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I M M U N O L O G Y

The mechanosensitive channel TRPV4 inhibits 
pulmonary inflammation by limiting NF-κB signaling in 
alveolar macrophages
Adam M. Boulton1†, Megan E. Grund1†, Yuxin Wang1, Erica M. Orsini2, Yan Liu1,  
Susamma Abraham1, Lisa M. Grove1, Ryan Musich1, Caitlin M. Snyder1, Haley Ricci1,  
Amber Cardani-Boulton3, Vidula Vachharajani1,2, Mitchell A. Olman1,2, Rachel G. Scheraga1,2*

The nuclear factor κB (NF-κB) signaling pathway plays a critical role in activating macrophages in the pathogenesis 
of many inflammatory diseases. Tissue mechanical properties are important in modulating key cellular proinflam-
matory responses. Here, we investigated how the mechanosensitive membrane cation channel TRPV4 (transient 
receptor potential vanilloid 4) limits macrophage proinflammatory responses in bacterial pneumonia. We found 
that TRPV4 suppressed proinflammatory gene expression in alveolar macrophages in response to Pseudomonas 
aeruginosa pneumonia in mice and in response to agonists of various Toll-like receptors (TLRs) in vitro. TRPV4 sup-
pressed proinflammatory gene expression in macrophages by decreasing the activity of the NF-κB subunit p65. 
Upon stimulation of macrophages with bacterial lipopolysaccharide, a fraction of TRPV4 translocated from the 
endoplasmic reticulum to the plasma membrane, releasing p65 for nuclear translocation. TRPV4 interacted with 
p65 through an N-terminal cytoplasmic ankyrin repeat domain (ANKRD) that shares sequence homology with the 
p65-binding ANKRD of the NF-κB inhibitor IκBα. Given the diverse roles of TRPV4 and NF-κB in various cell types, 
our identification of cross-talk between a mechanosensitive channel and p65 in macrophages suggests application 
to many NF-κB–dependent diseases, such as cancer and atherosclerosis.

INTRODUCTION
Bacterial pneumonia is one of the leading causes of hospitalization, 
morbidity, and mortality in the United States (1). Bacterial pneumonia 
progresses to acute lung injury or acute respiratory distress syn-
drome (ARDS) in ~31% of patients, leading to worse patient out-
comes (2, 3). Direct injury to the lung by bacterial pneumonia is 
mediated in part by the proinflammatory cytokine response in the 
alveolar space (3–5). A milieu of proinflammatory factors such as 
chemokines CXCL1, CCL2, and CCL3 attracts monocytes, macro-
phages, and neutrophils, accelerating lung tissue damage (6, 7). 
Macrophages are key innate immune cells in the lung that secrete 
additional cytokines and chemokines (7). Thus, it is important to 
understand in detail the mechanism(s) by which macrophages tightly 
limit the transcription of proinflammatory factors in response to the 
alveolar lung microenvironment.

Macrophage populations patrol and migrate into the lung after in-
jury or infection (8). Emerging research highlights the distinct roles of 
lung macrophage populations, including tissue-resident alveolar mac-
rophages (TR-AMs), which express the immunoglobulin-like lectin 
Siglec-F, and monocyte-derived or recruited alveolar macrophages 
(Mo-AMs), which down-regulate Siglec-F expression (9). The me-
chanical signals from the lung microenvironment influence the 
macrophage population diversity and may stimulate signaling that con-
trols its activation functions (10). Clues to the mechanistic plasticity 

of TR-AMs and Mo-AMs come from the cancer and aging litera-
ture, with the discovery of unique gene signatures associated with 
the changing lung microenvironment, but less is known about this 
plasticity during infection (11, 12). During infection or tissue inflam-
mation, macrophage activation occurs through the recognition of 
pathogen-associated molecular patterns (PAMPs) by pattern recogni-
tion receptors (PRRs) such as the Toll-like receptor (TLR) family 
members (13). TLRs are located primarily within the plasma mem-
brane (for example, TLR1/2 heterodimers and TLR4) or on intracel-
lular endosomes (TLR3 and TLR9) (14, 15). Stimulation of TLRs by 
PAMPs, such as lipopolysaccharide (LPS) or nucleic acids, activates 
inflammatory signaling cascades, most notably the nuclear factor κB 
(NF-κB) pathway. As such, the NF-κB pathway is a master regulator of 
proinflammatory gene transcription, playing an important pathogen-
ic role in infection, inflammation, and malignancy (16). The NF-κB 
pathway is a network of classical and alternative activators and in-
hibitors allowing for a tightly regulated cascade of signals leading to 
transcription of proinflammatory cytokines after PAMP activation. 
However, the putative convergent signals from the stiffened microen-
vironment are less characterized (16). Four decades of research have 
defined essential partners, interacting motifs, and environmental cues 
to activate and inhibit the NF-κB pathway (17, 18), which may be in-
fluenced uniquely in tissues sensitive to mechanical strain and stress 
such as the lung.

Transient receptor potential vanilloid 4 (TRPV4) is a mechanosen-
sitive cation membrane channel that is capable of both “outside-in” 
and “inside-out” signaling in a cell type–specific and context-specific 
manner. TRPV4’s bidirectional signaling is a consequence of multiple 
stimuli, including intracellular calcium ions (Ca2+), the activation of 
intracellular kinases, and/or the direct interaction with cytoskeletal 
proteins through its intracellular N-terminal and C-terminal tails 
(19–21). TRPV4 has both Ca2+-dependent and Ca2+-independent 
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functions (22). TRPV4 is activated by both chemical [for example, 
6-epoxyeicosatrienoic acid (EET) and 4α-phorbol 12,13-didecanoate 
(4-αPDD)] and physical (for example, stretch and stiffness) stimuli. 
Our previous work shows that TRPV4 is essential for macrophage 
phagocytosis and anti-inflammatory cytokine secretion in response to 
LPS in vivo and in vitro (23). Furthermore, in a clinically relevant 
model of chronic Pseudomonas aeruginosa pneumonia, TRPV4 pro-
tects against lung injury by switching LPS-induced mitogen-activated 
protein kinase (MAPK) signaling from the primary MAPK c-Jun 
N-terminal kinase (JNK) to that of MAPK p38 (24).

Here, we aimed to identify the molecular mechanism in alveolar 
macrophages by which TRPV4 suppressed proinflammatory cyto-
kine production and limited lung injury in the acute P. aeruginosa 
pneumonia model in vivo and TLR agonism in vitro. We showed 
that alveolar macrophage–specific Trpv4 knockout (KO) mice had 
increased proinflammatory cell infiltration and lung injury, and the 
recruited macrophage population in these mice had increased pro-
inflammatory cytokine abundance in vivo. In response to agonists 
of TLR1/2, TLR4, and TLR9, TRPV4 restrained excessive proin-
flammatory gene expression in vitro. The suppression of proinflam-
matory gene expression was found to be through the binding of the 
TRPV4 ankyrin repeat domain (ANKRD) to p65, the subunit of the 
NF-κB complex that translocates to the nucleus and acts as a tran-
scriptional activator upon NF-κB activation. Moreover, the ANKRD 
of TRPV4 shares sequence homology with the ANKRD of the NF-κB 
pathway inhibitor IκBα. Upon stimulation with LPS, a fraction of 
TRPV4 dissociated from the NF-κB complex, translocating from the 
endoplasmic reticulum (ER) to the plasma membrane, whereas the 
free fraction of p65 translocated to the nucleus, driving the transcrip-
tion of genes encoding proinflammatory cytokines. However, the 
residual TRPV4 on the ER membrane sustained interaction with p65 
to limit maximal proinflammatory cytokine transcription. Together, 
these data suggest that targeting the molecular interaction between 
TRPV4 and p65 may inhibit macrophage activation to limit lung 
injury in vivo in an infected lung microenvironment.

