. In such a case, the dimerization of

EGFR can be thought as a scissor movement, where the proximity of
the transmembrane domain is accompanied by the separation of the
juxtamembrane domain. In the L, phase membrane recruiting more
PI(4,5)P2 molecules in the inner leaflet, and more electrostatic
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interactions are formed between the juxtamembrane domain and
PI(4,5)P2, and which would be unfavorable to dimerization of the
transmembrane domain. In contrast, in the L4 phase, where PI(4,5)P2
molecules were less concentrated, the interactions between PI(4,5)P2
and the juxtamembrane domain were considerably reduced (Fig. 5H).
This relatively weak interaction did not inhibit dimerization of the
transmembrane domain in the Ly phase membrane. Overall, the
interactions between the juxtamembrane domain and PI(4,5)P2 are
detrimental to EGFR dimerization, but the response of EGFR to chan-
ges in the membrane phase state can overcome this hindrance.

To address the effect of the extracellular domain, we performed
MD simulations on EGFR with the complete extracellular and trans-
membrane domains. Experimental results from photobleaching can
only be interpreted as a proximity reading limited by the optical dif-
fraction, rather than the nanometer-scale distance in a true dimer
formation. 10 nm is still beyond the limit of the latest super resolution
imaging. In this work, we instead used all-atom MD simulations to
analyze molecular interactions in GxxxG-like motif-dependent EGFR
dimerization sensing membrane phase transition from L, to Lgq. Our
results showed that the entire EGFR preferred to exist as a monomer in
the lipid raft domain but rapidly dimerized upon disruption of the raft
domain (Supplementary Fig. 7A, B). The distances, interaction energy
and residue contact maps between transmembrane domains all con-
firmed that dimerization occurred in the L4 system rather than the L,
system (Supplementary Fig. 7C-F). The dimerization of EGFR in the L4
phase membrane was revealed to be thermodynamically and kineti-
cally favorable. Thermodynamically, the changes in entropy and
enthalpy indicate the possibility of spontaneous dimerization of EGFR
in Ly phase membrane. Dynamically, the diffusivity of both phospho-
lipids and proteins were dramatically increased upon disruption of the
lipid raft domain, which is favorable to rapid dimerization (Supple-
mentary Fig. 7G). Therefore, our simulations revealed a motif-based
dimerization mechanism that clearly explains the EGFR’s persistent
signaling in domain-less membrane.

30c12-EGFR axis protects against dissemination of P. aeruginosa
infection

To reveal how EGFR signaling provides protection in P. aeruginosa
infection, we again performed in vivo experiments with or without
Erlotinib. In the Bronchoalveolar Lavage Fluid(BALF), the levels of IL-
1o, IL-1B, IFN-y, IL-6, and TNF-a showed almost no difference between
the PAOIgroup and the Erlotinib-treated PAO1 group mice, although
IL-1a, IL-1B and IFN-y showed slight increase (Supplementary Fig. 8).
Despite the significant contrast in survival rates between the treated
and untreated mice, the overall cytokines difference was modest. We
then performed P. aeruginosa CFU counts in mice lung tissue (Fig. 6A).
Surprisingly, the bacterial load was slightly lower in Erlotinib-treated
PAOlImice. Therefore, the higher mortality rate exhibited in the Erlo-
tinib group was not due to intensity of inflammation or bacterial load.
We then examined the number of inflammatory infiltrates in the BALF,
the total cells and neutrophil counts were significantly higher in the
Erlotinib-treated PAO1 group (Fig. 6B, C). Upon visual inspection, the
lung of the Erlotinib-treated PAO1 group showed severe hyperemia
(Fig. 6D). This seemed to indicate a breach of barrier function in the
lung upon EGFR inhibition. H&E staining results showed that the
Erlotinib-treated PAO1 group lungs had more immune cells infiltration
and epithelial barrier disruption (Fig. 6E), which confirmed the ele-
vated cells counts in the BALF. Tissue damage is accompanied by
repair, especially the differentiation of AT2 cells and stem cells into
ATI cells*®. We stained the lung tissue for Ki67 (cell cycle marker), the
result showed that there were more Ki67" cells in the Erlotinib-treated
PAO1 group (Fig. 6F), echoing a more active repair upon greater
damage in the epithelial barrier. Lung epithelial barrier injury results in
large amount of water and proteins entering the respiratory tract. We
used Micro-CT to check the pathological changes of lung tissue. The

Mock+PAOL1 group mice showed typical infection pathology: the lung
tissue displayed frosted glass pathology with fuzzy edges and fluid
exudation inside the tissue. However, the Erlotinib-treated PAO1 group
mice had more severe lung lesions, unclear tissue interface, obvious
destruction of gas-liquid interface, and presented purulent lesion
(Fig. 6G). In addition, the BALF protein level was increased in the
Erlotinib-treated PAO1 group (Fig. 6H), and the dry/wet ratio of lung
tissue (areverse indicator of lung permeability) decreased significantly
after EGFR inhibition (Fig. 61). We also checked the concentration of
arachidonic acid in the BALF, a marker associated with permeability of
local blood vessels at the site of inflammation. Again, the result was
higher in the Erlotinib-treated PAO1 group (Fig. 6)). P. aeruginosa can
transmigrate through the pulmonary epithelial barrier into the blood
and reach distal organs when the epithelial barrier damaged. We
checked IL-6 concentrations in serum as well as the CFU in spleen and
liver. The group of the Erlotinib-treated PAO1 group had higher con-
centrations IL-6 in serum and more bacterial load in distal organs (liver
and spleen) (Fig. 6K-M). All these data suggested that during P. aeru-
ginosa lung infection, EGFR signal was to reduce the local permeability,
a mechanism potentially exploited by P. aeruginosa via 3oc12 for its
shielding.

