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CAR-macrophage (CAR-M) therapy holds promise for the treatment of tumor
and fibrotic diseases, yet genetic engineering remains the main efficacy-

enhancing approach. Here we develop a non-genetic strategy using viscoe-
lastic hydrogel to mechanically prime CAR-Ms. CAR-Ms exhibit potent pha-
gocytosis of activated fibroblasts and collagen-degradation capacity, and
hydrogel priming further enhances their cytotoxicity. Mechanistically, vis-

coelastic hydrogel priming reduces CAR-M membrane tension, which triggers
membrane CAR to disassemble from clusters into dispersed monomers and
dimers, leading to enhanced downstream signaling. In pulmonary fibrosis
models, hydrogel-primed CAR-Ms demonstrate superior therapeutic out-
comes, showing fibrosis reduction and microenvironment improvement. This
study highlights CAR-M therapy’s potential for pulmonary fibrosis treatment
and offers a distinct approach to improve CAR-M efficacy by physical stimuli.

CAR-macrophage (CAR-M) therapy has been on the rise. Macrophages
play a critical role in the innate immune system, where they clear
apoptotic cells and pathogens'?. Building on this, researchers have
modified macrophages with chimeric antigen receptors (CARs) to
enhance their ability to target and eradicate tumor cells specifically**.
Additionally, given their tissue infiltration capacity, CAR-Ms have
shown promising potential for solid tumors treatment>. Beyond being
used to treat tumors, the application of CAR-M therapy can be
extended to fibrotic disease treatments. Notably, a study employing
anti-uPAR CAR-Ms in liver fibrosis treatment successfully alleviated
fibrosis and improved the immune microenvironment’. These findings
suggest that CAR-M therapy holds promise for treating parenchymal
fibrotic diseases, as parenchymal fibrotic tissues also have compacted
extracellular matrices and disordered immune microenvironments®.
Pulmonary fibrosis is one of the most prevalent parenchymal
fibrotic diseases’'°. Many risk factors, including smoking, chronic viral
infections and environmental exposures, could induce pulmonary
fibrosis. Pirfenidone and Nintedanib, the two FDA-approved drugs for
pulmonary fibrosis, have shown effectiveness in suppressing fibrosis

progression. However, their capacity to reverse or cure fibrosis is
restricted" . As lung fibroblasts can be activated during pathogenesis,
leading to excessive deposition of collagen fibers in the extracellular
space of the alveoli**, eliminating the activated fibroblasts provides the
opportunity to disrupt this profibrotic positive feedback loop®. This
eradication of activated fibroblasts can potentially be accomplished by
specifically engineered CAR-Ms, where fibroblast activation protein
(FAP) expressed by activated fibroblasts can serve as a target'®".
Despite this theoretical rationale, examples of using CAR-M therapy to
treat pulmonary fibrosis, or even fibrotic diseases, are still rare.
Moreover, to improve therapeutic outcomes, additional strategies
should be employed to enhance the efficacy of CAR-M therapies.
Various methods have been applied to enhance CAR-M therapy
efficacy: 1) Genetically modifying the CAR intracellular domain to
contain the toll-like receptor 4 intracellular toll/IL-IR (TIR) can drive
macrophages to polarize towards a proinflammatory M1 phenotype
with stronger cytotoxicity'; 2) Directly edit macrophages, such as
knocking out ACOD], to polarize them toward pro-inflammatory state
with stronger cytotoxicity, leading to better therapeutic outcomes™?%;
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3) co-injecting CAR-Ms with CAR-T cells to augment therapeutic
outcomes”. However, these methods have limitations, such as
requiring extensive gene editing and being overly complex. Therefore,
a non-gene-editing and more convenient method to enhance CAR-Ms
performance is needed.

Harnessing the plasticity of macrophages offers an opportunity to
enhance CAR-Ms functionality with greater convenience, especially
when regulating CAR-Ms through physical stimuli*>**. Recent research
has demonstrated that phenotypes of macrophages can be regulated
by physical properties of the surrounding extracellular matrix (ECM)
in vivo and the culture substrate in vitro. These mechanical properties
include stiffness, viscoelasticity, and surface topography®*?. For
instance, a gelatin scaffold with lower stiffness and smaller pore size
can stimulate macrophages to polarize towards the pro-inflammatory
phenotype®. Furthermore, viscoelasticity, a property of ECM that has
recently been found crucial in regulating cellular behaviors, has been
proven vital in regulating macrophage functionality. One recent study
reported that macrophages cultured on a more viscous hydrogel
substrate will exhibit higher phagocytosis level*’. Similarly, another
study demonstrated that viscoelastic substrates support stronger
inflammatory responses of macrophages compared to elastic
substrates®. These findings indicate that tuning the viscoelasticity of
substrates offers an opportunity to improve CAR-Ms functionality by
directly enhancing the cytotoxicity of the CAR-expressing macro-
phages. Furthermore, substrate viscoelasticity can also directly affect
the CARs. CARs are expressed on the plasma membranes, making
them inherently susceptible to alterations in membrane properties™ >,
It has been reported that ECM physical properties, such as stiffness,
can affect cellular membrane tension®. Moreover, the state and acti-
vation level of membrane proteins are also regulated by membrane
tension®*>*%"_ Therefore, we hypothesize that the physical properties
of the substrate can not only regulate macrophage phenotype but also
affect the state of CAR and its related signaling directly.

In this study, we developed a distinct CAR-M system for alleviating
pulmonary fibrosis. CAR-M was designed to target and eliminate acti-
vated fibroblasts in fibrotic lung, where Fap protein on their membrane
was recognized as the target protein. Importantly, to enhance efficacy
without gene editing, we primed CAR-Ms on designed hydrogel sub-
strates with tunable viscoelasticity. Our findings demonstrated that,
while maintaining the storage modulus of the hydrogel constant, CAR-
Ms functionality was significantly improved after being seeded on the
hydrogel with a specific loss modulus. Furthermore, we uncovered the
mechanism underlying this priming effect. We found that viscoelastic
hydrogel priming reduced CAR-Ms’ membrane tension, leading to the
disaggregation of CAR clusters, and elevated the ratios of CAR
monomer and dimer. This dispersion phenomenon was further fol-
lowed by the upregulation of CAR-related downstream signaling,
which enhanced the cytotoxicity of CAR-Ms. Lastly, we verified the
functionality of CAR-Ms in a murine pulmonary fibrosis model, where
viscoelastic hydrogel-primed CAR-Ms also exhibited the strongest
therapeutic effect. Our study not only introduces a distinct CAR-M
therapy system for pulmonary fibrosis treatment, but also highlights
that priming CAR-engineered cells with viscoelastic hydrogel could
serve as an efficient and convenient method to improve their ther-
apeutic effect.

Results

Construction and verification of a CAR-M system targeting
activated fibroblasts

In this study, we constructed and verified a CAR-M system targeting
activated pulmonary fibroblasts. Firstly, in order to identify the opti-
mal anti-FAP single chain fragment variable (scFv), we collected two
scFv sequences from existing literatures®*°, and systematically com-
pared their expression levels in both macrophage cell lines and

primary macrophages. We found that two CAR constructs, FAP5 and
MO36, exhibited high expression levels on human macrophage cell
line (THP-1) (Fig. 1A, Supplementary Fig. 1A-C). Subsequently, we
verified the functionality of FAP5 and MO36 constructs. We first test
these two constructs on a conventional T cell model (Jurkat cell). We
proved that CAR-Jurkat cells with FAP5 and MO36 constructs both
exhibited elevated CD69 expression levels after a 12-hour co-culture
with activated primary fibroblasts, suggesting that FAP5 and
MO36 scFvs were indeed effective (Supplementary Fig. 2A). Further-
more, we evaluated the expression level of these CAR constructs on
primary macrophages, as primary macrophages pose a greater chal-
lenge for lentivirus infection®***2 In this study, we employed murine
bone marrow-derived macrophages (BMDMs) for primary-
macrophage experiments. Our results revealed a higher proportion
of CAR (FAP5)-positive BMDMs compared to CAR (MO36) after the
same lentivirus infection process. This indicated the superior expres-
sion of CAR (FAPS) in BMDMs (Fig. 1B, Supplementary Fig. 3A, B).
Therefore, it was selected for subsequent studies.