RESULTS
TRPV4 in monocyte-derived alveolar macrophages limits 
proinflammatory cytokine gene expression in response to 
P. aeruginosa pneumonia
Our previous work has shown that global Trpv4 KO mice develop 
more severe lung injury and decreased bacterial clearance upon 
chronic infection with agarose-embedded P. aeruginosa compared 
with wild-type (WT) mice (24). Furthermore, alveolar macrophages 
are the key phagocytic cell and likely source of proinflammatory cyto-
kines such as interleukin-6 (IL-6) and the CXC family chemokines 
CXCL1 and CXCL2 (24). To address whether TRPV4 loss in macro-
phages is responsible for the increased lung inflammation in Trpv4 
global KO mice, we generated alveolar macrophage–specific Trpv4 
KO mice (Cd11cCre: Trpv4fl/fl), which have genetic deletion of TRPV4 
in all alveolar macrophage populations (TR-AMs and Mo-AMs) 
(25, 26). Free, live P. aeruginosa (not agarose-embedded) was then in-
tranasally administered to mice to model acute pneumonia (Fig. 1A). 
Compared with parental controls (Trpv4fl/fl), alveolar macrophage–
specific Trpv4 KO mice (Cd11cCre:Trpv4fl/fl) had increased lung 
injury, as measured by increased neutrophil and decreased macro-
phage recruitment to the alveolar space (Fig. 1B); significantly 

increased CCL3 secretion; and a trend toward increased CXCL1 in the 
bronchoalveolar lavage fluid (BALF) (Fig. 1C). Also, recruited alveolar 
macrophages (Mo-AMs; CD45+F4/80+Siglec-F−) isolated by collage-
nase digestion of whole lung homogenate exhibited increased CCL2 
and IL-1β protein abundance in alveolar macrophage–specific Trpv4 
KO mice compared with controls (Fig. 1, D and E, and fig. S1). Over-
all, these data suggest that TRPV4 in Mo-AMs is necessary for the 
lung injury response driven by cytokine and chemokine production 
in these cells.

TRPV4 negatively regulates the expression of 
NF-κB–responsive genes
A previous work shows that TRPV4 promotes the activation of alveo-
lar and bone marrow–derived macrophages (BMDMs) in a matrix 
substrate–dependent manner, promoting phagocytosis and reducing 
proinflammatory cytokine secretion (23). In addition, both macro-
phage TRPV4 and TLR4 mediate inflammation through a JNK-p38 
molecular switch (24). To determine the mechanism by which TRPV4 
limits macrophage proinflammatory signaling, we measured proin-
flammatory cytokine transcripts in WT and Trpv4 KO BMDMs stim-
ulated with the TLR agonists Pam3CSK4 (TLR1/2), LPS (TLR4), 
polyinosinic:polycytidylic acid (poly I:C) (TLR3), and CpG DNA 
(TLR9). We measured the changes over time (1 and 6 hours) because 
changes in gene expression downstream of these TLRs are different 
between TLRs. Loss of TRPV4 increased IL-1β and Cxcl1 induced by 
the TLR4 agonist by twofold and increased Cxcl1 induced by the 
TLR1/2 agonist by 1.5-fold at 1 hour (Fig. 2A). However, at 6 hours, 
loss of TRPV4 significantly increased Cxcl1 induced by either the TLR4 
or TLR9 agonists by twofold with a trend to increase with the TLR1/2 
agonist (Fig. 2B). This provides a broad response of the TRPV4 
signal integration to plasma membrane TLRs early and endosomal 
TLRs later with tissue mechanical signals.

Given that TRPV4 attenuated the proinflammatory transcrip-
tional response more robustly early (1 hour) after stimulation with 
the plasma membrane TLR4 agonist LPS, the mechanism of TRPV4 
action was explored specifically using LPS. We performed single-cell 
sequencing in WT and Trpv4 KO BMDMs ± LPS. Nine macrophage 
clusters were identified and annotated on the basis of differentially 
regulated genes that reflect dissimilar phenotypic groups of macro-
phages (Fig. 2C). Many NF-κB–regulated genes were differentially 
expressed, consistent with the fact that TRPV4 can stimulate molec-
ular switching between JNK and p38, both of which activate the 
NF-κB pathway (24). The IL-1β+_Cxcl2+ cluster had the greatest 
difference in NF-κB–dependent genes (https://bu.edu/nf-kb/gene-
resources/target-genes/) upon comparison of BMDMs ± TRPV4 
(27). In this cluster, TRPV4 KO in BMDMs resulted in substantial 
changes in key NF-κB–regulated pathways, both with and without 
LPS, as analyzed by gene ontology enrichment analysis (GO:BP gene 
pathway analysis) (Fig. 2D and fig. S2, A to C). Furthermore, genes 
in the IL-1β+_Cxcl2+ cluster from Trpv4 KO BMDMs (15 to 30% of 
the total population) showed an increased inflammatory response 
under basal and TLR4 agonist conditions, as compared with WT 
BMDMs (Fig. 2D and fig. S2C). Key genes in the defense response 
pathway genes in this cluster included Ccl4, Ccl7, Ccl2, Apoe, Cxcl10, 
Lpl, Rsad2, and Ccl3. Hence, TRPV4 did not drive formation of a 
previously unobserved macrophage population, but rather the pres-
ence of TRPV4 was important in a specific cluster of macrophages to 
reduce the NF-κB–dependent proinflammatory pathway (Fig. 2, C 
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and D). This phenomenon explains the 
heterogeneous and modest proinflam-
matory cytokine response to TLR ago-
nism in the BMDM population as a whole 
(Fig. 2, A and B).

TRPV4 limits p65 transcriptional 
activity and cytokine secretion
To further understand how TRPV4 lim-
its NF-κB–dependent expression of cyto-
kine transcripts, we investigated NF-κB 
function using a NF-κB response element 
luciferase assay in HeLa cells, which re-
spond to LPS and are easily transfected. 
Overexpression of TRPV4 led to de-
creased NF-κB promoter activity in both 
untreated and LPS-treated cells as com-
pared with cells expressing empty vector 
(EV) (Fig. 3A). To confirm this finding, 
BMDMs from mVenus-RELA reporter 
mice were used to show abundance of 
Rela (p65), which is a direct transcrip-
tional target of NF-κB (28). Similarly, we found down-regulation of 
TRPV4 with small interfering RNA (siRNA) (60 to 70% knockdown) 
in mVenus-RELA BMDMs with and without LPS increased fluo-
rescence by flow cytometry compared with controls, indicating 
that TRPV4 protein abundance decreased expression of the p65 
target gene (Fig. 3A and fig. S3A). Together, these data suggest that 
TRPV4 is required to limit p65 transcriptional activity under basal 
and LPS-stimulated conditions. In agreement with our previous 
report that TRPV4 is required for IL-1β secretion upon LPS stim-
ulation (23), we found that siRNA-mediated knockdown of p65 
reduced LPS-induced IL-1β secretion in both Trpv4 KO BMDMs 
and WT BMDMs, indicating that Trpv4 KO induction of IL-1β is 
due to p65 transcriptional activity (Fig. 3B; 60 to 70% knockdown; 
fig. S3B). Together, these data demonstrate that TRPV4 inhibits 
NF-κB signaling in a p65-dependent manner.

