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Introduction: Real-time tracking of Chimeric Antigen Receptor (CAR) T cell trafficking provides crucial information regarding the
targeted migration, infiltration, and persistence of CAR-T cells within the tumour microenvironment (TME). This information is
invaluable for the timely adjustment of auxiliary treatment strategies in clinical settings.

Methods: We designed a gas vesicles (GVs)-labeled CAR-T (GVs@CAR-T) complex using nanoscale GVs with excellent ultrasound
reflectivity to label CAR-T cells for post-labelling ultrasound molecular imaging.

Results: GVs@CAR-T complexes achieved stable ultrasound imaging for up to five days. In vitro and vivo experiments demonstrated
that GVs labelling did not affect the anti-tumour function of CAR-T cells. In a subcutaneous tumour model, ultrasound molecular
imaging was used to monitor the targeted migration of systemically infused GVs@CAR-T cells, which revealed a positive correlation
between specific infiltration and therapeutic efficacy.

Conclusion: This study presents an efficient method for in vivo tracking of CAR-T cells and offers new insights for predicting the
efficacy of CAR-T cell immunotherapy.
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Introduction

Chimeric Antigen Receptor (CAR) T cell therapy represents a groundbreaking advancement in cancer treatment.' > By
targeting genetically-engineered, live T-cells, this therapeutic approach facilitates durable clinical anti-tumour effects.*”’
Several CAR-T cell therapies, such as Kymriah, Tecartus, and Liso-cel, have been approved for treating relapsed or
refractory B-cell leukaemia and lymphoma.®'® The key to the success of CAR-T cell therapy lies in its ability to
effectively infiltrate tumour sites.''"'> However, due to tumour heterogeneity and individual patient differences, the
efficacy of CAR-T cell therapy can vary significantly.'* Timely prediction and assessment of CAR-T efficacy are of great
clinical significance.'*'® Recent clinical studies have also indicated that 10%—20% of patients receiving CAR-T therapy
experience no response or disease progression.'’ Notably, the degree of CAR-T cell homing observed in tumour biopsies
shows a significant positive correlation with treatment response.’ If real-time tracking of CAR-T cell homing can provide
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information on targeted migration, infiltration, and persistence in the tumour microenvironment (TME),
considerably aid the timely supplementation of supportive treatment strategies, significantly impacting the clinical

success of CAR-T therapy.
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In recent years, significant efforts have focused on developing imaging strategies that integrate advanced materials for
adoptive cell tracking.’>*' Various methods, including s nuclear medicine imaging and magnetic resonance imaging,
have been utilized for this purpose.”> ** Different modalities have contributed new insights to the field of adoptive cells.
Scholars such as Wei et al utilised MegaPro-NP-labelled CAR-T, allowing the detection of CAR-T cell homing through
Magnetic Particle Imaging (MPI) imaging technology.”> However, because MPI requires magnetic field variations to
obtain signals, this process involves relatively long imaging times.”® Additionally, data acquisition and reconstruction
algorithms require processing time, limiting real-time imaging and thereby imposing certain constraints on the evaluation
of CAR-T efficacy. Shao et al employed radionuclide non-invasive imaging to achieve high sensitivity and precision in
visualizing CART cells in vivo.”” However, the high levels of radioactivity involved can impair the viability of cells.** In
contrast, ultrasound molecular imaging offers advantages such as real-time dynamics, no radiation, and rapid image
acquisition, making it widely used in clinical research.”® Furthermore, the use of ultrasound contrast agents (UCAs)
produces ideal contrast in ultrasound images, with microbubbles being commonly employed as contrast agents in
ultrasound molecular imaging.*>*' Many studies have shown that microbubble-based acoustic probes successfully
achieve molecular targeted imaging of important markers such as VEGFR2, a(v)-p(3), and VACM-1.*"* However,
there are still significant challenges in targeting tumour imaging, as traditional microbubbles, due to their relatively large
size (typically 1-5 pum), cannot traverse tumour blood vessels and contact cells outside the tumour.*>*® If existing
ultrasound imaging technologies can be combined with ultrasound contrast agents of smaller size, it would become
possible to achieve early prediction and assessment of CAR-T efficacy.”’

