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Chirality Bias Tissue Homeostasis by Manipulating

Immunological Response
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Xuehui Zhang, Hui Wang, Xinghua Shi, Chuanliang Feng,

The physiological chirality of extracellular environments is substantially
affected by pathological diseases. However, how this stereochemical varia-
tion drives host immunity remains poorly understood. Here, it is reported that
pathology-mimetic M-nanofibrils—but not physiology-mimetic P-nanofibrils—
act as a defense mechanism that helps to restore tissue homeostasis by
manipulating immunological response. Quantitative multi-omics in vivo and in
vitro shows that M-nanofibrils significantly inhibit inflammation and promote
tissue regeneration by upregulating M2 macrophage polarization and down-
stream immune signaling compared with P-nanofibrils. Molecular analysis and
theoretical simulation demonstrate that M-chirality displays higher stereo-
affinity to cellular binding, which induces higher cellular contractile stress

and activates mechanosensitive ion channel PIEZOI to conduct Ca?* influx.

In turn, the nuclear transfer of STAT is biased by Ca?* influx to promote M2
polarization. These findings underscore the structural mechanisms of disease,

Xuliang Deng,* and Yan Wei*

both at molecular and supra-molecular
level constantly transform due to aging or
pathological condition.®l As such, much
attention has been paid on the influence
of different chirality on immunity.

The molecular chirality, as basic
building blocks of living organisms, was
established to undergo remarkable race-
mization due to aging.¥! The ratio of p- to
1-chiral molecules in teeth or bone has
been used to estimate ages in forensic
medicine.’! Free p-amino acid chirality
was found to stimulate M1 macrophages
and myeloid cells and promote survival of
intestinal naive B cells.’l Free 1-isomers
were proven to lead better activation of
macrophages, B cells, dendritic cells, and

providing design basis for immunotherapy with bionic functional materials.

1. Introduction

Regulation of immunological response is the key for mainte-
nance and recovery of host homeostasis over the course of life.l!
As one of the most critical biochemical signatures of life, the
assembly of chiral molecule to supra-molecular chiral structure
is crucial for the well implementation of sophisticated functions
involved in life process.l?! In addition, the physiological chirality

CD8+ T cells than p isomers.! Further-
more, chiral molecules immobilized on
2D material surfaces or introduced into
3D thermogels were reported to regulate
the adhesion and activation of macrophages or neutrophils for
control of inflammation.®! These studies displayed that mole-
cular chirality can interact with immune cells and elicit distinct
cellular behaviors.

However, the chiral molecules that support cell functions
do not exist in isolation but are assembled into much complex
supramolecular structures.l”) Moreover, the chiral architectural
environments in life body can be conversed upon the context of
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health or disease. Physiologically, right-handedness (P chirality)
is the predominant structural characteristics of extracellular
matrix since its main component of collagen is composed by
right-handed fibrils.¥l In contrast, left-handedness (M chirality)
is present in pathological conditions in which proteins with
right-handed architectures arise in various organs, such as
amyloid fibrils as a hallmark of Alzheimer’s disease, cerebral
angiopathy, and systematic amyloidosis, where the immune
cells together with the released inflammatory mediators will
greatly affect the disease progress."! Therefore, the immune
cells recruited to healthy or diseased local tissue are exposed
to different chiral structural cues. Although the distinct prefer-
ence for chiral structures in physiological or pathological con-
ditions is a key extracellular environmental parameter, little is
known about how this natural stereochemical bias manipulates
the immunological response. Experimental advances in this
area may contribute to an improved understanding of the struc-
tural mechanisms of aging and disease.

In the present study, we report that pathology-mimetic
M-nanofibrils attempt to restore tissue homeostasis by inhib-
iting inflammation and promoting regeneration more than
physiology-mimetic P-nanofibrils (Figure 1a). The immunolog-
ical response and spatiotemporal signaling cascades of macro-
phages upon 3D chirality were investigated by quantitative
multi-omics in vivo and in vitro. The heterogeneity in the inter-
facial enantioselective mechanism was theoretically studied
by classical molecular dynamics simulation. Understanding
the chirality-dependent immunological response would offer
the possibility of developing material strategies for regulating
macrophages to treat disease.

