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ABSTRACT

Background Adoptive cell therapy using genetically
engineered chimeric antigen receptor (CAR)-T cells

is a new type of immunotherapy that directs T cells

to target cancer specifically. Although CAR-T therapy

has achieved significant clinical efficacy in treating
hematologic malignancies, its therapeutic benefit in solid
tumors is impeded by the immunosuppressive tumor
microenvironment (TME). Therefore, we sought to remodel
the TME by activating tumor-infiltrating immune cells to
enhance the antitumor function of CAR-T cells.

Methods We engineered CAR-T cells expressing
Salmonella flagellin (Fla), a ligand for toll-like receptor 5,
to activate immune cells and reshape the TME in solid
tumors. Functional validation of the novel Fla-engineered
CAR-T cells was performed in co-cultures and mouse
tumor models.

Results Fla could activate tumor-associated
macrophages and dendritic cells, reshaping the TME to
establish an “immune-hot” milieu. Notably, this “cold”

to “hot” evolution not only improved CAR-T cell function
for better control of target-positive tumors, but also
encouraged the production of endogenous cytotoxic CD8*T
cells, which targeted more tumor-associated antigens and
were thus more effective against tumors with antigenic
heterogeneity.

Conclusion Our study reveals the potential and cellular
mechanisms for Fla to rewire antitumor immunity. It

also implies that modifying CAR-T cells to express Fla

is a viable strategy to improve the efficacy of CAR-T cell
treatment against solid tumors.

BACKGROUND

Adoptive cellular therapy using chimeric
antigen receptor (CAR)-T cells has shown
remarkable therapeutic outcomes in hema-
tologic malignancies.! However, the applica-
tion of CAR-T cell therapy in solid tumors
has fallen short of anticipated efficacy. Chal-
lenges such as tumor antigenic heterogeneity,
immunosuppressive tumor microenviron-
ment (TME), and T-cell exhaustion within
solid tumors, significantly diminish the ther-
apeutic effects.” Various cell types within the
TME contribute to immune suppression,
including myeloid-derived suppressor cells
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= The therapeutic benefits of chimeric antigen re-
ceptor (CAR)-T cells in solid tumors are severely
impeded by the immunosuppressive tumor micro-
environment (TME).

WHAT THIS STUDY ADDS

= Delivering flagellin into tumors via CAR-T cells can
remodel the TME by activating tumor-associated
macrophages and dendritic cells, which enhances
the therapeutic effects of CAR-T cells and also en-
courages endogenous CD8" T cell-mediated antitu-
mor responses in solid tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study introduces an innovative strategy to en-
hance the efficacy of CAR-T cells by incorporating
an additional immune-stimulating pathway. This ap-
proach holds substantial translational potential, as it
can be applied to various solid tumors with immu-
nosuppressive TME.

(MDSCs), tumor-associated macrophages
(TAMs) and regulatory T cells (Tregs), which
express  immunosuppressive  molecules,
thereby compromising the function of infil-
trating CAR-T cells.” Therefore, equipping
CAR-T cells with the potential to induce TME
remodeling is critical to improve the efficacy
of CAR-T cell treatment for solid tumors.
Several strategies, including armoring
CAR-T cells with immune-stimulating signals,
can enhance their efficacy and activate endog-
enous antitumor responses by reshaping the
TME of solid tumors.*® Flagellin (Fla) is the
structural protein subunit found in the bacte-
rial flagellum, a locomotory organ commonly
associated with gram-negative bacteria. Toll-
like receptor 5 (TLR5) specifically recog-
nizes Fla and is expressed on various innate
immune cells, including monocytes, macro-
phages, and dendritic cells (DCs).” TLR5
binds to monomeric Fla, triggering an
intracellular signaling cascade that activates
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numerous proinflammatory genes. Due to its potent
immunostimulatory properties, Fla is widely used as a
vaccine adjuvant.*'? Recently, Fla has been demonstrated
to impede tumor growth by directly binding to TLR5"
tumor cells and inhibiting their proliferation.' It can also
stimulate and mobilize immune cells to create antitumor
immune responses.’ '* ¥ Fla may therefore have potent
antitumor effects either on its own or in conjunction
with immunotherapy. Intratumoral constitutive delivery
of Fla as a payload for T cells has been shown to signifi-
cantly enhance the efficacy of tumor immunotherapy,
without inducing notable systemic toxicity during
experimental observation.'* However, this continuous
delivery approach lacks a built-in regulatory or termina-
tion mechanism, posing potential risks from prolonged
Fla leakage, even after the tumor has been cleared by T
cells in vivo. SynNotch CAR-T cells offer a promising plat-
form for localized delivery of various therapeutic agents,
including Fla." Despite this potential, in vivo efficacy has
yet to be demonstrated. Additionally, even with successful
delivery, the CAR signal does not trigger T cell cytotox-
icity, hindering the realization of potential synergistic
effects between CAR-T cells and Fla. As a result, there
is currently no reliable and safe method for combining
CAR-T cells with Fla, and the therapeutic potential of this
combination has yet to undergo systematic evaluation.

Here we found that CAR-T cells engineered to secrete
Fla under the control of natural CAR signaling, rather
than synNotch CAR signaling, enable the specific delivery
of Fla. This approach could overcome the immunosup-
pressive TME and antigenic heterogeneity by activating
endogenous tumor-infiltrating immune cells, thereby
enhancing the antitumor activity of CAR-T cells in solid
tumors. Our study provides a novel strategy to incorpo-
rate immune-stimulating signaling to adoptively trans-
ferred tumor-specific T cells within the TME, thereby
improving their efficacy.

METHODS

Cell lines

B16F10, MC38, HCT116, and HEK293T cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM)
with 10% fetal bovine serum (FBS, Gibco), 100U/mL
penicillin, and 100pg/mL streptomycin. To generate
antigen-positive cell lines, B16F10 and MC38 cells were
transduced with lentiviral vectors encoding truncated
murine or human CDI9, firefly luciferase, and puro-
mycin N-acetyltransferase (pLV-mCD19t-P2A-fLuc-T2A-
puro or pLV-hCDI19t-P2A-fLuc-T2A-puro) and selected
with 7.5pg/mL puromycin (Beyotime); HCT116 cells
were transduced with pLV-hCD19t-P2A-fLuc-T2A-puro
and selected with 1pg/mL puromycin. CD19 expression
was evaluated by flow cytometry (CytoFLEX, Beckman
Coulter) using Alexa Fluor 700-conjugated anti-mouse
CD19 (BioLegend, clone: 6D5) and APC-conjugated anti-
human CDI19 antibodies (BioLegend, clone: HIB19).
To generate firefly luciferase-expressing control cells,

B16F10 cells were transduced with pLV-Luc-T2A-puro
and selected with 7.5 pg/mL puromycin.