In our previous study, we prepared hollow mesoporous organosilica nanoparticles (HMONSs) loaded with perfluoropentane
(PFP) to enable the visualisation of macrophage cell-based drug delivery systems, and real-time dynamic imaging of
macrophages was achieved by the ultrasound-triggered phase transition of PFP*® To simplify the preparation of
a visualisable cell-drug delivery system, the latest progress in this study employed more stable and easily prepared gas
vesicles (GVs) extracted from Halobacterium NRC-1 (Halo),which were co-cultured with multifunctional mesenchymal stem
cells (MSCs) to successfully obtain GV-labelled MSCs (GVs@MSCs). This allowed for targeted tracking of these labelled
cells, demonstrating their functions in bone repair and anti-inflammation.*® The GVs have a nanometre-sized hollow structure
made of a biological protein shell, and the flexibility of this shell, which deforms under an acoustic field, is key to ensuring
stability.**** This deformation generates echoes at harmonic frequencies, allowing GVs to distinguish their echoes from
biological tissues at primary frequencies.*® Therefore, if GVs can be used to label CAR-T cells, it holds promise for achieving
real-time, dynamic targeted ultrasound imaging tracking of CAR-T cells during in vivo therapeutic processes.

In this study, we successfully utilised GVs as acoustic markers to label CAR-T cells (GVs@CAR-T), enabling dynamic,
real-time, and targeted homing tracing of labelled cells at target sites following systemic infusion through ultrasound contrast
imaging. This complex not only demonstrated stable binding in vitro, achieving significant ultrasound imaging over a duration
of up to 5 days, but also allowed the evaluation of the tumour-targeting specificity of CAR-T cells in vivo using ultrasound
contrast imaging for homing tracing. Ultimately, this enables the prediction and assessment of therapeutic effects in
lymphoma. Therefore, we developed an efficient tracing method for cell therapy using nanometre-sized biological bubbles,
providing a new approach for predicting and evaluating the efficacy of CAR-T cell therapy.

Materials and Methods

The Isolation and Characterization of Gas Vesicles (GVs)

Bacterial culture and biosynthetic nanobubble isolation were performed as our previous report.*® Halo were cultured in ATCC
medium 2185 at 37 °C with shaking at 150 rpm for 7 days. Following this, Halo cultures were transferred to a separating
funnel and allowed to sit at room temperature for two weeks. After floating, the Halo cells were separated, lysed using TMC
buffer, and centrifuged at 350 xg for 4 h. The resulting milky GVs were isolated and stored at 4 °C. The structure of the GVs
was analysed using Scanning Electron Microscope (SEM) (HT7800, HITACHI, UK). Dynamic light scattering (DLS) was
used to determine size distribution and zeta potential (Malvern-MS2000, Malvern, UK). Measurements were performed using
a spectrophotometer (Nanodrop 2000c; Thermo Scientific, USA) at 500 nm to determine optical density (OD). The stability of
the GVs in 1x PBS (pH 7.4) was evaluated by measuring the nanocomplex size using DLS for 7 days.
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CAR-T Cell Generation

Human peripheral blood mononuclear cells (PBMCs) from healthy donors were used, and T cells were activated with anti-
CD3 Dynabeads (ThermoFisher Scientific) at a cell-to-bead ratio of 1:3, 72 hours prior to transduction. CD19-CAR-T cells
were produced by transducing donor T cells with a retroviral vector, following established protocols.** The purity of T cells is
analyzed through flow cytometry (FACSAria III, BD, USA). After PBMC activation with DynaBeads (day 1) and retroviral
transduction (day 4), CD19-CAR-T cells were harvested and Flow cytometry is used to detect the efficiency of Lentiviral
infection. The human CAR-T cell cultured in X—VIVO 15 medium (Lonza) containing with 10% FBS (Gibco), 1% penicillin/
streptomycin (Gibco) and 100U/mL recombinant human IL-2 (Elabscience). The study complies with the Declaration of
Helsinki and was approved by the Ethics Committee of the Guangdong Second Provincial General Hospital (Ethical approval
number 2022-XJS-SB-14). All PBMC donors provided written informed consent.

