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Cytotoxic tau released from lung microvascular endothelial
cells upon infection with Pseudomonas aeruginosa promotes
neuronal tauopathy
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Patients who recover from nosocomial pneumonia often-
times exhibit long-lasting cognitive impairment comparable
with what is observed in Alzheimer’s disease patients. We
previously hypothesized that the lung endothelium contributes
to infection-related neurocognitive dysfunction, because
bacteria-exposed endothelial cells release a form(s) of cytotoxic
tau that is sufficient to impair long-term potentiation in the
hippocampus. However, the full-length lung and endothelial
tau isoform(s) have yet to be resolved and it remains unclear
whether the infection-induced endothelial cytotoxic tau trig-
gers neuronal tau aggregation. Here, we demonstrate that lung
endothelial cells express a big tau isoform and three additional
tau isoforms that are similar to neuronal tau, each containing
four microtubule-binding repeat domains, and that tau is
expressed in lung capillaries in vivo. To test whether infection
elicits endothelial tau capable of causing transmissible tau ag-
gregation, the cells were infected with Pseudomonas aerugi-
nosa. The infection-induced tau released from endothelium
into the medium-induced neuronal tau aggregation in reporter
cells, including reporter cells that express either the four
microtubule-binding repeat domains or the full-length tau.
Infection-induced release of pathological tau variant(s) from
endothelium, and the ability of the endothelial-derived tau to
cause neuronal tau aggregation, was abolished in tau knockout
cells. After bacterial lung infection, brain homogenates from
WT mice, but not from tau knockout mice, initiated tau ag-
gregation. Thus, we conclude that bacterial pneumonia initi-
ates the release of lung endothelial-derived cytotoxic tau,
which is capable of propagating a neuronal tauopathy.

Neurofibrillary tau tangles are hallmark lesions found in the
postmortem brains of patients who suffered from Alzheimer’s
disease and related dementias. These tangles are intracellular
inclusions of hyperphosphorylated and aggregated forms of
cytotoxic tau (1) with a routine pattern of spread, often used
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for classifying the stage of AD severity (2). Emerging evidence
indicates these intracellular tau aggregates are transmissible
among neurons and cause feed-forward neuronal injury. This
tau seed hypothesis suggests that the cytotoxic tau promotes
morphological changes to monomeric tau, leading to an
expansion of the aggregated protein pool (3, 4). Although the
mechanism by which tau seeds convert monomeric tau into
pathological species is incompletely understood, this process
plays a crucial role in the etiology of tauopathies and the
progression of these diseases (5).

Although the mechanism of oligomeric tau propagation is
unknown, at least three possibilities have been considered.
First, oligomeric tau may be generated within neurons and
spread via neuronal connectivity in the central nervous system.
In this case, tau seeds are released from a presynaptic neuron
and taken up in the postsynaptic neuron after receptor bind-
ing. Once in the postsynaptic neuron, the aggregated tau seed
nucleates monomeric tau, or causes templated fibrillization,
forming newly expanded tau aggregates (6–8). Second, neu-
rons may release aggregated tau into the extracellular space via
microvesicles, where it disseminates to and is taken up by
various cell types, including neurons and glial cells. Once in
these cells at sites peripheral to its origin, the cytotoxic tau
nucleates monomeric tau and promotes neuroinflammation
(9, 10). Third, tau may be generated in peripheral organs and
then access the brain. In this case, tau may be transported
across the blood-brain barrier or the choroid plexus, where it
accesses the cerebrospinal fluid and adjacent neurons (11–13).
Uptake into these neurons could initiate the propagation of tau
aggregation. In support of this idea, the introduction of
pathological forms of tau and other amyloids into the circu-
lation leads to neuropathology (14, 15), indicating that amy-
loids in the circulation can access the brain and impair its
function. Resolving the mechanisms of tau transmissibility
within the natural course of disease remains a major focus of
study.

Recently, our group has found that pneumonia elicits the
production of cytotoxic tau oligomers within the lung, and
more specifically, from lung endothelial cells (16–18). Lung
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Lung infection elicits brain tauopathy
endothelial cells release cytotoxic tau proteins after Pseudo-
monas aeruginosa, Klebsiella pneumoniae, and Staphylococcus
aureus bacterial infections. The cytotoxic tau variants can be
retrieved from the bronchoalveolar lavage fluid, the circula-
tion, and the cerebrospinal fluid of patients and animal sub-
jects with ongoing infection. Their presence in the brain
during and after infection corresponds with impaired hippo-
campal long-term potentiation and learning and memory.
Critically ill patients, and especially those with pneumonia,
commonly exhibit delirium that progresses to a long-term
cognitive deficit, even after their recovery from critical illness
(19–21). We have hypothesized that lung-derived oligomeric
tau may be released into the circulation and access the brain,
where it contributes to the neurocognitive deficits that are
associated with a critical illness (22).

At present, it is unclear whether the lung-derived tau can
cause propagation of pathological tau variants, or seeds, in
neurons. In the central nervous system, six human patholog-
ical tau isoforms have been described, all arising from a single
gene (23). These tau isoforms are defined by the presence or
absence of two amino-terminal inserts (0N, 1N, and 2N) and
three or four microtubule-binding domains (3R and 4R). The
smallest isoform is expressed in a 0N3R orientation, whereas
the full-length tau is a 2N4R orientation (24). The peripheral
nervous system and peripheral organs also express a unique
big tau isoform (25, 26); this is a 2N4R isoform that possesses
amino-terminal inserts encoded from exons 4A and 6.
Notably, all tau isoforms that express the microtubule-binding
repeat domain (RD) may have the propensity to form paired-
helical filament aggregates in the presence of pathological
tau (27). Although we have demonstrated that the lung and
lung endothelium express tau, full-length tau has not been
cloned. Here, we report four full-length lung endothelial cell
tau isoforms, illustrate lung capillary expression of tau in vivo,
and demonstrate that the infection-elicited endothelial cell tau
initiates neuronal tau aggregation.
Results

To generate and identify the cDNA clones encoding tau
isoforms in rat lung, we performed RT-PCR using rat lung
tissue and primary pulmonary microvascular endothelial cells
(PMVECs). Our results identified three rat lung tau isoforms
that are reminiscent of the human tau isoform, and a big tau
isoform known to be expressed in the periphery (Fig. 1).
Aligning our cDNA clones with the longest human tau iso-
form, that is, the 2N4R [both N-termini and four repeat do-
mains], our results indicated that rat lung expresses 0N4R-,
1N4R-, and 2N4R-isoforms, and a big tau isoform. Notably, the
rodent and human MAPT genes differed mainly in the
N-termini, whereas the C-termini containing the four
microtubule-binding RDs were nearly identical. The big tau
isoform included an additional 254 aa, encoded by exon 4a
(Fig. 1C).