30c12-EGFR maintains epithelial barrier through influencing
tight junction protein expression

To confirm that 3oc12 regulates airway epithelial barrier integrity, we
utilized an established in vitro model to check the permeability of
epithelial cell paracellular pathway. A layer of A549 cells layer was
grown on a trans-well filter surface, and different sizes of FITC-dextran
were loaded into the top well and their appearance across the cell layer
was measured with or without 3oc12 treatment*’*°. The results showed
that 3ocl2 was able to inhibit the movement of 4KD and 10KD FITC-
dextran across the filter yet had no effect on 40KD (Fig. 7A). Transe-
pithelial electrical resistance (TEER) is the measurement of electrical
resistance across a cellular monolayer, an unbiased indicator of per-
meability of the monolayer cells™*. After 2- or 3-hour treatment,
3ocl2 significantly increased the Q.cm? of A549 cells at both time
points (Fig. 7B).

Tight junction protein expression is the main regulator of para-
cellular pathway permeability>°. On mRNA level, Claudin 1, 2, 7, 8, 10,
Tight Junction Proteins2(7/P2) and Junctional Adhesion Molecule
1(JAM-1) were all upregulated by 3ocl2 treatment (Fig. 7C). We chose
Claudin-1 and Claudin-2 as representative to check the protein level
expression by flow cytometry, and the results were in line with the
QPCR results (Supplementary Fig. 9A). In the in vivo study, H&E and
Micro-CT results demonstrated that the Alas/ strain induced more
immune cells infiltration and lung epithelial barrier disruption than did
AlasR+lasl strain (Fig. 7D, E). The cells number, protein concentration
and inflammatory cytokine levels in BALF were also lower in AlasR+las/
group (Supplementary Fig. 9B-1). Therefore, 3ocl2 protects the host
against damage brought in by P. aeruginosa infection mainly via
maintaining epithelial barrier functions.

30cl2 maintains lung epithelial barrier through EGFR-STAT3
signaling pathway

To further confirm the presence of a 30c12-EGFR signaling pathway,
epithelial cells were pretreated with Erlotinib and their expression of
tight junction protein mRNAs were analyzed. Indeed, the increased
expression of Claudin 1,2,7,8,10 as well as TJP-2 and JAM-Iin response to
30c12 treatment was almost completely blocked with Erlotinib treat-
ment, confirming the effect of 3oc12 was via EGFR (Supplementary
Fig. 10A). Accordingly, the reduced filtration rates across single layer
lung epithelium for 4KD and 10 KD FITC-Dextran in response to 3oc12
treatment were no longer seen in the presence of Erlotinib (Fig. 8A).
This was further confirmed by the TEER reading (Fig. 8B). STAT3 has
been the most studied downstream target in EGFR signaling, both in
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stat3 in A549 cells (Supplementary Fig. 10B). In the absence of STAT3,
30c¢12 could no longer affect the expression of tight junction proteins,
nor could it change monolayer permeability or electric conductance
(Fig. 8E-G). To establish this connection in vivo, Sftpc-ert2cre (Surfac-
tant protein C promoter) mice were crossed with stat3” mice to get
Sftpc-ert2cre -stat3” mice, and the resulting adult progenies were
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Fig. 6 | 30c12-EGFR axis protects against P. aeruginosa dissemination in C57BL/6
mice. A The cfu of P. aeruginosa in the lung of Erlotinib-treated and control group
infected mice (7weeks old, male, n =10 per group). B, C The total cells and neu-
trophil numbers in BALF from four group of mice(n=4,4,8,9). The external
appearance (D), H&E staining (E) and Ki67+ staining F and of lung tissue from
indicated groups of mice (n=5,5,5,6). G The Micro-CT pictures of mouse lung (n=7
per group). H The protein levels in BALF from four groups of mice(n = 4,4,10,10).
I The ratio of dry/wet weight of lung tissue from four groups of mice(n =3,3,9,9).

J The concentration of arachidonic acid in BALF(n =3,3,7,7). K The levels of serum
IL-6 concentrations(n=3,3,7,7). L, M The P. aeruginosa cfu in spleen (L) and liver
(M) from Erlotinib treated and control group infected mice (n =7 per group). Fig
F,J are repeat for twice, Fig A-C, G-1, L, M and are presented of three independent
of three times. Data are presented as the mean + s.e.m, **P<0.01, **P < 0.001,
**p < (0.0001. Two-tailed unpaired Student’s t-tests were used to analyze data.
Source data are provided as a Source Data file.