Cloning and constructs

To generate CAR vectors for murine CAR-T cell prepa-
ration, the CAR sequence targeting murine CDI19
(mCD19)"® with an single chain fragment variable
(scFv) domain (derived from 1D3), CD28 transmem-
brane domain, CD28 costimulatory signal, and CD3(
domain was synthesized and cloned into MIGR1 (pRV-
mCD19CAR). A flag tag was inserted between the signal
peptide and scFv domain for CAR expression detection.
The codon-optimized Fla sequence (derived from Salmo-
nella fliC) was fused with an N-terminal mouse IgGxk
signal peptide and a C-terminal 6xHis tag, inserted down-
steam of a 4xNuclear factor of activated T cells (NFAT) /
minimum interleukin (IL)-2 promoter, and subcloned
into pRV-mCD19CAR to create pRV-mCD19CAR-Fla plas-
mids. Modified MIGR1 plasmids without IRES-GFP were
used as control retroviral vectors (pRV-Mock). Afterward,
the mCD19 scFv sequences in the pRV-mCD19CAR and
pRV-mCD19CAR-Fla plasmids were replaced with a previ-
ously published human CDI19-targeting (hCD19) scFv
(derived from clone FMC63) sequences,” to construct
hCD19 CAR plasmids.

To prepare CAR vectors for human CAR-T cell produc-
tion, the CAR sequence with scFv targeting hCD19 (clone
FMC63), CDS8 transmembrane domain, 4-1BB costim-
ulatory signal and CD3{ domain, was constructed as
described previously." The sequence was cloned into a
third-generation self-inactivating lentiviral vector under
the control of the EFlo promoter to generate pLV-
hCDI19CAR plasmids. Similarly, the 4xNFAT promoter
and codon-optimized Fla sequence were subcloned into
pLV-hCD19CAR plasmid to generate pLV-hCD19CAR-Fla
plasmids. Parental lentiviral plasmids were used as control
vectors (pLV-Mock) to generate human mock T cells.
All sequence synthesis and sequencing verification were
accomplished by GENEWIZ (China).

Murine T-cell isolation and CAR-T cell production

Mouse spleen T cells were isolated using a mouse CD3
T Cell Isolation Kit (BioLegend) from 6 to 8 weeks old
C57BL/6] mice. T cells were then activated for 2days
using a plate coated with anti-mouse CD3 antibody (5pg/
mL, BioLegend, clone: 145-2C11), soluble anti-mouse
CD28 (2pg/mL, BiolLegend, clone: 37.51) antibody
and 50U/mL murine IL-2 (PeproTech) in RPMI-1640
medium (Gibco) supplemented with 10% FBS, 2mM
GlutaMAX, 50pM B-mercaptoethanol, 100 U/mL peni-
cillin and 100 pg/mL streptomycin. T cells were infected
with retroviral supernatants using RetroNectin-coated
plates (Takara). On day 5, transduction efficiency was
evaluated by staining the flag co-expressed with CAR
using an allophycocyanin (APC)-conjugated anti-flag
antibody (BioLegend). T cells were then harvested and
used for further assays.
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Human T-cell isolation, culture and transduction

Peripheral blood mononuclear cells (PBMCs) were
obtained from Milestone Biotech (Shanghai, China).
Lentivirus supernatants used to transduce human T cells
were prepared as previously described.'” PBMCs were
activated with anti-CD3/CD28 magnetic beads (T&L
BioTech) and cultured in Roswell Park Memorial Insti-
tute (RPMI)-1640 medium supplemented with 10% FBS,
100U/mL rhIl-2 (T&L BioTech), 1mM sodium pyru-
vate. 48 hours later, pre-activated PBMCs were transduced
using lentivirus supernatants with the assistance of poly-
brene (8 pg/mL). Flow cytometry was used to determine
transduction effectiveness 3 days after infection, using the
APC-conjugated anti-flag antibody (BioLegend). T cells
were expanded in vitro for another 7days before being
used for experiments.

Flagellin expression in CAR-T cells

Murine and human CAR (Fla)-T cells,aswell as their respec-
tive control cells, were co-cultured with mCD19"B16F10
or hCDI9'HCT116 cells at a ratio of 2:1 for 24 hours.
Brefeldin A (Solarbio) was given to the co-cultures to
block Fla secretion for an additional 8hours. The cells
were then stained with FITC-conjugated anti-His-tag anti-
body (BioLegend) and APC-conjugated anti-mouse CD3
antibody (BD) or human CD3¢ antibody (BioLegend) to
detect Fla expression in T cells. Fla levels in co-culture
supernatants were also detected by western blot using an
anti-6xHis tag mouse monoclonal antibody (Proteintech).

Cytotoxicity assay

The cytotoxicity assay was performed using luciferase-
expressing target cells. In brief, the CAR-engineered
T cells were co-cultured with matching target cells (eg,
mCD19"B16F10 for murine CAR-T cells, h(CD19"HCT116
for human CAR-T cells) at indicated ratios. Luciferase
activity was employed as an indicator of target cell viability,
and the luminous signal was detected by an Omega
multifunctional microplate reader (BMG LABTECH),
which used D-Luciferin potassium salt (Beyotime) as the
substrate.

Cytokine release

Mouse or human T cells were co-cultured with their corre-
sponding target cells for 24 hours, then the supernatants
were harvested to measure the secretion of interferon
(IFN)-y and IL-2. Likewise, to measure DC activation,
mouse and human DCs were treated with 20ng/mL Fla.
After 24 hours, the supernatants were collected to detect
IL-12 secretion. These cytokines were detected using
ELISA kits (4A Biotech) following the manufacturer’s
instructions.

Proliferation analysis

Engineered murine T cells were co-cultured with target
cells at a ratio of 2:1. After 48 hours, T cells were collected
and washed twice with phosphate-buffered saline (PBS)
containing 1% bovine serum albumin (BSA), then
stained with FITC-conjugated anti-mouse CD3 antibody

(BioLegend). Following that, cells were washed three
times with PBS, fixed at —20°C for 1 hour using precooled
70% ethanol, and stained with APC-conjugated anti-
mouse Ki-67 antibody (BioLegend) according to stan-
dard intracellular staining protocol. Similarly, human
T-cell proliferation was detected using Brilliant Violet
510-conjugated anti-human Ki-67 antibody (BioLegend).

Gene expression analysis for macrophages and DCs
Engineered murine and human T cells were co-cultured
with their corresponding target cells (mCD9'B16F10 for
murine T cells and hCD9'HCT116 for human T cells)
at a ratio of 2:1 for 48 hours, and the supernatant was
collected to stimulate prepared monocytes, macrophages
and DCs. After 24 hours, the cells were harvested to
detect active genes or phenotypic markers by quantitative
real-time PCR. The primers used were provided in online
supplemental table 1.

Animal studies

6-8-week-old female C57BL/6] mice were used for
all studies and maintained in individually ventilated
cages under 12 hours of light/dark cycles in a specific
pathogen-free animal facility. All animal procedures
were approved by the Institutional Animal Care and Use
Committee (IACUC) of Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences (Shenzhen,
China. SIAT-TACUC-240227-YYS-WXC-A2483).