TRPV4 stabilizes IκBα and limits p65 translocation to 
the nucleus
When cells receive an inflammatory stimulus, such as LPS, phosphory-
lation of the NF-κB inhibitor IκBα by the IκB kinase subunit β (IKK-β) 
leads to the degradation of IκBα, leading to translocation of p65 into the 
nucleus, where it stimulates the expression of target genes (29). To 
determine the mechanism whereby TRPV4 blocks NF-κB pathway ac-
tivation, we measured IκBα degradation, an essential step for transcrip-
tion of genes encoding proinflammatory cytokines, after LPS treatment 
(Fig. 3C). In the absence of TRPV4, IκBα was degraded two times faster 
(5 to 10 min in Trpv4 KO versus 20 min in WT) (Fig. 3C). This faster 
IκBα degradation seen in the Trpv4 KO was independent of TRPV4-
mediated Ca2+ signaling because degradation was not significantly dif-
ferent in the presence of a TRPV4-specific Ca2+ inhibitor, HC-067047 
(fig. S4). The increased IκBα degradation in Trpv4 KO BMDMs was 

Fig. 1. TRPV4 in monocyte-derived alveolar mac-
rophages protects the lung from injury by limit-
ing p65-dependent cytokine expression in vivo. 
(A) Schematic of P. aeruginosa–induced pneumonia 
mouse model. Cells were collected from BALF and 
lung tissue homogenates in alveolar macrophage–
specific Trpv4 KO mice (Cd11cCre:Trpv4fl/fl) and pa-
rental controls (Trpv4fl/fl). Created with BioRender. 
(B) Percentage of neutrophils, macrophages, and 
lymphocytes in BALF. n = 14 or 15 mice per group. 
*P ≤ 0.05; **P ≤ 0.01, by Student’s t test. (C) Quanti-
fication of CCL3 and CXCL1 in BALF from Trpv4fl/fl 
and Cd11cCre:Trpv4fl/fl mice by LEGENDplex. n = 
14 or 15 mice per group. *P ≤ 0.05, by Student’s 
t test. (D) Lung tissue homogenates were subjected 
to flow cytometry with gating on percent CD45+F4/ 
80+Siglec-F− populations for IL-1β and CCL2 in 
Cd11cCre:Trpv4fl/fl and Trpv4fl/fl mice. (E) Quantifi-
cation of CCL2+ and IL-1β+ alveolar macrophages 
(CD45+F4/80+Siglec-F−). n = 14 or 15 mice per 
group. *P ≤ 0.05; ***P ≤ 0.001, by Student’s t test.
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accompanied by an increase in p65 trans-
location to the nucleus after LPS (30 min) 
compared with WT BMDMs (Fig. 3D), 
further implicating TRPV4 as a negative 
regulator of p65-dependent transcription. 
Overall, TRPV4 inhibited NF-κB func-
tion through limiting IκBα degradation 
and p65 translocation to the nucleus.

The TRPV4 N-terminal domain has 
sequence homology and 
conservation with the binding 
interface between IκBα 
and p65/p50
TRPV4 has N-terminal and C-terminal 
tails residing in the cytoplasm that bind to 
intracellular signaling molecules, driving 
cellular functions (30, 31). Hence, we next 
explored whether the mechanism by which TRPV4 limits IκBα degra-
dation and p65 translocation was through direct binding to p65. The 
ANKRD domain of IκBα interacts with the p65 Rel homology do-
main, specifically with the IPT (Ig-like, plexins, transcription factors) 
domain. Because TRPV4 contains an ANKRD domain, we assessed 
the sequence homology between IκBα ANKRD and TRPV4 ANKRD 
to determine whether TRPV4 binding to p65 might explain the delay 
in p65 translocation to the nucleus upon LPS stimulation (32–34). Se-
quence analysis revealed that the TRPV4 N-terminal cytoplasmic tail 
has an ANKRD similar to that of IκBα. Using the CLC Genomics 
Workbench (Qiagen), the TRPV4 N terminus was aligned with the 
p65 interaction domains (N-terminal Rel homology domain and C-
terminal Rel homology domain or referred to as the IPT domain) 
showing ANKRD similarity (>50%) to IκBα at the interaction inter-
face with p65/p50, which have the potential to participate in protein-
protein interactions (Fig.  4A) (33). Next, IκBα residues that were 
similar to the TRPV4 N-terminal tail were selected to model the inter-
action with p65 and p50 (Fig. 4A). The IκBα-p65/p50 binding that 

contributes to strong interacting forces includes electrostatic, hydro-
phobic, and aromatic π-π stacking forces (Fig. 4A). Because the pub-
lished structure of human IκBα is in a complex with a heterodimer of 
p65 and p50, the key interactions are shown with both p65 and p50 
(Fig. 4A) (32). Together, these data suggested that TRPV4 bound to 
p65 in a similar manner as IκBα, thereby negatively regulating the NF-
κB pathway.

TRPV4 binds to p65 in the NF-κB complex under both 
untreated and LPS-treated conditions
To determine whether TRPV4 and p65 interact biochemically, we 
performed coimmunoprecipitation assays using both a TRPV4 over-
expression system and an endogenous system. TRPV4 and p65 inter-
acted when both were overexpressed in 293T (Fig. 4B) and HeLa cells 
(fig. S5), and immunoprecipitation of endogenous p65 pulled down 
TRPV4 in WT BMDMs but not in Trpv4 KO BMDMs (Fig. 4C). In-
teraction between TRPV4 and p65 was observed in both the basal 
and LPS-stimulated states (Fig.  4C), demonstrating the ability of 

Fig. 2. TRPV4 negatively regulates TLR-induced 
expression of cytokine transcripts in a subset 
of BMDMs with high expression of NF-κB–
dependent genes. (A and B) Quantification of IL-1β 
and Cxcl1 transcripts 1 hour (A) and 6 hours (B) after 
stimulation of BMDMs from WT and Trpv4 KO mice 
with TLR agonists. Transcript amounts were normal-
ized to those in untreated BMDMs from WT mice 
(WT UT). TLR agonists: TLR1/2 (Pam3CSK4, 100 ng/
ml), TLR4 (LPS, 100 ng/ml), TLR3 (Poly I:C, 10 μg/ml), 
and TLR9 (CpGDNA, 5 μg/ml). n = 3 or 4 biological 
replicates per group. *P ≤ 0.05; **P ≤ 0.01, by Stu-
dent’s t test comparing Trpv4 KO versus WT BMDMs 
within a TLR agonist treatment group. (C) UMAP 
cluster plot shows nine clusters in WT and Trpv4 KO 
BMDMs ± LPS after 10X Genomics. n = 3 biologi-
cal replicates per group. (D) GO BP gene pathway 
analysis within the Il1β+_Cxcl2+ cluster in (C) com-
paring LPS-stimulated cells from WT and KO mice 
showing significant represented pathways as mea-
sured by −log10 transformed P value (x axis; light 
green: increased KO versus WT; dark green: de-
creased KO versus WT).
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TRPV4 and p65 to bind and thereby suppress LPS-stimulated inflam-
mation in macrophages. To determine the approximate location of 
TRPV4 and p65 before and after LPS stimulation, immunofluores-
cence was performed on Trpv4 KO BMDMs transduced with lentivirus 
(LV) carrying Myc-tagged full-length (FL) TRPV4 (Myc-TRPV4FL) 
(Fig. 4D). TRPV4 and p65 colocalized in the cytoplasm of Trpv4 KO 
BMDMs, but colocalization was reduced upon LPS stimulation, as 
determined by Pearson’s coefficient (Fig. 4D). Furthermore, p65 
staining in the nucleus increased upon LPS stimulation as assessed by 
Pearson’s coefficient of p65 and nuclear 4′,6-diamidino-2-phenylindole 
(DAPI) staining (Fig. 4D). Similarly, the TRPV4 and p65 complex 
colocalized in close proximity to the perinuclear region in HeLa cells, 
as shown using an irreversible bimolecular fluorescence comple-
mentation assay in cells transfected with TRPV4 and p65 tagged with 
the N-terminal and C-terminal domains of Venus (VN and VC), 
respectively (Fig. 4, E and F). Together, these data provided support-
ive evidence of a biochemical interaction, as well as colocalization 
of TRPV4 and p65 by multiple methods in both overexpression and 
endogenous expression systems.