We next examined the tau expression in rat PMVECs and in
WT and tau knockout mouse lung and brain using Western
blotting (Fig. 2). We probed the MVEC membranes with
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several tau-selective antibodies, including the Tau5 (detects
tau; epitope upstream of RD1), D1M9X (detects tau; C-ter-
minus epitope), and TNT1 (detects pathological tau; N-ter-
minus epitope) antibodies. Our result showed overlapping and
distinct bands at 110, 75, and �40 kDa (Fig. 2B). Interestingly,
the predominant tau isoform found in the lung had a molec-
ular weight of �100 kDa, whereas the predominant brain tau
isoform was at �60 kDa (Fig. 2C).

Our Western blot results are consistent with the studies that
have previously indicated that lung endothelium expresses tau
(28, 29). These findings are also supported by RNAseq results.
As shown in Figure 2D, created using the online scRNAseq
database and tool (http://betsholtzlab.org/VascularSingleCells/
database.html), the MAPT gene is expressed in various cell
types in adult mouse lung. In the current study, we confirmed
the expression of tau in lung capillaries in vivo. The
B6.129S4(Cg)-Mapttm1(EGFP)/Klt/J mouse harbors a tau
knockout with an eGFP insertion in exon 1. Thus, eGFP
fluorescence serves as a reporter for tau-expressing cells. As
seen in Figure 2E, the lung parenchyma ex vivo expresses tau-
eGFP, consistent with abundant tau-expressing cells. The
eGFP-tau signal colocalized with tomato lectin, an indicator of
the endothelium, and was particularly abundant in capillaries
(Fig. 2, F and G) (30). The images obtained from brain slices
also revealed extensive tau-eGFP expression in cells, consistent
with the expected neuronal tau expression (data not shown).

We have previously shown that Gram-positive and Gram-
negative organisms that cause pneumonia trigger the release
of cytotoxic tau variants from lung endothelium, as quanti-
fied using Western blotting with antibodies selective for
various tau species (e.g., TOC1, TauC3, Tau5, and T22)
(17, 31). In a recent study, we determined the ‘bioactivity’ of
endothelium-derived tau and amyloid species released from
lung endothelium after infection with P. aeruginosa strain
variants (32). We studied virulent (PA103 and ExoY) and
nonvirulent (ΔPcrV and K81M) P. aeruginosa strains. Spe-
cifically, ΔPcrV lacks a functional type 3 secretion system
and is a control for the PA103 strain; K81M is an ‘ExoY-
enzyme dead’ control for the ExoY strain. Our results show
that when exposed to P. aeruginosa bacteria, lung endothe-
lial cells produce and release the Tau5 and T22 immuno-
reactive tau species into cell media. Notably, the bioactivity
of these tau species is dependent upon the bacterial virulence
(32–35).

Because infection elicits endothelial production and release
of tau into the supernatant, we determined whether the su-
pernatant induces neuronal tau aggregation. We used the
previously established HEK293 cells that stably express the
tau-RD and CFP or YFP in a FRET-based assay (15, 36). We
first determined the FRET signal in these cells 24 h after they
were transiently transfected with a DNA plasmid containing
the full-length tau that harbors the P301L mutation known to
cause pathological tau aggregation (37). The FRET signal was
normalized to the control vehicle of each study (see FRET
measurement in Experimental procedures). Our results
confirmed that increasing the P301L expression increased
FRET (Fig. 3, A and B). Next, endothelial cells were exposed to
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Figure 1. Endothelial tau isoforms. A, four endothelial tau isoforms were cloned directly from rat lung (1N4R) and primary endothelial cell (EC; 0N4R, 2N4R,
and the big tau) culture. The amino acid (aa) sequences of the clones are aligned with the human brain’s longest tau isoform, namely the 2N4R. The four
repeat domains (RD) that stabilize microtubules are highlighted. The amino acids of rat EC and human 2N4R were compared, and the asterisks indicate
identical aa. The blue caret indicates the beginning site of additional aa encoded by exon 4a. B, the gray bar shows aa alignment of cloned and human 2N4R
isoforms. The shades of gray represent aa matches; white area in the N-term represents 11 aa missing in rodents; and black area represents two additional aa
in the rodent isoform. The top bars show the positions of the splice variant exons 2, 3, and 10 and the aggregation domains VQIINK and VQIVYK (red). The
location of exon 4a that is expressed by big tau is indicated by the caret. The bottom scale bar represents 50 aa. Note that the c-termini of endothelial tau
isoforms including the RD regions are 99% identical to that of the human tau aa. C, big tau sequence with the aa encoded by exon 4a shown in blue.
Endothelial big tau is composed of 686 aa.

Lung infection elicits brain tauopathy
various P. aeruginosa strains, and the supernatant was
collected, centrifuged, and filter sterilized (see supernatant
preparation in Experimental procedures). HEK293 cells were
treated with the supernatants, and the FRET signals were
determined after 24 h (Fig. 3, C and D). The supernatant from
endothelial cells exposed to virulent P. aeruginosa strains/
mutants (i.e., ExoY, PA808, and PA103) increased the FRET
signal in HEK293 cells. In comparison, the supernatant
collected from endothelial cells exposed to nonvirulent
P. aeruginosa strains/mutants (i.e., K81M, PA35, and ΔPcrV)
J. Biol. Chem. (2022) 298(1) 101482 3



