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Bacterial–host adhesion dominated by
collagen subtypes remodelled by osmotic
pressure
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Hongwei Xu1, Yuting Feng1, Yongtao Du2,3, Yiming Han1, Xiaocen Duan1, Ying Jiang1,4, Liya Su5,
Xiaozhi Liu6,7, Siying Qin8, Kangmin He2,3 & Jianyong Huang 1

Environmental osmolarity plays a crucial role in regulating the functions and behaviors of both host
cells and pathogens. However, it remains unclear whether and how environmental osmotic stimuli
modulate bacterial‒host interfacial adhesion. Using single-cell force spectroscopy, we revealed that
the interfacial adhesion force depended nonlinearly on the osmotic prestimulation of host cells but not
bacteria. Quantitatively, the adhesion force increased dramatically from 25.98 nN under isotonic
conditions to 112.45 or 93.10 nN after the host cells were treated with the hypotonic or hypertonic
solution. There was a strong correlation between the adhesion force and the number of host cells
harboring adherent/internalized bacteria. We further revealed that enhanced overexpression levels of
collagen XV and II were responsible for the increases in interfacial adhesion under hypotonic and
hypertonic conditions, respectively. This work provides new opportunities for developing host-
directed antibacterial strategies related to interfacial adhesion from amechanobiological perspective.

Osmotic stress is widespread in host environments because of the potential
influence of many factors, such as diet1, physiology2, diseases3,4 and drugs5.
For example, a 7-fold increase inosmolarity at lesion sites3 canbe inducedby
cystic fibrosis in the airway. Osmotic pressure perturbations can be caused
bynot only changes in luminal contents6 but also conditions suchas osmotic
diarrhea7, inflammatory bowel disease8 and the use of osmotic drugs5 in the
gut. Osmotic homeostasis profoundly regulates cell cycle arrest9,
immunity10–12, migration and other cell functions and behaviors13. It has
been reported that hypertonic osmotic pressure modulates vascular barrier
function and proactively prevents infectious diseases from progressing to a
severe stage14. There is growing evidence that hyperosmolality induced by a
high-salt diet impairs antimicrobial neutrophil responses10, triggers auto-
immune disease12, and enhances proinflammatory activity in
macrophages11. Osmotic pressure also mediates bacterial growth15,16 and
biofilm formation17,18. For example, mild osmotic stress can cause the gut
microbiota S24-7 family to undergo abundant extinction in circumstances
involving long-term changes5, whereas osmotic pressure gradients in
extracellularmatrices play crucial roles in controlling the growth, thickening

and spreading of Bacillus subtilis biofilms17. However, it is currently unclear
whether and how extracellular osmolarity modulates bacterial and host cell
interactions.

Pathogenic bacteria‒host interactions and the resulting bacterial
infections are likely to be life-threatening and seriously affect human
health19,20. In essence, bacterial infection is a multistep process that allows
bacteria to adhere to host cells and subsequently invade, colonize, and
spread to other sites within the host21,22. Generally, interfacial contact and
adhesion between bacteria and host cells is the first step for bacteria to infect
host cells23, where bacterial pathogens have already evolved to express
specific adhesins that adhere to host cells through proteins such as
fibrinogen24, fibrin, and collagen25–27. Staphylococcus aureus (S. aureus), for
example, expresses specific collagen-binding adhesins28,29, i.e., collagen
adhesins (Cna), which contribute to bacterial adhesion to the host and
subsequent bacterial virulence30–32. In recent years, several attempts have
been made to characterize the interactions between bacteria and host cells
via atomic force microscopy (AFM)33–35. Beaussart and coworkers reported
that the interactions between Pseudomonas aeruginosa and A549 cells
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involve bacterial pili extension and the formation ofmembrane tethers from
host cells34. Additionally, AFM revealed that S. aureus mutants lacking
fibronectin-binding protein B (FnBPB) or coagulation factor B (ClfB) had a
reduced ability to adhere to the skin of patients with atopic dermatitis (AD),
which could enhance antimicrobial therapy in patients with AD35. To date,
one of the major challenges in traditional bacterium-directed che-
motherapies lies in the crisis of antibiotic resistance, which has led to
increasing interest in designing antibacterial strategies associated with host
microenvironments to increase antibiotic efficacy36–39. In fact, biomecha-
nical microenvironments around host cells can play crucial roles in bac-
terial‒cell interactions, such as the binding of adhesins to host cell
receptors40, bacterial infection of epithelial cells and the intracellular accu-
mulation of antibiotics41. It is very likely that quantitative studies on the
regulatory effects of biophysical/biomechanical microenvironments on
bacterial‒cell interactions provide new ideas for the development of host-
acting antibacterial therapies36,42,43.

Here, we focus on the interfacial adhesion interactions between bac-
terial pathogens and host cells regulated by osmotic homeostasis. With
single-cell force spectroscopy (SCFS), we quantify the adhesion forces
between abacteriumanda single host cell under different osmotic pressures.
We subsequently reveal that host cells under isotonic conditions can more
effectively resist bacterial infection by minimizing bacterial–cell adhesion
forces. With the aid of RNA sequencing, we show that, as different collagen
subtypes, collagen XV and II in host cells can be upregulated in hypotonic
and hypertonic environments, respectively, which leads to an increase in
interfacial adhesion forces and the subsequent exacerbation of infection.
These findings imply that targeting different isoforms of collagen proteins
expressed by host cells modulated by environmental osmolality may be a
new host-directed antibacterial strategy.