The N-terminal ANKRD domain of TRPV4 mediates 
binding to p65
Because multiple methods indicated that TRPV4 and p65 interact, we 
investigated which region of TRPV4 bound to p65. Given its sequence 

homology to IκBα, the N-terminal ANKRD of TRPV4 was predicted 
to interact with p65. Therefore, the ANKRD of TRPV4 was deleted 
(hTRPV4ΔANKRD or TRPV4ΔANKRD) to determine whether p65 bind-
ing was abrogated. The NanoBiT protein-protein interaction struc-
tural complementation reporter system was used as follows: The large 
(Lg) BiT sequence was fused to either FL hTRPV4 (LgBiT-TRPV4FL) 
or ANKRD-deleted TRPV4 (LgBiT-TRPV4ΔANKRD) or EV (LgBiT-EV) 
control and cotransfected or transduced with the small (Sm) BiT 
sequence fused to either p65 (SmBiT-p65) or EV (SmBiT-EV) into 
human embryonic kidney (HEK) 293T cells and Trpv4 KO BMDMs 
(Fig. 5A). Transfection of LgBiT-TRPV4 and SmBiT-p65 plasmids 
was equal in HEK 293T cells (fig. S6). TRPV4-p65 interaction in-
duced a reversible binding of BiT sequences, forming an active en-
zyme that catalyzed a luminescent reaction. LgBiT-EV and SmBiT-EV 
controls did not bind to each other in an appreciable manner (Fig. 5B). 
TRPV4FL and the TRPV4ΔANKRD mutant supported similar amounts 
of Ca2+ influx when HEK 293T cells were stimulated with the TRPV4 
agonist GSK1016790A (GSK), demonstrating that TRPV4 remains 
functional upon partial N-terminal deletion (fig. S7). Transfection of 
LgBiT-TRPV4ΔANKRD with SmBiT-p65 decreased luminescence >55% 
compared with LgBiT-TRPV4FL and p65 (Fig. 5B). To validate the de-
pendence of the TRPV4 ANKRD domain in macrophages, we trans-
duced the LgBiT and SmBiT constructs into Trpv4 KO BMDMs. 
Similarly, the TRPV4 ANKRD domain was essential for binding to p65 

Fig. 3. TRPV4 negatively regulates p65-
responsive promoter activity by stabilizing 
IκBα and limiting p65 nuclear translocation. 
(A) The transcriptional activity of NF-κB response 
elements was evaluated in HeLa cells cotrans-
fected with an NF-κB response element luciferase 
reporter and either EV or TRPV4 plasmid (TRPV4 
overexpression) ± LPS (100 ng/ml, 16 hours) and 
in BMDMs from mVenus-RELA (p65) reporter mice 
transfected with either control (Scrambled) siRNA 
or TRPV4 siRNA ± LPS (1 μg/ml, 1 hour). For HeLa 
TRPV4 overexpression, n = 3 biological replicates 
per group. ****P ≤ 0.0001, by Student’s t test. For 
mVenus p65 BMDM, n  =  5 biological replicates 
per group. *P ≤ 0.05; ****P ≤ 0.0001, by Student’s 
t test. (B) Quantification of IL-1β in the conditional 
medium of BMDMs from WT and Trpv4 KO mice 
that were transfected with control (Scrambled) 
or p65 siRNA and treated with LPS (100 ng/ml, 
24 hours). IL-1β amounts are presented as relative 
to the value in cells not treated with LPS. n = 6 
biological replicates per group. Student’s t test 
shows no statistical difference. (C) BMDMs from 
WT and Trpv4 KO mice were treated with LPS in 
the indicated time course, and the amount of IκBα 
was determined by immunoblotting. GAPDH is a 
loading control. n = 3 biological replicates per 
group. *P ≤ 0.05, by Student’s t test. Red boxes 
highlight the time point at which degradation 
begins to significantly deviate between WT and 
Trpv4 KO BMDMs. (D) BMDMs from WT and Trpv4 
KO mice were treated with LPS in the indicated 
time course, and the nuclear and cytoplasmic frac-
tions were immunoblotted for p65. The amount 
of p65 in the nuclear fractions (red box) was quanti-
fied. n = 3 biological replicates per group. *P ≤ 0.05, 
by Student’s t test.
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Fig. 4. The ANKRD of TRPV4 mediates binding to p65 under basal and LPS conditions. (A) Sequence alignment of the p65-interacting region of human IκBα and the 
N-terminal domain of human TRPV4 and structural mapping of conserved residues onto the published structure of IκBα (blue) and the NF-κB p65/p5 heterodimer (red) (PDB: 
1NFI). Sequence similarity is noted with gray and green shading. Residues shown in green within the interacting interface (yellow boxes and yellow helices) were selected for 
structural mapping using the CLC Genomics Workbench (Qiagen). (B) Myc was immunoprecipitated (IP) from HEK 293T cells overexpressing Myc-tagged FL TRPV4, Flag-tagged 
p65, or both and immunoblotted (IB) for Flag and Myc. Input blot shows cell extracts without immunoprecipitation. n = 3 biological replicates per group. (C) p65 was immuno-
precipitated from WT and Trpv4 KO BMDMs ± LPS (100 ng/ml, 1 hour) and immunoblotted for p65 and TRPV4. n = 3 biological replicates per group. (D) Trpv4 KO BMDMs, trans-
duced with lentivirus encoding either EV or Myc-tagged TRPV4 FL, were treated ± LPS (100 ng/ml, 1 hour) and stained for Myc and p65. Nuclei were stained with DAPI. Scale bars, 
50 μm. Rightmost images are magnified views from the overlays. Colocalization of p65 with Myc (yellow; >150 cells were analyzed per experiment on average) and DAPI (pink; 
40 to 50 cells were analyzed) was quantified by Pearson’s coefficient. n = 3 biological replicates per group. ***P ≤ 0.001; ****P ≤ 0.0001, by Student’s t test. (E) Schematic dem-
onstrating the BiFC method used to test interaction between TRPV4 and p65. (F) HeLa cells cotransduced with plasmids encoding either EV VN and VC constructs or VN-tagged 
TRPV4 and VC-tagged p65. Green fluorescence indicates interaction between the VN and VC tags. The white box indicates the area shown in higher magnification. Scale bars, 
75 μm. Whole-image Venus intensity was quantified. n = 3 biological replicates per group (>500 cells were analyzed per experiment on average). **P ≤ 0.01, by Student’s t test.
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(Fig. 5C). These data demonstrated in 
multiple systems, including primary 
macrophages, that the TRPV4 ANKRD 
was essential for TRPV4-p65 binding.

TRPV4 translocates from the ER to 
the plasma membrane upon LPS 
stimulation in macrophages
The locations of TRPV4 and p65 with-
in the cell are important for a variety of 
TRPV4’s functions (29,  35,  36). We 
previously showed that LPS increases 
TRPV4-dependent Ca2+ influx in a 
stiffness-dependent manner, suggesting 
its translocation to the plasma membrane 
(23). Because TRPV4 is primarily localized 
to the ER, we examined the location at 
which TRPV4 interacts with p65 upon TLR activation. To determine 
the intracellular location of TRPV4 in the basal state, the cellular ER 
and cytoplasm were fractionated from BMDMs from WT and Trpv4 
KO mice. TRPV4 protein was detected mainly in the ER fraction in WT 
BMDMs when TRPV4 protein abundance was normalized to that of 
the ER protein calnexin (Fig. 6A). Specifically, the calnexin-normalized 
concentration of TRPV4 was decreased by 50% after 1 hour of LPS 
stimulation, and that decrease persisted at 3 hours, indicating a relative 
decrease in TRPV4 abundance in the ER membrane after LPS treat-
ment (Fig. 6A). To further validate the translocation of TRPV4 from 
the ER membrane after LPS treatment, immunofluorescence stain-
ing of the ER with calnexin was performed both in Trpv4 KO BMDMs 
transduced with a Myc-TRPV4FL LV (Fig. 6B) and RAW267.4 macro-
phages transfected with a green fluorescent protein (GFP)–TRPV4 
plasmid (fig. S8). The colocalization of TRPV4 and calnexin decreased 
by 50% upon LPS treatment as assessed by a reduction in Pearson’s 
coefficient between TRPV4FL and calnexin, compared with untreated 
BMDMs and RAW267.4 cells, thereby confirming by an independent 
method in primary cells and a macrophage cell line that LPS in-
duces a fraction of TRPV4 to translocate from the ER membrane. 
TRPV4 translocates to the plasma membrane to regulate functions 
such as Ca2+ influx upon stimulation with cytokines like transforming 
growth factor–β (TGF-β) in fibroblasts (35, 37). Upon LPS treatment, 
TRPV4 translocated to the plasma membrane, increasing its abun-
dance in the plasma membrane by 150% within 1 hour of LPS treat-
ment (Fig. 6C). Collectively, these data revealed that, in the basal 

state, TRPV4 resides predominately in the macrophage ER mem-
brane, with its N-terminal ANKRD interacting in an inhibitory man-
ner with cytoplasmic p65. Upon LPS stimulation, TRPV4 translocated 
to the plasma membrane, allowing release of p65 from the inhibi-
tory complex for entry into the nucleus, where it induced the transcrip-
tion of genes encoding proinflammatory cytokines (Fig. 7).

