J c I The Journal of Clinical Investigation

Mechanical strain exacerbates Pseudomonas infection in an
organoid-based pneumonia-on-a-chip model

Karen Hoffmann, Ulrike Behrendt, Peter Pennitz, Holger Kirsten, Jessica Pohl, Elena Lopez-Rodriguez, Chantal Weissfuss, Jens Kollmeier, Mario Ténnies, Sebastian Brill,
Konrad Steinestel, Martin Witzenrath, Werner Wenzel, Christian Zobel, Geraldine Nouailles

J Clin Invest. 2026;136(2):e192454. https://doi.org/10.1172/JC1192454.

BEEEETENLCTE  Infectious disease Pulmonology

To the Editor: Pseudomonas aeruginosa ventilator-associated pneumonia (VAP) is one of the most frequent nosocomial infections in
mechanically ventilated ICU patients, with mortality rates, ranging from 24% to 76% (1), worsened by multidrug resistance. Still, VAP
pathophysiology remains unclear, partly due to limited model systems. Today, organotypic models, like the Emulate alveolus chip, can
replicate alveolar-capillary physiology, including air-liquid interface (ALI), vascular flow, and mechanical forces. Here, we advanced the
alveolus chip into a Pseudomonas pneumonia-on-a-chip (POC) model using human primary pulmonary microvascular endothelial cells and
human alveolar epithelial cells of different origin (Figure 1A). As barrier integrity and terminal differentiation into alveolar type 2 (AT2) and
alveolar type 1 (AT1) cells are essential for lung function in vivo, we assessed these features in commercial primary alveolar epithelial cells
(CPAECSs) and organoid-derived alveolar epithelial cells (ODAECs) cultured on chips. We also examined the impact of cyclic deformations
at a respiratory-like frequency (0.25 Hz) with varying intensities, mimicking either physiological (5%) (2) or hyperphysiological (10%)
mechanical strain (3). All cell types formed a confluent layer with immunofluorescence and apparent permeability (Papp) measurements
confirming tight barrier formations (Supplemental Figure 1, A and B; supplemental material available online with this article;
https://doi.org/10.1172/JCI192454DS1). Yet, Papp was slightly increased in 10% stretched ODAECs, suggesting barrier impairment by
hyperphysiological stretch. LysoTracker staining, which marks surfactant-producing lamellar [...]
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Mechanical strain exacerbates Pseudomonas infection
in an organoid-based pneumonia-on-a-chip model

To the Editor: Pseudomonas aeruginosa ventilator-associated
pneumonia (VAP) is one of the most frequent nosocomial infec-
tions in mechanically ventilated ICU patients, with mortality
rates, ranging from 24% to 76% (1), worsened by multidrug
resistance. Still, VAP pathophysiology remains unclear, partly
due to limited model systems.

Today, organotypic models, like the Emulate alveolus chip,
can replicate alveolar-capillary physiology, including air-liquid
interface (ALI), vascular flow, and mechanical forces. Here, we
advanced the alveolus chip into a Pseudomonas pneumonia-on-
a-chip (POC) model using human primary pulmonary micro-
vascular endothelial cells and human alveolar epithelial cells of
different origin (Figure 1A).

As barrier integrity and terminal differentiation into alveo-
lar type 2 (AT2) and alveolar type 1 (AT1) cells are essential for
lung function in vivo, we assessed these features in commercial
primary alveolar epithelial cells (CPAECs) and organoid-de-
rived alveolar epithelial cells (ODAECSs) cultured on chips. We
also examined the impact of cyclic deformations at a respira-
tory-like frequency (0.25 Hz) with varying intensities, mimick-
ing either physiological (5%) (2) or hyperphysiological (10%)
mechanical strain (3).

All cell types formed a confluent layer with immunofluo-
rescence and apparent permeability (Papp) measurements con-
firming tight barrier formations (Supplemental Figure 1, A
and B; supplemental material available online with this article;
https://doi.org/10.1172/JCI192454DS1). Yet, P, was slightly
increased in 10% stretched ODAECsS, suggesting barrier impair-
ment by hyperphysiological stretch.