Results
Hypotonic or hypertonic stimulation increases bacterial
adhesion to host cells
The bacterial‒host interactions mediated by environmental osmolality are
widespread in the intestinal microenvironment and play essential roles in
regulating the physiological and pathological functions of the intestines1

(Fig. 1A). To mimic the interfacial interactions in vivo, we first constructed
an in vitro model of bacteria‒cell interactions, where environmental
osmolality was precisely controlled by adding a certain amount of deionized
water or D-mannitol solution44,45 to regular cell culture medium (Supple-
mentary Table 1). After exposing IEC-6 cells (rat small intestinal epithelial
cell line-6) to hypotonic (0.5× and 0.75×), isotonic (1×), and hypertonic
(1.5× and 2×) solutions for 3 h, we found that these osmotic stimuli did not
exhibit obvious cytotoxicity (Supplementary Fig. 1A and Fig. 2), even
though their volumes responded to changes in the environmental osmotic
pressure (Supplementary Fig. 1B, C).

Subsequently, we stimulated IEC-6 and HaCat (human keratinocyte)
cellmonolayers with the prepared hypotonic (0.5x and 0.75x), isotonic (1x),
andhypertonic (1.5xand2x) solutions for 1 h and then added S. aureusorE.
coli to interact with the host cell monolayers for another 2 h at different
osmotic pressures (Fig. 1B), where the number of bacteria added in the
experiments was 100 times that of the host cells. Our experimental data
showed that, in comparison with isotonic stimulation, both hypotonic and
hypertonic stimulations of the host cells induced increases in the number of
adherent bacteria on the hostmonolayers (Fig. 1C, I andSupplementary Fig.
3). When the prestimulation of host cells was changed from the isotonic
condition to the hypotonic or hypertonic condition, both the number of
bacteria adherent/internalized to host cells (NadB) and the number of host
cells harboring adherent/internalized bacteria (NadC) increased significantly
(Fig. 1D, E, J, K; Supplementary Fig. 3 and Supplementary Fig. 4). Quan-
titatively, after prestimulation of the host cell monolayers with hypotonic
and hypertonic solutions, NadB increased by approximately 3.25-fold and
approximately 2.07-fold, respectively, for the IEC-6 monolayers (Fig. 1F)
and by approximately 4.87-fold and approximately 2.56-fold, respectively,
for the HaCat monolayers (Fig. 1L). Moreover, NadC increased by

approximately 3.02-fold and approximately 2.93-fold for the IEC-6
monolayers (Fig. 1G) and by approximately 7.11-fold and approximately
4.00-fold for the HaCat monolayers (Fig. 1M). Similar trends in the
osmoregulated bacteria‒cell interactions were also further confirmed by
flow cytometric analysis (Fig. 1H, N and Supplementary Fig. 5). Addi-
tionally, lysis of post-infected cells for colony counting resulted in increases
in total and adherent bacteria with abnormal osmotic pressure (Supple-
mentary Fig. 6A).

To assess the generality of this phenomenon, the gram-negative bac-
teria E. coliwas used to interact with IEC-6 cells andHaCat cells, which also
presented increasing interactions between bacteria and host cells in both
hypo- and hyperosmotic environments (Fig. 2A–Dand Supplementary Fig.
6B). The influence of the osmotic agents themselves was also considered in
this work.When the hypertonic solution ofD-mannitol was replacedwith a
hypertonic solution prepared with NaCl to stimulate the host cell mono-
layers, we found a similar experimental phenomenon in which the hyper-
tonic stimulation of the host cells led to increases in the number of bacteria
adherent/internalized to host cells and the number of host cells harboring
adherent/internalized bacteria (Fig. 2E–H), which implied that these
osmotic agents themselves had little effect on osmotically stimulated bac-
terial‒cell interactions. To further elucidate the impact of hypotonic sti-
mulation on bacterial–host cell interactions, we performed a comparative
analysis of bacterial‒host interactions under isotonic, isotonic & low-
nutrient, hypotonic, and hypotonic conditions under normal nutrient
conditions (Supplementary Table 2 and Supplementary Fig. 7). Our
experimental findings indicated that hypotonic conditions led to increased
bacterial‒host interactions, demonstrating the significant role of osmolarity
in modulating bacterial‒host interactions.