treated with tamoxifen to remove stat3 in Alveolar Type Il cells (AT2
cells) (Supplementary Fig. 10C). In this experiment, we used Sftpc-
ert2cre mice treated with tamoxifen as control. The mice were then
infected with P. aeruginosa. The Micro-CT results showed that the mice
with stat3 knockout in AT2 cells had no baseline abnormality in the
lung, and P. aeruginosa infection could be established as well. Yet, in
the absence of STAT3, PAOL infection was more severe with massive
purulent lesions reminiscent of infection with EGFR blockage (Fig. 8H).
In BALF, the group of stat3-deficient mice had higher protein and IL-6
concentrations than the Sftpc-ert2cre only control, indicating a greater
damage to the lung epithelia (Fig. 8l, J). We also found higher loads of
P. aeruginosa in spleen and liver, and a higher IL-6 level in the serum
(Fig. 8K-M). These results indicate that more P. aeruginosa trans-
crossed the epithelial barrier and entered the circulation and distal
organs. To directly confirm that 3oc12 in a real infection mediated its
EGFR downstream effect via STAT3, we used Alasl and AlasR+lasl
strains to infect AT2 stat3-deficient mice. As expected, the severity of
pathology revealed by Micro-CT and the protein level in BALF were
similar between two strains of bacteria, suggesting that the protective
effect of 3oc12 was nullified in the absence of STAT3 (Supplementary
Fig. 10D, E).

3ocl2 exerts a general protection effect in lung acute injuries
Lung permeability increase underlies most of lung inflammatory
dysfunctions, such as asthma and pulmonary infections”®. Reduced
lung permeability in theory has therapeutic effects. To prove this
concept, we established two acute lung injury models. 0.4 N of
hydrochloric acid was mixed with equal volume of DMSO, and the
mixture was delivered by inhalation at 2 pl/g body weight. The mice
were treated with 3ocl2. Figure 9A-G showed HCL caused sig-
nificant lung infiltration and an increase in inflammatory cytokines
and protein in BALF. Remarkably, 3oc12 demonstrated a strong
ability to reduce all those parameters, indicating therapeutic effi-
cacy (Fig. 9A-G). The experiment was replicated with 10 mg/ml LPS.
The 30c12’s effect was again reproduced across all measurements
(Fig. 9H-N). Therefore, 3oc12-mediated EGFR signaling may be of
potential clinical value in treating pulmonary inflammation and
injury.

In summary, we found that 3oc12 on lung epithelial cells causes a
loss of membrane order and disappearance of lipid rafts, which per-
mits a ligand-free EGFR self-dimerization and ensuing phosphoryla-
tion. This leads to nuclear translocation of STAT3, which mediates
tight junction protein expression and reduced lung epithelial perme-
ability. This effect localizes P. aeruginosa infection and works against
the uncontrolled dissemination in the host, which may contribute to
the establishment of long-term infection (Fig. 90).

Discussion

Lung functions depend on the integrity of the lung epithelial barrier,
especially the alveolar epithelium®’. Neighboring lung epithelial cells
are knitted by tight junction proteins, acting as gatekeepers to seal the
paracellular space and to prevent the entry of foreign antigens that
could contribute to inflammation and tissue damage™>>°"*%, Loss of
tight junctions in the airways results in an uncontrolled leakage of high
molecular weight proteins and water, which results in severe lung
inflammation and the formation of alveolar edema® .

EGFR activation is important for the host in defense against bac-
terial infection®® %, EGFR on the lung epithelial cells surface participates
in the regulation of epithelial barrier homeostasis through controlling a
series of tight junction proteins expression® ", At present, many ligands
have been confirmed to activate EGFR, such as Epidermal Growth Fac-
tor(EGF), Transforming Growth Factor a(TGFa), bidirectional regulator
(AR), epidermal regulator (EREG), B-cytokines and heparin-bound epi-
dermal growth factor (HB-EGF)”. The large number of potential ligands
suggests that EGFR may be a central coordinator of many networks of
signaling in the maintenance of epithelial health. Remarkably, EGFR is
probably the most documented surface receptor to be regulated by
membrane biophysics®*”®, and its behavior in relationship with
membrane-ordered state is used as a model to the lipid raft research.

Lipid raft is a concept first proposed by Simons et al. to describe
the spontaneous presence of glycolipid and cholesterol-rich domain
on the outer leaflet of the plasma membrane that regulates cell surface
proteins’. EGFR spontaneous activation upon cholesterol depletion
was reported by many groups. Linda Pike et al. in 2002 reported that
removal of cholesterol increased of EGFR phosphorylation, and this
effect was mediated by its intrinsic kinase activities without any
ligand”™. Various experimental designs have since confirmed this
observation®""¢7%, We reported that on the neutrophil surface, 3oc12
caused the dissolution of lipid rafts, which led to the spontaneous
trimerization of TNFR1 and cell death®. This effect is less prominent in
other non-immune cell types. In epithelial cells, EGFR signaling is
expected to be more prevalent. Cell type-specific receptor signaling
has been reported in other systems. The cause is extremely complex,
and appears to have been built into the signaling network since the
cellular function diversification’. This work is our attempt to ask
whether relaxation of lipid-ordered state (lipid raft removal) also
permits spontaneous activation of EGFR via self-dimerization.