Female CbH7BL/6] mice were inoculated subcuta-
neously with 1x10° mCD19'B16F10, mCD19"MC38,
hCD19'B16F10 or hCD19"MC38 cells in 100 pL. Dulbec-
co's phosphate-buffered saline (DPBS) into the right
flank to create a solid tumor model, or injected subcu-
taneously with a mixture (1:1 ratio) of mCD19 B16F10
and mCD19"B16F10 cells to create heterogeneous tumor
models. Mice were randomly assigned 7days later when
the tumors had grown to approximately 100mm?®. Then,
the mice were treated with 1x10” T cells injected into their
lateral tail veins. To deplete macrophage in mice, 200 pL
of clodronate liposomes (LIPOSOMA) was administered
intravenously to each mouse 2 days before T-cell infusion.

To assess antitumor efficacy, the animals were individ-
ually monitored for tumor growth and body weight until
humane endpoints were reached or the tumor volume
exceeded the endpoint volume (1,500 mm?®). Tumor
size was calculated as VolumezlengthxwidthQ/ 2. Tumor
samples were collected to detect the TME landscape using
fluorescence-activated cell sorting (FACS) or immunohis-
tochemistry. In addition, mice’s spleens were collected
on day 10 after T-cell infusion to investigate endogenous
CDS8'T cell responses.

Analysis of endogenous CD8'T cell responses

Mouse spleen CDS8'T cells were isolated using the
MojoSort mouse CD8'T Cell Isolation Kit (BioLegend),
and co-cultured with B16F10 cells at a ratio of 2:1 for 24
hours. Cytotoxicity and IFN-y secretion were detected
as previously described. Alternatively, CD8'T cells were
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stimulated with nanoparticles loaded with BI16F10
whole-cell antigen (Absin Biotech) for 32 hours before
being exposed to brefeldin A for an additional 4hours.
IFN-y'CD8'T cells were detected by flow cytometry.

Statistical analyses

Statistical analyses were analyzed using GraphPad Prism
V.8.0 (GraphPad Software) and data were presented as
mean+SD. Statistical differences among groups were
performed using the ttest and an analysis of variance
comparison. Survival curves were analyzed using the log-
rank test. A p value of <0.05 was considered statistically
significant.

RESULTS

CAR-T cells expressing flagellin exhibited superior antitumor
efficacy in vivo

To employ Fla’s immune-stimulatory action while avoiding
the potential safety hazards associated with systemic
distribution, we generated murine CD19-targeted CAR-T
cells that secrete Fla under the control of an inducible
promoter on T-cell activation, which is referred to as
CAR(Fla)-T cells (figure 1A). Mouse melanoma B16F10
cells that expressed murine CD19 (mCD19'B16F10) were
employed as the target cells (figure 1B). As expected,
CAR(Fla)-T cells produced Fla only on the recognition
of target-positive cells and activation (figure 1C,D, online
supplemental figure SIA). To assess if autocrine Fla
enhances the function of CAR-T cells, we performed a
cytotoxicity assay at various effector-to-target (E:T) ratios.
However, Fla did not enhance the cytotoxicity of CAR-T
cells against tumor cells in vitro (figure 1E) or boost the
secretion of IL-2 and IFN-y (figure 1F). Furthermore,
there was no significant difference in Ki67 expression
between CAR(Fla)-T cells and conventional CAR-T cells,
indicating that Fla had no impact on CAR-T cell prolifera-
tion (figure 1G). These findings suggest that Fla secretion
by murine CAR-T cells does not influence their functions
in vitro.

To investigate Fla’s potential in boosting the anti-
tumor activity of CAR-T cells in vivo, we established a
syngeneic mCD19"B16F10 melanoma model in immune-
competent mice. Following tumor cell implantation,
engineered murine T cells were intravenously adminis-
tered to tumor-bearing mice. Subsequently, the tumor
volume and body weight were continuously monitored,
and tumor tissues were collected for analysis on day 10
postinfusion (figure 1H). Surprisingly, in vivo findings
demonstrated that CAR(Fla)-T cells effectively controlled
tumor growth and considerably prolonged the survival of
tumor-bearing mice compared with conventional CAR-T
cells (figure 1I-K, online supplemental figure S1B). Mice
treated with CAR (Fla)-T cells showed higher levels of IL-2,
IFN-y, IL-1B and tumor necrosis factor (TNF)-o. in tumor
tissues than those treated with conventional CAR-T cells
(figure 1L,M), substantiating that CAR(Fla)-T cells have
more potent antitumor activity in vivo. Both CAR (Fla)-T

cells and conventional CAR-T cells displayed similar alter-
ations in body weight (online supplemental figure S1C),
indicating no significant difference in potential toxicity.

Next, we used a syngeneic colorectal carcinoma model
based on mCD19'MC38 cells to demonstrate that our
engineered T cells could be applied to treat more solid
tumors. Similarly, the engineered murine CAR-T cells were
given intravenously and tumor tissues were harvested on
day 18 for analysis (figure 1N). Notably, CAR (Fla)-T cells
effectively controlled MC38 tumor growth and prolonged
the survival of tumor-bearing mice (figure 10-Q, online
supplemental figure S1D,E). Around 33% of mice treated
with CAR(Fla)-T cells achieved tumor-free status, a result
not observed with conventional CAR-T cell therapy.
These findings underscore the feasibility of equipping
CAR-T cells with Fla to improve their antitumor potential
in solid tumors.

CAR(Fla)-T cells outperform conventional CAR-T cells in vivo
regardless of the target and are not affected by circulating
flagellin-neutralizing antibodies

To further clarify the efficacy of our engineered CAR-T
cells were not dependent on the nature of target anti-
gens, we overexpressed human CD19 (hCD19) in B16F10
mouse melanoma cells (hCD19'B16F10) and MC38
colorectal carcinoma cells (hCD19"MC38) and employed
them to establish syngeneic tumor mouse models.
Following the infusion of CAR-T cells targeting hCD19,
we observed that both CAR-T cell populations persisted
in vivo for several days with no significant differences
in their numbers (online supplemental figure S2A).
However, CAR(Fla)-T cells consistently demonstrated
superior antitumor activity compared with conventional
CAR-T cells, as shown in both melanoma (figure 2A-C,
online supplemental figure S2B) and colorectal carci-
noma (figure 2D-F, online supplemental figure S2D).
Additionally, we evaluated the therapeutic effect of intra-
tumoral Fla administration combined with CAR-T therapy
in both tumor models. The results showed that a single
intratumoral injection of Fla, when combined with CAR-T
therapy, had a weaker effect on tumor growth and mouse
survival compared with CAR(FIa)-T cell therapy (online
supplemental figure S2C,E). These data confirmed that
CAR(Fla)-T cells perform better than CAR-T cells in vivo,
even when combined with intratumoral Fla injection,
regardless of the tumor antigen feature. We also thought
about the possibility that Fla’s potential immunogenicity
could compromise this strategy’s effectiveness. We exam-
ined the presence of CAR-T cells in the blood since
potential immunogenicity could lead to their elimination
by endogenous immune cells, and discovered that Fla
expression did not impair the persistence of CAR (Fla)-T
cells in vivo (online supplemental figure S2F). Moreover,
to further confirm the feasibility of CAR(Fla)-T cells in
patients with tumor who suffered infection with gram-
negative bacteria (eg, Salmonella) previously and had
high levels of circulating neutralizing antibodies against
Fla, we immunized mice with recombinant Fla vaccines
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Figure 1 CAR-T cells expressing flagellin exhibited superior antitumor efficacy in vivo. (A) Retroviral constructs used for
murine T-cell engineering, and representative flow cytometry plots of CAR expression in engineered T cells. (B) lllustration of
the interaction between CAR-T cells targeting murine CD19 and target cells (mCD19*B16F10). (C-D) Western blot (C) and flow
cytometry (D) analysis of flagellin expression in CAR-T cells on target cell recognition. (E) Cytotoxicity analysis of engineered