Environmental osmotic pressures regulate bacterial–cell
adhesion forces
Bymeansof SCFSbaseduponfluidic forcemicroscopy (FluidFM)23,wenext
quantified the interfacial adhesion forces between the bacteria and the host
cell monolayers in hypotonic (0.5× and 0.75×), isotonic (1×), and hyper-
tonic (1.5× and2×) solutions.Weused aprobewith a specifiedfluid channel
to capture a single bacterium (S. aureus) and allowed it to gently approach
the underlying host cell monolayer at a speed of 1 μm/s until they were in
complete contact (Fig. 3A). After the probe with the bacterium was paused
for 30 s to allow sufficient adhesive interaction, we retracted it to its initial
position at the same speed of 1 μm/s (Video S1). In this way, we could
quantitatively estimate the interfacial adhesion force and adhesion energy
between the bacterium and the host cell monolayer. The mean adhesion
force between the bacterium (S. aureus) and the IEC-6 cell monolayer
increased from 25.98 nN (isotonic, 1×) to 61.1 nN (hypotonic, 0.75x) and
112.45 nN (hypotonic, 0.5×) or to 55.02 nN (hypertonic, 1.5×) and 93.1 nN
(hypertonic, 2×) (Fig. 3B). These results indicated that either the hypertonic
or hypotonic environment resulted in a significant increase in the interfacial
adhesion force. A similar conclusion could be drawn from the measured
data derived from the interfacial adhesion energy (Fig. 3C). There was a
strong correlation between the measured interfacial adhesion force and
NadC (%) under different osmotic stimulation prestimulations (Fig. 3D).
More interestingly, there was an approximately linear relationship (i.e.,
NadC (%) = 0.11*Fad+ 7.65), between theNadC (%),whichwasquantifiedby
flow cytometry, and the measured interfacial adhesion force, which was
within the range of 20–120 nN (Fig. 3E), implying that the interfacial
adhesion forces exerted an important impact on the interaction between the
bacteria and host cells. Furthermore, we investigated whether bacteria or
host cells play a more dominant role in regulating their interfacial adhesion
forces after osmotic stimulation. To this end, we employed hypotonic or
hypertonic solutions to stimulate bacteria, host cells or both (Fig. 3F) and
accordingly quantified the bacterium‒cell adhesion forces (Fig. 3G, H) and
the number of host cells harboring adherent/internalized bacteria (NadC

(%)) (Fig. 3I, J). Neither the interfacial adhesion forces nor NadC (%)
increased significantly when only the bacteria themselves were treated with
the hypotonic or hypertonic solutions, which had little effect on bacterial
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viability or growth (Supplementary Fig. 8), and adhesion (Supplementary
Fig. 9). In contrast, whenever the host cells experienced hypotonic or
hypertonic stimulation, both the interfacial adhesion force and NadC (%)
increased significantly in our experiments (Fig. 3G–J). Likewise, the surface
roughness and stiffness of the host cells were characterized by AFM after
stimulation in either hypotonic or hypertonic environments. As shown in
Supplementary Fig. 10, the indices of the osmotically stimulatedcells didnot
significantly change. These findings suggest that the host cells undergoing

osmotic stimulation have a more pronounced effect on the interfacial
interactions than do the bacteria involved and that the host cells may
respond to the surface components, thus affecting bacterial colonization.

RNA sequencing reveals distinct transcriptional profiles among
hypo-, iso-, and hyperosmotic environments
We employed a transcriptomic approach to explore the underlying
reason for the significant increase in interfacial adhesion forces between
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the bacteria and the host cell monolayers after treatment with the
hypotonic or hypertonic solutions. The RNA sequencing data revealed
that the transcriptional level of the host cells significantly changed once
the host cells were treated with the hypotonic or hypertonic solutions
(Supplementary Fig. 11 and Supplementary Table 3). Notably, the
expression levels of several genes related to different isoforms of col-
lagen were increased (Fig. 4A, B). A more detailed list of the major
differentially expressed genes is presented in Supplementary
Tables 4 and 5.

In fact, collagen, a protein abundantly found inhost cells26,46,47, serves as
a primary target for colonization by numerous pathogens and is also closely
linked to the formation of biofilms48,49. We subsequently investigated the
impact of the osmoregulation of different subtypes of collagen on bacterial‒
host cell interactions. Our qPCR analyses revealed that the expression of
COL15A1 was indeed elevated in hypo-osmotic environments, whereas
hyperosmotic environments led to an increase in the expression ofCOL2A1
(Fig. 4C, D, and Supplementary Fig. 12). The primers used in the qPCR
assays are listed in Supplementary Table 6. Similarly, we confirmed the

Fig. 1 | Interactions between bacteria and host cells are regulated by environ-
mental osmotic pressures. A Schematic diagram of interactions between bacteria
and cells in the intestinal microenvironment. B Schematic diagram of an in vitro
model of bacterial interaction with epithelial cells under different osmotic pressures.
The host cells were cultured for 12 h in regular culture medium and then stimulated
for 1 h in a specific osmotic mixture. Then, they were allowed to interact with GFP-
expressing S. aureus or E. coli for another 2 h and rinsed three times with Dulbecco’s
phosphate-buffered saline (DPBS) solution. Finally, the osmoregulated bacterium‒

cell interactions were quantified. C Images of GFP-expressing S. aureus adherent/
internalized to IEC-6 cells after the host cells were prestimulated with hypotonic
(0.5x), isotonic (1x), and hypertonic (2x) solutions, which were acquired with a laser
scanning confocal microscope. The F-actin cytoskeleton was labeled in red by
rhodamine phalloidin, and the nuclei were labeled in blue by DAPI. D and

E Statistical results of the number of bacteria adherent/internalized to host cells
(NadB) and the number of host cells harboring adherent/internalized bacteria (NadC)
inmicroscopy images with an imaging field of view of 337 × 337 μm2, where the host
cells were prestimulated with hypotonic (0.5x), isotonic (1x), and hypertonic (2x)
solutions, respectively.F andG Fold changes inNadB andNadC under hypertonic and
hypotonic conditions relative to the indices in the isotonic situation. (H) Statistical
results of the number of host cells harboring adherent/internalized bacteria
(NadC (%)) quantified through flow cytometry. I–N are similar toC–H, respectively,
except that the host cells were replacedwith theHaCat cell line. All the statistical data
(mean ± SD) originated from at least three independent experiments for each spe-
cific condition. Statistical analyses based on one-way ANOVA were used in the
experiments, and **, *** and **** denote P < 0.01, P < 0.001 and P < 0.0001,
respectively. Scale bar: 50 μm.