Our results indicated that indeed this mechanism is operational in
lung epithelial cells. Our MD analysis indicated that this is mainly due to
a preferred pairing of GXXXG motifs in Ly phase. Thermodynamically,
while enthalpy drives EGFR dimerization regardless of L, vs L4 phases,
the formation of the dimer in L, leads to a decrease in entropy, sup-
porting the increase of EGFR dimerization upon 3ocl2-mediated lipid
raft dissolution. After this ligand-free activation, the RTK cross-
phosphorylation of EGFR recruits STAT3 which mediates the higher
expression of tight junction proteins. This mechanism appears to better
shield the P. aeruginosa infection site from the rest of lung tissues, and
deficiency at either Lasl, EGFR or STAT3 leads to massive barrier breach
and dissemination of the infection and a significantly higher death rate.

Pathogens and the host can hijack each other’s signal pathways,
collectively known as the “inter kingdom” signaling. Quorum sensing
autoinducers, such as 3ocl2 are known participants of this
exchange®>*%. If our work is further validated, it seems to suggest the
possibility that this small lipid-like structure can manage to use its
ability to disrupt lipid rafts to drive two major signaling events in two
groups of cells for its own survival: the aggregation of TNFR1 on neu-
trophils to induce the latter’s apoptosis, and the dimerization of EGFR
to build a barrier via regulating lung epithelial cell tight junctions.
Certainly, this notion remains a proposal that requires stringent scru-
tiny. As 3oc12’s lipid raft dissolution is a generic event that happens on
mammalian cells*?, its involvement in other receptors on other cell
types is an intriguing topic to be explored in future investigation.
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Fig. 7 | 30c12-EGFR maintains epithelial barrier through influencing tight
junction protein expression. A 30c12 inhibits 4KD and 10 KD FITC-Dextran pas-
sing through the epithelial cell paracellular pathway (n =4 per group). B 30c12
increases the transepithelial electrical resistance of A549 monolayer cells (n =4 per
group). C 30c12 induced multiple tight junction protein upregulation on mRNA
level (n=3 or 4 per group). D The Micro-CT of lung images in Alasl and AlasR+lasl

strain infected mice (n =4 per group). E The H&E staining of lung tissue from Alas/
or AlasR+lasl strains infected mice. Data are representative of three independent
experiments and are presented as the mean + s.e.m, **P<0.01, **P<0.001,

P < (0.0001. Two-tailed unpaired Student’s t-tests were used to analyze data.
Source data are provided as a Source Data file.

Methods
Cell culture
In vitro experiments, A549 cells, HEK293 cells, HELA cells, and MCF-7
cells were obtained from the American Type Culture Collection
(ATCC). A549 cell lines were meticulously cultured in RPMI 1640
Medium, supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin to provide optimal growth conditions. During
the experimental procedures, the growth medium was replaced with
serum-free RPMI 1640 during the experiment processes. HEK293 cell,
HELA cell, and MCF-7 cell were cultured in DMEM medium, supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin.
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Mice

In our study, mice of the C57BL/6 ] genetic background were utilized.
Wild-type (WT) mice were purchased from Charles River. Sftpc-ert2-cre
mice were purchased from Jackson lab, and stat3” mice are a gift from
Xiaoyu Hu laboratory (Tsinghua university). The breeding and housing

of these experimental animals were meticulously conducted within the
specific pathogen-free (SPF) barrier facilities at the Tsinghua Uni-
versity Experimental Animal Center. The mouse model of P. aeruginosa
infection, along with the subsequent experimental procedures, was
carried out in a Biosafety Level 2 (P2 level) containment facility.
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Fig. 8 | 30c12 maintains lung epithelial barrier through EGFR-STAT3 signaling
pathway. A, B Erlotinib can inhibit 3oc12 induced A549 cell paracellular pathway
permeability (n =4 per group) and Trans-epithelial resistance change (n=3 per
group). C, D Western blot and FACS to confirm 3o0c12 induced STAT3 phosphor-
ylation was through EGFR (n =4 per group). E 30c12 was unable to induce multiple
tight junction protein upregulation in stat3-deficient A549 cells (n=4 per group).
F, G 30c12 was unable to induce paracellular pathway permeability and Trans-
epithelial resistance changes in stat3-deficient A549 cells (n =4 per group). H The

micro-CT result of stat3 specific knock-out in lung epithelial cells mice (12 weeks
old, male mice) treated with PAOL. I, J The protein and IL-6 concentration in BALF
from four group of mice. K-M The load of PA in spleen and liver, as well as serum IL-
6, from control and stat3-specific knock-out mice. H-M(n =3,3,5,4). Data are
representative of three independent experiments and are presented as the mean +
s.e.m. *P<0.01, **P<0.001, ***P < 0.0001, ns: not significant. One-way ANOVA
was used for Fig. A, B, D analysis. Two-tailed unpaired Student’s ¢-tests were used to
analyze Fig. E-G, 1, H, J-M. Source data are provided as a Source Data file.

Bacterial strains

P. aeruginosa WT PAOQ], 3oc12 synthetase-deficient Alas/, and the 3oc12
overexpressing AlasR+lasl were prepared and used according to our
lab's previous work®. The bacterial strains were cultured in LB medium
or SCFM medium®. SCFM is particularly used to mimic the nutrient-
rich environment of the cystic fibrosis lung, providing a more clinically
relevant context for studying P. aeruginosa.