Figure 2. Lung capillaries express tau. Lung microvascular endothelial cell (MVEC) and lung and brain lysates from WT or tau KO mice were prepared for
Western blotting. A, ponceau S staining shows the amount of protein loaded. B, endothelial tau was probed with different tau antibodies, including the
Tau5, 1DM9X (DMX), and TNT1 antibodies. C, WT mouse lung and brain express tau, which is missing in the tau KO mice. The membrane was probed with
the tau C-terminal antibody D1M9X. All the samples were run on the same gel; the big gap between lung and brain lanes indicates image splice (A and C). D,
MAPT gene expression in adult mouse lung vascular and perivascular cells. The figure, recreated using an online scRNAseq database, shows averaged MAPT
expression in various lung cell types. E, representative images showing fluorescence in lungs obtained from WT (top panels) and tau KO (bottom panels)
mice. The whole lung images were captured with a 4× objective, and the transverse slice images were captured using a 20× objective and the images were
stitched together. F, quantification of tau-eGFP expression in KO mouse. Integrated green fluorescence density was normalized to that of the WT mouse. KO
mice expressed significantly higher fluorescence than WT (p < 0.001; one-tail t test). Each data point represents an animal. **p < 0.001. G, representative
images showing fluorescence in gelatin-agarose-infused lung slices. 800 μm thick lung sections were cut, and the alveolus and capillaries were imaged by a
25× objective on a multi-photon microscope. The B6.129S4(Cg)-Mapttm1(EGFP)Klt/J mouse harbors a tau knockout with an eGFP insertion in exon 1 of the tau
locus so that tau-expressing cells can be visualized. The endothelium was labeled with tomato lectin (Lycopersicon esculentum; red) injected through the
circulation, and airways of WT and KO mice were then filled with gelatin and agarose, respectively. Cell nuclei were stained with DAPI. Lung capillaries
exhibited green (eGFP) and red (tomato lectin) fluorescence, indicating that they express endothelial tau under basal conditions. The bottom inset image
shows an enlarged area to highlight the endothelial cells that encapsulate capillaries (small circles) surrounding alveolae (large circle and empty space)
express tau reporter and are labeled with tomato lectin. a, arterial; c, continuum; capil, capillary; CP, cartilage perichondrium; EC, endothelial cells;
FB, vascular fibroblast-like cells; L, lymphatic; 1,2,3,4, subtypes; PC, pericytes; VSMC, vascular smooth muscle cells.

Lung infection elicits brain tauopathy
did not increase the FRET signal in HEK293 cells. These re-
sults indicate that P. aeruginosa virulence factors, such as the
type III secretion system effectors, promote endothelial cell
release of factors, such as the endothelial tau, that initiate tau
aggregation in naïve (i.e., uninfected) cells.

We verified these results using a biomolecular fluorescence
complementation (BiFC) assay (38). In this assay, we used the
longest neuronal 2N4R tau isoform. To test this idea,
HEK293 cells were transiently transfected with two plasmids
4 J. Biol. Chem. (2022) 298(1) 101482
encoding for the following: (1) the N-terminal 177 amino acids
of the Venus fluorescent protein (Vn, 173 aa) followed by tau;
and (2) tau followed by the C-terminus of the Venus protein
(Vc, 155 aa). Two days after the transfection, we exposed the
cells to the endothelial supernatant containing infection-
elicited tau and determined the BiFC signal 24 h later.
Although our initial results looked promising, we noticed that
the BiFC intensity varied from study to study, likely because of
the transient transfection efficiency (data not shown). Thus, we



Figure 3. Endothelium-derived tau nucleates neuronal tau. HEK293 FRET reporter cells that stably express the RD-CFP and RD-YFP were used.
A, summary of normalized FRET efficiency in cells transfected with the indicated amount of tau P301L plasmids. Each group is plotted as mean ± S.E.M.
*p = 0.030 and 0.0048 versus vehicle control for 1 μg and 1.5 μg, respectively (ANOVA, followed by Dunnett’s test). B, representative FRET signal micrographs
after plasmid transfection. The dark areas indicate a high FRET signal, whereas lighter areas indicate a low signal. Blue is the background and indicates no cell
or FRET signal. Vehicle was OPTI-MEM without DNA plasmid. C, summary of normalized FRET efficiency in cells transfected with endothelium-derived tau.
Endothelium-derived tau was prepared from endothelial media after the cells were exposed to the indicated Pseudomonas aeruginosa strains. Each group is
plotted as mean ± S.E.M. Asterisk denotes statistical significance versus vehicle control (ANOVA, followed by Dunnett’s test; PA103 p = 0.0013; ExoY p <
0.001; and PA808 p = 0.043). D, representative FRET signal micrographs after transfection. Vehicle HBSS was collected from endothelial medium, but the
cells were not infected with P. aeruginosa. The numbers of experimentation (n) are indicated in brackets. Vertical colorimetry shows FRET signal strength;
blue = background. The scale bars represent 100 μm. HBSS, Hank’s balanced salt solution.

Lung infection elicits brain tauopathy
created a HEK293 BiFC reporter cell line that stably expressed
the BiFC probes (Fig. 4). HEK293 cells were transfected with
Vn-tau, tau-VC, or both plasmids. Antibiotic-resistant cells
were expanded and single-cell sorted with flow cytometry (see
Experimental procedures). Figure 4 shows the cell-gating
strategy. Notably, double-transfected cells exhibit higher
fluorescence, compared with the cells transfected with Vn or
Vc alone (Fig. 4, C–E). Single-cell clones were further
expanded, and the cells that expressed equal amounts of Vn-
tau and tau-Vc proteins were verified by Western blotting
(e.g., cell clone #2 in Fig. 4F); these cells were used for the
subsequent BiFC studies.

In a positive-control study, we first verified the BiFC signal
by treating cells with the membrane-permeable (8-pCPT) form
of cAMP and cGMP, okadaic acid, and a DMSO vehicle
control. Cyclic nucleotides activate protein kinases, and oka-
daic acid inhibits protein phosphatases, all of which lead to tau
phosphorylation, aggregation, and enhanced BiFC. Consistent
with a previous report (39), our results showed that these
treatments increased the BiFC signal, normalized to the
DMSO control (Fig. 5). Next, we treated the cells with endo-
thelial supernatant that was collected after P. aeruginosa
infection, and we quantified the BiFC signal 24 h later. In this
set of studies, BiFC signals were normalized to vehicle
(transfection medium) control. The supernatant from ExoY-
and PA103-infected cells significantly increased the BiFC
signal, whereas the supernatant from HBSS- (Hank’s balanced
salt solution; vehicle control), K81M-, and ΔPcrV-treated cells
did not (Fig. 5, A and B).

Although these tau aggregation findings are consistent with
the results obtained using the FRET assay, our previous studies
have further illustrated that neutralizing tau oligomers using
the T22 antibody removes cytotoxins generated by endothelial
cells (33, 34). Thus, we tested whether immunodepletion using
the T22 antibody neutralizes the endothelial supernatant’s
capability to nucleate neuronal tau. For this set of studies,
ExoY-infected endothelial supernatant was used as a positive
control, and it increased the BiFC signal by 176% (Fig. 5, C and
D). ExoY-infected supernatant was immunodepleted using
either the T22 or a control IgG antibody. Immunoreactive tau
oligomers were then eluted from the T22 or IgG antibody-
bead complex using a high-salt solution. The salt was
removed by dialysis against HBSS, and the antibody bound to
tau oligomers was denatured by boiling. The resulting frac-
tions and the immunodepleted fractions were applied to the
BiFC cells for neuronal tau aggregation quantification. Our
J. Biol. Chem. (2022) 298(1) 101482 5



Figure 4. Generation of stable BiFC reporter single-cell clones using fluorescence-activated cell sorting. HEK293 cells were transfected with VN-tau,
tau-VC, or both VN-tau and tau-VC plasmids, followed by antibiotic selection. A, gating strategy using flow cytometry to isolate single HEK293 cells. B,
control cells not transfected with plasmid show no fluorescence (bottom box). C–E, gating and fluorescence signal in cells transfected with VN-tau (C), tau-VC
(D), or both VN-tau and tau-VC (E). Double-transfected tau cells show increased fluorescence signal (top box). F, representative Western blot quantification of
the amount of VN-tau and tau-VC in single-cell clones. Cell clones (e.g., clone 2) expressing a similar amount of VN-tau (upper band) and tau-VC (lower band)
were further expanded and used for BiFC studies. BiFC, biomolecular fluorescence complementation.