2. Results and Discussion

By assembling p-molecule into M-nanofibrils and r-molecule
into P-nanofibrils, biomimetic chiral matrixes were synthe-
sized, which simultaneously mimicked both the molecular-
level and supra-molecular-level chirality of extracellular
microenvironments in physiological and pathological condi-
tions.]’l Spiral nanofibrils were fabricated by the self-assembly
of a low-molecular-weight hydrogelator C,-symmetric phenyla-
lanine derivative through hydrogen bonding and 77 stacking
interaction (Figure 1b). Matrix chirality was characterized by
scanning electron microscopy (SEM) and circular dichroism
(CD). The physiology-mimetic P-nanofibrils and pathology-
mimetic M-nanofibrils matrixes showed a perfect mirror-image
relationship (Figure 1c), with an isodichroic point, zero crossing
at 239 nm, and a strong (273 nm) and weak (228 nm) CD signals,
and the opposite VCD patterns of the amide I stretching band
at around 1636 cm™ (Figure 1d,e). These matrixes presented
different chiral nanostructures but almost the same chemical
and physical properties, including the diameter (80 nm), helical
pitch of the nanofibers (1.5 um), and stiffness (storage modulus
G’ = 2500 Pa and loss modulus G” = 500 Pa) (Figure 1f,g).
Therefore, these matrixes provide a favorable platform to study
the effect of chiral nanostructure on immunological response
independent of other matrix properties.

To assess the effects of chirality in vivo, the rat calvarial
defect model was chosen to represent the osteoimmunological
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model.?l All animal experiments were conducted with the
approval of the Animal Care and Use Committee of Peking
University (IACUC No. LA2021077). The pathology-mimetic
M-nanofibril matrix and physiology-mimetic P-nanofibril
matrix were implanted in rat cranial defects covered with non-
absorbable membrane barriers. Three days after implantation,
immunohistochemical staining and quantitative analysis indi-
cated that the expression of IL-10 and COL9A2 in the defect
area were significantly upregulated in the M group compared
with the P group (Figure 2a—c). Seven days after implantation,
the expression of COL9A2 in the defect area was still upreg-
ulated in the M group, whereas similar expression of IL-10
was found in the two groups (Figure 2a,b and Figure S1, Sup-
porting Information). IL-10 is a typical anti-inflammatory factor
that inhibits T cell cloning and IFNy synthesis.¥l COL9A2 is
a structural constituent of the extracellular matrix beneficial
for tissue regeneration.'! These data demonstrate that the M
nanofibrils inhibited inflammation and promoted tissue regen-
eration to restore tissue homeostasis in comparison with the
P nanofibrils at the early stage. Recently, it was demonstrated
that 1-amyloid J-protein and orsynuclein associated with
Alzheimer’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis act as an antimicrobial peptide, whereas islet
amyloid polypeptide (IAPP) associated with type Il diabetes
reduces cell toxicity."] Together with these findings, our results
suggest that the structure of these pathological proteins also
plays a vital role as a protective mechanism to resist disease.
The direction of macrophage polarization plays a crucial role
in ensuring rapid response to microenvironmental changes
for restoring tissue homeostasis. It is well established that
M2 macrophages help to inhibit inflammation and promote
tissue regeneration, whereas M1 macrophages have the oppo-
site effects.'®! Therefore, the cell composition in the defect
areas was analyzed to explore the possible explanation for the
chirality-dependent variation in inflammation and regenera-
tion. At day 3, the number of macrophages with the M2 surface
marker CD206 was higher in the M group than in the P group,
whereas the proportion of macrophages with the M1 surface
marker CCR7 in both groups was similar (Figure 2d and
Figure S2, Supporting Information). At day 7, the proportion
of different phenotypes of macrophages in the chiral matrix
implantation area tended to be similar in both groups. We
found that the macrophages with M1 and M2 markers in the
PBS implanted control group were significantly weaker than
that in the P-nanofibril matrix and in the M-nanofibril matrix
(Figure S3, Supporting Information). This phenomenon sug-
gested that M-nanofibrils facilitate M2-type polarization of
macrophages to a greater extent than P-nanofibrils in the early
stage of defect repair. Furthermore, flow cytometry and pro-
tein profile of tissue fluid of the defect area showed that the
ratios of integrin f1 (ItgBl) and PIEZO1 positive cells in the
M-nanofibril matrix were significantly higher than that in
the P-nanofibril matrix and in control group (Figure 2e and
Figure S3, Supporting Information), paving the way for upregu-
lated M2-type polarization of macrophages by M-nanofibrils.["!
To investigate the downstream functional effects induced
by the chirality-dependent polarization of macrophages, high-
throughput sequencing of the complex proteins in the tissue
fluid was also conducted. Pathway enrichment analysis showed
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Figure 1. Pathology-mimetic M-nanofibrils act as a defense mechanism that helps to restore tissue homeostasis than physiology-mimetic P-nanofibrils.
a) A schematic representation of chirality-dependent immunological response and downstream effect on tissue homeostasis. b) A schematic represen-
tation of chiral spiral nanofibrils fabrication by the self-assembly of a low-molecular-weight hydrogelator C,-symmetric phenylalanine derivative through
hydrogen bonding and 77 stacking interaction. c) Scanning electron microscopy images of right-handed (P) and left-handed (M) chiral matrixes after
drying. Scale bars: 200 nm. d,e) The circular dichroism spectra of enantiomers hydrogels in PBS and vibrational circular dichroism (VCD) spectroscopy
(symbols) of the enantiomers xerogel. f,g) The two matrixes presented almost the same stiffness (storage modulus G” = 2500 Pa and loss modulus