Evaluation of Cytotoxicity of Gas Vesicles Label CAR-T Cells (GVs@CAR-T) in vitro
Cell viability was assessed using a CCK-8 assay (Dojindo Laboratories) to determine the optimal GV concentration. 5%10° CAR-
T cells per well) in a 96-well plate were treated with GVs at different concentrations (OD500) (0, 0.5, 0.75, 1, 1.25, 1.5, 1.75,
and 2) for 12 h and measured using a Multimode Reader (SynergyH1, BioTek, USA) at OD 450 nm to evaluate cytotoxicity.
5x10° CAR-T cells per well) 96-well incubated with GVs (OD500) = 1.0 for 12 h, and then free GVs were removed.

The viability of GVs@CAR-T cells was tested using the CCK-8 assay (Dojindo Laboratory) on days 1, 2, 3, 4, and 5,
respectively. CAR-T cells 5 x 10° CAR-T cells per well in six-well plates were added to GVs (OD500=1) for 12 h, and
free GVs were removed. GVs@CAR-T cell apoptosis was measured using the Annexin V-PI Apoptosis Detection Kit
(Elabscience) according to the manufacturer’s instructions. Data were acquired using the FACS analyser (FACSArialll,
BD, USA) and analysed using FlowJo™ software. The assay was performed in triplicates and repeated three times.

The Preparation and Characterization of GVs@CAR-T

CAR-T cells were incubated with GVs for 8 hours at 37 °C and free GVs was removed via PBS rinse, successfully
constructing the labelled CAR-T cells (GVs@CAR-T). Transmission Electron Microscope (TEM) was used to determine
the morphology and subcellular localisation of GVs in CAR-T cells (HT7800, HITACHI, UK). Labelling was performed
by co-incubating 1.1'-bis(octadecyl)-3,3,3',3"-tetramethylindocarbocyanine perchlorate (Dil) dye (Solarbio) with GVs
(OD500=1). The labelled -GVs were incubated with CAR-T cells for 8 hours and then Hoechst 33342 dye (MCE) and
3.3'-Dioctadecyloxacarbocyanine perchlorate (DiO) dye (MCE) was used to stain the GVs@CAR-T, followed by assay
with a confocal microscope (Leica Stellaris 5, Germany). To evaluate the uptake efficiency for CAR-T cells, labelled
GVs were incubated with CAR-T cells for 0, 2, 4, 6, and 8 h, followed by flow cytometry (FACSAria III, BD, USA).

Contrast-Enhanced Ultrasound (CEUS) Imaging of GVs and GVs@CAR-T in vitro

We suspended 1 mL of GVs at different concentrations (OD500) of 0.5, 1, 1.5, and 2 in agarose phantom wells in triplicate. An
equal volume of PBS was used as the control group. The GVs@CAR-T cells were collected from the culture plates and
suspended at different density,5 x 10%,5 x 10%,5 x 10°%, 5 x 107, and 5x108 cells per well) into the agarose phantom wells in
triplicate. CAR cells with similar cellular densities were used as controls. Each well containing 5 x 10’ GVs@CAR-T was
collected into agarose model wells, with three replicates, followed by continuous CEUS imaging on days 1, 3, 5, and 7. The
experimental imaging equipment and parameters were as follows: Canon Aplio i800 imaging system (MI 0.02, contrast gain
30 dB, dynamic range 15 dB, and depth 20 mm) using an i118LX5 probe with a working frequency of 8 MHz. The contrast
signal intensities were quantitatively analysed using the imaging system (Aplio 1800, Canon, Japan).

In vitro Anti-Tumor Study of GVs@CAR-T

The effector cell CAR-T or GVs@CAR-T cells adjusted on the basis of transduction efficiency were co-cultured with the
target cell Raji-Luc (1 x 10* per well) at E:T ratios of 8:1, 4:1, 2:1,1:1 for 24 h in 96-well U-bottom plates in triplicate.
A PerkinElmer IVIS Spectrum Imaging System (PerkinElmer) was used to image the cells after adding 5 mg/mL
D-luciferin (PerkinElmer) and incubating the cells for 5 min at 37 °C. Lactate Dehydrogenase (LDH) release cytotoxicity
assays were performed using the CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit (Promega, Madison, WI, USA)
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following the manufacturer’s protocol. The plating method was consistent with that described previously. This equation
was used to calculate specific lysis: lysis (%) = [(effector-target cell mix -effector cell control)-low control)]/(high
control-low control) x 100%. The assay was repeated thrice.