Reagents

The EGFR kinase domain inhibitors Erlotinib  (S1023),
PD153035(S1079), AG1478(S2728), were purchased from Selleck. EGFR
(ABP0O084), claudin-1(ABP0072), claudin-2 (ABP56953) were pur-
chased from Abbkin. Phospho-EGFR Tyr1068 (3777), STAT3 (12640),
phospho-stat3705(9145), B-actin (4970), were purchased from CST. Ly-
6G APC (127614), ki67-PE (151210), and CD24-PE (119310) were pur-
chased from BioLegend. EpCAM-APC (17-5791-82), CD31-PE (12-0311-
81), podoplanin-PE (12-5381-80), CD45-PE (12-0451-81), Scal-PE (12-
5981-81), Foxp3/Transcription Factor Staining Buffer Set (00-5523-00)
were purchased from Ebioscience. DAPI (C1002) and Protein assays
were performed using the BCA Protein quantitation Kit (Beyotime
Biotechnology, P0O012). Hieff® qPCR SYBR Green Master
Mix(11201ES03) was purchased from Yeasen.

P. aeruginosa lung infection

In our study, six-week-old wild-type (WT) male mice were acclimatized
to the Biosafety Level 2 (P2 level) animal housing facilities for one week
prior to the commencement of infection experiments. This acclimati-
zation period was critical to ensure the mice adapted to their new
environment, minimizing stress-related variables that could poten-
tially influence experimental outcomes. Each mouse was intraper-
itoneally injected with the anesthetic avertin (tribromoethanol) 300 pl.
Once the mice were fully anesthetized, a precisely measured inoculum
of 50 pl containing 2 x 107 colony-forming units (CFU) of P. aeruginosa
was injected directly into the trachea. Twenty-four hours post-infec-
tion, micro-computed tomography (Micro-CT) scanning was
employed to assess lung injury. This advanced imaging technique
allowed for a detailed and non-invasive evaluation of the extent of lung
damage caused by the bacterial infection, providing critical insights
into the pathophysiology of the disease model. This careful orches-
tration of the experimental setup was vital for the generation of reli-
able and reproducible data.

Micro-CT

For imaging, mice were anesthetized with avertin and positioned on
the Micro-CT scanner platform. Scanning parameters were set as fol-
lows: voltage at 90 kV, current at 88pA, and a resolution of 72 uM/
pixel. The scoring system of the disease was described in a previous
paper®(Quantum GX).

Western blotting

Cells were lysed by RIPA buffer containing protease and phosphatase
inhibitors. Lysates were left on ice for 30 min then an ultrasonic wave
was used to lyse cells. The concentration of protein was determined
using a BCA protein quantitation kit. Sample lysates were separated by
SDS-PAGE and blotted using primary antibodies overnight at 4 °C.
Membranes were then incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies for 1h at room temperature
(ChemiDoc MP).

Measurement of transepithelial electrical resistance

Lung epithelial cells were seeded into 24-well Trans-well inserts (Costar
Corning, 0.4um). The cells were seeded at a density of 2x10° cells/well,
the cell culture medium was changed every two days for 4 days. At the
same time, set two wells without cells as blank (the cell culture inserts
without cells). Two hours before the experiment, the culture medium
was replaced with fresh pre-warmed medium. During the experiment,
the prewarmed medium without supplements was added to the inner
chamber (200 pl) and outer chamber (400 pl). The transepithelial
electrical resistance of the cell layer was measured using Millicell-ERS
equipment.

Permeability of cell monolayer

The permeability of the cell monolayer was assessed by determining
FITC-dextran fluxes across this layer. Similar to TEER measurement,
cells were cultured in trans-well inserts for 4 days, with medium change
every two days. Cells were washed the in/outer chamber twice with
pre-warmed Hank’s buffer. The inserts were moved to a fresh 24-well
plate containing 800 pul of pre-warmed Hank’s buffer in the outer
chamber. 200 pl of 1 mg/ml FITC-dextran solution was added to top
compartment of the insert. Samples were removed from the basal
compartments after 2 h. The fluorescence was measured using Envi-
sion at excitation and emission wavelengths of 492 nm and 520 nm,
respectively (Envision-I).

Single-molecule fluorescence tracking and diffusion subsequent
analysis

To track endogenous EGFR on the cell membrane, genome editing of
HEK293 cells was performed using the CRISPR/Cas9 approach to
incorporate Halo tag to the C-terminus of EGFR, as described
previously**. Genome-edited HEK293 monolayers (75% confluent)
previously serum-starved for 4 h were treated with 10 uM 30c12 or left
untreated for 5min and incubated with 2nM of the JFX646-HaloTag
ligand solution at 37 °C for 2 min. The cells were then washed twice
with PBS at 37 °C, placed in phenol red-free DMEM medium, and loa-
ded for live cell imaging. For single-molecule imaging, we employed a
custom-built objective-type Total Internal Reflection Fluorescence
Microscope (TIRFM). For single-molecule tracking, time-lapse series of
single EGFR-Halo molecule images were acquired to 300 images
per sequence at a frame rate of 12.5 Hz.