G” =~ 500 Pa).
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Figure 2. M-nanofibrils significantly inhibited inflammation and promoted tissue regeneration in vivo compared with P-nanofibrils. a,b) Histological
analysis shows that IL-10 and COL9A2 expression in the defect area was significantly upregulated in M-nanofibrils compared with that in P-nanofibrils.
) Quantification of fluorescence intensity shows that the expression of COL9A2 was higher in the M-nanofibrils than in the P-nanofibrils at day 7.
d) Immunofluorescence staining shows that the expression of the M2 surface marker CD206 was higher in the M-nanofibrils than in the P-nanofibrils
at day 7. Scale bars: 100 um. e) Flow cytometry assay showing that positive co-expression of Itgf1 and PIEZOT in cells was higher in the M-nanofibril
matrix. High-throughput sequencing of the complex proteins in tissue fluid: f) pathway enrichment analysis showing the functions of the upregulated
proteins, g) principal component analysis (PCA) showing that the macrophage phenotype in the M group was different from that in the P group at day
3 but similar at day 7. Data are the means £ SEM. *P < 0.05; two-tailed unpaired Student’s t-test (c).

that the upregulated proteins in 3 and 7-d M group were mainly
functionally enriched in cellular processes, environmental infor-
mation processing, human diseases, genetic information pro-
cessing, organismal systems, and metabolism (Figure 2f), indi-
cating that the M2-type polarization of macrophages induced
by M-nanofibril matrix secreted various proteins that perform
early tissue repair functions. Principal component analysis
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(PCA) showed that day 3 proteins in the M-nanofibril matrix
were different from those in the P-nanofibril matrix, whereas
day 7 proteins in the two groups was similar (Figure 2g), which
was consistent with the trend in cell composition analysis and
implied that significant differences arose in the phenotype and
functions of macrophages recruited by different chiral micro-
environments at the early stage after implantation. Taken
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Figure 3. M-nanofibrils upregulated M2 macrophage polarization and downstream immune signaling in vitro compared with P-nanofibrils. a) Flow
cytometry shows that the expression of CD206 was significantly upregulated in the M-nanofibrils compared with that in the P-nanofibril matrix, whereas
similar expression levels of CCR7 were found in both groups. b) RT-qPCR shows that the gene expression of M2 marker ARG1 and anti-inflammatory
factor IL10 was upregulated in the M group, whereas the expression of M1-related pro-inflammatory factors TNFa and IL6 showed no significant dif-
ference between the two groups. ¢) Immunofluorescence staining shows that the expression of CD206 was significantly higher in the M-nanofibril
matrix than in the P-nanofibril matrix. d) Hierarchical gene clustering shows that the overexpressed genes of macrophages in the M group were mainly
related to the biological process of immune response. €) Volcano plot, f) enriched gene ontology terms, and g) pathway enrichment analysis show
that the expression of CD206 and ARGT and M2-related pathways was upregulated in the M group compared with the P group. h) Gene enrichment
analysis revealed that autophagy- and sphingolipid metabolism-related genes associated with M2 polarization were enriched in the M group. Data are
the means £ SEM. *P < 0.05; two-tailed unpaired Student’s t-test (b).

together, our data demonstrate that M-nanofibrils possessed  Information) showed that M and P matrixes had similar bio-
higher capability for restoration of tissue homeostasis through ~ compatibility to encapsulated macrophages. Flow cytometry