Lung infection elicits brain tauopathy
results showed that T22 immunodepletion removes the
endothelial tau ‘seeds’, whereas the T22 eluate contains the
endothelial tau species that can induce neuronal tau aggrega-
tion. Thus, these results suggest that virulent strains/mutants
of P. aeruginosa elicit the release of endothelial tau oligomers
into the supernatant, and these pathological variants promote
neuronal tau aggregation.

To examine whether an infection-elicited endothelial tau
variant is necessary to induce neuronal tau aggregation, we
generated tau KO endothelial cell lines using CRISPR-Cas9
gene-editing technique (Fig. 6). MAPT deletion was verified
by RT-PCR, immunoblot, and sequencing. The results indi-
cated that two single-cell KO clones were generated by
frameshift, resulting in early termination (Fig. 6, A and B).
Notably in the absence of tau, cell morphology (e.g., cell size)
and the response to ExoY infection differed from that of the
WT. KO cells appeared larger, which was surprising consid-
ering that stable microtubules provide the cytoskeleton that is
necessary for the cells to spread. After the exposure to ExoY,
gap formation among WT cells started to emerge at about 4 to
5 h, which is consistent with our previous studies (17, 32).
However, gaps started to appear within 1 to 2 h post ExoY
infection in the KO cells (Fig. 6C). Next, we collected endo-
thelial supernatant from WT and KO cells, in the absence or
presence of ExoY. We treated BiFC reporter cells with the
collected supernatant and quantified the signal 24 h later. In
this set of studies, BiFC signals were normalized to the
6 J. Biol. Chem. (2022) 298(1) 101482
uninfected WT cells. Consistent with what was previously
shown, ExoY-infected WT cells significantly increased the
BiFC signal. In comparison, the supernatant from infected or
uninfected MAPT KO cells did not increase the BiFC signal
(Fig. 6, D and E).

To study whether lung infection increases pathological tau
variants in the brain, we instilled ExoY (1 × 105 CFU) into the
airways of WT and tau KO mice. Forty-eight hours after the
primary infection, we obtained mouse brains and determined
whether they are capable of inducing neuronal tau aggregation
using the BiFC assay. The brains were homogenized, and 5 μg
of protein was suspended in a salt solution and exposed to the
HEK293 cells. BiFC signals were determined 24 h after
transfection, and the values were normalized to the uninfected
WT brain homogenate (Fig. 7). Our results showed that after
ExoY infection, WT brains contain pathological tau that can
induce neuronal tau aggregation. Notably, this pathological tau
species was absent in tau KO brains, with or without infection.
Thus, lung infection leads to the presence of cytotoxic tau in
the cerebral circulation or within the brain, and it can cause
the propagation of neuronal tau aggregation.
Discussion

We have previously reported that pneumonia causes the
generation of cytotoxic tau variants, which accumulate in the
bronchoalveolar lavage fluid, the blood, and the brain of



Figure 5. Endothelium-derived tau nucleates full-length neuronal tau. A, summary of normalized BiFC signal after the indicated treatments. Left,
positive control studies included treatment using a membrane permeable form of cAMP or cGMP and okadaic acid (OA). BiFC signal was normalized to
DMSO vehicle control. Statistical comparison was performed using ANOVA and Dunnett’s post hoc tests; the asterisks denote statistical significance versus
DMSO (cAMP p = 0.0012, n = 7; cGMP p = 0.016, n = 7; and OA p = 0.018, n = 5). (right) Endothelium-derived tau transfection studies were normalized to the
vehicle (Veh, water). HBSS cell medium from endothelial cells was not exposed to Pseudomonas aeruginosa. Statistical comparison was performed using
ANOVA and Dunnett’s post hoc tests; the asterisks denote significance versus Veh (ExoY p = 0.0016; PA103 p = 0.0078; n = 5). B, representative BiFC
fluorescence micrographs. Yellow fluorescence emitted from the Venus protein indicates neuronal tau aggregation. Vertical colorimetry shows BiFC signal
strength. The scale bar represents 100 μm. C, summary of BiFC signal after the indicated treatments, normalized to HBSS control. ExoY-infected endothelial
supernatant (ExoY) was used as a positive control. ExoY immunodepleted with an IgG antibody (IgG depleted) or the T22 antibody (T22 depleted) and the
eluates from the respective antibodies were applied to the BiFC cells. Statistical comparison was performed using ANOVA and Dunnett’s post hoc tests; the
asterisks denote significance versus HBSS (ExoY p = 0.030; T22 eluate p = 0.029, n = 4). IgG depleted control showed a nonsignificant trend of elevated BiFC
signal (p = 0.054, n = 4). D, representative BiFC fluorescence micrographs. The strength of yellow fluorescence indicates neuronal tau aggregation. Vertical
colorimetry shows BiFC signal strength. The scale bar represents 100 μm. BiFC, biomolecular fluorescence complementation; HBSS, Hank’s balanced salt
solution.

Lung infection elicits brain tauopathy
patients and animal subjects with infection (18, 33, 34, 40).
These cytotoxic tau variants can be produced within the lung,
however, whether the lung-derived cytotoxic tau can cause
neuronal tau aggregation as a mechanism of disease propa-
gation has not been determined. In this study, we have
described a transcellular model in which we demonstrate the
tau of endothelial origin initiates neuronal tau aggregation. We
first showed that pulmonary endothelial cells express at least
four tau isoforms, each of which possesses the aggregation
domains. Endothelial infection with virulent P. aeruginosa
strains/mutants promotes the release of cytotoxic tau variants,
and we demonstrated that the supernatant from cells infected
with these bacteria seeds neuronal tau aggregation. The
endothelial-derived tau causes the RD-tau aggregation, as
determined using a well-established cellular FRET-based assay
system. Using a reporter cell clone that stably expresses similar
amounts of Vn-tau and tau-Vc fluorescent probes, we
demonstrated that endothelial tau causes aggregation of the
longest (i.e., 2N4R) neuronal tau isoform in a BiFC assay. We
then extended this method to document that lung infection
causes the accumulation of tau variants within the brain that
can cross-seed neuronal tau aggregation. These findings sup-
port the infectious tauopathy hypothesis of neurocognitive
dysfunction in the post-ICU syndrome (16–18, 32–35).