Fig. 2 | Interactions between the gram-negative
bacterium E. coli and host cells following presti-
mulation with hypotonic (0.5×), isotonic (1×) and
hypertonic (2×) solutions, as well as the effects of
different penetrants such as NaCl. Typical images
of GFP-expressing E. coli adherent/internalized to
IEC-6 cells (A) and HaCat cells (C). Scale bar:
100 μm. Statistical results of the number of host cells
(B: IEC-6; D: HaCat) harboring adherent/inter-
nalized bacteria, i.e.,NadC (%), which was quantified
by flow cytometry. E Typical fluorescence images of
GFP-expressing S. aureus adherent/internalized to
IEC-6 cells after the host cells were stimulated with
an isotonic solution (1x, left) or a hypertonic solu-
tion prepared with NaCl (1.5x, right). Scale bar:
100 μm. F Statistical results of the number of bac-
teria adherent/internalized to host cells (NadB) with
an imaging field of view of 337 × 337 μm2, where the
host cells were stimulated with an isotonic solution
(1x) or a hypertonic (1.5x) solution prepared with
NaCl. G Statistical analysis of the number of host
cells harboring adherent/internalized bacteria
(NadC (%)) by flow cytometry. H Colony count-
based statistical results of bacteria adherent/inter-
nalized to host cells that were prestimulated with
isotonic (1x) and hypertonic (1.5x) solutions pre-
pared with NaCl. All the statistical data are pre-
sented as the means ± SDs from at least three
independent experiments for each specific condi-
tion, and two-sided unpaired t-tests were used in the
analyses, with *** and **** indicating P < 0.001
and P < 0.0001, respectively.
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upregulated expression of these collagen isoforms at the protein level by
immunofluorescence staining (Fig. 4E, F). Compared with those under
isotonic conditions, the expression levels of both collagen isoforms under
hypotonicorhypertonic conditionswere increased (Fig. 4G,H). Specifically,
the expression of collagen XV was significantly increased under hypotonic
conditions (Fig. 4G), whereas that of collagen II was significantly increased
under hypertonic conditions (Fig. 4H). The results of the immunoblot
analysis were consistent with the immunofluorescence results (Supple-
mentary Fig. 13).

Inhibition of collagen reduces infection in hyperosmotic and
hypotonic environments
To validate the roles of COL15A1 and COL2A1 in the hypo- and
hyperosmotic stress-regulated interactions between bacteria and host
cells, we transfected siRNAs targeting COL15A1 or COL2A1 into IEC-
6 cells (Supplementary Table 7), which effectively reduced the tran-
scriptome and protein expression of the target genes (Supplementary
Fig. 14). We subsequently measured the interfacial adhesion forces
between a single bacterium (S. aureus) and IEC-6 cells treated with

Fig. 3 | Quantification of interfacial adhesion forces between bacteria and host
cell monolayers prestimulated with hypotonic (0.5× and 0.75×), isotonic (1×),
and hypertonic (1.5× and 2×) solutions. A Schematic diagram of the character-
ization of interfacial adhesion forces between bacteria and host cell monolayers
using single-cell force spectroscopy (SCFS) based on fluid force microscopy
(FluidFM). B Interfacial adhesion force and C adhesion energy between a single
bacterium and the host cell monolayers that were prestimulated with hypotonic
(0.5× and 0.75×), isotonic (1×), and hypertonic (1.5× and 2×) solutions.
DCorrelation between the interfacial adhesion force andNadC (%) quantified byflow
cytometry in different osmotic solutions. The points and curve in red represent the
data of the adhesion force, whereas those in black denote the data ofNadC (%). EAn

approximately linear relationshipwas observed betweenNadC (%) and the quantified
interfacial adhesion forces in the range of 20–120 nN. F List of experimental groups
in which hypotonic or hypertonic solutions were used to stimulate bacteria (i), host
cells (ii) or both (iii).G andHComparisons of interfacial adhesion forces in the three
experimental groups after stimulation with the hypotonic or hypertonic solutions,
respectively. I and JComparisons ofNadC (%) in the three experimental groups after
stimulationwith the hypotonic or hypertonic solution, respectively. All the statistical
data are presented as themean ± SD from at least three independent experiments for
each condition. Statistical analyses based upon one-way ANOVAwere adopted, and
*, **, *** and **** denote P < 0.05, P < 0.01, P < 0.001 and P < 0.0001, respectively.
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siRNAs targeting COL15A1 or COL2A1 (Fig. 5A). Compared with
those in the control group, the interfacial adhesion forces significantly
decreased after the COL15A1 siRNA-treated IEC-6 cells were pre-
treated with the hypotonic or hypertonic solutions (Fig. 5A). In par-
ticular, no significant difference in the interfacial adhesion forces was

observed when these COL15A1 siRNA-treated cells were stimulated
with hypotonic (0.5×) or isotonic (1×) solutions. These findings indi-
cated that the overexpression of collagen XV triggered by hypotonic
stimulation was responsible for the substantial increase in the inter-
facial adhesion forces under hypotonic conditions. Conversely,
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compared with those in the control group, the adhesion forces between
the bacteria and the COL2A1 siRNA-treated IEC-6 cells significantly
decreased (Fig. 5A). Specifically, a significant decrease in the interfacial
adhesion forces was observed between the bacteria and the COL2A1
siRNA-treated IEC-6 cells after prestimulation with the hypertonic

solution (2×). These findings suggest that the overexpression of col-
lagen II induced by hypertonic stimulation plays an essential role in
mediating interfacial adhesion interactions under hypertonic condi-
tions. Moreover, both the number of bacteria adherent/internalized to
host cells (NadB) and the number of host cells harboring adherent/