In vitro Cytokine Release Assays of GVs@CAR-T

For cytokine release assays, 1x10° CAR-T or GVs@CAR-T cells per well, adjusted on the basis of transduction
efficiency, were cocultured with 1x10° cells per well in 24-well plates, and the supernatant was collected after
12 h for cytokine release assays using a Luminex human cytokine panel (EMD-Millipore). CAR-T the 1x10° per well
CAR was adjusted based on transduction efficiency without cocultured with Raji cells and was used as the control group.
The assay was performed in triplicates and repeated three times.

Impact of GVs on CAR-T Cell Activation Dynamics and Exhaustion Phenotypes

Each tube contained 1 x 10°/mL GVs@CAR-T cells, which were then subjected to staining procedures with the
following fluorescence-conjugated antibodies for 30 minutes at 4 °C: 1 pL of anti-CD3 (BioLegend) and anti-CD69
(BioLegend), and 1 pL of anti-CD3 (BioLegend) and anti-PD-1 (BioLegend), respectively. The same procedure was
applied to the CAR-T cells as in the control group. Next, the cells were washed three times with PBS, and then
resuspended in 1 mL of PBS for detection using flow cytometry (FACSAria III, BD, USA) and analysed using FlowJo™
software. The assay was performed in triplicates and repeated three times.

In vivo Studies Using Animal Model

Experimental procedures were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use Committee (IACUC) of the Guangdong Second Provincial
General Hospital Experimental Animal Center (Approval No. 2022-DW-KZ-093-01). Anaesthesia was induced with 3%
isoflurane and maintained with 1% isoflurane during all animal procedures. Male NOD.Cg-Prkdcscidll- 2rgtm1Wjl/SzJ
(NSG) mice 6-week-old were used.

Raji cancer cells (1 % 10° cells/mouse) were injected into the backs of 6-week-old NSG mice (n=12) to establish
subcutaneous tumours. After the formation of subcutaneous tumours, the mice were randomly divided into two groups:
(a) CAR-T (1 x 107 transduced cells adjusted for transduction efficiency) (n=6) and (b) GVs@CAR-T (1 x 10’
transduced cells adjusted for transduction efficiency) (n=6). Mice were intravenously administered GVs@CAR-T or
CAR-T cells, and post-B-mode ultrasound and CEUS images were obtained 0, 24, 48 and 72 h post-injection at the
tumour site. Three mice from each group were used. Before injection, GVs@CAR-T and CAR-T were incubated with Dil
dye (Solarbio) for 30 min, after which the free Dil dye was removed. 48 hours after injection, the mice were sacrificed
and their tumour tissues and major organs (heart, liver, spleen, kidney, and lungs) were imaged using IVIS imaging
(Perkin Elmer, Waltham, MA, USA). IVIS.

Raji cancer cells (1 x 10° cells/mouse) or K562 cancer cells (1 x 10° cells/mouse) were injected into the backs of
6-week-old NSG mice (n=8) to develop subcutaneous CD19-positive (n=4) and CD19-negative (n=4) models, respec-
tively. Each mouse model was intravenously injected with 1x107 transduced GVs@CAR-T cells. CEUS and parametric
imaging were used to track the infiltration and homing of GVs@CAR-T cells in both tumour models. These imaging
techniques were performed at the tumour site at 0.5, 12, 24, and 48-hours post-injection. In imaging procedures, 3%
isoflurane was used for induction, and 1% isoflurane for maintenance of anaesthesia. Tumour growth was monitored
using BLI 1 d pre-injection and 1, 2, and 3-days. Every 2-3 days, tumour sizes were measured using a digital caliper and
computed using the following ellipsoidal formula: V = (width? x length)/ 2. According to the Animal Research
Committee guidelines, mice with tumour volumes greater than 2500 mm? were euthanised.