Both Gram-positive and Gram-negative bacteria elicit
endothelial production and release of tau from the lung.
J. Biol. Chem. (2022) 298(1) 101482 7



Figure 6. MAPT knockout rat endothelial cells do not nucleate neuronal
tau. A, WT and MAPT KO DNA and the expected amino acid sequence
alignment with guide RNA (gRNA) targeting exon 1. The guide RNA tar-
geting sequence, frameshift mutation and created termination, and the ATG
start codons are in red. B, Western blot analysis of tau from WT endothelial
cells and a MAPT KO cell clone. MV (pulmonary microvascular), PA (pul-
monary artery), and bEND3 (mouse brain microvascular) endothelium. The
blot was probed with the tau C-terminal antibody D1M9X (DMX). MAPT KO
clones were generated from rat MVEC and do not express tau. Act is actin,
which serves as a loading control. All the samples were run on the same gel;
the gaps indicate image splices. C, cell morphology and gap formation in
the absence (top) or presence of Pseudomonas aeruginosa (3 h, bottom).
Please note that MAPT KO clone showed an enlarged cell surface, and that
MAPT KO cells showed increased gap formation in P. aeruginosa. D, sum-
mary of normalized BiFC signal after the reporter cells were transfected with
supernatant collected from WT or MAPT KO endothelium, with or without
P. aeruginosa (ExoY strain) infection. The asterisk denotes statistical signifi-
cance versusWT control (ANOVA, followed by Dunnett’s test; ExoY p = 0.011;
n = 6). E, representative BiFC fluorescence micrographs. Yellow fluorescence
emitted from the Venus protein indicates neuronal tau aggregation. Vertical
colorimetry shows BiFC signal strength. The scale bars represent 100 μm.
BiFC, biomolecular fluorescence complementation; MVECs, microvascular
endothelial cells.

Lung infection elicits brain tauopathy
Notably, in the case of P. aeruginosa, bacterial virulence factors
are required for the production of an endothelial-derived tau
that impairs long-term potentiation and animal learning and
memory (33–35). More specifically, P. aeruginosa virulence is
attributable to the type 3 secretion system (T3SS) and its
associated exoenzymes, which are injected into host cells (32).
Here, we tested three T3SS-competent P. aeruginosa strains/
mutants, including PA103, ExoY, and PA808. PA103 uses
exoenzymes T and U, whereas ExoY is engineered to solely
introduce exoenzyme Y into host cells. PA808 is a clinical
strain isolated from an ICU pneumonia patient; this strain
possesses exoenzymes S, T, and Y. All three of these strains
activated the endothelium to release a tau variant capable of
promoting tau aggregation. Controls for this study included
PcrV, K81M, and PA35 strains/mutants. ΔPcrV lacks a
8 J. Biol. Chem. (2022) 298(1) 101482
functional T3SS, and although it possesses exoenzymes T and
U, the exoenzymes cannot be introduced into host cells. K81M
is a bacterial mutant that has a functional T3SS and introduces
a catalytically dead ExoY into the host cell. PA35 is a clinical
isolate from an ICU patient that does not possess the T3SS.
None of these nonvirulent strains caused an endothelial release
of tau variant capable of inducing tau aggregation. Thus, the
presence of a functional T3SS and enzymatically active effec-
tors are important determinants of tau’s bioactivity.

We have identified three tau isoforms in rodent pulmonary
endothelium that are similar to the 0N4R, 1N4R, and 2N4R
isoforms in neurons (�37–45 kDa). Previous studies have
shown tau expression in peripheral tissues and other cell types
(26, 41). Interestingly, peripheral organs, including the lung
and peripheral nerves, express a ‘big’ tau isoform (�100 kDa)
that is not found in the brain (25, 42, 43). We also found big
tau expression in lung endothelial cells. In our previous
studies, we have reported that lung endothelium produces and
releases several tau species that are detectable at �37, �55,
�75, and �100 kDa. In the current study, our Western blot
result showed �40, �75, and �110 tau bands in PMVECs
using the specific tau antibodies Tau5, D1M9X, and TNT1
(Fig. 2B). Consistent with this result, our Western blotting
results further showed an �100 kDa tau band across endo-
thelial cells from various vascular origins using the C-terminal
D1M9X antibody, and this high molecular weight tau band
was absent in the MAPT KO cells (Fig. 6B). In our previous
studies, we have attributed the higher molecular weight taus to
the isomerization of ‘small’ tau isoforms; however, results from
the current study suggest the high molecular weight band may
also be a big tau isoform. Thus, lung endothelium expresses at
least four tau isoforms.

It is currently unclear whether lung expresses the 3R tau
isoforms, and we have yet to fully resolve posttranslational
modifications of the tau species released by the endothelium
after bacterial exposure. It is notable that knocking out the rat
endothelial MAPT gene results in bigger cells that are also
more prone to infection-induced injury (i.e., gap formation in
Fig. 6C). Because endothelial tau is released into the cell me-
dium after P. aeruginosa infection, these morphological results
suggest that endothelial tau plays an important role in barrier
integrity maintenance in response to bacterial infection (44).

The tau protein has conserved regions that are crucial for
aggregation, including two c-terminal hexapeptide sequences
found within the R2 (275-VQIINK-280) and R3 (306-
VQIVYK-311) repeat domains. These sequences represent
minimal sequences necessary and sufficient for β-pleated sheet
formation, and they have been engineered into a FRET-based
cellular reporter (45, 46). As seen in Figure 1, rodent and
human tau proteins have an identical amino acid composition
in the c-terminal region that contains the RD and aggregation
domains. The FRET-based and BiFC assays are comprised of
the RD aggregation region and the full length (2N4R) tau,
respectively. Our results illustrate that only the virulent
bacteria-elicited endothelial tau caused neuronal tau aggrega-
tion both in the FRET-based and BiFC assays. We have pre-
viously shown that the cytotoxicity in endothelial supernatant



Figure 7. Lung infection induces neuronal tau seeds in the brain. A, summary of normalized BiFC signal after the HEK293 reporter cells were transfected
with homogenates prepared from the brain of WT or tau KO mice. The mice were not infected or infected with the Pseudomonas aeruginosa ExoY strain.
Statistical comparison was performed using ANOVA and Dunnett’s post hoc tests; the asterisks denote significance (p = 0.0046 versus WT; n = 5 mice).
B, representative BiFC fluorescence signal micrographs obtained after the indicated treatments. Yellow signal is the fluorescence emitted from the Venus
protein and indicates tau aggregation. Vertical colorimetry shows BiFC signal strength. The scale bar represents 100 μm. BiFC, biomolecular fluorescence
complementation.