DISCUSSION
It has long been appreciated that the NF-κB family of transcription 
factors are master regulators of inflammation (16). A complex net-
work of inducible kinases, cofactors, and inhibitors is needed to or-
chestrate proinflammatory cytokine secretion, facilitating a return 
to immune homeostasis quickly to prevent collateral tissue damage 
(29). Although many regulators of the NF-κB pathway have been 
identified, the contribution of the chemical and mechanical proper-
ties of the tissue microenvironment remains to be fully investigated. 
The present study identified a mechanosensitive cation channel, 
TRPV4, as a key regulator of the NF-κB pathway and its regulation 
of gene expression in lung macrophages. We substantiated these 
findings using complementary techniques in a mouse model and in 
primary mouse macrophages and cell lines to show that TRPV4 
binding to p65 contributes to the suppression proinflammatory gene 
expression in lung macrophages during P. aeruginosa infection (Fig. 7).

Using complementary biochemical, colocalization, and functional 
methods, we showed that TRPV4 reduced NF-κB pathway activation 

Fig. 5. The ANKRD is essential for TRPV4 bind-
ing to p65. (A) Schematic of NanoBiT constructs 
with LargeBiT (Lg-BiT) EV, TRPV4 FL, and TRPV4 
ANKRD-deleted (ΔANKRD) and SmallBiT (Sm-BiT) 
EV and p65 FL. (B and C) Quantification of lumines-
cence in HEK 293T cells (B) and Trpv4 KO BMDMs 
(C) transfected or transduced, respectively, with 
the indicated plasmids. Luminescence is expressed 
as relative to that in cells expressing LgBiT-EV and 
SmBiT-EV (EV:EV). Immunoblotting to demonstrate 
transfection efficiency is shown in the Supple-
mentary Materials (fig. S6). n = 5 biological repli-
cates (HEK 293T cells) and 3 biological replicates 
(BMDMs) per group. ****P ≤ 0.0001, by Student’s 
t test.
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through the binding of its ANKRD to p65, which limited IκBα degra-
dation. Our data supported that there are both p65-bound and p65-
unbound fractions of TRPV4 under basal conditions and that LPS 
stimulates the dissociation of TRPV4-p65, thereby freeing TRPV4 
and p65 to translocate to the plasma membrane and nucleus, 

respectively. Upon LPS stimulation, proinflammatory gene transcrip-
tion reflected the action of the increased p65-dissociated fraction of 
TRPV4 (Fig. 7). The residual p65-bound TRPV4 fraction caused 
a net reduction of p65-dependent proinflammatory gene transcrip-
tion (Fig. 7). This study identified the mechanosensitive Ca2+ channel 

Fig. 6. TRPV4 resides in the ER under basal con-
ditions and translocates to the plasma mem-
brane after LPS stimulation. (A) WT and Trpv4 KO 
BMDMs were treated with LPS for the indicated 
amounts of time. Cytosolic and ER fractions of the 
cells were immunoblotted for TRPV4, the ER mark-
er calnexin, and the cytosolic protein GAPDH. The 
protein abundance of TRPV4 in the ER fraction (red 
box) was quantified and normalized to calnexin. 
n = 3 biological replicates per group. *P ≤ 0.05; 
***P ≤ 0.001 by one-way ANOVA with Šidák’s MCT. 
AU, arbitrary units. (B) Trpv4 KO BMDMs were trans-
duced with Myc-tagged TRPV4FL, stimulated with 
LPS (1 hour), and stained for Myc and the ER pro-
tein calnexin. Nuclei were stained with DAPI. Colo-
calization between Myc-TRPV4FL and calnexin was 
quantified by Pearson’s coefficient. Data points 
represent scores of Myc+ individual cells from 
combined experiments. Scale bars, 50 μm. n =  3 
biological replicates per group (10 to 40 cells ana-
lyzed per replicate). **P ≤ 0.01, by Student’s t test. 
(C) BMDMs from WT mice were treated with LPS 
for the indicated amounts of time, and whole-cell 
lysates, cytosolic, and plasma membrane fractions 
were immunoblotted for TRPV4, the plasma mem-
brane protein integrin β1, and the cytosolic protein 
GAPDH. TRPV4 in the plasma membrane fractions 
(red box) was quantified relative to the amount in 
cells at time 0. n = 3 biological replicates per group, 
*P ≤ 0.05 by one-way ANOVA with Fisher’s least 
significant difference (LSD).

Fig. 7. Model for TRPV4-mediated inhibition of 
p65-dependent expression of proinflammatory 
transcripts. Under basal conditions (1), the TRPV4 
N-terminal tail ANKRD interacts with the NF-κB 
subunit p65, possibly exchanging with IκBα on the 
ER membrane, limiting the nuclear translocation of 
p65. Upon TLR agonism (2), IKKβ phosphorylates 
IκBα (3), which leads to IκBα dissociation and pro-
teasomal degradation (4). A fraction of p65 dissoci-
ates from TRPV4 in the ER and translocates to the 
nucleus, where it promotes the expression of pro-
inflammatory genes (5), whereas the dissociated 
TRPV4 fraction translocates to the plasma mem-
brane (6). Created with BioRender.
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TRPV4 as a negative regulator of NF-κB complex function, thereby 
restoring homeostasis and dampening inflammation.

The pulmonary macrophage response during acute infection is co-
ordinated between resident (TR-AMs) and recruited (Mo-AMs) macro-
phages (9). Resident alveolar macrophages are a first line of defense 
against pathogens and escalate the inflammatory response by activat-
ing and recruiting other immune cells (38). Recruited Mo-AMs se-
crete inflammatory cytokines and reactive oxygen species to control 
infection, but excessive or prolonged recruitment can cause collateral 
lung damage (39). Others have implicated a subset of monocyte-
derived lung cells to have matrix-specific gene expression, which sup-
ports our findings that a mechanosensor (TRPV4) could drive lung 
macrophage function (40). By specifically targeting TRPV4 in Cd11c+ 
alveolar macrophages in vivo (Fig. 1), we demonstrated that TRPV4 
dampens the lung injury response, as evidenced by increased abun-
dance of acute-phase chemoattractants and activators in the BALF 
from alveolar macrophage–specific Trpv4 KO mice (Cd11cCre:Trpv4fl/fl). 
Specifically, upon lung digestion, the recruited Mo-AMs (Siglec-F−) 
were the key population expressing NF-κB/p65-dependent proin-
flammatory cytokines (IL-1β and CCL2). These data are further sup-
ported by the increased NF-κB–dependent transcripts (Ccl4, Ccl7, 
and Ccl2) in a cluster of BMDMs expressing IL-1β and CXCL2 by 
single-cell RNA sequencing (scRNA-seq). These data are consistent 
with our prior work that TRPV4 in alveolar macrophages drives bac-
terial clearance and cytokine secretion in vitro (24). On the basis of 
the changes in the neutrophil chemoattractants in vitro and in vivo, 
we show that macrophage TRPV4 dampens neutrophil recruitment 
and consequently decreases lung inflammation after infection.