Raji cancer cells (1 x 10° cells/mouse) were injected into the backs of 6-week-old NSG mice (n=18) to induce
subcutaneous tumour development. The animals were randomly divided into two groups: (a) GVs@CAR-T (n=15) and
(b) Mock-T (n=3), corresponding to the intravenous injection of (a)l x 10 transduced cells adjusted on transduction
efficiency GVs@CAR-T cells in 100 pL saline and (b) 1x10” Mock-T cells in 100 pL saline. Tumour growth was
monitored by BLI, and ultrasound imaging was conducted on mice (a) and (b) before and 0.5, 12, 24, and 48 h after
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injection. Every 2-3 days, tumour sizes were measured using a digital caliper and computed using the following
ellipsoidal formula: V = (width® x length)/ 2. According to the Animal Research Committee guidelines, mice with
tumour volumes greater than 2500 mm?® were euthanised. For in vivo toxicity assessment, blood samples were collected
32 days after treatment. Plasma was prepared from whole-blood samples collected by centrifugation. The serum levels of
AST, ALT, BUN, and creatinine were determined using AST, ALT, BUN, and creatinine dry slide reagents with a DRI-
CHEM 35008 chemistry analyser (Fujifilm, Japan). On day 32, all mice were euthanised and the major organs (kidneys,
liver, lungs, heart, and spleen) were harvested for H&E staining.

Ultrasound Molecular Imaging in vivo

For in vivo imaging, ultrasound images were collected using a Vevo 3100 LAZR imaging system (Visual Sonics,
Canada) equipped with an MX250 probe. The parameters were configured following the manufacturer’s guidelines to
minimise tissue background in vivo (frequency, 18 MHz; transmission power, 4%; Contrast Gain, 20 dB; Dynamic
Range, 30 dB). The ultrasound images were exported, and MATLAB (MathWorks) was used to quantify the intensity
values in the nonlinear contrast-mode images. Regions of interest (ROIs) were manually defined to cover the intra-
tumoral volumes while avoiding tissue boundaries.

Statistical Analysis

All experiments in this study were performed at least in triplicate and repeated three times, and the data were expressed
as mean = S.D. GraphPad Prism 10.0 was used for statistical analysis. Statistical significance was defined as P > 0.05, not
significant; *P < 0.05, **P < 0.01, and ***P < 0.001.

Results and Discussion

Characterization and Biocompatibility of GVs

GVs were first biosynthesized by Halo and then isolated. SEM images demonstrated that the GVs possessed a uniform,
rugby-shaped morphology (Figure 1A). The prepared GVs had an average particle size of 272.96 = 6.18 nm and a zeta
potential of —32.4 + 3.2 mV (Figure 1B and C), which is stable in PBS for one week (Figure 1D), demonstrating excellent
stability of the nanocomplexes in vitro. The GVs particle size is smaller than that of traditional acoustic contrast agents,
and the nanoscale size facilitates passage through the tumour vasculature and interaction with extracellular tumour
cells.*>*® Furthermore, as the concentration of GVs increases, the ultrasound imaging quality also improves (Figure 1E).
However, due to the phenomenon of backscatter at excessively high concentrations (OD 500) > 2 the imaging quality
becomes poorer instead. Quantitatively, concentrations of GVs (OD500) = 0.5, 1.0, 1.5, and 2.0, showed 95.76-, 768.12-,
826.90-, and 594.60-fold higher acoustic signal intensities, respectively, than PBS (Supplementary Figure 1).