Single-particle detection and tracking were performed using the
Trackmate plugin in ImageJ(v1.54 f)®. The parameters with non-default
values used a diameter of 7 pixels; a threshold of 30; a max distance of
15 pixels; a gap-closing max distance of 15 pixels; and a gap-closing max
frame distance of 2 pixels. For the calculation of diffusion coefficient,
we plotted the 2D mean square displacement (MSD) for each time
interval At,,. MSD was calculated according to the following formula (1):

n

N
1 3 {[x(iat +n6t) — x(iSE)] + [Y(ibt + nét) — y(ié‘t)]z}

MSD(ndt)= o~
i=1

in which, At, (At,=n6t, with 6t=100 ms) is the elapsed time a single
EGFR-Halo molecule from position x(i6t), y(i6t) moves to x(i6t + ndt),
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y(idt + ndt). n and i are integers. n represents the time increment and
takes on values 1, 2, 3... N-1. N is the total number of image frames
before the molecule disappears. According to MSD.,o= 4DAt,, the
slope of the first five points was used to determine the diffusion
coefficient (D) via least squares fitting the MSD-At,, plot. The tracks
longer than 20 frames were used for MSD analysis. The upper limit of

the lag time n used in the calculation of MSD is 5. The classification of
the movements of individual tracks was conducted using DC-MSS®.

Single-Molecule Fluorescence Bleaching Trajectory Extraction
For individual EGFR fluorescence imaging on the cell membrane, MCF7
cells were plated in 35 mm glass-bottomed dishes that had been coated
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Fig. 9 | 30c12 exerts a general protection effect in lung injuries. A-G 30c12 can
rescue the HCL-induced acute lung injury. The total cell number, neutrophil number,
protein levels as well as IL-1a, IL-1B, TNF-a, IL-6 levels in BALF, respectively, are shown
(n=3,44). H-N similar to A-G, 30c]2 effects in the LPS-induced acute lung injury
(n=3,4,5). Data are representative of three independent experiments and are pre-
sented as the mean + s.e.m *P< 0.05, *P< 0.0 **P<0.001, **P < 0.0001. One-way
ANOVA was used to analyze the data. O The model of 3o0c12 involved in maintaining
the host epithelial barrier during P. aeruginosa infection. 3oc12 induces spontaneous
activation of the EGFR by disrupting the lipid raft structures on the host cell

membrane. This disruption leads to the phosphorylation of EGFR and the downstream
STAT3, which subsequently results in the upregulation of tight junction proteins’
expression. The increased expression of these proteins effectively reduces the per-
meability of the paracellular pathway. Consequently, this reduction in permeability
acts as a barrier to inhibit the diffusion of P. aeruginosa through the epithelia. This
mechanism may suggest a crucial cellular defense strategy to limit bacterial invasion,
emphasizing the role of tight junctions in maintaining the epithelial integrity. Fig. 90
was created using the Figdraw website and permission for its use has been obtained.
Source data are provided as a Source Data file.

by poly-D-lysine (PDL). Prior to imaging, the cells were serum-starved
and transfected with EGFR-mEGFP plasmids using Lipofectamine 3000
(Thermo Fisher Scientific), following the manufacturer’s instructions,
for a duration of 6 h. Following transfection, the cells were washed
twice with PBS, fixed by 4% (w:v) paraformaldehyde for 25 min at room
temperature, and then imaged in phenol-free DMEM. For single-
molecule imaging, we employed a custom-built objective-type TIRFM,
based on the Olympus IX71 inverted microscope platform. The fluor-
escence from mEGFP was excited by a solid laser (a laser line at
488 nm), and the emitted light was collected by the oil immersion
objective (100%, 1.45NA, Olympus), and then separated by the dual-
view assembly (Optical Insights). After being filtered by band-pass fil-
ter, it was projected onto an electron multiplexing charge coupled
camera (EMCCD, Andor technology du-897d-bv). The gain of EMCCD
was set to 300. The power of excitation light measured after passing
through the objective lens was modulated to 1 mW in epifluorescence
mode for cell imaging. Micromanager software and z-axis negative
feedback equipment (MFC-2000) were used to control image acqui-
sition. Movies consisting of 300 frames were acquired at a frame rate
of 10 Hz for each cell. The method for extracting single-molecule
fluorescence photobleaching steps of single EGFR molecules was
adapted from the processing techniques described in our previously
published paper®®, Briefly, the background fluorescence was sub-
tracted using the rolling ball method in Image]J software. Subsequently,
the first five frames of each movie were averaged to create a reference
image. This averaged image was then thresholded and filtered for
intensity analysis. Finally, time courses of integrated fluorescence
intensity were extracted from the processed movies, allowing for the
analysis of single-molecule photobleaching events of EGFR on the cell
membrane.

