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etabolically active atherosclerotic lesions remain
Ma major therapeutic challenge in mitigating major

adverse cardiovascular events. Despite the use
of lipid-lowering and anti-inflammatory therapies, active
atherosclerotic lesions harbor cellular heterogeneity and
fibrotic barriers that limit therapeutic penetration.

FAP (fibroblast activation protein)-directed CAR (chi-
meric antigen receptor)-engineered T (FAP.CAR-T) cell
therapy has demonstrated disease-modifying effects
in fibrotic diseases.” Recent advances in FAP-directed
immune engineering further support its immunomodu-
latory capacity in fibrosis-associated-inflammation.? In
human atherosclerotic plaques, FAP is expressed by
a subset of modulated vascular smooth muscle cells
(VSMCs) enriched within the neo-intima,® land, genetic
deletion of Fap attenuates plaque progression.*

However, strategies targeting a single cellular com-
ponent confer limited therapeutic effects in complex
inflammatory settings.? CAR-T cell therapy yields limited
effects in atherosclerosis, largely due to the heteroge-
neous composition of plaques, including modulated
VSMCs, macrophages, and foam cells. Targeting VSMCs
alone fails to mitigate plaque-associated inflammatory
activity, as macrophage-derived foam cells sustain proin-
flammatory signaling and promote VSMC activation and
migration (Figure [A]).

In addition to cellular heterogeneity, physical barriers
within plaques further restrict CAR-T-cell therapeutic
activity. Although molecular-scale approaches such as
FAP-targeted BiTEs (bispecific T-cell engagers) have
demonstrated anti-fibrotic activity in targeting FAP*

VSMCs,? cellular therapies remain hindered by steric and
structural barriers.

To overcome both cellular heterogeneity and physi-
cal barriers, we developed FAPCAR-NKT (FAP-directed
CAR-engineered invariant natural killer T) cells using
our previously published proté€gl%aith the CAR con-
struct modified to incorporate a species-crossreactive
FAP-specific. scFv.(MO36). These cells integrate 3 tar-
geting modalities: (1) a FAP-directed CAR targeting
modulated VSMCs, (2) an invariant NKT TCR (T-cell
receptor) that may recognize CD1d-presented glycolip-
ids on macrophages and foam cells, and (3) natural killer
receptors-that may recognize stress-induced ligands on
foam cells. This multitarget design enables simultane-
ous elimination of key plaque-resident cell populations
(Figure [A].

We generated syngeneic mouse FAPCAR-NKT and
FAPCAR-T cells from ApoE~~ mice, achieving high and
comparable cell purity and CAR expression (Figure [Bi]
through [Bv]). ApoE~~ mice fed a Western diet received a
single b Gy total-body irradiation as a standard lymphode-
pleting conditioning regimen 24 hours before administra-
tion of the indicated treatments (Figure [Bvi]). Although
this conditioning strategy facilitated adoptive cell transfer,
future studies should evaluate more clinically relevant
conditioning approaches because irradiation may influ-
ence immune composition, plaque biology, and thera-
peutic cell engraftment. Histological staining revealed
reduced numbers of FAP* and CD1d* cells within ath-
erosclerotic plaques following FARCAR-NKT treatment
(Figure [Buii]). FARCAR-T cells showed limited effects on
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To recapitulate the human plague microenvironment,
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l"',:'I chip system comprising human umbilical artery endothe-
= BiTE bispecific T-cell engagers lial cells, human umbilical artery smooth muscle cells, and
§ CAR chimeric antigen receptor macrophages. In this system, oxidized low-density lipo-
) FAP fibroblast activation protein protein induced foam cell formation and increased FAP
ﬁ FAP.CAR-NKT  FAP-directed CAR-engineered expression in VSMCs. Conventional T cells conferred no

invariant natural killer T effects, whereas FARCAR-T cells selectively eliminated
TCR T-cell receptor FAP* VSMCs but failed to target foam cells, revealing the
VSMC rserEr smeh musde el limitation of single-target strategies in heterogeneous
plagues. In contrast, FARCAR-NKT cells reduced both

FAP+* VSMCs and foam cells (Figure [C]).
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Figure. FAP.CAR-NKT (FAP [fibroblast activation protein]-directed CAR (chimeric antigen receptor)-engineered invariant natural
killer T) cells mitigate atherosclerotic progression through multitarget cytotoxicity.