After identifying FAPS construct as the optimal CAR construct, we
conducted experiments to systematically verify its function on mac-
rophages. In these experiments, we co-cultured CAR-Ms with target
cells to assess their phagocytic and cytotoxic ability. Additionally, we
investigate their collagen degradation capability by co-culturing them
on a collagen hydrogel. First, we differentiated CAR-THP cells from
monocytes into macrophages through treatment with 200 ng/mL PMA
(Phorbol 12-Myristate 13-Acetate) for 48 hours. Successful differentia-
tion was confirmed by the expression of CD14, CD68, and CD1lb
(Supplementary Fig. 4A). To assess the phagocytic ability of CAR-THP
cells, we co-cultured them with FAP-expressing fibroblast cell line (3T3
cell). These two types of cells were respectively pre-labeled with
DeepRed and Green cell trackers for visualization and tracking pur-
poses. During the co-culture experiment, video recordings CAR-THP
cells phagocytosing 3T3 cells were filmed (Supplementary Movie 1),
and a time-series image sequence was obtained, which demonstrates
the direct engulfment of target cells by CAR-THP cells (Fig. 1C). To
quantitatively investigate the phagocytic ability of CAR-THP cells, all
cells were extracted after co-culture and analyzed by flow cytometry.
Results showed that the phagocytosis ratio of CAR-THP cells against
3T3 target cells was significantly higher than that of THP and Et-THP
cells (Supplementary Fig. 5A, B). In this study, Et-THP refers to THP-1
cells with only truncated EGFR labeling. Additionally, to verify the
specificity of CAR, an shRNA-mediated knockdown of FAP in 3T3 cells
was performed to construct the FAP*° 3T3 cell line (Supplementary
Fig. 6A, B). Thereafter, we conducted a phagocytosis assay using 3T3
and FAP*® 3T3 cells. The results revealed that CAR-THP cells exhibited
a significantly higher phagocytosis rate against 3T3 cells compared to
FAPX® 3T3 cells (Fig. 1D), indicating that the CAR-Ms can specifically
target cells that highly express FAP. Moreover, to assess the overall
cytotoxic effect of CAR-Ms on target cells, we employed 3T3Aka
(Akaluciferase-expressing 3T3) cells and quantified the biolumines-
cence intensity of the surviving 3T3AKka cells after a 24-hour co-culture.
Results from this co-culture experiment showed that only CAR-THP
cells exhibited significant cytotoxicity, while THP and Et-THP cells
showed no evident cytotoxicity (Supplementary Fig. 7A). These results
indicate that CAR-THP cells can effectively and specifically kill FAP
high-expressing cells in vitro.

In addition to cytotoxicity verifications, we evaluated whether
CAR-THP can directly degrade collagen upon activation. The collagen-
degrading ability of CAR-THP was evaluated by seeding them onto
TAMRA-labeled type I collagen hydrogel substrate with target cells
(3T3 cells). When the collagen hydrogel was degraded, the labeled
TAMRA was released, leading to a reduction in the TAMRA fluores-
cence in the remaining collagen hydrogel. Therefore, measuring the
change of TAMRA fluorescence after the co-culture experiment would
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Fig. 1| Construct and verify the CAR-M system targeting activated fibroblasts.
A CAR construction with anti-FAP scFv and a control plasmid with only EGFRt
(truncated EGFR). B Representative FACS plots of CAR expressed on lentivirus-
infected BMDM. C Representative time-lapse pictures showing the process of CAR-
THP (Pink) phagocytosing 3T3 cells (Green). Scale bar = 5 pum. D FACS-base analysis
on the phagocytosis ratios of THP and CAR-THP phagocyting 3T3 and FAP*® 3T3
cells. n =3 independent experiments. Statistical significance was calculated with
two-way ANOVA analysis and is presented as mean + s.d. Exact P values are labeled.
E Representative FACS plot of BMDMs, Et-BMDMs and CAR-BMDMs (DeepRed)
phagocytosed with pFs (Green). F FACS-based analysis on the phagocytosis ratios
of BMDMs, Et-BMDMs and CAR-BMDMs phagocyting pFs. n =3 biological repli-
cates. Statistical significance was calculated with one-way ANOVA analysis with

multiple comparisons and is presented as mean + s.d. Exact P values are labeled.
G Bioluminescence from the survived targeted 3T3Aka cells at a 2:1 E:T ratio after 1
Day, 2 Days,3 Days and 4 Days. Normalize to macrophage group. n =3 independent
experiments. Statistical significance was calculated with two-way ANOVA analysis
and is presented as mean + s.d. H Bioluminescence from the survived targeted
3T3Aka cells at a 2:1 and 5:1 E:T ratio for 1 Day. Normalize to macrophage group.
n=3independent experiments. Statistical significance was calculated with two-way
ANOVA analysis and is presented as mean + s.d. I Fluorescence-based analysis on
the remaining collagen ratios of substrate where BMDMs and CAR-BMDM s were co-
cultured with 3T3 cells. n = 4 independent experiments. Significance was calculated
with unpaired two-tailed ¢ test and is presented as mean + s.d.

directly indicate the collagen degradation of activated CAR-THP.
Results showed that CAR-THP cells degraded a significantly larger
amount of collagen compared with THP and Et-THP cells when sti-
mulated by 3T3 cells (Supplementary Fig. 7B). These results demon-
strated that the degradative capacity of macrophages can be enhanced

through CAR activation. In addition, to further verify the versatility of
our CAR system on macrophages, we utilized a mouse macrophage cell
line, RAW264.7 (Supplementary Fig. 8A), to conduct both killing assay
and the collagen degradation assay. As anticipated, CAR-RAW cells
demonstrated stronger cytotoxicity and collagen degradation ability
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than RAW cells (Supplementary Fig. 8B, C). These results verified that
the CAR-M system we established can effectively eliminate target cells
and degrade surrounding collagen fibers in vitro.

Building on the aforementioned data, we employed BMDMs to
evaluate the effectiveness of our CAR system on primary cells, paving
the way for the following in vivo experiments. The phagocytic cap-
ability of CAR-BMDM was first evaluated. We proved that the phago-
cytosis ratio of CAR-BMDMs against TGF-B-stimulated primary lung
fibroblasts was significantly higher than that of non-engineered
BMDMs (Fig. 1E, F). Here, TGF-B-stimulation is implemented to acti-
vate primary fibroblasts to upregulate FAP, resembling their status in
fibrotic lungs (Supplementary Fig. 9A-C). Moreover, by extending co-
culturing time as well as adjusting E:T ratio (Effector: Target), we found
that CAR-BMDMs eradicated 3T3 target cells in both dose- and time-
dependent manners (Fig. 1G, H). This result proved the efficacy and
specificity of the CAR-BMDMs. Furthermore, we evaluated the cap-
ability of CAR-BMDM to directly degrade collagen. We conducted the
collagen degradation assay and found that CAR-BMDMs demonstrated
superior degradation performance compared to BMDMs after being
activated by target cells (Fig. 1I). In sum, these results demonstrated
that the CAR system we have built significantly enhanced the phago-
cytic capability and cytotoxicity against activated primary fibroblasts.
Additionally, the direct collagen degradation capability of CAR-
BMDMs is also significantly promoted compared to non-engineered
BMDMs after being activated by target cells. Collectively, these results
indicated the effectiveness of our CAR system on primary macro-
phages, laying down the foundation for their therapeutic efficacy
in vivo.

Viscoelastic hydrogel substrate primed CAR-Ms with stronger
functionality in vitro

To further enhance the efficacy of CAR-Ms, we seeded them onto a
viscoelastic substrate to prime them with physical stimuli (Fig. 2A, B). A
hydrogel system with tunable viscoelasticity was constructed based on
previous studies***. These viscoelastic hydrogels are composed of
gelatin and oxidized alginate. By altering the oxidation degree of
alginate while maintaining the mass ratio of gelatin to alginate, loss
modulus of hydrogels can be tuned while their storage modulus
remained constant (Fig. 2B). In this hydrogel system, increasing the
oxidation degree of alginate will decrease the ratio of ionic bonds to
imine bonds, resulting in decreased loss modulus and slower stress
relaxation properties (Supplementary Fig. 10). To confirm the viscoe-
lasticity of these hydrogels. We measured their storage modulus (G")
and the loss modulus (G”), as well as their relaxation rates. We proved
that while the storage modulus of hydrogel was kept relatively con-
stant at ~1.3 KPa (Fig. 2C), the loss modulus showed a gradient decrease
along the increment of oxidation degree of alginate (Fig. 2D). Corre-
spondingly, hydrogels with lower oxidation degrees exhibited faster
stress relaxation rates (Fig. 2E). Together, these data showed that our
hydrogel system possess tunable viscoelasticity, which paved the way
for following experiments investigating effects of hydrogel viscoelas-
ticity on CAR-Ms functionalities.