T cells against target tumor cells. Engineered T cells were co-cultured with mCD19*B16F10 cells at the indicated effector-to-
target (E/T) ratios for 12 hours before analysis. ns, not significant. (F) ELISA assay for IL-2 and IFN-y secretion of engineered

T cells when they were co-cultured with target cells at an E/T ratio of 2:1 for 24 hours. ns, not significant. (G) FACS analysis
demonstrating the expression of Ki67 in engineered T cells. T cells were co-cultured with target cells at the E/T ratio of 2:1 for
48 hours before being analyzed. ns, not significant. (H) Engineered T-cell treatment schedule for subcutaneous murine B16F10
melanoma expressing murine CD19. (I) Measurement of tumor volume after tumor engraftment in mice (n=11 mice/group). The
arrow indicates the time at which mice get intravenous infusions of engineered T cells. **p<0.01. The arrow indicates the time
point of intravenous injection of T cells. (J) Images of tumor tissue were recorded 10 days following engineered T-cell infusions,
n=5 mice per group. (K) The Kaplan-Meier survival curves for tumor-bearing mice treated with engineered T cells. n=6 mice/
group. **p<0.001. (L-M) The quantities of IL-2, IFN-y, IL-18 and TNF-a in tumor lysates were evaluated by ELISA. **p<0.001,
**p<0.01. (N) Engineered T-cell treatment schedule for subcutaneous murine colorectal carcinoma MC38 cells that express
murine CD19. (O) Measurement of tumor volume after tumor engraftment in mice (n=8 mice/group). The arrow indicates the
time at which mice get intravenous infusions of engineered T cells. *p<0.05. The arrow indicates the time point of intravenous
injection of T cells. (P) Images of tumor tissue taken 10 days after the infusion of engineered T cells. n=4 mice/group. (Q) The
Kaplan-Meier survival curves for MC38 tumor-bearing mice treated with engineered T cells. n=4 mice/group. ***p<0.001.

CAR, chimeric antigen receptor; FACS, fluorescence-activated cell sorting; Fla, flagellin; IFN, interferon; IL, interleukin; i.v.,
intravenous; s.c., subcutaneous; TNF, tumor necrosis factor.
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Figure 2 Flagellin can improve the antitumor effects of CAR-T cells in different solid tumors. (A) Treatment schedule for
subcutaneous murine B16F10 melanoma expressing human CD19 using engineered T cells. (B) The changes in tumor volume
over time after tumor cell implantation, n=5mice/group, **p<0.01. The arrow indicates the time point of intravenous injection

of T cells. (C) The Kaplan-Meier survival curves after treatment for B16F10 tumor-bearing mice. n=5 mice/group, *p<0.05. (D)
Treatment schedule for subcutaneous murine MC38 colorectal carcinoma expressing human CD19 by engineered T cells. (E)
The changes in tumor volume over time after tumor cell implantation, n=5mice/group, *p<0.05. The arrow indicates the time
point of intravenous injection of T cells. (F) The Kaplan-Meier survival curves after treatment for MC38 tumor-bearing mice, n=5
mice/group, *p<0.05. (G) Experimental schedule with immunization prior to subcutaneous mCD19*B16F10 implantation and
subsequent treatment with engineered T cells. (H) ELISA assay showing anti-flagellin antibody levels in the blood of mice post-
vaccination, n=8 mice/group, ***p<0.001. (I) The changes in tumor volume over time after tumor cell implantation, n=8 mice/
group. ns, not significant. The arrow indicates the time point of intravenous injection of T cells. (J) The Kaplan-Meier survival
curves following treatment for tumor-bearing mice, n=8 mice/group, ns, not significant. CAR, chimeric antigen receptor; Fla,

Flagellin; i.v., intravenous; s.c., subcutaneous.

before tumor cell implantation (figure 2G). As expected,
there was a high titer of anti-Fla antibodies in the serum
of immunized mice (figure 2H); however, this did not
lessen the therapeutic efficacy of CAR(Fla)-T cells in vivo
(figure 21.], online supplemental figure S2G). These find-
ings suggest that CAR(Fla)-T cells can function effectively
in vivo regardless of tumor target, Fla’s potential immu-
nogenicity or the presence of neutralizing antibodies.

Flagellin secreted by CAR-T cells can reshape the TME and
encourage endogenous antitumor response

To confirm the superior antitumor effects of CAR (Fla)-T
cells, tumor-infiltrating T cells were analyzed by immu-
nohistochemistry, which revealed that more T cells were
infiltrated in the tumors of CAR(Fla)-T cell-treated
mice than those treated with conventional CAR-T cells