Fig. 4 | Transcriptomic alterations in IEC-6 cells after osmotic stimulation.
Volcano plots of differential gene expression in IEC-6 cells treated with (A) hypo-
tonic (0.5×) and (B) hypertonic (2×) solutions. In these plots, the genes expressed at
relatively high levels are represented by red dots, whereas the genes expressed by
relatively low levels are denoted by blue dots. Additionally, the genes encoding
COL15 A1 and COL2A1 are highlighted in the plots. C and D The relative
expression levels of the COL15 A1 and COL2A1 genes were quantified by qPCR and
normalized to that of GAPDH. Relative expression was calculated using the 2−Δ Δ CT

method. E andFRepresentative immunofluorescence images of collagenXV (green)

and collagen II (red) after IEC-6 cells were treated with hypotonic or hypertonic
solutions, respectively. The nuclei were labeled blue with DAPI. Scale bar: 100 μm.
G and H The corresponding changes in the mean fluorescence intensity (MFI) of
collagen XV (green) and collagen II (red) in IEC-6 cells treated with hypotonic or
hypertonic solutions, respectively. The data were quantified with ImageJ software.
All the statistical data are presented as the means ± SDs, and statistical analyses
based on one-way ANOVA were employed, where **, *** and **** indicate
P < 0.01, P < 0.001 and P < 0.0001, respectively.

Fig. 5 | Interactions between bacteria (S. aureus) and IEC-6 cells whose genes
encoding COL15A1 or COL2A1 were knocked down. A Statistical analysis of the
interfacial adhesion forces between a single bacterium and IEC-6 cells (control
group) or between IEC-6 cells with COL15A1 or COL2A1 gene knockdown under
different osmotic environments. B Representative fluorescence images of bacteria‒
cell interactions showing GFP-expressing bacteria (green) adhering to and inter-
nalized by the underlying IEC‒6 cell monolayers. The nuclei are labeled blue,
whereas the cytoskeletons are labeled red. C and D Comparisons of the number of
bacteria adherent/internalized to host cells (NadB) and the number of host cells

harboring adherent/internalized bacteria (NadC(%)) under hypotonic (0.5×), iso-
tonic (1×) and hypertonic (2×) conditions, where COL15A1 siRNA KD and
COL2A1 siRNAKDdenote IEC-6 cells in which the gene encoding either COL15A1
or COL2A1 was knocked down based on the well-developed small interfering RNA
technique. These data were counted under an imaging field of view of 500 × 500 μm2.
All the statistical data are presented as the mean ± SD from at least three indepen-
dent experiments for each experimental group. Statistical analyses were performed
based on one-way ANOVA. *** and **** denote P < 0.001 and P < 0.0001,
respectively. Scale bar: 100 μm.
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internalized bacteria (NadC (%)) decreased significantly after the
COL15A1 siRNA- and COL2A1 siRNA-treated cells were stimulated
with hypotonic (0.5×) and hypertonic (2×) solutions, respectively (Fig.
5B, C, D), results that were in qualitatively consistent with the afore-
mentioned measurement data of the interfacial adhesion forces.

Discussion
In essence, interfacial adhesion plays important roles in the infection and
pathogenesis of various bacterial pathogens, such as Aeromonas veronii50,
Helicobacter pylori51 and Pseudomonas aeruginosa48. Blocking bacterial
adhesion is currently recognized as an effective antibacterial strategy52,53. For
example, the adhesion protein FimH of uropathogenic E. coli interacts with
M428439, which is a high-affinity inhibitory mannoside of host cells. The
interaction weakens bacterial adhesion to the host cell surface via manno-
side, leading to a reduction in the colonization of uropathogenic E. coli.
These findings suggest a potential antiadhesion strategy as a novel anti-
microbial therapy. The quantitative characterization of interfacial adhesion
forces between bacteria and host cells based on SCFS paves the way for
accurate exploration of the mechanobiological mechanisms of bacterial
adhesion and subsequent infection.

Overall, our study investigated the regulatory effect of environmental
osmotic pressures onbacterial‒host interactions and theirmechanobiological
mechanism. We revealed that these osmotic pressures have the ability to
remodel collagen subtypes and thus dominatemechanical adhesion between
bacteria andhost cells. Collagen subtype-dependent bacterial–host interfacial
adhesion not only involves diverse bacterial–host cell interactions but also
provides us with new strategies for developing host-specific antibacterial
therapies from a mechanobiological perspective. Additionally, our findings
highlight the importance of maintaining osmotic homeostasis to promote
host cell defense against gram-positive and gram-negative bacteria. Specifi-
cally, we learned that hypotonicity and hypertonicity directly enhance bac-
terial adhesion to host cells via the overexpression of collagen XV or II
triggered by environmental osmolarity, as illustrated in Fig. 6. In general,
collagenXV is anonfibrillar collagenwithmultiple breaks54,55 and is known to
play crucial roles in antiangiogenic and antitumor functions56. In contrast,
collagen II is commonly found in hyaline cartilage, which provides flexibility