To evaluate the effect of hydrogel viscoelasticity on CAR-Ms’
function, a killing assay was first conducted, which compared CAR-Ms
with hydrogel-primed CAR-Ms (Gel-CAR-Ms), as well as compared with
114- and LPS-stimulated CAR-Ms. Notably, hydrogel with 50% alginate
oxidation degree exhibited the most significant enhancement of CAR-
Ms cytotoxicity, outperforming untreated cells and those CAR-Ms
stimulated by IL-4 or LPS. Importantly, this priming effect of viscoe-
lastic hydrogel was verified in both macrophage cell lines and primary
cells (BMDMs), respectively (Fig. 2F, G). Consequently, the hydrogel
produced with 50% oxidized alginate was selected for all subsequent
experiments. In order to further validate the effect of hydrogel prim-
ing, we co-cultured Gel-CAR-M (BMDMs) with activated primary lung
fibroblasts (Supplementary Fig. 11A). The results showed that Gel-CAR-

Ms exhibited enhanced cytotoxicity even against primary target cells,
confirming the robustness of the hydrogel priming effect. Notably, the
hydrogel-induced enhancement in cytotoxicity remained evident
throughout the 48-hour co-culture period (Supplementary Fig. 11B),
indicating that the priming effect is durable. To further investigate the
impact of hydrogel priming on CAR-Ms recognition and activation
against target cells, key phosphorylated proteins involved in the CAR-
related downstream signaling pathway were evaluated with immuno-
fluorescence (Fig. 2H). After a 4-hour co-culture, Gel-CAR-Ms exhibited
upregulated p-SYK, p-ERK1/2 and p-JNK expression compared to CAR-
Ms, indicating their higher cytotoxicity (Fig. 2H, Supplementary
Fig. 11C). To further investigate the transcriptomic differences
between CAR-Ms and Gel-CAR-Ms, we performed bulk RNA sequen-
cing. Differentially expressed genes between the two groups were
significantly enriched in the MAPK signaling pathway (Fig. 2I). This
finding is consistent with the staining results. Furthermore, volcano
plot analysis revealed that hydrogel priming upregulated several
immune regulatory and ECM remodeling-related genes in CAR-Ms***,
including Ccl5, Cxcl10, and Mmp13 (Supplementary Fig. 12A). We also
visualized representative genes using a heatmap categorized by
functional annotations (Supplementary Fig. 12B). Results showed that
Gel-CAR-Ms displayed downregulation of pro-fibrotic genes (Collal,
Fnl, Tgfbl), indicating anti-fibrotic potential. The transcriptional-level
change of these genes suggests that Gel-CAR-Ms may exhibit pro-
moted therapeutic effects in pulmonary fibrosis through enhanced
immunomodulation and matrix remodeling function.

Further, we investigated whether this hydrogel priming effect can
be extended to other CAR-engineered cells. We discovered that cyto-
toxicity of anti-CD19 CAR-T cells was also significantly enhanced after
being primed by viscoelastic hydrogels (Supplementary Fig. 13A).
Moreover, we verified that viscoelastic hydrogel-primed CAR-T (Gel-
CAR-T) cells indeed showed upregulation of cytotoxicity-related fac-
tors, such as /L2 and IFN-y (Supplementary Fig. 13B).

Our results demonstrated that a hydrogel with suitable viscoe-
lasticity can significantly enhance CAR-M functionalities. Importantly,
we showed that this priming effect can be extended to CAR-T cells,
suggesting its general significance in enhancing the performance of
CAR-engineered cells.

Viscoelastic hydrogel promotes CAR-M functionality by
redistributing membrane CARs

In this section, we explored the mechanism underlying the priming
effect of viscoelastic hydrogel on CAR-Ms from the perspective of
mechanobiology. CAR is a membrane protein, suggesting its expres-
sion and functional performance are intricately connected to the cell
membrane properties®™**, Therefore, stimuli, including physical sti-
muli brought by our viscoelastic hydrogel, can affect CAR by affecting
the cell membrane. Here, we focused on the membrane tension of
CAR-Ms as it may be directly influenced by the mechanical properties
of the ECM***°,

First, we investigated how viscoelastic hydrogel affected the
plasma membrane tension of CAR-Ms. We evaluated the cell mem-
brane tension using the Flipper TR fluorescent probe, which can insert
into plasma membranes and indicate membrane tension through
fluorescence-lifetime change®. Our findings demonstrated a sig-
nificant reduction in cell membrane tension in Gel-CAR-Ms compared
to CAR-Ms (Fig. 3A, B). Subsequently, we tracked the change of CAR
distribution on the membrane by conjugating them with an mCherry
fluorescent protein on the C-terminus. Confocal microscopy was
employed to monitor the change in CAR distribution, revealing a more
dispersed distribution pattern of CAR on hydrogel-primed cells as CAR
clusters largely disaggregated (Fig. 3C, D). Moreover, to conduct a
more precise examination of CAR distribution, total internal reflection
fluorescence (TIRF) microscopy was utilized to observe membrane
CAR. Our result showed that CAR clusters on CAR-Ms membrane were
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diminished after hydrogel priming (Fig. 3E, F). These findings indicated
that hydrogel priming decreased the cell membrane tension of CAR-
Ms, as well as reduced the aggregation of CAR on the cell membrane.
We hypothesized that reduced cell membrane tension can lead to CAR
redistribution, thus enhancing CAR self-activation. This could result in
a highly prepared state for CAR-Ms and enable a more vigorous
response to stimulation from target cells (Fig. 3G).
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To investigate how the change in CAR distribution, caused by
viscoelastic hydrogel, affected CAR-Ms functionality, we conducted a
non-reducing western blot experiment on CAR-Ms and Gel-CAR-Ms. A
significant increase in the proportions of CAR monomers and dimers
was observed in Gel-CAR-Ms (Fig. 3H-)). In addition, we characterized
the change in ERK1/2 and p-ERK1/2 levels in CAR-Ms without target
cells. As a result, a two-fold upregulation of (p-ERK1/2)/(ERK1/2) ratio

Nature Communications | (2026)17:1663


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68033-4

Fig. 2 | Viscoelastic hydrogel substrate endows CAR-Ms with enhanced func-
tionality. A Schematic of hydrogel primed CAR-Ms eradicating target cell.

B Appearance of Gelatin Oxidized-Alginate hydrogel with different oxidation
degrees in a six-well plate and RAW264.7 being seeded on these hydrogels. Here,
20% oxidized gel, 50% oxidized gel, and 95% oxidized gel refer to hydrogels pro-
duced with 20%, 50%, and 95% oxidized alginate, respectively. Scale bar =100 pm.
C Storage modulus of hydrogel with different oxidation degree. n (20% and

50%) =36, n (95%) =34 technical replicates from three biological experiments.

D Loss modulus of hydrogel with different oxidation degrees. n (20%) =34, n (50%
and 95%) = 36 technical replicates from three biological experiments. E Normalized
stress relaxation curves of hydrogel with different oxidation degree. F Relative
killing ratio of hydrogel primed CAR-RAW, 114 stimulated CAR-RAW, and LPS sti-
mulated CAR-RAW toward target 3T3Aka. Here, 20% gel, 50% gel, and 95% gel refer

to hydrogels produced with 20%, 50%, and 95% oxidized alginate, respectively.
n=6. Normalize to the macrophage group. G Relative killing ratio of hydrogel
primed CAR-BMDM, 114 stimulated CAR-BMDM, and LPS stimulated CAR-BMDM
toward target 3T3Aka. Here, 20% gel, 50% gel, and 95% gel refer to hydrogels
produced with 20%, 50%, and 95% oxidized alginate, respectively. Normalize to the
macrophage group. n =3 independent experiments. H Immunostaining for p-SYK,
p-ERK1/2, and p-JNK in CAR-RAW and Gel-CAR-RAW cells. NIH3T3 cells were labeled
with CellTracker Green. Scale bar was 10 um. I KEGG pathway enrichment analysis
(CAR-M vs Gel-CAR-M, n =3 per group). Bubble plot showing significantly enriched
pathways based on differentially expressed genes. Statistical significance was cal-
culated with one-way ANOVA analysis with multiple comparisons and is presented
as mean + s.d (C, D, F and G). Exact P values are labeled. A was created with
BioRender. Lab, D. (2025) https://BioRender.com/26mqfo7.

was observed in Gel-CAR-Ms. These results indicated that viscoelastic
hydrogel will significantly promote disaggregation of CAR and the self-
activation level of CAR downstream pathway (Fig. 3K, L), which sup-
ports our hypothesis that hydrogel priming reduces cell membrane
tension, leading to a preference for CAR to exist as monomers or
dimers on the membrane, thereby amplifying downstream CAR
signaling.

To further verify our conclusion, we characterized the change of
CAR distribution specifically on plasma membranes with a single-
molecule photobleaching assay (Fig. 3M). We discovered that the ratio
of CAR monomers (Fig. 3N) and dimers (Fig. 30) on CAR-Ms mem-
branes was significantly elevated.