Lung infection elicits brain tauopathy
is immunoneutralized with the T22 antibody. Our results
showed that T22 immunodepletion removes endothelial tau
seeds, rendering the supernatant incapable of nucleating
neuronal tau aggregation. Further, our previous studies have
shown that nonvirulent P. aeruginosa strains also elicit endo-
thelial tau release, as detected by Western blotting in our
previous studies (17, 18); however, these tau species possess
antimicrobial bioactivity and are not cytotoxic to host cells
(32), and here, they did not nucleate neuronal tau. The host-
pathogen mechanisms responsible for the production of
pathological versus nonpathological tau variants are still poorly
understood. Further studies are warranted to fully elucidate
the underlying mechanisms.

We examined whether lung infection leads to a cytotoxic
tau burden in the brain, and further, whether this tau is suf-
ficient to promote neuronal tau aggregation. We instilled the
P. aeruginosa ExoY strain into the airways of WT and tau KO
mice and determined the presence of pathological tau ‘seeds’
48 h after infection. The brains from uninfected WT animals
were unable to provoke neuronal tau aggregation, whereas the
brain from infected WT mice contained pathological tau seeds.
These findings are consistent with our recent studies,
demonstrating that pneumonia initiates a tauopathy in the
brain. Remarkably, the brains from both uninfected and
infected tau KO animals were unable to provoke neuronal tau
aggregation. We have previously shown that tau oligomers can
be detected in the sarkosyl-precipitated brain homogenate
7 days after P. aeruginosa lung infection (34). We can also
detect pathological tau oligomers in rodents’ plasma, heart,
and brain as soon as 48 h after lung infection (22). These re-
sults suggest that after lung infection, endothelium produces
and releases pathologic tau variants into blood, and through
blood circulation, these variants disseminate to the brain. It is
noteworthy that the brain homogenates prepared in this study
for BiFC quantification may include pathological tau oligomers
in the cerebral circulation. The use of brain homogenates in
the current study cannot differentiate whether the tau seeds
remain in the blood or have disseminated into the brain pa-
renchyma; however, the results indicate that tau in the cerebral
circulation may present a risk factor for initiating a brain
tauopathy after lung infection.

In summary, our current study resolves (1) the expression of
four tau isoforms in lung endothelium; (2) tau expression in
lung capillaries ex vivo; (3) that virulent strains/mutants of
P. aeruginosa elicit the release of pathological tau from
endothelium that is capable of seeding neural tau aggregates;
and (4) that virulent P. aeruginosa lung infection promotes a
neural tau burden capable of seeding neural tau aggregates.
Our results are most consistent with an infectious tauopathy
model, wherein lung cells produce a pathological “amyloido-
genic” species during infection that is encoded by MAPT. In
the presence of virulent bacterial pneumonia, these patholog-
ical tau species are released and may reach the brain via the
circulation. Once in the brain, they cause neuronal tau mis-
folding, aggregation, and propagation, and thereby impair
neuronal synaptic transmission and cognitive function. Future
studies addressing mechanisms responsible for the dissemi-
nation of tau from the lung through the circulation to the
brain are needed.
Experimental procedures

Cloning lung tau isoforms

Total RNA was isolated from rat lung or rat PMVECs using
RNeasy mini kit (Qiagen). After cDNA generation using
iScript cDNA synthesis kit (Bio-Rad) with 1 μg RNA in a total
volume of 20 μl, rat Tau cDNAs were amplified using Platinum
Taq DNA polymerase high fidelity kit (Invitrogen) and rat
Tau-specific primers. The primers used for PCR were designed
to include restriction enzyme sites for cloning purpose and to
J. Biol. Chem. (2022) 298(1) 101482 9
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remove the stop codon to express a tagged Tau. Forward
primer: TAA GCA AGC TT(HindIII)T GAA GCA GCA TGG
CTG AAC C and reverse primer: TGC TTA TCT AGA (XbaI)
CAA ACC CTG CTT GGC CAA AGA G. The samples were
incubated at 95 �C for 3 min, followed by 35 cycles of 95 �C
30 s, 60 �C for 30 s, and 72 �C for 60 s. A final extension step
was performed at 72 �C for 5 min. Amplified PCR products
were purified, double-digested with HindIII and XbaI, and
cloned into the mammalian cell expression vector, pcDNA3.1-
V5/His. The cloned rat tau cDNA sequences were verified by
bidirectional Sanger sequencing (MCLab). The sequences have
been deposited in GenBank (Accession number: 0N4R
MZ604975, 1N4R MZ604976, 2N4R MZ604977, and big tau
MZ604978).
Endothelial and bacterial culture and supernatant
preparation

Detailed cell/bacteria culture and supernatant preparation
procedures have been described previously and is standard for
our published studies (16–18). Briefly, the cell culture core at
the University of South Alabama Center for Lung Biology
provided rat pulmonary microvascular endothelial cell clones
isolated from Sprague–Dawley rats. The cells were cultivated in
Dulbecco’s modified Eagle medium (DMEM; 4.5 g/l glucose)
with 10% fetal bovine serum (Atlanta Biologicals) and 1%
penicillin-streptomycin and incubated at 37 �C with 5% CO2.

P. aeruginosa isogenic strains PA103 (ExoU/T) has a fully
functional type 3 secretion system capable of injecting exo-
enzymes into the cytoplasmic compartment of the host cell.
Conversely, the ΔPcrV (PA103ΔPCRV; ExoU and ExoT)
mutant lacks the PcrV protein required for a functional type 3
secretion system and is unable to inject exoenzymes into host
cells. The ExoY (PA103ΔexoUexoT::Tc pUCPexoY) mutant is
able to both express and secrete the functional ExoY cyclase
into target cells. The ExoYK81M (PA103ΔexoUexoT::Tc pUC-
PexoYK81M) mutant expresses a catalytically inactive ExoY that
does not generate cyclic nucleotides in host cells. Clinical
isolates including PA808 and PA35 were obtained from pa-
tients’ bronchoalveolar lavage samples, and P. aeruginosa was
independently verified by a clinical and genotypes by a
research laboratory (32).