upregulation of M2 macrophage polarization than P-nanofibrils.  detected that the expression of CD206 was significantly upregu-

After establishing the functional role of chirality in immune  lated in the M- than in the P-nanofibril matrix. Similar expres-
response in vivo, we further explored the effect of chirality in ~ sion levels of CCR7 were found in both groups (Figure 3a).
vitro. A cell counting kit-8 (CCK-8) assay (Figure S4, Supporting  This phenomenon was supported by the immunofluorescence
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and RT-qPCR results (Figure 3b,c). The gene expression of M2
marker ARG1 and anti-inflammatory factor IL10 was upregu-
lated in the M group, whereas expression of the M1l-related
pro-inflammatory factors TNF-¢r and IL6 showed no significant
difference between the two groups (Figure 3b). Macrophages
retained high plasticity and functional diversity. The balance
between the M1 and M2 subsets is the hub of pro-inflamma-
tory and anti-inflammatory reactions, which mediate immune
homeostasis during tissue regeneration and repair."® There-
fore, the divergent expression of anti- and pro-inflammatory
factors in the two groups observed in vitro underlies the chi-
rality-dependent tissue homeostasis in vivo. These results
indicated that macrophages recognized the difference of chiral
nanostructures and polarized to divergent phenotypes. Our
finding was consistent with the previous finding on the effect
of molecular chirality on immunity that t-chiral interface pro-
mote M2-type polarization of macrophages and showed the
effect of M-chirality is stronger than that of P-chirality.’]

To analyze the difference in the downstream immune
response caused Dby chirality-dependent macrophage polari-
zation, microarray analysis was performed. Cluster analysis
showed that overexpressed genes of macrophages in the M
group were mainly related to the biological process of immune
response (Figure 3d). The results of gene ontology analysis
and pathway enrichment analysis also showed that comple-
ment receptor-mediated signaling pathway, G-protein-coupled
receptor signaling pathway, toll-like receptor signaling pathway,
and phospholipase C-activating G-protein-coupled receptor
signaling pathway were activated (Figure 3e-g). Complement
receptor-mediated signaling pathway mediates immune home-
ostasis by regulating complement activation. Chemokines
secreted by immune cells play a role via G protein. Moreover,
toll-like receptor signaling pathway and phospholipase C-acti-
vating G-protein-coupled receptor signaling pathway activate
immune cells and regulate their functions.?”) The activation
of the above biological pathways in the M group would help to
manipulate immunological response for restoring homeostasis.
These results indicated that the macrophages in the M group
had a stronger immune activation and regeneration effect than
those in the P group. The volcano plot showed that the expres-
sion of CD206 and ARGI in the M group was upregulated
compared with the P group (Figure 3e), further confirming
the results of the phenotype experiment. Gene enrichment
analysis revealed that autophagy and sphingolipid metabolism-
related genes related to M2 polarization were enriched in the M
group (Figure 3h). Autophagy regulates macrophage polariza-
tion, inhibiting M1-type differentiation and promoting M2-type
differentiation. Loss of autophagy may lead to increased inflam-
mation by inhibiting the differentiation of macrophages into
the M2 phenotype.l?!l Sphingosine-1-phosphate in sphingolipid
metabolism also promotes M2 polarization of macrophages.l?l
Therefore, the results of the in vitro experiments indicate that
the higher capability of M-nanofibrils in restoring homeo-
stasis is attributed to the upregulated M2 macrophage polari-
zation and the series of downstream immunological signaling
pathways.