(figure 3A). Further investigation into the nature of
infiltrated immune cells found that mice treated with
CAR(Fla)-T cells had a larger percentage of CD8" T cells
within the tumors (figure 3B, online supplemental figure
S3A). These tumor-infiltrating CD8'T cells exhibited
an antigen-experienced memory-like (CD62L'CD44")
phenotype and were more degranulated (CD107a") than
those isolated from conventional CAR-T cell-treated
mice (figure 3C,D, online supplemental figure S3B,C).
CAR-T cell exhaustion/dysfunction presents a signif-
icant challenge to CAR-T cell therapy.”’ Exhausted T
cells have lower proliferative and cytokine-producing
capacity, higher apoptosis rate and increased expression
of inhibitory receptors, such as programmed cell death
protein 1 (PDI), T cell immunoglobulin and mucin
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Figure 3 Flagellin secreted by CAR-T cells can reshape the tumor microenvironment in vivo. (A) Representative images of
immunohistochemistry staining for mouse CD3*T cells in tumor tissues. Scale bars, 50 um. (B-E) Characteristics of tumor-
infiltrating CD8'T cells on day 18 post-implantation. The percentages of CD8'T cells (B), memory-like (CD44*CD62L*) CD8*T
cells (C), CD107a*CD8'T cells (D) and exhaustion-like (PD1*, TIM3* or LAG3*) CD8*T cells (E) among treated groups are
shown. All the samples were gated on CD45"CD3*CD8*T cells. *p<0.05, *p<0.01. (F) The percentages of tumor-infiltrating
CD3*IFN-y" and CD3*IL-2*T cells on day 18, *p<0.05. All the samples were gated on CD45"CD3" cells. (G) The percentages of
tumor-infiltrating CD206" (M2 type macrophages) or CD86* (M1 type macrophages), **p<0.01. All the samples were gated on
CD45*CD11b*F4/80" cells. (H) The percentages of tumor-infiltrating CD103*DCs cells on day 18, *p<0.05. All the samples were
gated on CD45"CD11c* cells. (I) IL-6 and GM-CSF levels in murine blood were analyzed using ELISA. (J) Treatment schedule
for the mixed tumor model with 50% of murine B16F10 melanoma cells expressing murine CD19. (K) The changes in tumor
volume over time after tumor cell implantation, n=5mice/group, **p<0.01. The arrow indicates the time point of intravenous
injection of T cells. (L) The Kaplan-Meier survival curves following treatment for tumor-bearing mice, n=5 mice/group, **p<0.01.
(M) lllustration depicting the analysis of endogenous CD8*T cell activity. WT, wild type. (N) Cytotoxicity analysis of splenic CD8"
T cells against WT B16F10 cells. T cells were co-cultured with B16F10 cells at an E/T ratio of 2:1 for 24 hours prior to analysis,
*p<0.05. (O) IFN-y secretion in the supernatant of CD8'T cells co-cultured with target cells for 24 hours at an E/T ratio of 2 to 1
was measured by ELISA, **p<0.01. CAR, chimeric antigen receptor; E:T, effector-to-target; Fla, flagellin; GM-CSF, granulocyte
macrophage-colony stimulating factor; IFN, interferon; IL, interleukin; i.v., intravenous; LAG3, lymphocyte activation gene 3;
PD1, programmed cell death protein 1; s.c., subcutaneous; TIM3, T cell immunoglobulin and mucin domain-containing protein
3.
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domain-containing protein 3 (TIM3) and lymphocyte
activation gene 3 (LAG3). Therefore, we also analyzed
the exhausted/dysfunctional phenotype of tumor-
infiltrating CD8'T cells and discovered that CAR(Fla)-T
cell-treated mice had a much lower proportion of CD8'T
cells expressing inhibitory receptors (PD1, TIM3 and
LAG3) (figure 3E, online supplemental figure S3D),
but contained higher levels of IFN-y" and IL-2'T cells
(figure 3F, online supplemental figure S3E). Similarly,
CAR(Fla)-T cell-treated mice exhibited higher levels of
IL-2 and IFN-yin the tumors (online supplemental figure
S3F).

To further investigate this effect, we generated CAR-T
cells co-expressing green fluorescent protein (GFP) to
assess their intratumoral distribution and functional
status (online supplemental figure S4A). GFP-positive
CAR-T cells were detected within tumors 48 hours post-
infusion. Notably, tumors treated with CAR(Fla)-T cells
exhibited a significantly higher proportion of GFP-
positive CAR-T cells compared with those treated with
control CAR-T cells (online supplemental figure S4B),
alongside elevated levels of Fla (online supplemental
figure S4C). Further phenotypic analysis of intratumoral
CAR-T cells demonstrated that CAR (Fla)-T cells displayed
a greater proportion of central memory-like phenotypes
(online supplemental figure S4D) and a lower exhaustion
state (online supplemental figure S4D) compared with
conventional CAR-T cells. Moreover, while the propor-
tion of CD107a" CAR(Fla)-T cells showed a tendency to
be higher than that of CD107a” CAR-T cells, this differ-
ence was not statistically significant (online supplemental
figure S4F). This may be attributable to the strong cyto-
toxic activity of both CAR-T cell types during the early
stages of the antitumor immune response, during which
the indirect effects of Fla had not yet exerted a substantial
impact.

Considering that autocrine Fla could not affect the
function of CAR-T cells in vitro, we hypothesized that Fla
might enhance the antitumor effects of CAR-T cells in
vivo by affecting other immune cells in the TME. There-
fore, non-T lymphocytes, particularly TLR5-expressing
innate immune cells in the TME were also analyzed.”
Flow cytometry analysis demonstrated a prevalence of
CD206'M2-like macrophages in tumor tissues initially.
Following CAR(Fla)-T cell treatment, the population of
M2-type macrophages decreased whereas the CD86'M1-
type macrophages increased (figure 3G, online supple-
mental figure S4G). Similarly, CAR(Fla)-T cell-treated
mice had greater levels of IL-1B, TNF-o. and nitric oxide
(NO) content in tumor tissues than those treated with
conventional CAR-T cells (online supplemental figure
S4H,I). These data suggested CAR-T cell-derived Fla can
drive macrophage to shift from M2 to M1 phenotype.
Moreover, we also discovered that mice treated with CAR (-
Fla)-T cells exhibited increased infiltration of CD103'DCs
and elevated levels of IL-12 in tumors, indicating Fla also
heightened DCs activation within the tumors (figure 3H,
online supplemental figure S4J,K). Mice treated with

either conventional CAR-T cells or CAR(Fla)-T cells had
quite low levels of IL-6 and GM-CSF in the peripheral
blood, indicating these two CAR-T therapies have an
extremely low risk of cytokine storms (figure 3I). Collec-
tively, these findings suggest that Fla expression by engi-
neered CAR-T cells can reshape the TME to establish an
“immune-hot” milieu by promoting macrophage polar-
ization and DCs activation.

Antigenic heterogeneity is another significant barrier
to the success of CAR-T cell therapy in solid tumors.”
CD103"DCs are critical for generating antitumor immune
responses because they can cross-present tumor antigens
produced from necrotic and apoptotic tumor cells.”
Our results demonstrated that CAR(Fla)-T cell treatment
increased the proportion and activation of CD103"DCs
within tumors (figure 3H, online supplemental figure
S4],K), implying that it can promote endogenous anti-
tumor immunity to overcome antigenic heterogeneity.
To accomplish this, we employed a previously described
antigenic heterogeneity model,** in which mice were
subcutaneously injected with a 1:1 mixture of wild-type
(antigen-negative) mCD19"B16F10 cells and (antigen-
positive) mCD19'B16F10 cells (figure 3]). Compared
with mice treated with conventional CAR-T cells, or
CAR-T cells combined with intratumoral Fla administra-
tion, those treated with CAR(Fla)-T cells showed a signif-
icant reduction in tumor growth and prolonged survival
(figure 3K and L, online supplemental figure S5A,B).
Moreover, when co-cultured with mCD19 B16F10 cells or
stimulated with nanoparticles loaded with B16F10 whole
cell antigen—both of which do not express the CAR target
antigen—the splenic CD8'T cells from CAR(Fla)-T cell-
treated mice displayed significantly greater tumor-killing
capacity and IFN-y secretion than those from conven-
tional CAR-T-treated mice (figure 3M-O, online supple-
mental figure S5C,D). These findings support the notion
that CAR(Fla)-T treatment can more effectively trigger
endogenous CD8'T cell responses to combat tumors with
antigenic heterogeneity.