The primary human T cells were isolated from the Peripheral Blood Mononuclear Cells (PBMC) and identified by
flow cytometry with a purity of ~99% (Supplementary Figure 2A) The anti-CD19 CAR construct included an anti-CD19
single-chain variable fragment, a CD8a hinge domain, a CD28 transmembrane domain, a 4—1BB cytoplasmic domain,

and a CD3( cytoplasmic domain.*” The T cells were then transfected with CAR Lentivirus and assessed the infection rate
to be 66.2% (Supplementary Figure 2B). To determine the biocompatibility of the GVs, haemolysis, cytotoxicity, and

apoptosis assays were performed. As shown in Figure 1F, the positive control group exhibited haemolysis, whereas the
GVs tubes, similar to the negative control group, showed no haemolysis of erythrocytes. The cytotoxicity results
indicated that the viability of CAR-T cells was slightly decreased at a GVs concentration of OD500 = 2 (P < 0.05)
(Figure 1G). The CCK-8 assay and flow cytometry revealed no significant differences in viability and long-term
proliferation between GVs@CAR-T and non-labelled CAR-T cells (Figure 1H, Supplementary Figures 3 and 4),
indicating that GVs did not adversely affect apoptotic activity or cell death levels.

Validation of the Ultrasound Imaging Performance of GVs@CAR-T in vitro
To evaluate the ultrasound-contrast imaging ability of GVs@CAR-T cells in vitro, we suspended varying numbers of
GVs@CAR-T cells in agarose phantom wells. CEUS revealed labelled CAR-T cells that had a certain level of signal
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Figure | Characterization and Biocompatibility of GVs. (A) Representative SEM images of the GVs. Scale bar, 50 um. (B) Particle size distribution of the GVs. (C) The
average electric potential (mV) of GVs assessed by ZetaView. (D) The size stability of GVs in | x PBS buffer (pH 7.4) for 7 days. (E) Representative ultrasound images of GVs
at different concentrations In vitro in both B-mode (upper) and CEUS mode (lower). (F) Images of erythrocytes in PBS (2%) mixed with GVs. PBS and dH,O were negative
and positive control, respectively (n=3). (G) Viability of CAR-T cells treated with GVs for 12 hours at a range of concentrations (n=3). (H) Percentages of Annexin V+ cells
in the CAR-T and GVs@CAR-T (n=3). ns, not significant, *P <0.05.

starting at 5x10° cells/mL. At 5x10° cells/mL, the cells were distinguishable from the background (Figure 2A).
GVs@CAR-T cells exhibited heightened acoustic signals, and the contrast increased with cell concentration, peaking
at 5x10°® cells. Despite a density of up to 5x10° cells/mL, the unlabelled CAR-T cell group did not exhibit any signal. The
signal intensities of CEUS images were quantified (Figure 2B). There was a 13.44-fold enhancement in labelled CAR-T
cells compared to that in non-labelled CAR-T cells at 5x10° cells/mL, revealing a detection threshold of approximately
5x10° cells/mL. To verify that the signal intensities in the CEUS images were due to the successful labelling of CAR-T
cells with GVs, we performed confocal microscopy and found that GVs were taken up by the CAR-T cells (Figure 2C).
To determine whether GVs reside within CAR-T cells or are bound to their surfaces, we examined their locations. TEM
revealed that the GVs were located within the cytoplasm of CAR-T cells (Figure 2D and Supplementary Figure 5). Thus,

GVs can efficiently label CAR-T cells in vitro. To further assess the CAR-T labelling efficiency, we used flow cytometry
for detection. The results revealed that with increasing incubation time with GVs, the labelling rate of CAR-T cells also
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0.25 um for higher magnification. (E) Representative In vitro CEUS image and (F) Quantified CEUS intensity of 5107 GVs@CAR-T and CAR-Ton day 0, |, 3, 5 and 7.
ns, not significant, *P <0.05, **P < 0.01, and **P < 0.001.

increased, reaching 99.9% at 8 h without the use of chemical or mechanical operations (Supplementary Figure 6). These

findings indicate that labelling with GVs enhances the specific identification of target cells in biological tissues, as shown
in previous studies.*®

To assess the long-term tracking of CAR-T cells in a therapeutic context, we further examined the duration of the
CEUS signal following GV labelling of CAR-T cells. Labelled cells were imaged at various post-labelling incubation
times (Figure 2E) and maintained at a consistent density.* Despite the decline in signal intensity over extended
incubation periods, the labelled cells could still be clearly differentiated from non-labelled cells, even after 5 days
(Figure 2F). This in vitro signal loss can be attributed to two factors. First, while cells were resuspended at the same
density at each time point, cell proliferation during the extended incubation period could reduce labelling rates, as the
total number of GVs remained constant while cell numbers increased.*® Secondly, interactions between cells and GV
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may also play a role in the reduction of ultrasound signal over time.*® The stability of the observed signal over a 5-day
period is sufficient for tracking CAR-T cells during the early phase, as they are expected to begin tumour infiltration
shortly after infusion.*’ In summary, GVs@CAR-T demonstrating robust and stable in vitro imaging capabilities and
laying the groundwork for high-quality in vivo imaging.