LysoTracker staining, which marks surfactant-producing lamel-
lar bodies, revealed larger and brighter structures in ODAECs com-
pared with CPAECs (Figure 1B and Supplemental Figure 1C).
Transmission electron microscopy (Figure 1C and Supplemental
Figure 1D) further confirmed mature lamellar bodies in ODAECs,
while CPAECs contained only lipid droplets, indicating that surfac-
tant-producing AT2 cells were exclusive to ODAEC chips.

Moreover, while CPAECs stained positive for AT2 marker
HTII-280 (Supplemental Figure 2A), mRNA expression of SFT-
PC, SFTPB, and ABCA3 was only detectable for ODAECs (Fig-
ure 1E). Intriguingly, evidence of AT1-like cells in ODAECs was
supported by immunofluorescence for AT1 markers HTI-56 and
RAGE/AGER (Figure 1D and Supplemental Figure 2B) as well
as mRNA expression of AGER, HOPX, and, to a lesser extent,
PDPN (Figure 1E).

To elucidate factors influencing AT1 differentiation, we cul-
tured ODAECs under static conditions and without endothelial
cells on chip, as well as in Transwells under liquid-liquid and
ALI conditions.

Surprisingly, while AT1 marker expression increased across
all conditions, comparing the 2D with the organoid cultures, nei-
ther ALI nor stretch or the presence of endothelial cells seemed

J Clin Invest. 2026;136(2):e192454 https://doi.org/10.1172/)C1192454

to affect AT1 differentiation, and it had minimal impact on AT2
differentiation (Supplemental Figure 2, C and D).

Single-cell RNA sequencing of stretched ODAECs and
CPAEC s, integrated with alveolar organoid data (4), confirmed
the presence of AT1-like cells and fewer AT2 cells in ODAECs
(Figure 1F and Supplemental Figure 3, A and B). In contrast,
CPAECs remained in an intermediate basaloid cell state, failing
to differentiate into AT1 or AT2 cells on chip.

Differential gene expression analysis between 10% and 5%
stretched cells revealed more downregulated than upregulated
genes across all major cell types (Figure 1G and Supplemen-
tal Figure 3C). This indicates that increased mechanical strain
broadly suppresses gene expression in both epithelial and endo-
thelial populations.

Having established that ODAECs exhibit superior differen-
tiation capacity and that increased stretch substantially alters
gene expression, we next introduced Pseudomonas (strain PAO1-
GFP) as a causative agent of VAP. At 12 hours postinfection
(hpi), CFUs, permeability, and cytokine levels were assessed.
CFUs in the vascular channel and P, were higher in 10%
compared with 5% stretched ODAEC chips (Figure 1, H and I,
and Supplemental Figure 4, A and B), indicating that mechan-
ical strain exacerbates Pseudomonas infection in the alveolus.
CPAECs showed similar but less pronounced effects, poten-
tially due to limited differentiation or higher cell densities, as
observed via imaging (Figure 1, B and D). Measurements of
proinflammatory cytokines IL-6 and IL-8 confirmed strong
immune activation in both ODAECs and CPAECs (Supplemen-
tal Figure 4C). Notably, lower cytokine levels were detected
under 10% compared with 5% stretch, suggesting that increased
strain modulates immune reactivity. Consistently, IL-6 and IL-8
transcripts were also downregulated in 10% stretched AT2 cells
(Supplemental Figure 3C).

‘We hereby present what we believe to be the first functional
Pseudomonas POC and VAP-on-a-chip model that replicates key
features of disease, including enhanced mechanical strain. Nota-
bly, increased cellular stretch intensified Pseudomonas infection,
leading to greater barrier disruption and bacterial translocation,
demonstrating the chip’s ability to simulate early stages of VAP.

Additionally, ODAECs showed improved differentiation
ability on chip, giving rise to both AT2 and ATlI1-like cells.
Future studies should further explore how mechanical strain
affects gene expression and contributes to infection severity and
barrier breakdown. Going forward, we aim to investigate how
this model captures pathogen colonization and virulence mech-
anisms — critical processes in the progression of pneumonia
from initially opportunistic infections.

For detailed methods, information regarding sex as a bio-
logical variable, statistics, study approval, data availability,
author contributions, and acknowledgments, see the supple-
mental materials.