Flagellin secreted by CAR-T cells can favor M1 macrophage
polarization and activate DCs

To further confirm the action of CAR-T cell-derived Fla
on macrophage polarization, we stimulated mouse bone
marrow-derived monocytes with the supernatant of CAR-T
cells co-cultured with tumor cells in vitro (figure 4A). As
expected, the results demonstrated that Fla effectively
induced monocyte differentiation, upregulating the
messenger RNA (mRNA) expression of markers specific
to M1 macrophages (Nos2and Cd86) and downregulating
those specific to M2 macrophages (Argl and Cd206)
(figure 4B). In addition, itelevated the mRNA levels of pro-
inflammation cytokines (/l-1f and Tnfa) while decreasing
the levels of anti-inflammatory factors (/[10 and TgfB1)
(figure 4C). These data suggest that Fla can promote
monocytes differentiated to M1 rather than M2-type
macrophages. However, the majority of macrophages in
the TME demonstrate an immunosuppressive M2 state
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Figure 4 Flagellin secreted by murine CAR-T cells can activate macrophages. (A) lllustration of experimental design for
assessing monocyte activation in vitro. (B) M1 (Nos2 and Cd86) and M2 (Arg1 and Cd206) marker genes of macrophages were
analyzed by gPCR, **p<0.001, **p<0.01. (C) Macrophage-associated pro-inflammatory (/-7 and Tnf-¢) and anti-inflammatory
(lI-10 and Tgf-p1) gene mRNA levels were analyzed by gPCR, ***p<0.001. (D) lllustration of experimental design for assessing
M2-like macrophage activation in vitro. (E) M1 (Nos2 and Cd86) and M2 (Arg1 and Cd206) marker genes of macrophages were
analyzed by gPCR, **p<0.01, *p<0.05. (F) Macrophage-associated pro-inflammatory (/-1 and Tnf-a) and anti-inflammatory (//-
10 and Tgf-$1) gene mRNA levels were analyzed by gPCR, “**p<0.001, **p<0.01. CAR, chimeric antigen receptor; Fla, flagellin;

mRNA, messenger RNA; gPCR, quantitative PCR.

(usually called TAM).?® 2° Whether Fla can reverse TAM
polarization is crucial for the efficacy of immunotherapy.
To this end, murine M2 macrophages were induced in
vitro and then exposed to supernatant from CAR-T cells
co-cultured with tumor cells (figure 4D). The quantitative
PCR (qPCR) analysis revealed that CAR-T cell-derived Fla
significantly upregulated the M1 while downregulated
M2 macrophage-specific markers (figure 4E), which was
accompanied by increased mRNA levels of antitumor
cytokines and decreased levels of anti-inflammatory
factors in macrophages (figure 4F). Additionally, we also
assessed the impact of Fla secreted by CAR-T cells on DC
activation in vitro and found that Fla stimulated DCs to
produce more IL-12 (online supplemental figure S6A,B).

These results indicate that Fla secreted by CAR-T cells can
effectively activate macrophages and DCs, encouraging
the release of pro-inflammatory cytokines from them.

Flagellin-activated macrophages and DCs enhance the
antitumor effects of CAR-T cells

To investigate the possibility that Fla improves CAR-T
cell function by activating macrophages and DCs, we
generated recombinant Fla by employing the Escherichia
coli recombinant protein expression system (online
supplemental figure S6C), and used it to stimulate
murine macrophages. Subsequently, the supernatant
from Fla-activated macrophages was introduced into a
co-culture system consisting of murine CAR-T cells and

Niu X, et al. J Immunother Cancer 2025;13:¢010237. doi:10.1136/jitc-2024-010237

9

saibojouyoal rejiwis pue ‘Buluresy | ‘Buiuiw elep pue 1xa) 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdos Aq paloaloid
"1sanb Aqg Gzoz ‘2 [udy uo /wod fwg-only/:dny woly papeojumoq ‘5202 111dy G U0 2£20T0-¥202-0U/9ETT 0T St paysiignd 1s.i) (Jgdue)d Jayjounwiwi ¢


https://dx.doi.org/10.1136/jitc-2024-010237
https://dx.doi.org/10.1136/jitc-2024-010237
https://dx.doi.org/10.1136/jitc-2024-010237
http://jitc.bmj.com/

Figure 5 Flagellin-activated macrophages enhance the antitumor effects of CAR-T cells. (A) Experimental design illustrating
the co-culture of engineered T cells with mCD19*B16F10 in the presence of M2 macrophages supernatant for 24 hours at an
E/T of 2 to 1. The supernatants were obtained from macrophages treated with flagellin. (B) Cytotoxicity, IFN-y secretion and the
percentage of CD107a*CAR-T cells were detected after co-culture, **p<0.01, *p<0.05. (C) Experimental design illustrating the
co-culture of engineered T cells with mCD19*B16F10 in the presence of macrophage supernatant for 24 hours at an E/T of 2 to
1. The supernatants were derived from macrophages treated with flagellin in the presence of flagellin-neutralizing antibodies. (D)
Cytotoxicity, IFN-y secretion and the percentage of CD107a*CAR-T cells were detected after co-culture. ns, not significant. (E)
Treatment schedule with macrophage depletion prior to treatment with engineered T cells in the mCD19*B16F10 tumor model.
To deplete macrophage in mice, 200 pL of clodronate liposomes (Clodro) was intravenously injected to each mouse 2 days prior
to T-cell infusion. (F) The changes in tumor volume over time after mCD19*B16F10 cell implantation, n=8 mice/group, **p<0.01,
ns, not significant. The blue arrow indicates the time point of intravenous injection with clodronate liposomes. The black arrow
indicates the time point of intravenous T-cell injection. (G) The Kaplan-Meier survival curves following treatment for tumor-
bearing mice, n=8 mice/group, **p<0.01, ns, not significant. CAR, chimeric antigen receptor; E:T, effector-to-target; Fla, flagellin;

IFN, interferon; i.v., intravenous; s.c., subcutaneous.

mCD19'B16F10 tumor cells (figure 5A). The results indi-
cated a significant enhancement by Fla-activated macro-
phage supernatant in the cytotoxicity of CAR-T cells
against mCD19"B16F10 cells, accompanied by increased
IFN-y secretion and a higher proportion of CD107a"
CAR-T cells (figure 5B). When neutralizing antibody-
containing serum was administered to Fla-stimulated
macrophages, the supernatant failed to enhance the cyto-
toxic capabilities of CAR-T cells (figure 5C,D), validating
the pivotal roles played by macrophages in Fla-mediated
improvement of CAR-T function. Following a similar
methodology, we investigated whether Fla-activated DCs

could boost the antitumor response of CAR-T cells, and
the results revealed a significant increase in CAR-T cell
function by the supernatant from activated DCs (online
supplemental figure S6D,E). However, the use of Fla-
neutralizing antibodies counteracted this heightened
effect of activated DCs supernatant (online supplemental
figure S6F). These results suggest that Fla-activated
macrophages and DCs indirectly improve the antitumor
effects of CAR-T cells.

Given the quantitative advantage of macrophages in
the TME and the significant effects of Fla on their polar-
ization, we tested whether Fla affected the antitumor
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effects of CAR-T cells mainly through macrophages by
employing clodronate liposomes to deplete macrophages
in mice. Following macrophage depletion, the advantages
of CAR(Fla)-T cells on tumor control and prolonged
survival of tumor-bearing mice were markedly reduced
(figure 5E-G, online supplemental figure S7A,B), under-
scoring the substantial reliance of CAR(Fla)-T cell func-
tion on the presence of macrophages. These findings
imply that Fla promotes CAR-T cell function in vivo
mostly through macrophages, while it can activate both
macrophages and DCs simultaneously.