To further confirm our hypothesis, we used N-(3-Oxododecanoyl)
(30c) as a substitute for viscoelastic hydrogel priming to reduce the
membrane tension of CAR-Ms (Fig. 3P). 3oc is a commonly used small
molecule to reduce cell membrane tension®. Our results demon-
strated a marked reduction in CAR clustering following the treatment
of 3oc (Fig. 3Q, R). This data supported our hypothesis that the
reduction of cell membrane tension will lead to the dispersion of CARs,
which can be reflected from the decrease of CAR cluster number ver-
ified by TIRF microscopy (Fig. 3Q, R). Furthermore, we discovered that
the dispersion of CAR caused by 3oc treatment also significantly ele-
vated the killing ratio of CAR-Ms, which emphasized that reducing
membrane tension could lead to CAR dispersion and enhanced CAR-
Ms functionality (Fig. 3S).

Based on these findings, we demonstrated that viscoelastic
hydrogel can reduce CAR-Ms membrane tension and lead to the dis-
persion of membrane CARs. This dispersion of CAR was found to
correlate with the elevation of self-activation of CAR, which prepared
CAR-Ms to rigorously respond to target cells.

Gel-CAR-Ms possess enhanced therapeutic effects in pulmonary
fibrosis treatment

To evaluate the therapeutic effect of CAR-Ms and Gel-CAR-Ms in
treating lung fibrosis, we administered these cells into mice with pul-
monary fibrosis, followed by monitoring therapeutic outcomes.

First, we established a pulmonary fibrosis mouse model induced
by bleomycin. To validate this model, we performed micro-CT imaging
analysis and hydroxyproline (HYP) content analysis on model mice.
Results showed a significant increase in the volume of fibrotic tissue in
the lungs of bleomycin-induced mice, along with an evident elevation
in lung tissue HYP content (Fig. 4A, B). These results confirmed suc-
cessful pulmonary fibrosis model establishment. Importantly, we
employed immunofluorescence staining to verify the elevation of FAP
and o-SMA in fibrotic lung tissue sections, which indicated an
increased population of activated fibroblasts (Fig. 4A). These results
not only verified the successful establishment of pulmonary fibrosis
mouse model, but also supported our rationale on using FAP as tar-
geting protein.

The CAR-M therapy was conducted by administering cells into
model mice. In this study, we administered CAR-Ms and Gel-CAR-Ms

into mice with pulmonary fibrosis through the tail vein on days 7 and 14
after bleomycin induction, with phosphate-buffered saline (PBS), and
macrophage (M) groups as control groups. On day 21, we collected
samples by sacrificing the mice (Fig. 4C). Throughout the study, we
continuously monitored the body weight of the mice (Fig. 4D). By the
time of sample collection, the most notable increase in body weight
was observed in the Gel-CAR-M group. In addition, HYP concentration
of mice's lung in Gel-CAR-M group displayed the most markedly
decrease (Fig. 4E). These results suggested that Gel-CAR-M treatment
alleviated pulmonary fibrosis efficiently.

To further assess the therapeutic effects of CAR-Ms, we con-
ducted Masson’s trichrome, hematoxylin-eosin (HE) and Sirius Red
staining on lung sections from CAR-M and Gel-CAR-M treated mice
(Fig. 4F). Both Masson’s Trichrome and Sirius Red staining revealed a
significant reduction in pulmonary fibrosis in CAR-M and Gel-CAR-M
treated groups, with Gel-CAR-Ms showing superior therapeutic effects
(Fig. 4G-1). Additionally, HE staining and Ashcroft scoring showed
thinning of the interstitial space and restoration of the normal alveoli
structure in CAR-M and Gel-CAR-M treated mice, especially Gel-CAR-M
group (Fig. 4F, H). Collectively, the section staining images and sta-
tistical analyses suggested that both CAR-M and Gel-CAR-M treatments
improve lung fibrosis and tissue architecture, with Gel-CAR-Ms
demonstrating superior therapeutic effects.

Following this, in order to evaluate the clearance of activated
fibroblasts in the lungs after treatment, immunofluorescence staining
of FAP was performed (Fig. 5A). The results demonstrated the effective
clearance of activated fibroblasts by both CAR-Ms and Gel-CAR-Ms
from the lowered FAP signal in lung sections, with Gel-CAR-Ms exhi-
biting a more pronounced clearance effect (Fig. 5B). Importantly, we
also verified the localization of CAR-Ms in the treated lungs. Tracking
of injected CAR-Ms was accomplished utilizing CD45.1-positive mac-
rophages and CD45.2-positive mice in the experiment. The identifica-
tion of CD45.1-positive cells in the interstitial spaces of the lung tissue
suggested that the injected cells are capable of persisting within the
lung tissue throughout the treatment process (Fig. 5C). Following this,
we further evaluated the biodistribution and retention of injected Gel-
CAR-Ms using DiR fluorescence labeling. Whole-organ fluorescence
imaging was conducted on days 1, 7, 14, and 21 after administration to
assess the in vivo localization and persistence of the injected cells.
These results revealed that Gel-CAR-Ms primarily accumulated in the
lungs, liver and spleen (Supplementary Fig. 14A). Quantitative analysis
of fluorescence intensity showed a rapid decline in DiR signal in the
lungs during the first 7 days, followed by a slight decrease thereafter,
indicating sustained retention of CAR-Ms in the lung tissue beyond day
7. (Supplementary Fig. 14B).

Additionally, to investigate the changes in the immune micro-
environment of the mouse lungs post-treatment, we utilized gPCR to
assess the gene expression of collagen, cytokines, chemokines, and
matrix metalloproteinases (MMPs) at the tissue level (Fig. 5D). As
anticipated, the heatmap generated from qPCR results revealed ele-
vated expression levels of inflammatory and chemotactic factors in
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PBS-treated lungs. Moreover, we discovered that although non-
engineered macrophages lowered the expression level of inflamma-
tory and chemotactic factors in the lung, they upregulated the
collagen-related genes, which may lead to their unsatisfactory ther-
apeutic effect. Additionally, CAR-M treated fibrotic lungs displayed an
upregulation of interleukin factors, which is unfavorable for fibrosis

alleviation. Importantly, we discovered that Gel-CAR-Ms decreased the
overall expression of all collagen, cytokines, and chemokines related
genes. Specifically, in the Gel-CAR-M group, the expression of fibrosis-
related genes Acta? and Col2al was significantly downregulated
(Fig. 5E-G), as well as the expression of chemokines (Ccll1, Ccl2) and
cytokines (l16) (Fig. SH-J). This phenomenon suggested that Gel-CAR-
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Fig. 3 | Decrease of cell membrane tension leads to membrane CAR redis-
tribution with upregulation of p-ERK. A Cell membrane tension parameter of
CAR-Ms and Gel-CAR-Ms. n (CAR-M) =10, n (Gel-CAR-M) =13 cells from three
independent experiments. B Representative images showing the measurement of
the fluorescence lifetime of the Flipper TR fluorescent probe on the cell membrane.
Left: Scale bar =20 pum. Right: scale bar =5 pm. C Representative confocal image of
CAR-Ms and Gel-CAR-Ms. CAR expression was visualized using an Alexa Fluor 649-
conjugated secondary antibody (shown in red). D Mean fluorescence intensity per
unit fluorescence area. n =3 three independent views. E Representative TIRF ima-
ges of CAR-Ms and Gel-CAR-Ms. F Quantified CAR cluster per cell. n =10 from three
independent experiments. G Hypothesized schematic of CAR protein distribution
pattern changes before and after hydrogel priming. H Representative western
blotting of CAR dimer and CAR monomer in Ms, CAR-Ms and Gel-CAR-Ms. I Relative
CAR protein monomer expression ratio in CAR-Ms and Gel-CAR-Ms. n =3 inde-
pendent experiments. J Relative CAR protein dimer expression ratio in CAR-Ms and

Gel-CAR-Ms. n =3 independent experiments. K Representative western blotting of
p-ERK1/2 and ERK1/2 in CAR-Ms and Gel-CAR-Ms. L Normalized relative (p-ERK1/2)/
(ERK1/2) ratio in CAR-Ms and Gel-CAR-Ms. Normalize to CAR-M group. n=3.

M Diagram of CAR protein detection by single-molecule photobleaching. N, 0 CAR
protein monomer ratio and dimer ratio on CAR-Ms and Gel-CAR-Ms. n =10 from
three independent experiments. P Cell membrane tension parameter of CAR-Ms
and 3oc-CAR-Ms by Flipper TR fluorescent probe. n (CAR-M) =23, n (3oc-CAR-

M) =21 from three independent experiments. Q Representative TIRF image of CAR-
Ms and Gel-CAR-Ms. R Quantified CAR cluster number on CAR-Ms and 3oc-CAR-Ms.
n=16 from three independent experiments. S Killing ratio of CAR-Ms and 3oc-CAR-
Ms against 3T3Aka cells. n = 6 independent experiments. Statistical significance was
calculated with unpaired two-tailed ¢ test and is presented as mean + s.d.
(A,D,F,LJ,L,N,0,P,R, andS). Exact P values are labeled. Scale bar of (C, E, and Q)
was 5 pm. G was created with BioRender. Lab, D. (2025) https://biorender.com/
kfxx0k2.