Structured Illumination Microscopy

To investigate the morphology of the actin cytoskeleton upon 3oc12
treatment, cells were prepared as described above for single-molecule
imaging and stimulated with either 375/500 nM latrunculin B (Abcam,
ab144291) for 30 min (positive control), 10 uM 3oc12 for 5 min, or left
untreated. The cells were then fixed and permeabilized for 10 min at
room temperature with 3.7% paraformaldehyde and 0.1% Triton X-100.
A single 5-minute wash with PBS was followed by a post-fix with 3.7%
paraformaldehyde as above. The actin cytoskeleton was then stained
with phalloidin-Atto 647 N (Sigma, 65906, 1:200) in a 5% BSA/PBS
solution. Staining was performed in the dark at room temperature for
1hour, followed by three 5-minute PBS washes. The fluorescent actin
cytoskeleton images were obtained using a Multi-SIM system
(Nanolnsight-Tech) equipped with a 100x/1.49NA objective and
recorded using an Photometrics (Kinetix, 1536x1536 pixels) for a
maximum field of view of 94x94 um. The illumination mode was TIRF
for cortical actin filaments imaging and Low NA for stress fibers ima-
ging. A camera exposure time of 30 ms was used. The cellular actin
cytoskeleton was quantified by calculating the average fluorescence
intensity of actin filaments per unit cell area.

Colocalization analysis of EGFR with lipid raft
Genome-edited HEK293 cells expressing EGFR-Halo were grown
overnight in 4-well confocal dishes (Cellvis). Following a 6-hour

starvation period, the cells were treated according to experimental
conditions and subsequently fixed with 3% paraformaldehyde and 0.1%
glutaraldehyde for 10 min at room temperature. The fixed cells were
then blocked with 5% bovine serum albumin (BSA) in PBS for 1 hour at
room temperature. For staining, the cells were sequentially incubated
with two solutions: Alexa555-conjugated Cholera toxin-B (Invitrogen,
1:200 dilution) in 5% BSA/PBS for 30 min, followed by 2 nM JFX646-
HaloTag ligand in PBS for 2min at room temperature. After each
staining step, the cells were rinsed three times with PBS to ensure
specificity. A post-fixation step using the same fixation protocol was
performed, followed by a single PBS wash. For dual-color TIRF ima-
ging, the stained samples were excited sequentially using a 647 nm
laser to visualize EGFR and a 561 nm laser to capture lipid raft imaging.
The colocalization analysis was performed in an object-based corre-
lation manner by program package in MATLAB (MathWorks).

Molecular dynamics simulation

The simulation systems considered in this study consisted of proteins,
lipids, and solvent molecules. Two membrane systems, referred to as
the L, system and the L4 system, were constructed to simulate the lipid
raft and non-lipid raft regions, respectively (Fig. S1). The upper leaflet
of the L, phase membrane consisted of [3-hydroxy-2-(tetra-
cosanoylamino) octadecyl] 2- (trimethylazaniumyl) ethyl phosphate
(DSM) and cholesterol (CHOL) in a ratio of 2:1, while the lower leaflet
consisted of pure 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
lipids®*“°. The Ly phase membrane was composed of pure 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) lipids. These two combinations
of lipid components have been widely used in previous simulations of
plasma membranes under distinct phase states®. To examine whether
30c12 molecules can penetrate through the membrane and interact
with PI(4,5)P2 in the inner leaflet to influence EGFR dimerization, we
prepared a simulation system, where nine 3o0cl2 molecules were
positioned above the membrane with six PI(4,5)P2 molecules ran-
domly distributed in the inner leaflet. The transmembrane domain
(residues 610-653) of EGFR was extracted from the protein data bank
(PDB) entry 5LV6*. Structures of the juxtamembrane domain (residues
610-677) and extracellular domain (residues 1-653) were obtained from
the PDB entry 2M20* and 1IVO?, respectively. The lipid bilayer
membranes involved with different proteins were built by the online-
tool CHARMM-GUI*>. Based on the size of the protein models, the
dimensions of the simulation systems were set to 7.5 x 7.5 x 10.7 nm?
(transmembrane domain), 12.5 x 12.5 x 13.5 nm?® (transmembrane and
juxtamembrane domains), and 14 x 14 x 21 nm? (transmembrane and
extracellular domains). The CHARMMZ36 force field was used for both
proteins and lipids, and water molecules were represented by TIP3P
model®*. After solvation of the simulation system by water, Na* and CI
ions were added to neutralize the system change and represent the
normal ionic strength of 0.15M. The protonation states of residues
were determined according to pH = 7.

Each simulation system contained either two monomers of EGFR
(initial distance of 2nm) or one dimer to compare the interaction
energy between different components. All-atom MD simulations were
performed using the GROMACS 4.6.7 software package to observe the
behavior of EGFR within various membrane environments®. Initially,
energy minimization was carried out by the steepest descent method

Nature Communications | (2026)17:276

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66989-x

to remove bad initial contacts. Subsequently, the systems were pre-
equilibrated using 6-step equilibrations generated by CHARMM-GUI*°,
During this process, the proteins were restrained in their initial posi-
tions and then the restraints were removed. Each system was then
simulated for 200 ns in the NPT ensemble at T=310K and p=1bar.
Temperature coupling was achieved using the Nose-Hoover thermo-
stat, and pressure coupling was maintained by the Parrinello-Rahman
barostat. Nonbonded interactions were cutoff at 1.2nm, and long-
range electrostatic interactions were treated with the particle-mesh
Ewald summation method. A time step of 2 fs was performed, with the
neighbor list updated every 20 steps. Periodic boundary conditions
were applied in all three directions.

