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[ Abstract] Objective To construct type | collagen gels with different stiffness and to investigate the effects of
three-dimensional (3D) culture environments of the gels on the morphology, free migration ability, and cell killing
function of natural killer (NK) cells. Methods Type I collagen was isolated from the tails of Sprague Dawley (SD) rats
and collagen gels with different levels of stiffnesses were prepared accordingly. The microstructure of the collagen gels was
observed by laser confocal microscopy. The stiffness of the collagen gels was assessed by measuring the plateau modulus
with a rheometer. NK-92MI cells were cultured in collagen gels with different levels of stiffness. The morphology of NK-
92MI cells was observed by inverted microscope. High content imaging system was used to record the free migration
process of NK-92MI cells and analyze the migration speed and distance. NK-92MI cells were cultured with type [
collagen gels with different levels of stiffness for 24 h and 48 h and, then, co-cultured with human colorectal DLD-1, a
human adenocarcinoma epithelial cell line. CCK8 assay was performed to determine the proliferation rate of DLD-1 cells
and analyze the cell killing ability of NK-92MI cells. Results Low-stiffness type I collagen gel and high-stiffness type I
collagen gel with the respective stiffness of (10.970+2.10) Pa and (114.50+3.40) Pa were successfully prepared. Compared
with those cultured with the low-stiffness type I collagen gel, the NK-92MI cells in the high-stiffness type I collagen gel
showed a more elongated shape (P<0.05), the mean area of the cells was reduced ([69.88+26.97] pmz vs. [46.59+21.62] pmz,
P<0.05), the roundness of the cells decreased (0.82+0.12 vs. 0.78+0.18, P<0.05), cell migration speed decreased
([2.50£0.91] um/min vs. [1.70+0.72] um/min, P<0.001) and the migration distance was shortened ([147.10+53.74] um vs.
[98.03+ 40.95] pum, P<0.0001), with all the differences being statistically significant. Compared with those cultured with
the low-stiffness type I collagen gel, NK-92MI cells cultured with high-stiffness type 1 collagen gel for 24 h
could promote DLD-1 cell proliferation, with the proliferation rate being (46.39+12.79)% vs. (65.87+4.45)% (P<0.05) and
reduce the cell killing ability. Comparison of the cells cultured for 48 h led to similar results, with the proliferation rates
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being (31.36+2.88)% vs. (74.57+2.16)% (P<0.05), and the differences were all statistically significant. Conclusion The

3D culture environment of type [ collagen gels with different levels of stiffness alters the morphology, migration ability,

and killing function of NK-92MI cells. This study provides the research basis for exploring and understanding the

mechanisms by which the biomechanical microenvironment affects the immune response of NK cells, as well as laying the

theoretical foundation for optimizing immunotherapy protocols.
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Fig 1 Characterization of the morphology and rheological properties of

S

3D collagen gel networks of varying stiffness

A, Images of the structure of collagen gel fibers in monolayers of different
stiffness obtained using laser scanning confocal microscopy with reflected light.
The images show the arrangement of fibers within collagen gels of different
stiffness. B, 3D reconstructions of collagen gels of different stiffness. C, Dynamic
strain scans of collagen gels of different stiffness. D, Dynamic frequency scans of
collagen gels of different stiffness. E-F, Statistical plots of C and D. L: low-stiffness
group; H: high-stiffness group, n=3. " P<0.0001.
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Fig 2 Effect of 3D collagen gel stiffness on NK-92MI cell morphology
A, Images were captured after culturing NK-92MI cells in 3D collagen gels of different levels of stiffness for 24 hours (scale bar=20 pum). Cell morphological
parameters were analyzed using Image] software. B, Cell area. C, Cell circularity (circularity ranges from 0 to 1, where 1=perfect circle). D, Cell aspect ratio. L: low-stiffness
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group; H: high-stiffness group, n=3. " P<0.05, " P<0.0001.
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Fig 3 Effect of 3D collagen gel stiffness on the migration ability of NK cells
A, Bright field static image of the last frame of the time-lapse video of NK cell migration (scale bar=40 um). B, Convertion of the trajectories in Figure A to an aerial
view of all trajectories emanating from the origin. C, Cell migration distance. D, Cell migration rate. E, Mean azimuth shift of cell migration. L: low-stiffness group; H:

high-stiffness group, n=3. " P<0.001,” P<0.0001.
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