For supernatant preparation, PMVECs were first grown to
confluence. At 12 to 24 h postconfluence, P. aeruginosa from
overnight Vogel–Bonner plates were suspended in 1×
PBS(Invitrogen) to an A540 of 0.25, previously determined to
represent 2 × 108 CFU/ml. Endothelial monolayer was infected
with bacteria at 5:1 multiplicity of infection in HBSS (Invi-
trogen) for 3 to 7 h at 37 �C and 5% CO2. The supernatants
were then collected, centrifuged at 4000g, and sterilized via
passage through a 0.22 μm filter (EMD Millipore). Vehicle
control supernatant was generated as described but in the
absence of bacteria. The collected supernatants were then
precipitated by Trichloroacetic acid including 4 mg/ml of Na-
deoxycholate and resuspended in either HBSS (for FRET and
BiFC assay) or 1× sample buffer (for SDS-PAGE). One-tenth
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volume of HBSS or sample buffer was used to resuspend
supernatants.

Cell transfection

HEK293 (human embryonic kidney 293) cells were grown in
DMEM supplemented with 10% fetal bovine serum (ATCC)
and 1% penicillin-streptomycin and incubated at 37 �C with
5% CO2. The transfection of human tau P301L DNA plasmid
(plasmid #87634; Addgene) was performed using lipofect-
amine 3000 (Invitrogen). For transient BiFC studies, the cells
were transfected using lipofectamine with pCMV expression
plasmid encoding the N-terminus of the Venus fluorescence
protein fused to the full-length tau (Vn-tau, plasmid #87368;
Addgene) or tau fused to the C-terminus of Venus (tau-Vc,
plasmid #87369; Addgene) (47). The transfected cells were
used for biomolecular fluorescence complementation studies
after 48 h.

For FRET transfection studies, HEK293 cells were plated at
a density of �50% confluency, and at �70% confluence
(�12–18 h), the cells were transfected with endothelium-
derived tau seeds prepared from the cell supernatant. Trans-
fection complexes were made by combining [8.75 μl Opti-
MEM (Gibco) + 1.25 μl lipofectamine 3000] with [Opti-
MEM + (10–20 μl) tau seeds] for a total volume of 20 to
30 μl per well. Liposome preparations were incubated at room
temperature for 20 min before adding to the cells. The cells
were incubated with transfection complexes for 24 h.

Generation of MAPT knockout cells

MAPT knockout (KO) rat PMVECs were generated using
CRISPR-Cas9 gene-editing technology, as previously described
(48). To successfully knockout the gene that encodes tau in
PMVECs, three guide RNA (gRNAs) were used to target Exon
1 of MAPT gene: (1) 50-ATTGTGTCAAACTCCTGGCG; (2)
50-GTTTGACACAATGGAAGACC; and (3) 50-GCA-
TAGTGTAATCTCCGGCC. A day before transfection,
PMVECs were seeded on 24-well plate with 7.5 × 104 per well.
The gRNA, CRISPR RNA, and transactivating crRNA and
Cas9 enzymes (Invitrogen) were incubated to form a Ribo-
nucleoprotein complex. Transfection of ribonucleoprotein
complex into PMVECs was performed using Lipofectamine
RNAiMAX (Invitrogen). Two days after transfection, genomic
DNAs were isolated and used to do cleavage assay using
GeneArt Genomic Cleavage detection kit (Life Technologies)
and two primers: forward ATGTCACCTGCTTTAGTGGG,
and reverse AATCTAGGATTTGGGGCTGG. Cleavage assay
results showed that the gRNA2 most efficiently modified
genomic DNA; thus, gRNA2-transfected cells were single-cell
sorted using fluorescence-activated cell sorting (BD Biosci-
ence). The targeted genomic loci in isolated genomic DNA
from these clones were amplified by PCR and inserted into the
pGEM-T vector (Promega). Ten to 15 plasmids from each KO
candidate were subjected to DNA sequencing and verification.
The clones showing frameshift mutations in all sequences
were selected as a MAPT KO cells and used for experiments.
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Generation of stable BiFC cells

HEK293 cells were transfected using lipofectamine with
plasmids encoding Vn-tau, tau-Vc, or with both plasmids. The
cells were grown for 48 h, and the medium was replaced with
the selecting media containing 500 μg/ml of Neomycin
(Gibco). Resistant cells were further expanded, harvested,
resuspended in flow cytometry buffer (HBSS plus 1% fetal
bovine serum and 1 mM EDTA), and subjected to
fluorescence-activated cell sorting. Nontransfected, Vn, or Vc
positive cells were used to set the gating parameters. Pop-
ulations of Vn and Vc dual positive cells were selected into
96-well plates for single-cell clones. The Vn-tau and tau-Vc
expression levels in the single cell clones were determined
using Western blotting, and clones with a �1:1 ratio were
selected and used for the BiFC studies.

FRET measurement

Transfected HEK293 cells (CRL 3275; ATCC) were imaged
using laser confocal microscopy. FRET images were acquired
using a Nikon A1R confocal microscope equipped with 20×
water immersion objective (Plan Apo VC 20× DIC WI WD-
1.00 NA-0.75; Nikon Instruments). The images were ac-
quired using excitation wavelength at 405 nm to excite the
donor CFP and emission wavelength at 535 nm from the
acceptor YFP. Quantification of the images was performed
using FIJI ImageJ and pixFRET, as detailed in the previous
studies (49). Briefly, unless otherwise stated, the three different
settings used for the analysis of FRET with the CFP/YFP pair
were as follows: (1) FRET: Ex 405 nm/Em 535 nm; (2) CFP: Ex
405 nm/Em 475 nm; and (3) YFP: Ex 514 nm/Em 535 nm.
Laser power and detector gain were initially optimized and
kept unchanged for all samples. Linear and exponential fits
were performed in pixFRET, and FRET measured was cor-
rected for spectral bleed-throughs, normalized for expression
levels, after the pixFRET manual and as previously described
(49). FRET signals from each set of the study were normalized
to that of the vehicle controls performed in parallel.