To investigate the preferred membrane phase for EGFR dimer-
ization, we established a model plasma membrane containing L, and
L4 phases, with five EGFR dimers pre-positioned at the phase bound-
ary. A coarse-grained model was employed to address the size and
time scale limitations of the system. The system dimensions are 25 x 55
x 10.5 nm®, and the lipid composition matches that described pre-
viously. The Martini 2.2 coarse-grained (CG) force field was used for
both proteins and lipids””. Using identical parameters to the prior
setup, proteins and lipid head groups were restrained during a 100 ns
pre-equilibration simulation. Subsequently, these restraints were
removed, and a 4 ps production simulation was conducted in the NPT
ensemble. Temperature was maintained using the V-rescale thermo-
stat, and pressure was regulated using the Parrinello-Rahman barostat.
The cutoff distance for short-range interactions was set to 1.1 nm, with
periodic boundary conditions applied in all three directions The
simulation time step was 20 fs, and the neighbor list was updated every
20 steps. Trajectory analysis and visualization were conducted using
VMD 1.9.3%,

Isolation of murine AT2

For the isolation of alveolar type 2 (AT2) cells from lung tissues, initi-
ally, lung tissues were carefully dissected into small pieces using
sterilized scissors. These tissue fragments were then subjected to
enzymatic digestion using a solution of collagenase Il at a con-
centration of 1 mg/ml and DNase I at 20 pg/ml, prepared in RPMI-1640
medium supplemented with 1% fetal bovine serum (FBS). This diges-
tion was carried out at 37 °C for 40 min, with periodic mechanical
agitation (shocks) to facilitate the breakdown of tissue into single cells.
Following digestion, the resultant cell suspension was filtered through
a 70 pm cell strainer to remove any undigested tissue fragments and to
ensure a uniform single-cell suspension. Then the digested medium
was passed though 70 pm filter and the single-cell suspensions were
stained with EpCAM-APC, CD31-PE, CD45-PE, podoplanin-PE, Scal-PE,
CD24-PE and DAPI. To isolate the AT2 cells, we employed flow cyto-
metry gating strategies, specifically selecting for cells that were APC
positive and PE negative cell population to obtain AT2 cells (Aria III-
2020 Configuration).

Construction of stat3 knockout cell line

To achieve the knockout of the stat3 gene in human lung epithelial
A549 cells, we employed CRISPR-Cas9 method. The gRNA sequences
(from 5-3): GAAACTGCCGCAGCTCCATT, AATGGAGCTGCGG-
CAGTTTC. Phosphorylated gRNA oligos were linked to LentiCRISPR
lentiviral plasmid with GFP-tag. LentiCRISPR, psPAX2, pMD2.G plas-
mids were transfected into A549 cells. GFP-positive cells were sorted
three times and seeded to 96-well plate at one cell/well to get mono-
clonal cell lines. To confirm the successful knockout of stat3, Western
blot analysis was performed.

Lung epithelia specific STAT3 knock-out
We used Sftpc-cre-ert2 mice cross with stat3” mice to obtain Sftpc-cre-
ert2 stat3” mice. Tamoxifen was dissolved in corn oil in a concentration

of 20 mg/ml and delivered via intraperitoneal injection at a dose of
75 mg/kg body weight for five days. Fourteen days after the comple-
tion of the tamoxifen treatment, alveolar type 2 (AT2) cells were iso-
lated from the mice for the purpose of assessing the efficiency of the
stat3 gene knockout.

HCL or LPS -induced acute lung injury

Mice were anaesthetized and then induced for acute lung injury with
HCL or LPS by intranasal instillation. Injury was induced by instilling
2 pl/g of osmotically balanced 0.4 N HCL or 10 mg/mL LPS. Twenty-
four hours following the instillation, mice were sacrificed to collect
BALF, serum and lung tissue for analysis.

Intracellular staining

For measurement claudinl and claudin2 expression, 3oc12 or bacteria
culture media treated epithelial cells were washed by cold PBS. Sub-
sequently, these cells were fixed and permeabilized with the Foxp3/
Transcription Factor Staining Buffer Set according to the manu-
facturer’s instructions. After fixation and permeabilization, these cells
were stained with specific antibodies: anti-claudinl or anti-claudin2 for
30 min in 4 °C(Fortessa 4 laser).

RNA extraction and RT- PCR

RNA was extracted by trizol from whole cell lysates and was reversely
transcribed to cDNA according to manufacturer’s instructions. RT-PCR
was performed with Hieff® qPCR SYBR Green Master Mix in triplicates
on a CFX96 real-time system (Bio-Rad). Samples were normalized to
the expression of the gene encoding B-actin. Primer sequences were
listed in the Table S1.

Quantification and statistical analysis

The data analysis and plotting were completed using Prism soft-
ware(prism10). Two-tailed unpaired Student’s t-test was used for com-
paring between 2 groups. One-way ANOVA with was used for multiple
comparisons among 3 or more groups. Data were shown as the
mean + sem, unless indicated otherwise. Kaplan-Meier log-rank was used
for the survival analysis test. P value of <0.05 was considered significant:
*P<0.05; *P<0.01; **P<0.001, **P<0.0001; ns, not significant.

Ethics statement

All animal experiments conducted in this study received approval from
the Institutional Animal Care and Use Committee (IACUC) of Tsinghua
University Guidelines (GB/T35892-2018).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data are available in the article and its Supplementary
files. Source data are provided with this paper.
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