A, Comparison of FAR.CAR-T and FARCAR-NKT therapies. B, Mouse FAP.CAR-T and FAP.CAR-NKT generation and therapeutic evaluation in
ApoE~~ mice. i through v, Cell generation, purity, and CAR expression (n=7). vi, Experimental design. vii, Immunofluorescence of FAP and CD1d
within atherosclerotic plaques. viii through ix, Representative en face Sudan Black-stained aortas and lipid-rich area quantification (n=10; 5
males and 5 females). X through xi, Representative Masson trichrome staining of aortic root sections and collagen quantification (n=5 males). No
animals were excluded. Analyses were blinded. C, Vessel-on-a-chip model containing human umbilical artery smooth muscle cells (HUASMCs),
human umbilical artery endothelial cells (HUAECs, macrophages, and oxLDL-induced foam cells treated with the indicated cell therapies. Confocal
fluorescence microscopy visualized HUASMCs (a-SMA), HUAECs (CD31), FAP* cells, and foam cells (Dil-oxLDL). D, Human FAP.CAR-T and
FAPCAR-NKT characterization and validation. i through iv, Cell generation, purity, and CAR expression (n=5). V, In vitro foam-cell killing assay.

vi, Calcified LAD lesions identified by computed tomography (CT) and gross imaging. vii, Three-dimensional light-sheet imaging of cleared LAD
segments showing FAP* cells and CD68* macrophages (Mac)/foam cells within the plaque. viii, Ex vivo killing assays using cell suspensions
from LAD (lesion) and PA (nonlesion). ix through x, Flow cytometric analysis of FAP* cells, CD11b* macrophages (Macs), and CD1d expression
(n=4). xi, Ex vivo cytotoxicity against FAP* cells and macrophage/foam-cell with or without CD1d blockade (n=4). n denotes biological replicates.
Data are mean+SEM. All tests were nonparametric. P values: Bix, Bxi, Dv, and Dxi: Dunn multiple-comparisons test; Dx: Wilcoxon matched-pairs
signed-rank test; Biii, Bv, Diii, Div: Mann-Whitney U test. No experiment-wide multiple testing correction was applied. Analyses used GraphPad
Prism 9.
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CD1d-mediated recognition. In explanted hearts from
patients with ischemic cardiomyopathy, left anterior
descending arteries laden with lesions and pulmonary
arteries without lesions were delineated and excised
based on imaging and gross pathology (Figure [Dvi]).
Multi-view 3D light-sheet fluorescence microscopy of
optically cleared left anterior descending artery seg-
ments (modified Adipo-Clear) revealed the spatial distri-
bution of FAP* cells and macrophages/foam cells within
plaques (Figure [Dvii]). Flow cytometric analysis further
demonstrated enrichment of FAP* cells and macro-
phages in lesion versus nonlesion samples, accompanied
by increased CD1d expression (Figure [Dviii] through
[Dx]). In ex vivo killing assays, FAPCAR-NKT cells effec-
tively reduced both primary patient sample-derived FAP*
cells and macrophage/foam cells, whereas FAP.CAR-T,
NKT, or T cells revealed limited effects. CD1d blockade
diminished macrophage/foam cell cytotoxicity, support-
ing a role for CD1d-mediated recognition, although the
relevant endogenous glycolipid antigens remain unde-
fined (Figure [Dviii] and [Dxi]).

To our knowledge, cell-based immunotherapies
have demonstrated limited efficacy in atherosclerosis.
Our findings demonstrate the translational potential of
FAPCAR-NKT cells to overcome cellular heterogeneity
and plaque-associated physical barriers that constrain the
efficacy of FAP-directed CAR-T strategies. FAP-is mini-
mally expressed in healthy adult tissues,® and no.overt tox-
icity was observed following FARCAR-NKT treatment in
the current study. Although invariant NKT cells are rela-
tively rare, robust ex vivo expansion and CAR engineering
have been reported, supporting the translational feasibility
of both autologous and allogeneic CAR-NKT therapies.”
Future studies should define the optimal persistence and
dosing strategy for this therapeutic approach. This work
establishes a CAR/TCR multi-target cellular immunother-
apy framework for atherosclerosis.
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