Prior works highlighted that TRPV4 in alveolar macrophages and 
BMDMs is necessary to limit proinflammatory cytokine secretion 
and decrease lung injury in  vitro and in  vivo (23,  24). Here, we 
sought to uncover the mechanism by which TRPV4 inhibits inflam-
mation. Macrophages exhibit dynamic changes in cell shape upon 
matrix contact and upon navigating channels between the interstitial 
and alveolar spaces within the lung (41, 42). Changes in cell shape 
alter macrophage polarization and NF-κB activation (17, 37, 41–43). 
Increases in extracellular matrix stiffness have also been directly 
linked to NF-κB activation (phosphorylation of p65 and degradation 
of IκB) in multiple cell types and under pathogenic conditions that 
require cells to migrate and frequently divide, such as cancer (43, 44). 
In addition, in multiple cancer cell lines, NF-κB activation, as mea-
sured by p65 nuclear translocation, correlates with cell physical char-
acteristics such as cell area, spreading, polarity, and protrusions (44). 
Identifying how the macrophage recognizes a specific site of injury or 
maintains tissue integrity during health is an essential part of control-
ling inflammation and reversing ongoing lung tissue injury. Al-
though previous works identified TRPV4 as the key mechanosensor on 
macrophages that drive lung inflammation (23, 24), its intracellular 
signaling pathway in these cells has not been explored.

The key regulatory step of the NF-κB pathway starts with the IκB 
kinase complex (IKK) acting on the IκBs (IκBα, IκBβ, and IκBγ), which 
leads to ubiquitylation and degradation of IκBs and translocation of 
the transcription factors (p65, p50, and p52) to the nucleus (Fig. 7) 
(45, 46). However, contextual stimuli may specifically dictate IκB 
stabilization, phosphorylation, and degradation. TRPV4 directly 
binds to other proteins and kinases to signal intracellularly through 
its cytoplasmic tail (20, 30), and our work reveals that the ANKRD of 
TRPV4, which was not required for TRPV4 to mediate Ca2+ influx, 
bound to and inhibited p65 and exhibits several characteristics 

similar to the homologous ANKRD of the IκB family. The TRPV4 
ANKRD-p65 interaction localized to the ER membrane (47). Our data 
point to the concept that loss of TRPV4 on the ER membrane allows 
for priming of the macrophages in the basal state and then, upon LPS 
stimulation, leads to faster degradation of IκBα (Fig. 3C). However, 
there are still some unanswered questions. It remains possible that 
TRPV4’s N-terminal ANKRD acts as a higher-order complex seques-
tering the NF-κB signaling kinase complex in the perinuclear cytosolic 
region and that posttranslational modification (for example, phos-
phorylation or acetylation) occurs upon TLR agonism and dissociates 
the TRPV4-NF-κB/p65 complex (48–50). The precise molecular inter-
action among TRPV4 and the NF-κB complex in vivo in the setting of 
chronic inflammation is a topic for future investigation.

It remains teleologically uncertain why a mechanosensitive cation 
channel would biologically inhibit NF-κB action in the basal state. 
However, the TRPV4-p65 interaction may occur as a means to 
dampen the early acute inflammatory response and enhance subse-
quent wound healing or scar formation upon the cell sensing a stiff-
ened extracellular matrix (23, 24). These signals and the nature of 
the TRPV4-p65 interaction under these conditions have yet to be 
identified. Further work to understand this complexity and the role 
of calcium may allow for targeting and altering innate immune signals 
in response to infection or injury.

Notwithstanding the need for further studies, our work advances 
the understanding of the potential contribution of the mechanosensors 
in the stiffened microenvironment to the innate immune response in 
the lung, yet there are some limitations. Most of our in vitro systems 
require overexpression techniques, a consequence of limited available 
reagents. We also needed to validate the location of TRPV4 and p65 
using immunofluorescence that is inherently less quantitative but con-
firmed the biochemical assays. In addition, activation of the NF-κB 
signaling cascade occurs rapidly and with overlapping activation signals; 
thus, identification of specific activation partners is difficult to 
achieve. However, we validated key readouts such as p65 and TRPV4 
coimmunoprecipitation endogenously and NanoBiT binding in pri-
mary macrophages. Also, we have shown the macrophage TRPV4 re-
sponse to P. aeruginosa, which activates multiple TLRs, in vivo. Given 
that this work was limited to in vitro studies to examine the mecha-
nism, we will investigate in vivo biology using TRPV4 mutants defi-
cient in p65 binding in future studies to determine the implication of 
TRPV4-mediated regulation of the NF-κB pathway on lung injury.

In conclusion, inflammation in the lung is a complex process that 
depends on the NF-κB pathway. Innate immune cells such as mac-
rophages are essential to calibrate the inflammatory response to re-
solve injury and begin repair in the setting of bacterial pneumonia. 
Our data suggest that TRPV4 is a mechanosensitive channel that 
binds to the NF-κB complex to act as an inhibitor, similar to that of 
IκBα, regulating proinflammatory cytokine gene expression. Regu-
lation of proinflammatory pathways by microenvironmental signals 
is important to the pathogenesis of many inflammatory diseases 
outside of bacterial pneumonia–associated ARDS, indicating the 
broad applicability of this work.

MATERIALS AND METHODS
Antibodies and reagents
Primary antibodies to extracellular and intracellular TRPV4 (Alomone 
Labs, Jerusalem Israel; Cell Signaling), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; Fitzgerald Industries International, Acton, 
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MA), total NF-κB/p65 (Cell Signaling), IκBα (Santa Cruz Biotech-
nology), integrin β1 (BD Biosciences), β-actin (Abcam), and GSK 
(Sigma-Aldrich) were obtained from commercial vendors. Pam3CSK4, 
Poly I:C, CpGDNA, Myc, and calnexin were obtained from Cell Signal-
ing. Escherichia coli LPS 0111:B4 was obtained from Sigma-Aldrich.

Cell culture, transfection, immunoblotting, plasma 
membrane and cytoplasmic isolation, and 
cytokine measurement
All animal protocols were performed as approved by the Cleveland 
Clinic Institutional Animal Care and Use Committee (IACUC) un-
der protocol no. 2624. Primary murine BMDMs were harvested 
from 8- to 12-week-old C57BL/6 WT, TRPV4-null (Trpv4 KO), or 
B6(SJL)-Relatm2.1Alex/J mice. BMDMs were differentiated in recom-
binant macrophage colony-stimulating factor (M-CSF) (50 ng/ml; 
R&D Systems) as previously published (23, 24). Cells were treated with 
Pam3CSK4 (100 ng/ml, 1 hour), LPS (0.1 to 10 μg/ml, 6 to 24 hours), 
poly I:C (10 μg/ml, 1 to 3 hours), or CpG DNA (5 μg/ml, 1 to 3 hours). 
HeLa cells [American Type Culture Collection (ATCC), CCL-2], 
HEK 293T (ATCC, CRL-3216), and RAW267.4 (ATCC) were cul-
tured per standard culture conditions as previously published (23). 
TRPV4 overexpression was achieved by transfecting 293T and HeLa 
cells with the Myc-TRPV4 plasmid construct, as previously published 
(35, 51). RAW267.4 cells were transfected with the GFP-TRPV4 plas-
mid construct, as previously published (35, 51). Trpv4 KO BMDMs 
were transduced with Myc-EV or Myc-TRPV4FL lentiviral constructs 
(VectorBuilder) for colocalization studies. p65 expression was down-
regulated by transfecting BMDMs with mouse p65-specific siRNA 
duplexes or scrambled siRNA controls (Dharmacon) using electro-
poration, as previously published (23). Immunoblotting was performed 
for selected proteins as previously published (23, 24). To measure 
the time course changing of IκBα and nuclear p65, BMDMs from 
WT and KO mice were differentiated and treated with HC-067047 
(MedChemExpress, HY-100208) and/or LPS (50 to 100 ng/ml) for 
the indicated time. Cell extracts were immunoblotted with the indi-
cated antibodies. IκBα and nuclear p65 protein were quantified and 
normalized to GAPDH or Lamin B levels. ER and cytosol fractionation 
was performed via published protocols, and immunoblots were 
performed; fractions were normalized to GAPDH and calnexin 
(35, 52, 53). Enzyme-linked immunosorbent assays (ELISAs; IL-1β 
from R&D systems) were run on conditioned media from WT BMDMs 
with/without LPS and Trpv4 KO BMDMs as previously published  
(23, 24).