and support to bones and joints57. The osmotic pressure-induced over-
expression of different subtypes of collagen and their key roles in bacteria‒cell
interactions suggest that some siRNA-based targeted drugs or biomaterials
can be designed to synergistically address bacterial infections in the future.
Given the key roles of adhesion inbothpathogenic andprobiotic bacteria, it is
imperative that future research prioritizes the regulation of adhesion across a
broader spectrum of bacterial species58. This is particularly critical, as pro-
biotics still face major challenges in effectively colonizing the gut to compete
with pathogens and provide immunomodulatory benefits. One possible
solution is to develop bioengineered probiotic strains to increase their
adhesion to the host59. It is also worthwhile to further dissect the interactions
between pathogenic bacteria and probiotics and their combined effects, as
well as the adhesion ability of the microbiota under the regulation of envir-
onmental osmotic pressure. We have focused on the modulation of osmotic
pressure in the host cells. However, the interactions between penetrants and
bacteria (e.g., adhesins) should also be considered. The FimH antagonist
(M4284)39 increases the osmotic pressure of the culture medium, demon-
strating differing effects on the colonization of S. aureus and E. coli, respec-
tively (see Supplementary Fig. 15 and Supplementary Table 8). The influence
of drugs on osmotic pressure and their subsequent effects on pathogens
should be comprehensively evaluated in future studies.

Methods
Mammalian cell culture
Rat small intestinal epithelial cells (IEC-6, ATCC CRL-1592) and human
immortalized keratinocyte cells (HaCat, Cell Bank of the Chinese Academy
of Sciences SCSP-5091) were cultured at 37 °C under 5%CO2 inDulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 1%penicillin/streptomycin (P&S).
Prior to the experiments, the cells were cultured in culturemediumwithout
penicillin/streptomycin for approximately 12 h until they reached
confluence.

Bacterial strains and culture
The gram-positive bacterium Staphylococcus aureus (S. aureus, ATCC
29213) and the gram-negative bacterium Escherichia coli (E. coli, ATCC

Fig. 6 | Schematic representation of interfacial adhesion between bacteria and
host cells regulated by environmental osmotic pressures. In a hypotonic envir-
onment, the increase in type XV collagen in host cells enhances bacterial adhesion to

the host. In contrast, in a hypertonic environment, the increase in type II collagen in
the host cells also enhances the adhesion of bacteria to the host.
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25922) were used in the present study. These strains were transfected with
the Psc19-GFP (erythromycin resistant) plasmid to express green fluor-
escent protein (GFP) for imaging and flow cytometric analysis. GFP-
expressing S. aureus and E. coli were selected with the addition of 50 µg/ml
erythromycin in Luria–Bertani (LB) broth or LB agar. Bacteria in the
logarithmic growth phase were centrifuged at 5000 rpm and then resus-
pended in DPBS before performing the bacteria‒cell interaction
experiments.

Preparation of solutions with different osmotic pressures
In the experiments, Dulbecco’s modified Eagle’s medium (DMEM) con-
taining high glucose produced byHyClone (Cat No. SH30243.01) was used
directly as the isotonic solution (1×), whose osmotic pressure was
approximately 344mOsm·kg−1, as measured with a freezing point osm-
ometer (FASKE210). Hypotonic solutions of 0.5× and 0.75× were prepared
by diluting the abovementioned isotonic solution (1×) with deionized (DI)
water at ratios of 1:1 and 2:1 (v/v), respectively, and their osmotic pressures
were found to be approximately 168 and 227mOsm·kg−1. The hypertonic
solutions of 1.5× and 2× were prepared by adding 30mg/ml or 50mg/ml
D-mannitol to the isotonic solution (1×), respectively. The corresponding
osmotic pressures were approximately 499 and 612mOsm·kg−1 for the 1.5×
and 2× solutions, respectively. Supplementary Table 1 lists the reagent
formulas of the osmotic solutions with different osmotic pressures. Another
hypertonic solution (1.5×) was also prepared by mixing 100mM NaCl,
200mM sorbitol or 200mM glucose. Additionally, hypotonic or isotonic
solutions with different nutrient levels (i.e., isotonic, isotonic & low nutri-
tion, hypotonic and hypotonic & normal nutrition) were prepared as listed
in Supplementary Table 2. M4284 (10 μM) and D-mannose (1mM and
200mM) were used to measure osmotic pressure and carry out interaction
of bacteria-host cells.

Cell viability assay
Cell viability was quantitatively assessed using a live/dead assay kit (Beyo-
time, C2015l). Briefly, IEC-6 cells grown in cell culture dishes were incu-
bated with various osmoticmedia for 3 h and then stained with calcein-AM
and propidium iodide (PI) from the Live/Dead Assay Kit according to the
manufacturer’s instructions. Finally, the live and dead cells were imaged
with an inverted confocal laser scanningmicroscope (NikonA1, Japan).The
cytotoxic activitywas also assessedusing theCCK8assay. Briefly, IEC-6 cells
or HaCat cells (5 × 104 cells/well) were incubated in a 96-well plate for 12 h.
Then, the solutions with different osmotic pressures were used to treat IEC-
6 cells or HaCat cells for an additional 3 h. The CCK8 solution was then
incubated with IEC-6 cells or HaCat cells for 1 h at 37 °C. Finally, the
absorbance at 450 nm was measured using a plate reader (Thermo Fisher
Scientific, Varioskan LUX).