Ms can restore the immune microenvironment of lungs, reducing
inflammation and collagen deposition levels, resulting in the enhanced
therapeutic effect compared to macrophages and CAR-Ms.

To assess the long-term safety of the Gel-CAR-M therapy, we
conducted comprehensive safety evaluations over a 12-week period
following treatment. Complete blood count analyses were performed
at weeks 4 and 8 post-treatment in healthy, fibrotic, and Gel-CAR-M
treated mice (Supplementary Fig. 15A). At 4 weeks, most hematological
parameters, including white blood cells, red blood cells, hemoglobin,
neutrophils and lymphocytes, had reached comparable levels across
groups, with the exception of platelet counts. By 8 weeks, all complete
blood count parameters exhibited no significant differences among
the three groups, indicating hematological recovery following treat-
ment. Additionally, histological examination of major organs, includ-
ing the heart, liver, spleen, kidney, and femur, was performed at week
12 via H&E staining (Supplementary Fig. 15B). All groups displayed
normal tissue architecture without signs of inflammation, fibrosis, or
cellular damage, suggesting that Gel-CAR-M therapy does not induce
off-target organ toxicity. Further, serum biochemical indices were also
evaluated at 12 weeks to monitor hepatic and renal function, as well as
potential autoimmune responses (Supplementary Fig. 15C). No sig-
nificant differences were observed in levels of liver function markers
including alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP), or renal function markers
including blood urea nitrogen (UREA) and uric acid (UA) among the
groups. Furthermore, serum anti-nuclear antibody (ANA) levels
remained comparable across all groups, indicating that Gel-CAR-M
treatment did not trigger systemic autoimmunity. Collectively, these
results confirm the long-term safety of Gel-CAR-M therapy at the
hematological, histological, and biochemical levels.

Discussion

This study established a distinct CAR-M-based anti-pulmonary fibrosis
therapy. Moreover, this study improved the therapeutic effect of CAR-
Ms by treating them with a viscoelastic hydrogel substrate. We dis-
covered that viscoelastic hydrogel can redistribute membrane CAR
into a more dispersed pattern by lowering the cell membrane tension.
This redistribution of CAR is followed by the upregulation of CAR-
related downstream pathway, thereby preparing CAR-Ms into a more
ready state to respond to target cells (Fig. 6).

Pulmonary fibrosis is a prevalent disease. The key cells that con-
tribute to fibrosis progression are activated fibroblasts in the lungs. In
our study, we used CAR-Ms to precisely target and eliminate activated
fibroblasts. Macrophages, in addition to their cytotoxic effects, pos-
sess collagen-degradative and immunoregulatory capabilities that
hold promising therapeutic potential for fibrotic disease treatment. A
study on CAR-M therapy for liver fibrosis revealed that CAR-Ms can
modulate the local tissue microenvironment, resulting in the regres-
sion of fibrosis’. Similarly, our research revealed that Gel-CAR-Ms

therapy can modulate the immune microenvironment in fibrotic lungs,
leading to a downregulation of inflammation-related genes (Fig. 5D).
However, in our research, we have advanced by employing a fluor-
escent collagen hydrogel degradation assay to quantitatively char-
acterize the degradation capacity of CAR-Ms in vitro. And our results
demonstrated that CAR-Ms can directly degrade surrounding collagen
fibers. This implied that CAR-Ms may have a direct degradation func-
tion in vivo as well. Despite these findings, additional details, such as
the MMP profile and the dominant MMPs secreted by CAR-Ms, require
further investigation. In addition, there has been a study that con-
structed MMP-secreting CAR-M containing transmembrane and
intracellular regions of the mouse CD147 molecule®. The expression of
multiple MMPs was upregulated upon CAR-Ms stimulation. Based on
this study and our work, we could potentially create more effective
CAR-Ms for fibrotic disease therapy by incorporating domains that
enhance degradative functions into CAR.

Selecting the appropriate target is crucial in CAR-M therapy for
treating fibrotic diseases. In addition to FAP, platelet-derived growth
factor receptor (PDGFR) emerges as another significant target in
fibrosis tissue™. PDGFR is essential for mesenchymal cell development
and plays a pivotal role in fibroblast activities, particularly involved in
tissue homeostasis and regeneration. Activation of PDGFRp signaling
stimulates fibroblasts, promoting the production of ECM proteins
essential for tissue restoration®. The PDGF/PDGFR signaling pathway
is implicated in various fibrosis disease processes, including cardiac
fibrosis, liver fibrosis and renal fibrosis*®. In cancer, PDGFRp expression
is also upregulated in cancer-associated fibroblasts (CAFs)**. Previous
studies have developed CAR-T cells targeting PDGFRp for the treat-
ment of rhabdomyosarcoma, showing improved tumor regression and
survival in subcutaneous xenograft models”. Therefore, PDGFRp
could also be a viable target for CAR-M therapy in pulmonary fibrosis.
Furthermore, combining diverse CARs and employing various CAR
designs®™*? could serve as potent strategies to augment the efficacy of
CAR-M therapy.

Currently, there is a gradual increase in research on CAR-M.
Researchers are actively enhancing CAR-Ms for improved therapeutic
efficacy. One study incorporated TIR into the CAR intracellular domain
to modulate CAR-M phenotype and enhance its cytotoxicity'®. Another
study knocked out specific genes, thereby augmenting CAR-M’s pha-
gocytic capacity and anti-tumor activity’. Compared to previous stu-
dies, we prime CAR-Ms on the specific viscoelastic hydrogel instead of
gene editing. This method significantly improved CAR-Ms cytotoxicity
with high convenience. Thus, our study offered a distinct non-gene-
editing method to augment CAR-Ms' effectiveness. Furthermore,
according to the gene expression heatmap of the lungs, Gel-CAR-Ms
did not trigger severe side effects like cytokine release syndrome. In
addition to evaluating therapeutic efficacy, we also conducted a
comprehensive long-term safety assessment 12 weeks after cell ther-
apy. Serum biochemical indices, including liver function markers and
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kidney function markers, returned to normal ranges across all groups
(Supplementary Fig. 15). Furthermore, serum anti-nuclear antibody
levels remained unchanged, indicating that Gel-CAR-M treatment did
not induce autoimmune responses. Histological analyses of major
organs, including the heart, liver, spleen, kidneys, and bones, revealed
no signs of inflammation or tissue damage, with all organs maintaining
normal architecture. These results collectively demonstrate that Gel-
CAR-M therapy is not only effective but also well-tolerated, exhibiting

PBS M CAR-M Gel-CAR-M

no systemic toxicity or immune-related adverse effects over extended
observation periods.

Research on the influence of cell fate by substrate mechanical
memory and dosing has been ongoing. It has been observed that a
supraphysiological stiff substrate, TCP, can induce sustained activa-
tion of the YAP signal in hMSCs®°. When cells are cultured on hydrogels
with increased Young’s modulus, the YAP signal exhibits a dose-
dependent activation related to the stiffness of the hydrogel. This
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Fig. 4 | Hydrogel priming improved the therapeutic effect of CAR-M on murine
pulmonary fibrosis model. A FAP (Red) immunostaining with a-SMA (Green) and
micro-CT image 3D reconstruction of the mouse healthy lung and fibrotic lung. Cell
nuclei are stained with Hoechst (blue). Scale bar was 50 pm. B Statistic of micro-CT
fibrotic tissue volume ratio (n =5 mice) and HYP concentration in healthy lung and
fibrotic lung (n =3 mice). Statistical significance was calculated with an unpaired
two-tailed ¢ test and is presented as mean * s.d. C C57BL/6 mice were intratracheal
injected with bleomycin and treated with PBS, M, CAR-M and Gel-CAR-M through
the tail vein twice 7 d later. D Weight change of mice with different treatments. n
(Healthy) = 6, n (PBS) =4, n (M) =5, n (CAR-M) =5, n (Gel-CAR-M) = 3 mice. Statis-
tical significance was calculated with two-way ANOVA analysis with multiple com-
parisons and is presented as mean * s.d. E HYP concentration of lung. n

(Healthy) =4, n (PBS) =4, n (M) =4, n (CAR-M) =4, n (Gel-CAR-M) =3 mice. Among

the five groups, a significant difference was observed by one-way ANOVA (P < 0.05).
Subsequently, an unpaired two-tailed ¢ test was performed to specifically compare
the significance of two groups. Results are presented as mean + s.d.

F Representative Masson’s Trichrome, Hematoxylin-Eosin and Sirius Red staining
picture of lung tissue with different treatments. Scale bar was 100 um. G Statistic of
collagen tissue area ratio in total tissue area by Masson’s Trichrome staining pic-
tures. H Ashcroft score of lung tissue by Hematoxylin-Eosin staining pictures.