P. aeruginosa mouse model of acute pneumonia
P. aeruginosa PAM57-15 (mucoid clinical isolate) was used at a sub-
lethal dose of 105 to 106, and sterile culture was instilled intranasally 
in female alveolar macrophage–specific Trpv4 KO mice (Cd11cCre × 
Trpv4fl/fl) and age-matched Trpv4fl/fl mice (Case Western Reserve). 
Mice were anesthetized with aerosol isoflurane inhalation, and 
P. aeruginosa were instilled intranasally in a volume of 40 μl to allow 
infection to reach deep airspaces (54). Total bacterial concentration 
instilled was measured before instillation [colony-forming units per 
millilter (CFU/ml)] as previously published (24). Treatment course 
was monitored as described previously (24). Two days after bacte-
rial installation, BAL and BALF were obtained for total cell count, 
differential, and cytokine measurement using LEGENDplex, Mouse 
Proinflammatory Chemokine Panel V02 (BioLegend, catalog no. 
741295) per the manufacturer’s instructions.

The original strain of Trpv4fl/fl was obtained from the Case Trans-
genic and Targeting Facility at Case Western Reserve. Embyonic stem 
cells were obtained from the Mutant Mouse Research & Research 
Center (MMRRC) and implanted to obtain chimeric mice. Cd11cCre 
(the Jackson Laboratory, strain no. 008068) mice in which Cre re-
combinase is knocked in to C57BL/6J mice at a location separate from 
endogenous Cd11c. Cd11cCre × Trpv4fl/fl mice were generated by 
crossing the two strains. Genotyping was completed using TransnetYX 
services, and mice either hemizygous or heterozygous for Cd11cCre 
and homozygous for Trpv4fl/fl were selected for experimentation. In 
our laboratory, we have further backcrossed to C57BL/6 animals to 
maintain the background. Mice for experimentation were between 
the ages of 8 and 12 weeks.

Flow cytometry
Animals infected with P. aeruginosa were euthanized, and lungs were 
perfused with cold phosphate-buffered saline (PBS). Lung tissue was di-
gested by mincing and incubating with collagenase I (1 mg/ml; catalog 
no. LS004196; Worthington Biochemical), DNase I (5 mg/ml; D4263, 
Sigma-Aldrich), and RBC lysis buffer (catalog no. 50-112-9743, Thermo 
Fisher Scientific). Single-cell suspension was counted manually, and cell 
differential was determined by cytospin. Five million cells per condition 
were preincubated with Fc block (catalog no. 553141, BD Biosciences) 
and stained with CD45 (30-F11) BV785 (1:500; BioLegend), F4/80 
(BM8) PE-Cy5 (1:500; BioLegend), and Siglec-F(S17007L) PE-
Dazzle594 (1:500; BioLegend). Cells were then incubated with Zombie 
Aqua Fixable Viability (BioLegend) to exclude dead cells according to 
the manufacturer’s instructions. Using the FIX & PERM Cell Fixation 
Kit (Life Technologies), cells were fixed and permeabilized. Following 
this, cells were incubated with IL-1β (NJTEN3) PE (1:500; Invitrogen) 
and CCL2(2H5) FITC (1:500; Invitrogen). All antibodies were titrated to 
determine optimal staining concentrations for our specific application. 
Staining was performed in cluster tubes of 250-μl volume on ice incu-
bated for 30 min. Samples were run on a FACSymphony A1 (BD 
Biosciences) flow cytometer with standard configuration with 50,000 to 
100,000 events acquired. Data were analyzed using FlowJo10 software 
(Tree Star). Dead cells and cell debris were excluded before gating for 
macrophage markers.

10X Genomics single-cell sequencing
BMDMs from three individual WT and three individual Trpv4 KO 
mice ± LPS (n = 12 total samples) differentiated as above were ana-
lyzed using 10X Genomic Sequencing. CellRanger (v3.1.0) was used 
for alignment of raw FASTQs to the mm10 reference genome. Down-
stream analyses were performed using the Seurat package (v4) in R 
(v4.2). Raw counts were used from a filtered feature matrix for each 
sample. Cells were filtered for >250 nonzero gene counts, >1000 unique 
transcripts, <40,000 unique transcripts, and <10% mitochondrial tran-
scripts. Integration and clustering were performed on a per sample 
basis. A total of 3000 features were used for integration. Following 
principal component analysis Uniform Manifold Approximation and 
Projections (UMAPs) were visualized with 40 dimensions. Differential 
marker gene expression was found using “FindAllMarkers” both over-
all and within each cluster, which uses a Wilcoxon rank sum test. Path-
way analyses were performed on these gene lists using gprofiler.

NF-κB response element reporter assay and mVenus-RELA 
(p65) reporter assay
Plasmid containing the NF-κB response element was synthesized 
by Integrated DNA Technologies (Coralville, IA) and subcloned in 
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the pGL3-basic vector (Promega, Madison, WI). HeLa cells (ATCC, 
CCL-2) were grown in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum (FBS) and penicillin/streptomycin 
(100 U/ml) and were transfected at 60% confluence with the TRPV4 
and pGL3-basic plasmid construct using Lipofectamine 3000 (Life 
Technologies) according to the manufacturer’s protocol. The pRL-TK 
Renilla plasmid (Promega) was used as an internal control. The next 
day, cells were washed with warm PBS and then incubated in DMEM 
growth medium containing the indicated reagents as described in 
the figures. After overnight incubation, cells were harvested, and lu-
ciferase activities were determined by a Dual-Luciferase Reporter 
Assay kit (Promega; Millipore no. SCT152).

B6(SJL)-Relatm2.1Alex/J mice were purchased from the Jackson 
Laboratory (strain no. 038987), and BMDMs were acquired as de-
scribed above. TRPV4 expression was down-regulated by transfecting 
BMDMs with mouse Trpv4-specific siRNA duplexes or scrambled 
siRNA controls (Origene) using electroporation, as previously pub-
lished (23). Cells were treated for 1 hour with LPS (1 μg/ml) before 
being scraped and put through a 35-μm filter. Cells were incubated 
with LIVE/DEAD Fixable Aqua Dead Cell Stain (1:1000; Invitrogen). 
Samples were run on a FACSymphony A1 (BD Biosciences) flow cy-
tometer with standard configuration with 5000 to 10,000 events ac-
quired. Data were analyzed using FlowJo10 software (Tree Star). Dead 
cells and cell debris were excluded before analyzing the mean fluores-
cence intensity (MFI) of mVenus fluorescence.

Real-time quantitative PCR
Total RNA was extracted using TRIzol reagent (Thermo Fisher 
Scientific Inc., Waltham, MA) or RNeasy Mini Kit from Qiagen 
(Germantown, MD) following the manufacturers’ protocols. cDNA 
was generated from 1 μg of total RNA using a High-Capacity RNA-
to-cDNA kit (Thermo Fisher Scientific Inc.). Real-time quantitative 
polymerase chain reaction (qPCR) analysis was performed using 
synthesized primers (detailed below) and measured by the SYBR 
Green method. mRNA values were normalized to Gapdh mRNA. 
Gene expression was calculated using the 2−∆∆CT method and re-
ported relative to WT control cells for the indicated agonist.