Function of human CGAR(Fla)-T cells is superior to conventional
CAR-T cells in vitro
To evaluate the application potential of such a strategy
in humans, we generated human CD19 CAR-T cells with
inducible expression motifs that are capable of triggering
Fla expression when the CAR is activated (figure 6A).
HCT116 human colorectal carcinoma cells that overex-
pressed hCD19 antigen (hCD19'HCT116) were used as
the target tumor cells (online supplemental figure S8A).
As expected, CAR(Fla)-T cells expressed Fla only when
they were co-cultured with target cells (figure 6B, online
supplemental figure S8B,C). In vitro cytotoxicity assays
showed that CAR(Fla)-T cells had much better tumor-
killing capabilities than conventional CAR-T cells at high
E:T ratios (figure 6C). In line with this, CAR(Fla)-T cells
exhibited elevated levels of IL-2 and IFN-y (figure 6D),
as well as upregulation of Ki67, a common marker of
proliferation, when they were co-cultured with target cells
(figure 6E). These data suggest that Fla could promote
activation, proliferation and cytotoxicity of human CAR-T
cells in vitro. It is worth noting that the effects of Fla on
murine and human CAR-T cell function were inconsis-
tent in vitro, which is potentially attributed to the pres-
ence of TLR5 on human CD4'T cells.”” To address this
issue, we generated CAR-T cells using CD8" T cells, as
they lack TLR5 expression (online supplemental figure
S8D). Cytotoxicity and cytokine secretion assays revealed
that the potentiating effect of Fla on the antitumor
activity of human CAR-T cells was lost in the absence of
TLR5 (online supplemental figure S8E,F). Consistent
results were observed when TLR5 was knocked out in
CD4" CAR(Fla)-T cells or when a TLR5 antagonist was
employed. Both approaches significantly abrogated the
enhanced effects of autocrine Fla on cytokine produc-
tion, including IL-2 and IFN-y (online supplemental
figure S8G,H). This finding was further corroborated in
NK cells, as Fla could not effectively improve the tumor-
killing ability of mouse NK cells (online supplemental
figure S8I), which lack TLR5 expression.”® However,
it was effective in enhancing the cytotoxicity of human
NK cells (online supplemental figure S8I). This species-
specific difference in TLR5 expression between mice and
humans suggests that the novel CAR(Fla)-T therapy may
hold greater clinical potential than initially anticipated.
Similarly, human CAR(Fla)-T cells and control CAR-T
cells were separately co-cultured with hCD19"HCT116

cells. The supernatants from these cultures were then
used to stimulate monocyte differentiation (online
supplemental figure S8J). Analysis using qPCR revealed
that supernatant from CAR(Fla)-T cells led to increased
mRNA levels of M1 macrophage-specific markers (NOS2
and HLA-DRA) and decreased levels of M2 macrophage-
specific markers (CDI163 and MRCI) compared with
supernatant from control CAR-T cells (online supple-
mental figure S8K). Additionally, mRNA levels of pro-
inflammatory factors ([L-If and TNFa) were higher,
whereas levels of immunosuppressive factors (/L-10 and
TGIS1) were lower in cells treated with supernatant
from CAR(Fla)-T cells compared with those treated with
control supernatant (online supplemental figure S8L).
These findings suggest that Fla secreted by human CAR-T
cells prompts monocyte polarization toward an Ml-like
phenotype. To further explore the impact of Fla on
human M2-like macrophages, we first induced macro-
phages to adopt an M2-like phenotype and then exposed
them to the co-culture supernatant (figure 6F). Remark-
ably, supernatants containing Fla significantly increased
MI1 markers and decreased M2 markers in the macro-
phages, along with an upregulation of pro-inflammatory
cytokines and a downregulation of anti-inflammatory
cytokines (figure 6G,H). These results suggest that Fla
released by human CAR-T cells can reprogram macro-
phages toward the M1 phenotype.

To evaluate how Fla-activated macrophages affect
the antitumor activity of human CAR-T cells, we co-cul-
tured human CAR-T cells with hCD19"HCT116 cells in
the presence of supernatants from Fla-stimulated or
control macrophages (online supplemental figure S9A).
Our results showed that adding supernatant from Fla-
stimulated macrophages enhanced the ability of CAR-T
cells to lyse tumor cells and increased their secretion
of IFN-y (figure 6I). These effects were reversed when
neutralizing antibodies were added to deplete Fla from
the medium (figure 6]). We then conducted similar exper-
iments with human DCs, demonstrating that Fla released
by human CAR-T cells could trigger DCs to secrete 11-12
(online supplemental figure S9B,C). Moreover, treating
CAR-T cells with supernatants from Fla-activated DCs
substantially boosted their capacity to kill tumor cells and
produce IFN-y (online supplemental figure S9D,E), an
effect that was diminished by administering neutralizing
antibodies against Fla (online supplemental figure S9F).
Taken together, these results indicate that human CAR(-
Fla)-T cells exhibit enhanced cytotoxic and immunostim-
ulatory abilities compared with conventional CAR-T cells,
consistent with our observations in murine CAR-T cells.

Discussion

One approach to augmenting antitumor immunity in the
suppressive TME involves equipping T cells with synthetic
receptors or pro-inflammatory cytokines that can reshape
the TME favorably for antitumor response.”® 2 *
Targeting infiltrating immunosuppressive cells in tumors,
such as TAMs, is receiving growing attention.” ™ Here, we
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Figure 6 Function of human CAR(Fla)-T cells is superior to conventional CAR-T cells in vitro. (A) Self-inactivating (AU3)
lentiviral constructs used for human T-cell engineering, and representative flow cytometry plots of CAR expression in engineered
human T cells. (B) Flow cytometry analysis of flagellin expression in CAR-T cells on target cell recognition. (C) Cytotoxicity
assay of engineered T cells against hCD19"HCT116 cells, *p<0.05, ns, not significant. Engineered T cells were co-cultured with
target cells at the indicated E/T ratios for 12 hours prior to analysis. (D) ELISA assay for IL-2 and IFN-y secretion of engineered
T cells when they were co-cultured with target cells at an E/T ratio of 2:1 for 24 hours, **p<0.01, *p<0.05. (E) FACS analysis
demonstrating the expression of Ki67 in engineered T cells, “p<0.05. T cells were co-cultured with target cells at the E/T ratio
of 2:1 for 48 hours before being analyzed. (F) lllustration of an experimental design for assessing the activation of M2-like
macrophages in vitro. (G) M1 (NOS2 and HLA-DRA) and M2 (CD163 and MRC1) marker genes of macrophages were analyzed
by gPCR, **p<0.001, **p<0.01, *p<0.05. (H) Macrophage-associated proinflammatory (/L-7 and TNF-a) and anti-inflammatory
(IL-10 and TGF-$1) gene mRNA levels were analyzed by gPCR, ***p<0.001. (I-J) The engineered T cells were co-cultured

with hCD19*HCT116 in the presence of macrophage supernatant for 24 hours at an E/T ratio of 2 to 1, followed by detection
of cytotoxicity and IFN-y secretion. The supernatants were obtained from macrophages treated with flagellin either without