1 Collagen fiber area of lung tissue by Sirius Red staining pictures. G-I average of
three views of one sample was calculated and taken into statistics. n (PBS) =4, n
(M) =4, n (CAR-M) =4, n (Gel-CAR-M) =3 mice. Statistical significance was calcu-
lated with one-way ANOVA and is presented as mean + s.d (G-1I). Exact P values are
labeled. C was created with BioRender. Lab, D. (2025) https://BioRender.com/
q3zl6iz.

mechanically induced activation gradually transitions to irreversible
activation with prolonged culture time. Further investigations suggest
that the key factors behind the emergence of mechanical memory is
epigenetic regulation® ., Nuclear deformation and actomyosin con-
tractility can lead to persistent epigenetic changes, such as acetylation
and methylation of histone tails, as well as DNA methylation in pro-
moter regions. These changes affect chromatin organization, con-
densation, and accessibility of transcription factors. In our study, Gel-
CAR-Ms exhibited increased cytotoxicity compared to CAR-Ms cul-
tured on TCP, and this enhanced functionality persisted throughout
in vivo therapy, indicating that the viscoelastic substrate induced
mechanical memory in CAR-Ms. Further investigation including
mechanical memory reversibility and epigenetic alterations is still
needed.

Macrophage possess diverse surface receptors, which can trigger
intracellular signaling pathways and alter cellular behavior upon
external stimulation®¢*, In this work, we provide innovative insight
into the effects of hydrogel priming on CAR-Ms functionality. Our
findings reveal that the reduction in cell membrane tension induced by
hydrogels, coupled with changes in CAR distribution, leads to the
augmentation of downstream signaling. Furthermore, this discovery
could have implications for other cells, such as CAR-T cells. In our
study, we assessed the cytotoxicity of Gel-CAR-T cells and observed
that hydrogels with varying oxidation degree exhibit differing effects.
Specifically, hydrogel produced with 20% and 50% oxidized alginate
enhanced CAR-T killing efficacy, while hydrogel produced with 95%
oxidized alginate resulted in reduced CAR-T killing efficacy (Supple-
mentary Fig. 13A). This phenomenon may be associated with the
upregulation of apoptotic factors such as PD1 and CTLA4 (Supple-
mentary Fig. 13B). These findings suggest that hydrogel priming hold
promise for enhancing the efficacy of CAR-T therapy and other
adoptive cell therapies. However, further research is necessary to
determine the optimal hydrogel condition for this purpose. In addi-
tion, as CAR undergo distribution changes, classic receptors on mac-
rophage membrane, such as TLR and PRR, may also be affected by
hydrogel priming. Once being affected, the functions controlled by
these receptors may be impacted as well, which could lead to corre-
sponding cellular behavior change.

In sum, this study introduced a distinct CAR-M therapy treating
pulmonary fibrosis. Furthermore, a priming effect by viscoelastic
hydrogel on CAR-Ms has been verified with an explained mechanism.
Collectively, this study offered valuable perspectives in not only CAR-
M therapy development, but also a generalizable method to improve
CAR-engineered cell efficacy with high convenience compared to
conventional gene editing methods.

Methods

Construction of CAR and lentivirus

Sequences of different anti-FAP scFvs were cloned into a CAR con-
struction, which was on a lentivirus backbone with EFla as promoter
and T2A-EGFRt (truncated EGFR) as label. CAR construction was

composed of a CD8 leader sequence, CD8 transmembrane domain and
4-1BB and CD3( intracellular domain. A control plasmid containing
only EGFRt on the same backbone was also utilized. For membrane
imaging of CAR, mCherry was fused to the C-terminal. Lentivirus was
packaged in HEK293T cells with infected pMD2.G, pRRE and pRSV-Rev
plasmids using Lipo293TM (C0521, Beyotime). After an additional
12 hours of culture, the medium was replaced with fresh culture
medium. The supernatant containing the lentivirus particles was col-
lected within 48 hours, and then filtered through a 0.45-um filter
(SLHVR33RB, Millipore). The lentivirus particles were enriched by
centrifuging supernatant at 4 °C and 19,500 rpm for 2.5 hours J-26XP,
Beckman Colter).

Manufacturing of CAR-Ms

THP-1and RAW264.7 cells were transduced with lentivirus at an MOI of
5-10 and FACS sorted for high purity. BMDMs were differentiated using
1929 cell supernatant for 7 days. On Day 5, BMDMs were transduced
with lentivirus at an MOI of 30 and cultured until Day 7. On Day 7,
BMDMs were harvested and assessed for CAR expression and function.

Flow cytometry staining and analysis

Cells were harvested and resuspended on ice in flow cytometry buffer.
BMDMs were initially treated with Fc block reagent (101319, Biolegend)
to prevent non-specific binding, and the Fc block was not washed
away. The primary antibody, goat anti-mouse Fab (115-065-072, Jack-
son), was added and incubated on ice for 1 hour. Afterward, the cells
were washed using flow cytometry buffer to remove the primary
antibody. The cells were then resuspended in an appropriate volume
of flow cytometry buffer and incubated with secondary antibody
(405207, Biolegend) for 1 hour on ice, protected from light. Following
incubation, the cells were washed again to remove excess secondary
antibody. The final pellet was resuspended in flow cytometry buffer
and analyzed by flow cytometry (BD LSRFortessa SORP).

Isolation and activation of primary murine lung fibroblasts

Primary lung fibroblasts were isolated from healthy male C57BL/6 mice
aged 8-12 weeks. Mice were euthanized, and the lungs were excised
and minced on ice. The tissue was digested in 5 ml of enzyme solution
prepared in DMDM basal medium containing 0.1% collagenase |
(17100017, Gibco), 0.1% collagenase IV (17104019, Gibco), 0.01% hya-
luronidase (H8030, Solarbio), and 0.01% DNase 1 (10104159001,
Roche). Samples were incubated at 37 °C for 7 h with gentle shaking
every hour to facilitate digestion. Following digestion, residual tissue
fragments were dissociated by pipetting, and the suspension was
passed through a 40-um strainer (431750, Corning). Cells were col-
lected by centrifugation at 1000 rpm for 5min and resuspended in
complete DMEM medium. Cells from each lung were seeded into a 10-
cm dish and cultured under standard conditions. After 24 h, adherent
cells were washed, and fresh medium was added, followed by an
additional 24 h of culture. These cells were designated as Day O.
Fibroblast activation was induced by stimulation with 10 ng/ml murine
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Fig. 5 | Gel-CAR-Ms exhibited advanced efficacy in eradicating FAP-positive
cells and restoring the immune microenvironment in fibrotic lungs.

A Representative image of FAP (Red) immunostaining with «-SMA (Green) of lung
and CD45.1 (Green) was used to track injected macrophages. Cell nuclei are labeled
with Hoechst (blue). Scale bar was 100 pm. B Quantified FAP mean fluorescent
intensity. n =10 views from 3-4 mice lungs per treatment. Statistical significance
was calculated with one-way ANOVA and is presented as mean + s.d.

C Representative image of FAP (Red) immunostaining of lung and CD45.1 (Green)

was used to track injected macrophages. Cell nuclei are labeled with Hoechst (blue).
The left scale bar was 100 um, and the right scale bar was 5 um. D Gene expression
heat map of average expression values per group. E-J Relative gene expression of
Acta2, Collal, Col2al, Ccll, Ccl2 and ll6. n (PBS) =5, n (M) =5, n (CAR-M) =4, n (Gel-
CAR-M) =3 mice in (D-J). Box-and-whisker plots with the median indicated and
Kruskal-Wallis test with Dunn’s post-hoc test and FDR correction were used

in (E-J).

TGF-B (763102, Biolegend). Samples were harvested after 1 day and
3 days of stimulation, with medium refreshed once during the 3-day
induction period.

FAP Knockdown by shRNA

The shRNA plasmids were purchased from the Biomedical Testing
Center at Tsinghua University, with a library (SHPM15, Sigma) con-
taining four shRNA plasmids targeting the mouse FAP protein. The
plasmid-containing E.coli strains were expanded, followed by plasmid
extraction to obtain sufficient plasmids. Lentivirus packaging was then
performed according to the described method, and after the lentivirus

was produced, it was used to infect wild-type NIH3T3 cells. Puromycin
was used for selection, and four shRNA knockdown cell lines were
obtained. Samples were taken for WB identification, and the final cell
line with FAP protein knockdown was selected for further experiments.