Quantification of bacteria adherent to host monolayers
IEC-6 orHaCat cells were seeded in 6-well plates at a density of 3 × 105/well
and grown inDMEMwithout P&S until they reached 80% confluence. The
cells were then exposed to media with different osmotic pressures and
incubated for 1 h. Subsequently, S. aureus or E. coli was added to interact
with the cells for an additional 2 h in solutions with different osmotic
pressures, where the number of GFP-labeled bacteria used in the experi-
ments was 100 times greater than that of the mammalian cells. Afterward,
we quantified the bacterium‒cell interactions by confocal laser scanning
microscopy and flow cytometric analyses. To this end, the cells were first
rinsed three times with DPBS solution, fixed with 4% paraformaldehyde
(PFA) and stainedwithTRITC-conjugated phalloidin (Yeasen, 40734ES75)
and DAPI (Beyotime, C1002) per the manufacturer’s instructions. The
fluorescence images were acquired with an inverted confocal laser scanning
microscope (Nikon A1, Japan) or a super-resolution microscope (AIRY,
Polay-SIM, China) and analyzed with the well-developed software ImageJ.
The function ‘analyze-analyze particles’ in ImageJ softwarewas employed to
determine the number of infected bacteria in the obtained images. To
quantify the bacterium‒cell interaction by flow cytometry, we detached the

cells that interactedwith thebacteria fromthe cell culturedishesusing0.25%
trypsin‒EDTA and resuspended them in DPBS supplemented with 2%
bovine serum albumin (BSA) (BD, FACSverse). For each assay, we used at
least 1 × 104 cells for flow cytometric analysis. Additionally, the cells that
interacted with the bacteria were lysed with 1% Triton X-100 and serially
diluted in a gradient for analysis by the flat colony counting method.

Characterization of interfacial adhesion forces
We employed single-cell force spectroscopy (SCFS) based on fluidic force
microscopy (FluidFM, CytoSurge) to measure the interfacial adhesion
forces between a single bacterium and the underlying host cell monolayers
with different osmotic pressures. The spring constant of the FluidFM probe
was 0.6 N/m, and themicrofluidic channel aperturewas 300 nm.Apressure
controller was attached to the probe to apply a specific pressure to trap a
single bacterium. In the experiment, the probe with a single bacterium
gently approached the underlying host cell monolayer at a speed of 1 μm/s.
After the bacterium was fully in contact with the host cell monolayer, the
probe was paused for 30 s to allow sufficient adhesive interaction between
them. The probe together with the bacteriumwas then retracted to its initial
position at the same speedof 1 μm/s. In the experiments, individual bacteria
were reacquired for each test and randomly selected at different locations in
the epithelial monolayers. During the retreat process of the probe, the curve
of the adhesion force versus probe displacement was recorded accordingly,
and the interfacial adhesion force and adhesion energy were accordingly
quantified with the help of CytoSurge software. All the experiments were
performed in an incubator containing 5% CO2 and 90% humidity at 37 °C.

Adhesionbetweenbacteria andsubstrates andbacterial viability
testing
To assess the influence of environmental osmotic pressure on bacteria, we
performed SYTO/PI dead-live double-staining tests and colony counting
experiments on bacteria exposed to different osmotic pressures for 6 h.
Subsequently, we examined the growth curves of bacteria grown under
different osmotic conditions for 12 h. Furthermore, we detected the ability
of bacteria to adhere to collagen-modified substrates under different
osmotic pressure environments. To this end, we plated ~105 bacteria/ml on
collagen-modifiedglass at different osmolarities andallowed them to adhere
for 6 h before imaging. In the adhesion tests, bacteria were exposed to a
specific osmotic pressure for 6 h before their adhesion was assessed. Addi-
tionally, we used a heat-treated group as a comparison to detect changes in
interfacial adhesion forces, where the bacteria were heat-treated at 95 °C.

Assays of the surface roughness and stiffness of host cells
An atomic force microscope (AFM, Asylum Research MFP-3D) was uti-
lized to characterize the surface roughness and stiffness of the host cells.
Prior to the AFM-based experiments, IEC-6 cells were exposed to hypo-
tonic, isotonic, or hypertonic solutions for 1 h. The force‒displacement data
were subsequently obtained by indenting live IEC-6 cells under hypotonic
or hypertonic conditions using a 5 μm sphere-tipped probe (Bruker, NP-
O10) with a spring constant of 0.03 N/m, where the approach velocity was
1 μm/s and the setpoint forcewas 5 nN.TheYoung’smoduli of the host cells
were evaluated by fitting the measured force‒displacement curves based on
the classical Hertz model. The surface roughness of the host cells was
measured in solutions with different osmolarities with another AFM
(Bruker, Biomic Force Microscope), where PeakForce tapping mode was
adopted and the spring constant of the pyramid probe was 0.03 N/m
(Bruker, MLCT-BIO). The surface roughness of the host cells was finally
analyzed using NanoScope Analysis software (Bruker AXS Corporation,
Santa Barbara, CA, USA).