Next, we investigated the mechanism underlying the chi-
rality-dependent macrophage polarization. On the basis of the
in-depth pathways analysis of microarray data, we performed
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immunofluorescence staining, RT-qPCR and western blotting.
All these assays showed that the expression of Itgfl, pFAK,
and vinculin was significantly upregulated in the M group
(Figure 4a—c). The higher expression of Itgfll and vinculin
indicated that more cell-chiral structure focal adhesions had
formed in the M group than in the P group. Moreover, the
higher expression of pFAK in the cellular adhesion complex
indicates the longer lifespan of focal adhesions in the M group
than in the P group.?3l These results suggested that mechano-
sensing was activated in the M group more than in the P group.
Furthermore, mechanically coupled with integrins by vinculin,
the organization of the cytoskeleton and myosin was also found
to be regulated by chirality (Figure 4a—c). 3D morphology recon-
struction indicated that macrophages in the M group had more
protrusions than those in the P group (Figure 4f), which is
consistent with the morphology of different macrophage types.
Unlike the in-plane spreading of cells cultured on 2D substrate,
3D matrix facilitate cellular protruding in various direction and
yield spherical cellular morphology.?4 Additionally, quantitative
analysis revealed that the cell volume and cell stiffness were
significantly higher and cell sphericity was significantly lower
in the M group than in the P group (Figure 4g—i), indicating
the higher cellular contractile stress in the M group than in
the P group. The upregulation of mechanosensing and cellular
contractile stress in the M group was corroborated by the gene
clustering results in microarray analysis (Figure 4d). Moreover,
RT-qPCR, western blotting, and cytometry demonstrated that
the cellular contractile stress and M2-type polarization in the
M group could be greatly reduced through FAK inhibition
(Figure 4e,j and Figure S5, Supporting Information). These
findings demonstrate that different macrophage polarization
may be initiated by chirality-dependent mechanosensing and
downstream cellular contractile stress (Figure 4k).

We further investigated how the above cell-chiral structure
interaction was translated into intracellular molecular signals
for guiding macrophage polarization. Our previous study
showed that chirality determined stem cell fate by regulating
the nuclear transfer of YAP,?°! however, macrophages cultured
in a chiral environment showed no significant difference in
YAP expression and location (Figure S6, Supporting Informa-
tion). YAP also plays an important role in M1 polarization of
macrophages.?®! In this work, the expression of M1 markers
showed no significant difference. On the other hand, a criti-
cally important mechanosensor of the ion channel PIEZO1 was
found to be upregulated in the M-group compared with the P
group through immunofluorescence staining and flow cytom-
etry (Figure 5a). Downstream, the intracellular Ca?* concentra-
tion and nuclear translocation and phosphorylation of STAT
were found to be significantly higher in the M group than in
the P group (Figure 5c and Figure S7, Supporting Informa-
tion). It has been reported that the influx of Ca?* mediates the
signals of PIEZO1 to STAT, whereas the nuclear translocation
and phosphorylation of STAT favors M2 polarization of macro-
phages to inhibit inflammation.?®! Furthermore, RT-qPCR
and western blotting demonstrated that signals of CXCL2,
COL2A1, and COL9A2 downstream of PIEZO1 were signifi-
cantly upregulated in the M group compared with the P group
(Figure 5e). Of these, CXCL2—a classic chemokine—was acti-
vated by Ca?" to promote stem cell chemotaxis (Figure 5g).