Cytotoxicity assay

NIH3T3 cells were infected with Akaluciferase-T2A-GFP lentivirus,
FACS sorted, and then used as targets in a luciferase-based assay.
3T3AKka cells and CAR-Ms were cocultured in a black 96-well plate for
24h, and then the supernatant was discarded, followed by adding
TokeOni (808350, FujiFilm) substrate containing medium to measure
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Fig. 6 | Schematic diagram of the constructed CAR-M therapy for pulmonary
fibrosis treatment with enhanced therapeutic effect based on viscoelastic
hydrogel priming. Macrophages were modified with anti-FAP CAR to activate
fibroblasts. The CAR-Ms can treat pulmonary fibrosis not only by phagocytosing
and killing activated fibroblasts but also by degrading deposited collagen. Impor-
tantly, a viscoelastic hydrogel was utilized to prime CAR-Ms, resulting in dispersed

CAR distribution and strengthened cytotoxicity in vitro. Moreover, viscoelastic
hydrogel-primed CAR-Ms displayed the strongest therapeutic effect, reversing
fibrotic lungs to normal architecture and adjusting the pro-fibrotic immune
microenvironment. The figure was created with BioRender. Lab, D. (2025) https://
BioRender.com/p0O6jaon.

the bioluminescence of the remaining live target cells using a micro-
plate reader. For the CAR-Jurkat cell cytotoxicity assay, a CD19-highly-
expressing Akaluciferase-labeled Nalmé cell line was used as the target.
CAR-Jurkat cells and Nalmé cells were co-cultured at an E:T ratio of 2:1
for 24 hours. After co-incubation, cells were collected by centrifuga-
tion, resuspended in medium containing luciferase substrate, and
bioluminescence was measured using a microplate reader.

(3T3Aka signal — sample signal)

0,
3T3Aka signal x100%

Killing ratio = 1))

Phagocytosis assay

In order to detect the phagocytosis ability, CAR-Ms and target cells were
digested and stained with DeepRed cell tracker (A66433, ThermoFisher)
and Green cell tracker (A66434, ThermoFisher), respectively, for
30 minutes at 37 °C. After washing off excess dye with medium, CAR-Ms
and target cells were cocultured at 37 °C. For the phagocytosis FACS
assay, cells were digested by trypsin (325-043-EL, Wisent) after a 4-hour
co-culture, washed, and analyzed by flow cytometry. The percentage of
double-positive cells within the macrophage population was used to
calculate the phagocytosis ratio. For the time-lapse assay, cells were
maintained in a 37 °C live imaging chamber for 8 hours, with images
captured every 2 minutes using a Nikon microscope.

Collagen degradation assay

To prepare TAMRA-labeled type I collagen gel, dilute the TAMRA
(46406, Thermo Scientific)-collagen (354236, Corning) solution with
PBS buffer to a final concentration of 1 mg/mL. Then, add 1M NaOH
solution to adjust the pH of the collagen solution to induce the for-
mation of a collagen hydrogel. Add it to the wells of a plate before
hydrogel formation, and place PBS buffer in the adjacent wells to
maintain humidity. Incubate the plate at 37 °C for 12 hours to obtain a
collagen hydrogel. Seeding co-culture cells on collagen hydrogel for
3 days, then discarding the supernatant and adding collagenase type |

to completely degrade the hydrogel. Centrifuge and discard the cell
clumps, then add the collagen solution to the wells of a plate. Measure
the overall fluorescence of the remaining collagen using a microplate
reader (Thermo Scientific Versatile Flash).

Manufacturing of gelatin-alginate hydrogel

Firstly, weigh out 5g of sodium alginate powder (71238, Sigma) and
add it to 15 mL of anhydrous ethanol (E808735, Macklin). To prepare
sodium alginate with oxidation degrees of 20%, 50%, and 95%,
respectively, weigh 1.0694 g, 2.6735¢g, and 5.0797 g of sodium peri-
odate (S817518, Macklin), and dissolve each in 15mL of deionized
water. Protect from light and shake until the sodium alginate is fully
dissolved. Heat the sodium alginate powder to 37 °C with magnetic
stirring in the dark. Slowly add the sodium periodate solution dropwise
and keep stirring the mixture at 37 °C for 6 hours. Add 3 mL of ethylene
glycol to terminate the reaction, and continue stirring for 30 minutes.
Dialyze the mixture for 3 days. Filter and then lyophilize the oxidized
sodium alginate.

Secondly, weigh gelatin and dissolve it in 0.9% sodium chloride
solution at 37 °C to prepare a 20% gelatin (73865, Sigma) solution.
Filter the solution for sterilization. Dissolve lyophilized sodium algi-
nate in PBS to prepare a 20% oxidized sodium alginate solution. Mix
equal volumes of the gelatin solution and oxidized sodium alginate
solution thoroughly, then add the mixed solution to a well plate and
place it in a 37°C environment for 24 hours. After that, add 0.1M
calcium chloride (C915443, Macklin) solution on top of the gel for
3 hours.

Preparation of hydrogel primed CAR-Ms

Prior to use, pre-fabricated hydrogels were washed three times with
sterile PBS, then incubated with an appropriate volume of complete
macrophage culture medium to fully cover the hydrogel surface. The
hydrogels were soaked at 37 °C in a humidified incubator for 24 hours
to allow equilibration. After incubation, the hydrogels were washed
again with PBS three times to remove residual medium. CAR-Ms
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(1x 106 cells) were resuspended in 2.5 mL of fresh culture medium and
gently dispensed onto the hydrogel surface. The plates were left
undisturbed for 5 minutes to allow cells to settle and adhere, and then
transferred to a 37 °C incubator for further culture. After 24 hours of
incubation, the plates were carefully removed from the incubator, and
the supernatant was aspirated to expose the hydrogel surface. For
RAW264.7 cells, 500 pL of fresh culture medium was gently pipetted
onto the hydrogel surface to dislodge the adherent cells by gentle
flushing. The resulting cell suspension was collected and centrifuged,
and the cell pellet was resuspended in fresh culture medium for
downstream applications. For BMDMs, the hydrogel surface was cov-
ered with a digestion solution containing 1 mg/mL type I collagenase
prepared in DMEM basal medium. The samples were incubated at
37 °C for 5 minutes to facilitate cell detachment, followed by flushing
with culture medium to release the cells. Cell culture conditions were
maintained under endotoxin-free conditions (Supplementary Table 1).
Cells were centrifuged at 1000 rpm for 5 minutes, washed three times
with PBS to remove residual hydrogel debris, and then resuspended in
fresh medium for subsequent use.

Cell membrane tension measurement

Prepare serum-free DMEM medium and add Flipper TR fluorescent
probe (HY-D2316, Cytoskeleton) at a concentration of 1pM. Resus-
pend cells in probe-containing medium and incubate the cells at 37 °C
for at least 30 minutes, protect from light, and bring to the FLIM
microscope (FV1200 Confocal, Olymplus). Use 488 nm excitation light
to excite the fluorescent probe and detect emission with a 600 nm
filter. Measure cell membrane tension using the membrane tension
analysis module in the microscope.

Membrane protein imaging and single-molecule
photobleaching

CAR-Ms were primed on hydrogels for 24 hours. The CAR was con-
jugated with mCherry protein. After priming, the cells were collected
and fixed with 4% paraformaldehyde. Following fixation, the cells were
washed with PBS. Membrane CAR-mCherry fluorescent imaging was
performed using a TIRF microscope (Nikon N-SIM E super-resolution
microscope) with a x100 objective lens. The number of membrane
CAR-mCherry clusters in the images was counted for further analysis.
For single-molecule photobleaching, fixed cells underwent fluores-
cence photobleaching, with continuous imaging captured at a fre-
quency of 50 ms per frame. The acquired images were processed using
deconvolution. Regions of interest were delineated, and fluorescence
intensity curves for each fluorescent spot were extracted. The number
of photobleaching steps was then counted based on the intensity
changes in the fluorescence curves.

Quantitative real-time PCR

RNA was first extracted from the samples using Trizol solution (R401,
Vazyme), and cells were gently homogenized with a pipette. Chloro-
form (C112044, Aladdin) was then added to separate the RNA into the
aqueous phase. Equal volumes of isopropanol (1112010, Aladdin) were
added to precipitate the RNA, which was then dissolved in RNase-free
water, and its concentration was measured on a Nanodrop (NanoDrop
One, Thermo Fisher Scientific). Next, RNA was reverse transcribed into
cDNA. The qPCR reaction mixture was prepared in a total volume of
10 pL, including 20 ng of cDNA, 5 pL of 2x SYBR Mix (R211, Vazyme),
and forward and reverse primers at a final concentration of 0.5 nM. The
remaining volume was adjusted with RNase-free water. GAPDH was
used as the internal control, and relative gene expression was analyzed
using the Ct (2*%) method.