(I) or with (J) flagellin-neutralizing antibodies. *p<0.05, ns, not significant. CAR, chimeric antigen receptor; E:T, effector-to-
target; FACS, fluorescence-activated cell sorting; Fla, flagellin; IFN, interferon; IL, interleukin; mRNA, messenger RNA; gPCR,
quantitative PCR; TGF, transforming growth factor; TNF, tumor necrosis factor.
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engineered CAR-T cells to express Fla under the control
of CAR signaling (referred to as CAR(Fla)-T cells) and
assessed their antitumor effects. Our findings indicated
that CAR(Fla)-T cells could impede tumor growth and
extend the survival of tumor-bearing mice more effec-
tively, since Fla can increase the ratio of Ml-like macro-
phages and CD103"DCs within tumors, which established
an immune-hot milieu. This feature enabled CAR(-
Fla)-T cells to effectively activate endogenous CD8'T
cell responses, which are crucial for controlling tumors
with diverse antigens. While Fla activates both DCs and
macrophages, the enhanced antitumor effects of CAR-T
cells with Fla predominantly rely on macrophages. Deple-
tion of macrophages significantly diminished the bene-
fits of CAR(Fla)-T cells in tumor control and prolonged
survival in tumor-bearing mice. This finding underscores
the potential of targeting the TME to enhance CAR-T cell
function effectively.

Fla is a protein that forms the structural component of
flagella, the whip-like appendages that are responsible for
Salmonella motility.” In the context of immunology, Fla is
also known for its role as a potent activator of the immune
system, particularly through its interaction with the TLR5
on immune cells.”” Recently, it was demonstrated that acti-
vating the innate immune response with Fla can induce
various effects on tumor growth in several experimental
animal models.'? % Furthermore, previous studies have
demonstrated that intratumoral injection or sustained
delivery of Fla via T-cell loading can significantly enhance
the antitumor efficacy of T-cell-based immunotherapies,
with no toxicity observed during trials."* However, intra-
tumoral injection poses accessibility challenges and is not
feasible for all tumors, making clinical translation diffi-
cult. While continuous delivery through immune cells
addresses the accessibility issue, the absence of built-in
regulatory or termination mechanisms raises concerns
about potential cumulative toxicity due to prolonged
Fla exposure. To address this, we engineered Fla expres-
sion to be regulated by CAR signaling through the NFAT
system. In the presence of tumor cells, CAR activation not
only triggers T-cell cytotoxicity but also drives Fla expres-
sion, which remodels the TME to enhance CAR-T cell
efficacy. Once the tumor is eliminated and CAR signaling
ceases, Fla expression is also halted, minimizing the risk of
prolonged Fla exposure. Furthermore, our findings show
that CAR(Fla)-T cells outperform not only conventional
CAR-T cells but also the combination of CAR-T cells with
intratumoral Fla injection. This suggests that the TME is
resistant to change and requires continuous Fla stimula-
tion for effective remodeling, as single high-dose intratu-
moral Fla administration fails to achieve this. Additionally,
the superiority of CAR(Fla)-T cells also lies in their dual
role in supporting Fla-mediated TME remodeling. They
not only serve as a source of Fla but also adapt to the TME
reshaped by flagellin, enhancing their survival and thereby
promoting further Fla production. This establishes a posi-
tive feedback loop that continuously drives TME remod-
eling. CAR(Fla)-T therapy therefore may be a more

straightforward and viable approach, offering a better
balance of efficacy and safety compared with CAR-T cells
alone or in combination with intratumoral Fla injection.

TAMs are the most prevalent immune cells found in
solid tumors, and they typically display an M2-like pheno-
type that supports tumor cell survival, proliferation, and
dissemination.” Activation of TLRs stimulates M1-po-
larized macrophage responses by initiating a proinflam-
matory program. Generally, converting TAMs to the M1
phenotype can provide therapeutic benefits by promoting
antitumor immunity.”® * ** Engineered bacteria that
secrete Fla can significantly activate M1 macrophages
and reduce the proportion of M2-like macrophages in
tumors, with TLR5-mediated signaling being crucial in
this process.” Our findings indicate that Fla secreted by
engineered CAR-T cells effectively activates macrophages
and can convert M2 macrophages to the M1 phenotype,
thereby remodeling the TME to enhance CAR-T cell func-
tion in vivo. Tumor cell death caused by CAR-T cells can
spread tumor antigens, which mightstimulate endogenous
immune cell response against multiple tumor antigens.*
Improving this process would be an appealing strategy
for overcoming tumor heterogeneity and immune escape
caused by antigen loss. CAR-T cells equipped with Heli-
cobacter pylori-derived neutrophil-activating protein were
proven to be capable of causing antigen spreading and
thereby stimulating endogenous CD8" T-cell responses.**
Our experimental results provide additional support for
this viewpoint. Fla activates and recruits CD103"DCs,
which are vital for generating endogenous antitumor
immune responses because they can cross-present tumor
antigens from necrotic and apoptotic tumor cells.”” As a
result, CAR (Fla)-T cells not only have their own supe-
rior antitumor effects but also activate endogenous T
cells, making them more effective against tumors with
diverse antigens. However, the enhanced antitumor func-
tion of CAR (Fla)-T cells in vivo was significantly reduced
after macrophage depletion, indicating that Fla initially
boosts the antitumor function of CAR-T cells through
macrophages and subsequently activates CD103" DCs to
induce an endogenous antitumor immune response. Our
findings suggest that targeting intratumor macrophages
could be more effective in reshaping the immunosup-
pressive TME.

Unlike murine T cells, human T cells express TLR5,
allowing CAR(Fla)-T cells to improve their activities via
autocrine Fla. Furthermore, TLR5 also expresses on a
variety of tumor cells, and TLR5 activation, particularly
by Fla, can significantly decrease tumor cell growth.” ***
Although we did not observe this direct antitumor activity
of Fla because we chose TLR5-negative tumor cells to
better evaluate the contribution of tumor-infiltrating
immune cells, these studies, combined with our findings,
suggest that our strategy of Fla delivery by CAR-T cells
has a high application potential in humans, particularly
in patients with TLR5" tumors.

In summary, we have demonstrated that delivering
Fla into tumors via CAR-T cells can remodel the TME

Niu X, et al. J Immunother Cancer 2025;13:¢010237. doi:10.1136/jitc-2024-010237
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by converting M2 macrophages into M1 phenotype.
This not only enhances the therapeutic effects of CAR-T
cells in solid tumors but also promotes endogenous
antitumor response mediated by CD8" T cells, offering
better control of tumors with high antigen heterogeneity.
This study introduces a novel strategy to incorporate an
additional immune-stimulating pathway into engineered
tumor-specific T cells, thereby improving their efficacy.
This approach has significant translational potential, as
it could be applied to a wide range of solid tumors, given
that almost all tumor progression is linked to abnormal
macrophage polarization within TME.
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