© 2021 Wiley-VCH GmbH
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Figure 4. M-nanofibrils induced higher mechanosensation and cellular contractile stress than P-nanofibrils. Immunofluorescence staining shows that
a) Itgf3l, b) pFAK, and c) vinculin were significantly upregulated in the M group. d) Hierarchical gene clustering shows upregulated mechanosensing
and mechanotransduction genes in the M group. €) RT-qPCR shows upregulated levels of mechanosensing and mechanotransduction genes (FAK,
CD206, IL10, COL2A1, COL9A2). f) Representative microscopy images of macrophages cultured in matrixes for 24 h, visualized by F-actin-positive
pixel reconstruction and the g) volume and h) sphericity analyzed using Imaris (phalloidin, reconstruction [RC]). Scale bars: 5 um. i) Quantification
of MSC stiffness showing that the cells on M chirality matrix were stiffer than the cells on P chirality matrix, as measured by AFM. j) Western blot
showing upregulated levels of mechanosensing and mechanotransduction proteins (pFAK, STAT, COL2A1) in M group. k) A schematic representation
of chirality-dependent mechanosensation and cellular contractile stress. Data are the means £ SEM. *P < 0.05, one-way ANOVA (e,g,h,i).

COL2A1 and COL9A2 were upregulated by pSTAT6 to pro-
mote osteogenic differentiation of mesenchymal stem cells
(Figure 5g).1"] As such, the differential expression of these sig-
nals laid the foundation for chirality-dependent tissue regen-
eration. Moreover, the upregulation of these molecular signals,
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the increased M2 polarization of macrophages, and stem cell
migration and differentiation in the 1 group were found to be
significantly reduced by PIEZO1 inhibition (Figure 5e,g,h and
Figures S8 and S9, Supporting Information). Therefore, the
greater activation of the ion channel PIEZO1 in M-nanofibrils
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Figure 5. lon channel PIEZO1 transduced chirality-dependent cellular contractile stress to intracellular cascades for guiding tissue homeostasis. a)
Immunofluorescence staining and b,c) flow cytometry show that PIEZO1 was upregulated in the M group, which enhanced the Ca?* influx. Immuno-
fluorescence staining shows that d) nuclear translocation and f) phosphorylation of STAT were significantly higher in the M group than in the P group.
e) RT-qPCR shows that the inhibition of PIEZO1 significantly decreased the expression of COL2AT, COL9A2, and PIEZO1 downstream genes (ETT,
HIF1A, CXCL2). g) Transwell culture and ALP staining show that stem cell migration and differentiation in the M group were significantly reduced after
PIEZO1 inhibition. h) Western blotting analysis revealing the upregulation of PIEZO1, STAT, CXCL2 in the M group. i) A schematic representation of
the molecular signaling pathway through which PIEZOT1 transduces chirality-dependent cellular contractile stress to intracellular cascades for guiding
tissue homeostasis. Data are the means £ SEM. *P < 0.05, one-way ANOVA (e).

than in P-nanofibrils may enhance the nuclear transfer of STAT
and downstream CXCL2, COL2A1, and COL9A2 to facilitate the
M2 polarization of macrophages for inflammation inhibition
and promote stem cell chemotaxis and differentiation for tissue
regeneration (Figure 5i). It has been reported that PIEZO1 is
activated by myosin movement along the cytoskeleton.l?®! In this
study, we have revealed that chirality of nanofibrils significantly
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influenced cellular contractile stress by inducing different
organization of the cytoskeleton and myosin. Moreover, our
results also showed that cellular contractile stress is decreased
by inhibition of pFAK, resulting in the downregulation of
PIEZO1 and downstream effector expression. Taken together,
molecular analysis demonstrated that the ion channel PIEZO1,
rather than the classical mechano-rheostat YAP, played a critical
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Figure 6. M-nanofibrils showed a higher stereo-affinity to the binding agent than P-nanofibrils in classical molecular dynamic simulations. a) Snapshots
showing the effect of chirality on Fnll17-10 tethering. b) Computed average interaction energies showing the lower Coulomb energy that is required
during recognition between M-nanofibrils and Fnll17-10 than that between P-nanofibrils and Fnll17-10. The root-mean-square deviation (RMSD; c) root-
mean-square fluctuation (RMSF); d) values of the RGD residues showing higher interdomain elasticity and flexibility of the RGD configuration in the