BiFC measurement

HEK293 cells stably expressing BiFC probes were used.
Cells grown at �70% confluence on 12-well plate containing
coverslips were either incubated with 8-pCPT-cAMP (15 μM),
8-pCPT-cGMP (15 μM), okadaic acid (4 nM), or vehicle
(DMSO), or were transfected with endothelium-derived tau
seeds prepared from the control or bacteria-infected cell su-
pernatant using the Xfect protein transfection reagent (Clon-
tech Lab) according to manufacturer’s instruction. Briefly, 6 μl
of Xfect reagent diluted in 34 μl of water was mixed with 10 to
20 μl of supernatant diluted in 20 to 30 μl of Xfect protein
buffer and incubated for 30 min at room temperature (for a
final volume of 80 μl per sample). During the mixture incu-
bation, the cells were washed with warm PBS, and 220 μl of
opti-MEM was added to each well containing cells. The 80 μl
transfection reagent/supernatant mixture was added to the
cells in 220 μl opti-MEM and incubated at 37 �C for 60 min.
One milliliter of complete growth medium (i.e., containing
10% fetal bovine serum) was then added to continue incuba-
tion overnight for BiFC assay. Coverslips were mounted after
cell fixation in 4% paraformaldehyde solution for 15 min at
room temperature. Acquisition of the fluorescence signal was
performed using a Nikon A1R confocal microscopy and the
20× water immersion objective, as described above. The
fluorescence of Venus protein was acquired using excitation
wavelength at 514 nm and emission wavelength at 535 nm.
The cellular intensities of tau-BiFC fluorescence were analyzed
using FIJI-ImageJ. From each fluorescence micrographs, the
fraction of cell area with high fluorescence intensity was
calculated from the following: baseline fluorescence signal was
determined using a low thresholding parameter (to get the
total cell area) and higher intensity fluorescence signal was
determined using vehicle control’s thresholding parameters (to
get the cell area with high fluorescence signal). For each
experimentation, tau-BiFC signal was expressed as a percent-
age by normalizing the fraction of cell area with high fluo-
rescence intensity to the fraction of cell area from vehicle
control performed in parallel.

Western blot

Tissue and Cell lysates were prepared in RIPA buffer. The
harvested lung tissue was cleaned in cold PBS, snap freeze in
liquid nitrogen, and stored at −80 �C until use. Frozen tissues
were pulverized in the chilled pulverizer in liquid nitrogen
(Cole-Parmer). 30�50 mg of pulverized tissue powder then
was homogenized in 400�500 μl of RIPA buffer containing
2 mM EDTA and protease inhibitor cocktail using an ultra-
turax homogenizer (Tekmar) on ice. After centrifugation at
14,500 rpm for 15 min at 4 �C, the supernatant was transferred
to new tubes, followed by BCA assay (Thermo Scientific) to
determine protein concentration. The proteins were trans-
ferred onto nitrocellulose membrane (Bio-Rad) after SDS-
PAGE using Bolt 4�12% Bis-Tris Plus gel (Invitrogen). After
blocking in 5% fat-free milk in TBS/T for an hour at room
temperature, primary antibodies were incubated at 4 �C
overnight. The used primary antibodies were D1M9X (Cell
Signaling Technology, 1:2000), Tau-5 (MBL, 1:2000), TNT-1
(EMD, 1:2000), and Actin (BD Biosciences, 1:5000). Appro-
priate HRP-conjugated secondary antibodies were incubated,
and the supersignal chemiluminescent substrate (Thermo
Scientific) was used to detect proteins.

Animals and infection

Experimentation with animals was approved by the Insti-
tutional Animal Care and Use Committee of the University of
South Alabama and conducted according to the “Guide to the
Care and Use of Laboratory Animals.” Adult WT (12 weeks-
old; C57BL/6J) and tau knockout (B6.129S4(Cg)-Maptt-
m1(EGFP)/Klt/J, Stock No: 029219; The Jackson Laboratory) mice
were used. For primary infection studies, the mice were
anesthetized by intraperitoneal injection of a ketamine/xyla-
zine mixture (80/5 mg/kg of body weight) and inoculated
intratracheally with ExoY (105 CFU in 40 μl) or saline vehicle
(40 μl). At 48 h after the infection, the brains were collected
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immediately after euthanasia, snap-frozen, and pulverized
(Cole-Parmer) in liquid nitrogen to tissue powder. Subse-
quently, 30 to 50 mg of pulverized tissues were homogenized
in 300 μl of HBSS containing 2 mM EDTA and protease in-
hibitor cocktail using an ultra-turax homogenizer (Tekmar) at
4 �C. After centrifugation at 14,500 rpm for 15 min at 4 �C, the
supernatant was transferred to new tubes, followed by protein
concentration determination and preparation as tau seeds for
transfection and BiFC studies. The transfection of brain ho-
mogenate was performed with Xfect protein transfection re-
agent, and 5 μg of the brain homogenate were used, as
described above.

Lung preparation and fluorescence imaging

We used the agarose/gelatin-infused lung slice technique to
expand air sacs and vessels to evaluate eGFP expression, to-
mato lectin Dylight594 (Vector Laboratories) vascular staining,
and nuclear staining (DAPI for live cell, Invitrogen), as we have
previously described (30). The mice were deeply sedated with
an injection of ketamine/xylazine mixture. Heparin was also
injected together with the anesthetics at a dose of 5000 IU/kg
body weight, followed by a retro-orbital injection of 70 μl
(70 μg) tomato lectin and tracheal cannulation using a 22G
tubing. After thoracotomy, another dose of 3 IU heparin was
injected directly into the right ventricle. A plastic cannula
connected to a reservoir was advanced into the pulmonary
artery via an incision in the right ventricular free wall, and the
cannula was secured with a suture. Next, a second plastic
cannula of the same size was advanced into the left atrium via
an incision in the apex of the left ventricle. Both cannulas were
secured by a cotton thread tied around the ventricles. HBSS
(15 ml) was slowly perfused through the pulmonary circulation
with a differential gravity of 40 cmH2O, followed by a 6% warm
gelatin/HBSS (Thermo Fisher Scientific) solution (�10 ml).
On completion of lung perfusion, both the cannulas were
clamped with hemostats. Next, 0.6 ml of 2% warm agarose/
HBSS (low melting point; Thermo Fisher Scientific) solution
was infused through the trachea to inflate the lung. Ice was
used in situ to solidify the gel en bloc for 30 min before the
lung was harvested. The left lung was sliced into 800 μm
transverse slices on a vibratome (Leica Biosystems), incubated
in DAPI for 20 min at room temperature, washed, and imaged
using a Nikon A1R multiphoton microscope. The integrated
densities of eGFP signal of at least five random representative
images from the lung were quantified using ImageJ.

Data and analysis

Offline data analysis and statistical comparison were per-
formed using Excel (Microsoft), Igor Pro (WaveMatrics), and
Prism (GraphPad), in addition to the already specified quan-
tification software and packages. For FRET and BiFC studies,
triplicates were performed, and each experiment (n) represents
averaged signal from the triplicate measurements. For animal
studies, each experimentation (n) indicates the number of
mice; BiFC signal was quantified from triplicate measure-
ments. The data are expressed as mean ± SD, or as specified.
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Statistical comparisons were performed using ANOVA fol-
lowed by Dunnett’s post hoc test, where p < 0.05 was denoted
as statistically significant.

Data availability

All data are contained within the article.
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