Gapdh_F: AGGTCGGTGTGAACGGATTTG; Gapdh_R: TGT
AGACCATGTAGTTGAGGTCA; Cxcl1_F: CTGGGATTCACCTC
AAGAACATC; Cxcl1_R: CAGGGTCAAGGCAAGCCTC; Il1b_F: 
GCAACTGTTCCTGAACTCAACT; Il1b_R: ATCTTTTGGGGTC- 
CGTCAACT.

Construct generation, cloning, and NanoBiT experiment
The NanoBiT Protein:Protein Interaction (PPI) system (Promega) 
was used as a luciferase-based assay to measure TRPV4 and p65 pro-
tein interaction. hRELA/p65, hTRPV4FL, and hTRPV4ΔANKRD with 
cDNA fragment were synthesized and purchased (Azenta). hRELA/
p65, hTRPV4FL, and hTRPV4ΔANKRD constructs were fused with Large 
BiT (pBiT2.1[TK/LgBiT], LgBiT) (hTRPV4FL and hTRPV4ΔANKRD) 
and Small BiT (pBiT2.1-N [TK/SmBiT], Sm-BiT) (hRELA/p65) 
using the Clone Express II One Step Cloning Kit (Vazyme) and 
vectors that contain a cytomegalovirus (CMV) promotor for mam-
malian expression.

HEK 293T cells were seeded at 4 × 104 cells per well in a 96-well 
plate. Following overnight incubation, cells were transfected using 
Lipofectamine 3000 (Invitrogen). Cells were transfected with both 
an Lg-BiT (EV, hTRPV4FL, and hTRPV4ΔANKRD) and an Sm-BiT (EV 

and hRELA/p65) construct with two technical replicates per condi-
tion. Transfected cells were incubated for 16 hours to allow for ex-
pression of fusion proteins. The Nano-Glo Vivazine substrate was 
added to each condition and incubated for 1 hour in the dark to al-
low for stable signal. Luminescence was read on a SpectraMax ID5 
plate reader (Molecular Devices) every 5 min for 2 hours.

Trpv4 KO BMDMs were seeded at 4 × 104 cells per well in a 96-
well plate. Following overnight incubation, cells were transduced 
with LV packed in house using a second-generation LV system 
packaged in HEK 293T cells. The packaged virus was pooled for 3 days 
and then filtered before being placed on the Trpv4 KO BMDMs and 
spun for 1 hour at 951g. Following 16 hours of incubation, the LV 
was removed and cells were supplemented with complete medium. 
Cells were transduced with both an Lg-BiT (EV, hTRPV4FL, and 
hTRPV4ΔANKRD) and an Sm-BiT (EV and hRELA/p65) construct 
with two technical replicates per condition. Transduced cells were 
incubated for 48 hours following virus removal to allow for expres-
sion of fusion proteins. The Nano-Glo Vivazine substrate was added 
to each condition and incubated for 1 hour in the dark to allow for 
stable signal. Luminescence was read on a SpectraMax ID5 plate 
reader (Molecular Devices) every 5 min for 2 hours.

Interaction of hRELA and hTRPV4 was detected with a rise in 
luminescence, indicating interaction of the Lg-BiT and Sm-BiT form-
ing a productive enzyme. The baseline signal can be observed in con-
trol samples indicating free Lg-BiT and Sm-BiT diffusion-limited 
interactions. Data were normalized to Lg-BiT and Sm-BiT EVs con-
trol condition at the 1-hour and 30-min time point corresponding to 
peak enzyme activity.

Measurement of intracellular calcium
The calcium response to TRPV4 agonist (GSK) was analyzed using 
fluorescent Calcium 5 dye (Molecular Devices)–treated cells in a 
microplate reader as previously published (51). Cytosolic calcium 
increases (Ca2+ influx) are presented as RFU above EV.

Coimmunoprecipitation
To assess the interaction between TRPV4 and proteins in the NF-κβ 
pathway, HeLa and 293T cells were transfected with the N-terminal, 
Myc-tagged TRPV4FL plasmid or Flag-tagged p65 plasmid for 24 hours. 
Cell lysates were prepared as described above. Aliquots containing 
equal protein were reacted with mouse ChromoTek Myc-Trap Agarose 
beads for 1 hour at 4°C, followed by washing four times antigen-bead 
complexes with tris-buffered saline with 0.05% Tween-20 (TBST) at 
4°C. Immunoadsorbed proteins and total cell lysates were separated 
on 8% SDS–polyacrylamide gel electrophoresis (PAGE) gels and im-
munoblotted with antibodies against Myc or p65 (CST; 1:5000). When 
assessing the interaction at the endogenous level, BMDMs’ extracts 
were immunoprecipitated with p65 antibody (CST; 1:200) overnight 
and reacted with protein A/G agarose beads.

Immunofluorescence
For Myc constructs, Trpv4 KO BMDMs were plated with standard 
tissue conditions on chamber slides (ibidi no. 80841) and transduced 
with Myc-TRPV4FL or EV LV for 6 hours. Cells were grown for 
72 hours and then treated ± LPS for 1 hour (100 ng/ml). Likewise, 
RAW267.4 cells were transfected with the GFP-TRPV4 construct or 
EV and treated ± LPS. For bimolecular fluorescence complementa-
tion (BiFC), HeLa cells were transfected with VN-EV + VC-EV or 
VN-tagged TRPV4 and VC-tagged p65. After treatment, cells were 
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fixed with 4% paraformaldehyde (PFA). For staining, cells were per-
meabilized with 0.03% Triton X-100 and blocked with 5% normal 
goat serum. Cells were stained overnight at 4°C with primary anti-
p65 (1:500) or anti-calnexin antibody (1:200), followed by Alexa 
Fluor 568 secondary antibody (1:500, 1 hour at room temperature) 
in blocking solution. Slides were mounted with ProLong Gold Anti-
fade with DAPI (Invitrogen, no. P36935). Images were acquired us-
ing a Leica SP8 inverted confocal microscope at 40× and 63× original 
magnification and processed with LAS X software. Pearson’s coeffi-
cient was calculated by manually isolated fields using Volocity and 
ImageJ software.

Bimolecular fluorescence complementation
HeLa cells were plated on chamber slides (ibidi) with 10,000 cells per 
well and allowed to adhere for 6 hours. Cells were transfected using 
polyethyleneimine with combinations of VN-TRPV4 tag, VC-p65, 
and their corresponding EV controls. After transfections, cells were 
incubated for 24 hours to allow protein expression. Cells were fixed 
using 4% PFA in PBS for 20 min at 4°C. Slides were washed with PBS 
and coverslips mounted using ProLong Gold Antifade Mountant 
with DAPI and allowed to set overnight. Images were acquired using 
a Leica SP8 inverted confocal microscope at 40× and 63× original 
magnification and processed with LAS X software. A positive exper-
iment has fluorescence corresponding to Venus excitation and emis-
sion under the VN-TRPV4:VC-p65 condition, as quantified by 
whole-image integrated intensity using ImageJ software.

Sequence alignment
Sequence alignment of the human IκBα and human TRPV4 N-terminal 
domain was generated using the CLC Genomics Workbench. Selected 
residues were annotated using Microsoft PowerPoint. Structures were 
visualized and figures prepared using the Pymol Molecular Visualiza-
tion system using Protein Data Bank (PDB) entry 1NFI.

Statistical analysis
Statistical analysis between two groups was performed by an unpaired 
Student’s t test. For multiple comparison between groups, statistical 
analysis was performed by one-way analysis of variance (ANOVA) 
with Bonferroni or Šidák’s multiple-comparison test (MCT) or two-
way ANOVA with Tukey’s MCT to determine adjusted P values 
(Prism, GraphPad Software, La Jolla, CA). All graphs in this paper are 
displayed with error bars corresponding to SEM. In all cases, P values 
< 0.05 were considered statistically significant. Each figure panel con-
tains information on statistical tests used and P values for which sig-
nificance mark denotes.
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