M-nanofibril-Fnl117-10 complex than in the P-nanofibril-Fnll17-10 complex.

role during transduction of chiral stimuli in macrophages and
was mechanically activated by chirality-dependent cellular con-
tractile stress.

We also explored how cells recognize the physiological and
pathological chirality to induce divergent downstream cel-
lular processes. It is well established that FnlIII7-10, as the key
cell-binding domains of fibronectin (FN), plays a vital role in
mediating cell-material interaction.?”l Therefore, we per-
formed a classical molecular dynamics simulation to explore
the recognition between FnlIII7-10 and chiral nanofibers. The
snapshot showed that FnIII7-10 accomplished the recognition
and binding with the M-nanofibrils within 50 ns. However,
ENIII7-10 did not form a stable association with the P-nanofi-
brils until 100 ns (Figure 6a, S10). This result indicated that
M-nanofibrils showed a higher stereo-affinity to FnIII7-10
than P-nanofibrils. This phenomenon was corroborated by the
lower L] interaction energy (—800 k] mol™ for M-nanofibrils vs
—600 k] mol™ for P-nanofibrils) and Coulomb interaction
energy (—900 k] mol™! for M-nanofibrils-FnlII7-10 complex vs
—700 k] mol™ for P-nanofibrils-Fnlll7-10 complex; Figure 6b
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and Figure S11, Supporting Information). Furthermore, a mark-
edly different configuration of RGD residue in FnlIII7-10 was
found in response to chirality. The root-mean-square devia-
tion (0.15 for M-nanofibrils vs 0.25 for P-nanofibrils; Figure 5c)
and root-mean-square fluctuation (0.17 nm for M-nanofibrils
vs 0.13 nm for P-nanofibrils; Figure 5d) values for RGD indi-
cated a higher interdomain elasticity and flexibility of RGD in
the M-nanofiber-FnlII7-10 complex than in the P-nanofiber-
Fnlll7-10 complex, which may facilitate integrin binding.(’
These data demonstrated that chiral nanofibrils affect the
stereo-affinity and conformation of the binding ligand to induce
divergent cell adhesion, paving the way for guiding chirality-
dependent cellular contractile stress.

3. Conclusion

In this study, we studied the in vivo and in vitro immunological
response and the spatiotemporal cascades of macrophages in
response to 3D chiral supramolecular structures. We showed
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that pathology-mimetic M-nanofibrils—but not physiology-
mimetic P-nanofibrils—act as a defense mechanism that
upregulates M2 macrophage polarization and activates down-
stream immune signaling to restore tissue homeostasis. More
importantly, we discovered the critical role of the ion channel
PIEZO1 rather than the classical mechano-rheostat YAP in the
outside-in transduction of chirality in macrophages. Addition-
ally, theoretical simulation demonstrated the interfacial enan-
tioselective mechanism of chirality recognition: M-nanofibrils
showed higher multi-stereo compatibility to the cell-binding
agent than P-nanofibrils. These findings underscore the struc-
tural mechanisms of aging and disease. The revealed key mole-
cular signals mediating chirality-dependent immunological
response will shed light on the dynamics of tissue homeostasis
occurring under physiological and pathological conditions. Our
findings will also provide a more practical, simple, and efficient
material strategy for regulating macrophages to treat disease.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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