RNA isolation and RNA sequencing
IEC-6 cells were seeded in 6-well plates at a density of 3 × 105 cells/well and
grown for 24 h. After stimulation with media with different osmotic pres-
sures for 3 h, the cellswerewashed three timeswithPBS.Then, the cellswere
lysed using TRNzol buffer (TIANGEN, cat #DP424) and harvested in an
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RNase-free tube. Next, total RNA was purified according to the manu-
facturer’s protocol (RNA Mini Kit, TIANGEN). All RNA sequencing
(RNA-seq) analyseswereperformedusing at least three biological replicates.
The RNA libraries were prepared and sequenced on the Illumina HiSeq
platformbyGENEWIZ, Inc. (Suzhou,China). The obtained cleandatawere
analyzed using HISAT2 and HTSEQ software. Differential expression
analysis was performed using the DESeq2 Bioconductor software package.
The dispersion and logarithmic fold changes were calculated using data-
driven prior distributions. Genes with Padj values less than 0.05 were
considereddifferentially expressed.GOSeq(v1.34.1)was adopted to identify
gene ontology (GO) terms annotating a list of enriched genes with sig-
nificant Padj values less than 0.05. The RNA-seq data used in this study are
available in the NCBI SRA database under accession code PRJNA1069618.

Gene expression
Weperformedgene expression analysis by quantitative qPCRon IEC-6 cells
grown to 80% confluence in 6-well plates after hypotonic or hyperosmotic
stress. After 3 h of exposure to hypotonic or hypertonic stress, the medium
was removed, and the cells were washed twice with DPBS. Then, the cells
were lysed with cell lysis buffer, total RNA was purified following the
manufacturer’s protocol (RNAMiniKit,TIANGEN), and1 μg of total RNA
was used to perform reverse transcription using a reverse transcription kit
(Takara, RR037A). The resulting cDNA was diluted 5-fold and then sub-
jected to PCR with TB Green MIX (Takara, RR430S). Using the GAPDH
gene as an internal control, we evaluated the expression levels of collagen
genes in three independent replicates for each group. The 2-ΔΔCt methodwas
used to determine the relative gene expression levels. The corresponding
primers are listed in Supplementary Table 6.

Immunofluorescence imaging
Cells on glass substrates were stimulated with different osmotic pressures,
fixed with 4% PFA for 15min, and washed three times with PBS. The
sampleswereblockedwith5%BSA inPBScontaining0.3%TritonX-100 for
1 h. Subsequently, they were incubated overnight at 4 °C with primary
antibodies (rabbit anti-COL2A1 polyclonal antibody, Abbkine; rabbit anti-
COL15A1 polyclonal antibody, Thermo Fisher) diluted 1:500 in PBS con-
taining 5% BSA. After the primary antibodies were removed, the samples
were washed three times with PBS, and fluorescent secondary antibodies
(DyLight 680, goat anti-rabbit IgG, Abbkine; DyLight 488, goat anti-rabbit
IgG, Abbkine) were added as appropriate. Next, the samples were diluted
1:500 in 2% BSA in PBS and incubated with secondary antibodies for 1 h.
Afterward, the F-actin cytoskeleton and nuclei were stained with 0.2 μM
TRITC phalloidin (Yeasen, 40734ES75) and 2 μg/ml DAPI (Beyotime,
C1002) according to the manufacturer’s instructions. Finally, the samples
were stored in 1ml of PBS and imaged with an inverted confocal laser
scanning microscope (Nikon A1, Japan).

Transfection of IEC-6 cells with siRNA
To knock down the COL2A1 and COL15A1 genes, we designed a double-
stranded siRNA, which was synthesized by GenePharma Company (Suz-
hou). The sequences of COL2A1 andCOL15A1 are listed in Supplementary
Table 7. IEC-6 cells were seeded in 6-well plates and allowed to reach
60–70% confluence 24 h before transfection. Then, the siRNAs were
transfected using Lipofectamine RNAiMAX at a final concentration of
50 nM following themanufacturer’s instructions. After 6–8 h of incubation,
the medium containing the siRNA was replaced with complete medium
containing serum. Protein and total RNA were extracted 24 h after trans-
fection for Western blotting and qPCR experiments. The transfected cells
were used within 24 h for adhesion assays and infection experiments.

Western blotting
To confirm the effect of siRNA knockdown, we transfected IEC-6 cells and
then lysed themwithRIPAbuffer (Beyotime, P0013B) containing aprotease
inhibitor cocktail (phenylmethylsulfonyl fluoride, PMSF). The total cell
lysates were separated by SDS‒PAGE and subsequently transferred onto a

PVDFmembrane (Millipore, 0.45 μmpore size), which was incubated with
the corresponding antibodies (COL15A1 polyclonal antibody from Invi-
trogen (PA5-115179) and COL2A1monoclonal antibody from Santa Cruz
Biotechnology (sc-52658)) overnight at 4 °C. Immunodetection was per-
formedusing awestern-light chemiluminescence detection system (Talant).
Membrane blots of COL2A1 or COL15A1 were imaged in the range of
60–270 kDa, while those of GAPDH (36 kDa) were imaged in the range of
30–60 kDa.

Statistical analysis
Unless otherwise stated, the data are presented as the means ± SDs. One-
way analysis of variance (ANOVA) was used for multiple-group compar-
isons. Intergroup comparisons were analyzed by Student’s t-test (two-
tailed). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All of the
statistical analyses were conducted with at least three independent samples.

Data availability
The datasets supporting the findings of this study are available at Supple-
mentary Data 1. Additional raw data from this study is available from the
corresponding author on reasonable request. TheRNA-seq data used in this
study are available in the NCBI SRA database under the accession code
PRJNA1069618.
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