1


https://doi.org/10.1172/JCI192454
https://www.jci.org/articles/view/192454#sd
https://doi.org/10.1172/JCI192454DS1
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd
https://www.jci.org/articles/view/192454#sd

RESEARCH LETTER The Journal of Clinical Investigation

5% 10% 5% 10%
CPAEC ODAEC

A B LysoTracker™ c D MFI4HTI-56
< Epithelial cell HTIG6Z0-1 DAPI X10% Ns NS
) MV Q\Of‘ W .
V4 | ul': " N
. é 2 2 o
o <
(@) o 5
o [ ]
X = 1 -
o )
! B )
5 < 7
o ¢)

E AT1 marker AT2 marker F G AT1-like — 10% vs.5%
150 — i L3 A Down:2404 'Up 615
, ; i
§ 100 i Eg 150 ;.(}AMK']D 'leM
@ 507 i Endothelial 3 , @ "} Topt
s T o = PPARG ‘
& 107 ! % S100|L1rr - EF2 qyaar]
2 5+ : Q o ;
= 5 i : Neuro- ~ :
3 = \ endocrine o 3 .S100A6
&8'113_ i i —? 50 : SFTPB  IGFBP7
0.05 i ZB; .
0 Loe DL DL W' _. pL il pL broliferat "y
HOPX AGER PDPN 1ABCA3 SFTPC SFTPB 5 5 5’°'era "’180 TP e
CPAEC-5% “CPAEC-10% °®ODAEC-5% °ODAEC-10% UMAP_1 Avg_log, (fold change)
H _ ) NS 1 . . NS
DAPI Bacteria on the vascular side 57 —/— Barrier permeability 37
4 Papp [cM/s] NS .
NS ‘
CRUmL oy * o105 1 ]

4x10% ]
2x108

o
o
e . %
8x105]

4x10%

log,, CFU/mL
—_ w
1 1 1
[ X4
Ppp [cMV/s] X107
- N
1 1
L 3
) M\

X - -
S8 3x104 = 7 2x10-5] 5
N, 2x10% £ 6 = y B S 4
ol 1x10%4 5 o x
<§ 04 : ol 0 A @ 37
0 0 0, ° T T T T £
o % 10% 5% 19% 241 / 5% 10% 5% 10% O 2
: CPAEC  ODAEC 2 2
3 CPAEC ODAEC of 11 o'
OExp.3 AExp.4 OExp.5 OExp.6-1 VExp.6-2 OExp.7 22— P. aeruginosa o—
5% 10% 5% 10%

Figure 1. Organoid-derived alveolar cells differentiate on a stretchable microfluidic device and show force-dependent susceptibility to Pseudo-
monas infection. (A) Experimental outline. (B) Live-cell staining with LysoTracker. Scale bar: 100 um. (C) Transmission electron micrograph of an
ODAEC chip. Scale bar: 250 nm. LB, lamellar body; MV, microvilli. (D) Immunofluorescence staining of AT1 marker HTI-56 (magenta) and tight junc-
tion marker Z0-1 (yellow). Scale bar: 100 um. Mean fluorescence intensities (MFI). Different symbols indicate independent experiments. Two-tailed
paired t tests (P < 0.05). (E) Relative expression of AT1and AT2 marker genes in CPAECs and ODAECs, normalized to GAPDH, measured by gPCR.
Data are shown as the mean + SEM, with data points from 3 independent experiments. DL, detection limit. One-way ANOVA (P < 0.05). (F) Uniform
manifold approximation and projection (UMAP) plot of identified cell populations estimated from single-cell RNA-sequencing data from 1 CPAEC
and 1 ODAEC donor each on-a-chip (5% and 10% stretch) integrated with a previously generated dataset of alveolar organoids (ref. 4; accession
GSE197949). (G) Volcano plot of differentially expressed genes in 10% vs. 5% stretched AT1-like cells from the chip. (H) Immunofluorescence images
of Pseudomonas (green) in the vascular channel (VE-Cadherin, orange) and quantification of bacterial load (CFU/mL) at 12 hpi. Scale bar: 150 um

(I) Apparent permeability (P, ) at 12 hpi. (H and 1) In bar graphs, data are shown as the mean + SEM, with data points of all chip replicates over 4
independent experiments and 3 different donors for CPAECs and ODAECs. One-way ANOVA. In paired line plots, data are shown as the mean of chip
replicates of each independent experiment. Two-tailed paired t tests (*P < 0.05, **P < 0.005).
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