Immunofluorescence staining
Cells or tissue cryosections were fixed with 4% PFA (P1110, Solarbio) for
15minutes and washed three times with PBS. Blocking and

permeabilization were performed with 5% BSA (fetal bovine serum)
and 0.5% Triton X-100 (T109027, Aladdin) in PBS at room temperature
for 1hour. The primary antibody (Biotin-SP-AffiniPure Goat Anti-
Mouse IgG, F(ab’)?, 115-065-072, Jackson; anti-FAP, ab53066, Abcam;
anti-a-SMA, MA5-11547, Invitrogen; anti-p-SYK, 2710 T, Cell Signaling
Technology; anti-p-ERK1/2, 4377S, Cell Signaling Technology; anti-p-
JNK, 1255S, Cell Signaling Technology) was diluted in 1% BSA solution
and incubated overnight at 4°C. After incubation, samples were
brought to room temperature and washed three times with PBS. The
secondary antibody, diluted in 5% BSA solution, was added, and sam-
ples were incubated at room temperature, protected from light, for
1hour. The secondary antibody solution was then discarded, and
Hoechst (C1022, Beyotime) staining solution was applied for nuclear
staining, incubating for 15 minutes at room temperature, protected
from light. After discarding the staining solution, the samples were
washed three times with PBS. Finally, coverslips were mounted using
an anti-fade mounting medium (P1023, Beyotime). Images were cap-
tured using the Axio Scan.Z1 Zeiss automated digital slide scanner.

Immunohistochemistry staining

Paraffin-embedded tissue sections were mounted on slides and sub-
jected to a dewaxing procedure. The sections were immersed in xylene
for 7 minutes, repeated three times, followed by a series of alcohol
washes: 100%, 95%, 90%, 80%, and 70% ethanol, each for 5 minutes. The
sections were then washed in deionized water for 5 minutes, repeated
twice. Next, the sections were incubated in sodium citrate solution
(C1032, Solarbio) for antigen retrieval, placed in the solution, and
microwaved at high power for 10 minutes. After cooling to room tem-
perature, the slides were washed three times with PBS buffer. The sec-
tions were then incubated with 3% hydrogen peroxide to block
endogenous peroxidase activity for 10 minutes, protected from light.
Afterward, the slides were washed three times with PBS buffer, and then
blocked with 5% BSA (A8020, Solarbio) solution at room temperature
for 30 minutes. The BSA solution was discarded, and the primary anti-
body, diluted in 5% BSA solution, was applied and incubated overnight
at 4 °C in a humid chamber. After incubation with the primary antibody,
the slides were brought to room temperature and washed three times
with PBS buffer. A horseradish peroxidase-conjugated anti-mouse IgG
polymer was added, and the slides were incubated at room temperature
for 1hour. The slides were then washed three times with PBS buffer
(SP0023, Bioss). The sections were developed using DAB solution for
30 minutes, and the reaction was stopped by washing with deionized
water (DA1010, Solarbio). Hematoxylin (ZLI-9610, Zhongshan Jingiao)
was applied for nuclear staining for 10 seconds, followed by rinsing in
running water to blue the sections. Finally, the slides were dehydrated
by sequential immersion in 70%, 80%, 90%, 95%, and 100% ethanol, each
for 5 minutes, followed by immersion in xylene for 7 minutes, repeated
three times. The sections were then mounted with neutral resin (G8590,
Solarbio) for final sealing.

Reducing and non-reducing western blot
First, cell samples were collected, with each sample containing at least
two million cells. The cells were washed once with PBS, centrifuged,
and the cell pellets were stored at —80 °C. For non-reducing samples,
gentle lysis buffer (Leagene, PSO009) was added, along with 100x
PMSF (ST506, Beyotime) and 100x protease inhibitor (P1005, Beyo-
time), and mixed by pipetting. The cells were lysed on ice for 10 min-
utes and then sonicated at 40 W power for 2 cycles of 6 seconds each,
followed by centrifugation at 12,000 x g for 10 minutes at 4 °C. The
supernatant was taken to measure protein concentration. The
remaining supernatant was mixed with 5x non-reducing loading buffer
(Biosharp, BL511B) and heated at 37 °C for 30 minutes.

For reducing samples, strong lysis buffer (Leagene, PS0013) was
used, along with 100x PMSF and 100x protease inhibitor, and mixed by
pipetting. The cells were lysed on ice for 10 minutes, followed by
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sonication at 40 W power for three cycles of 6 seconds each. The
samples were then centrifuged at 12,000 x g for 10 minutes at 4 °C. The
supernatant was used to measure protein concentration, and the
remaining supernatant was mixed with 5x reducing loading buffer
(P0286, Beyotime) and heated at 100 °C for 10 minutes.

Protein concentrations in different samples were measured using
the BCA protein assay kit (P0009, Beyotime). 20 pg of protein was
loaded for each sample, along with a protein ladder (MF212, Mei5bio).
The gel was run at 80 V for 30 minutes, followed by 120 V for 1.5 hours.
To transfer the proteins, a transfer sandwich was assembled using
PVDF membrane (IPVHO0010, Merck Millipore), and the transfer was
performed at 350 mA for 2 hours. After the transfer, the PVDF mem-
brane was removed and blocked with 5% non-fat milk for 1hour at
room temperature. The membrane was then incubated with the pri-
mary antibody solution overnight at 4 °C. After incubation, the mem-
brane was washed three times with TBST buffer (T1087, Solarbio).
Next, the membrane was incubated with the secondary antibody
solution at room temperature for 1hour. Afterward, the membrane
was washed three times with TBST buffer and exposed using ECL
(enhanced chemiluminescence) substrate (MFO74-05, Mei5bio).

Establishment of a pulmonary fibrosis model and cell injection
Pulmonary fibrosis was induced in 10-week-old male C57BL/6 mice
using a bleomycin (S1214, Selleck) solution prepared in PBS at a con-
centration of 5 mg/mL. After weighing the mice, anesthesia was admi-
nistered via intraperitoneal injection of Avertin. Using a flat-tip micro-
syringe, the appropriate volume of bleomycin solution was drawn based
on a dosage of 1 uL/g body weight. A laryngoscope was used to illumi-
nate the tracheal opening. The syringe needle was then inserted into the
trachea, and bleomycin was slowly injected. After injection, the mouse
was positioned with its head upward on an incline to facilitate recovery.
Mice were monitored for weight and general condition every three days
post-injection. All animal protocols used in this study were approved by
the Institutional Animal Care and Use Committee of Tsinghua Uni-
versity. On Day -1 (one day before bleomycin induction), bone marrow
cells were harvested from mice and differentiated into primary mac-
rophages using L929-conditioned medium, as previously described. On
Day 4 after bleomycin administration, the primary macrophages were
transduced with lentivirus to generate CAR-Ms. On Day 6, CAR-Ms were
collected and cultured on a viscoelastic hydrogel. On Day 7, hydrogel-
primed CAR-Ms were resuspended in PBS, and 1x10° cells in 200 pL
were administered via tail vein injection per mouse. A second intrave-
nous injection of the same cell dose was performed on Day 14.

RNA bulk sequencing

Bulk RNA-seq library preparation, sequencing and analysis were per-
formed by GENEWIZ (Suzhou, China). The company followed its
standardized operating procedures, including total RNA extraction,
quality assessment, library construction, and lllumina sequencing. Raw
sequencing reads were processed using Cutadapt (v1.9.1) to remove
adapters and low-quality bases. Gene-level counts were obtained using
HTSeq (v0.6.1) from uniquely mapped exon-overlapping reads.
Downstream analyses were performed in R. Differential gene expres-
sion analysis was conducted using DESeq2 (v1.34.0), applying median-
of-ratios normalization, dispersion estimation, Wald testing, and
Benjamini-Hochberg correction. Genes with adjusted P<0.05 were
considered differentially expressed. Data visualization, including vol-
cano plots and heatmaps, was performed using ggplot2 and pheatmap.
All sequencing data are available at the Sequence Read Archive data-
base via the accession number PRJNA1355556.

Statistical analysis

Statistical analyses in this study were conducted using GraphPad Prism
6.0 software. Data are presented as mean + standard deviation (SD).
We used the Anderson-Darling, D’Agostino-Pearson, Shapiro-Wilk,

and Kolmogorov-Smirnov tests to assess the normality of sample data.
For significance testing between two groups, if the data were normally
distributed, we applied ¢ test; if not, we used the Mann-Whitney test.
For multiple group comparisons, normally distributed data were ana-
lyzed using one-way ANOVA with Tukey’s post hoc test, while non-
normally distributed data were analyzed using the Kruskal-Wallis test.
Exact P values are indicated in the figures, with P<0.05 considered
statistically significant.

Ethical statement

All animal protocols, including mouse housing, induction of pulmon-
ary fibrosis, and cell therapy administration, were approved by the
Institutional Animal Care and Use Committee of Tsinghua University.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within
the paper and its Supplementary Information. The raw RNA-seq data
are available at the Sequence Read Archive database via the accession
number PRJNA1355556. Source data are provided with this paper.
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