CEUS Imaging Enabled Spatiotemporal Tracking of GVs@CAR-T in Tumour-Bearing Mice
The tumour-killing capacity of CAR-T cells is a pivotal factor in their effectiveness as a cancer treatment.’® Therefore, it
is essential to evaluate the tumour-killing function of GVs@CAR-T cells before employing CEUS imaging for in vivo
tracking. Our in vitro experiments demonstrated that GVs@CAR-T cells exhibited a dose-dependent tumour-killing
effect against Raji-Luc cells, as evidenced by luminescence-based (Figure 3A) and LDH cytotoxicity assays (Figure 3B).
Importantly, no statistically significant differences in cytotoxicity efficiency were observed between the GVs@CAR-T
and CAR-T groups at effector-to-target ratios of 8:1, 4:1, 2:1, and 1:1 (P > 0.05). These results suggest that labelling
CAR-T cells with GVs does not compromise their intrinsic tumour-killing capabilities.

Beyond their direct cytotoxic effects, CAR-T cells also contribute to anti-tumour immunity by producing cytokines
and inducing immune reactions.’’ Among these cytokines, interferon-gamma (IFN-y) is a critical mediator of the
immune response.’> Our Enzyme-Linked Immunosorbent Assay (ELISA) results demonstrated that both CAR-T and
GVs@CAR-T cells released substantial amounts of IFN-y upon co-culture with Raji-Luc cells, with concentrations
increasing by 86.0- and 85.7-fold, respectively, compared to CAR-T cells not co-cultured with tumour cells (Figure 3C).
Similarly, the release of TNF-a, IL-2, and IL-10 was significantly elevated in CAR-T and GVs@CAR-T cells co-cultured
with Raji-Luc cells compared to non-co-cultured CAR-T cells. These findings underscore the preserved immunomodu-
latory function of GVs@CAR-T cells. Moreover, the expression of key T-cell activation (CD69) and exhaustion (PD-1)
markers was comparable between GV-labelled and unlabelled CAR-T cells (Figure 3D). This observation further
supports the conclusion that GVs labelling does not adversely affect the functional properties of CAR-T cells.
Collectively, these in vitro results demonstrated that GVs@CAR-T cells retained their tumour-killing capacity and
immunomodulatory functions, making them suitable candidates for in vivo tracking via CEUS imaging.

To translate these findings into an in vivo setting, we used CEUS to monitor the dynamic trafficking and tumour-
homing behaviour of GVs@CAR-T cells after adoptive transfer (Figure 3E). Non-labelled CAR-T cells exhibited no
significant changes in imaging scans at any post-transfer time point (Figure 3F). In contrast, GVs@CAR-T cells
displayed clear spot-like enhancements immediately after infusion, with the CEUS signal intensity peaking at 48 h before
gradually declining (Supplementary Figure 7). Ex vivo fluorescence imaging performed 48 h post-infusion revealed

strong fluorescence signals in the tumour tissues of mice infused with GVs@CAR-T cells (Figure 3G). These results
align with previously reported patterns of CAR-T cell accumulation at this time point,> confirming the effective tumour-
homing ability of GVs@CAR-T cells.

In summary, this section provides a comprehensive evaluation of the tumour-killing function and in vivo behaviour of
GVs@CAR-T cells. By combining functional assays and non-invasive imaging techniques, we demonstrated that GVs
labelling does not compromise CAR-T cell functionality while enabling real-time monitoring of their trafficking and
tumour-homing dynamics. This versatile and readily accessible imaging technique could significantly enhance the
practical implementation and administration of CAR-T cells. However, further studies are required to investigate the
long-term persistence and therapeutic outcomes of GVs@CAR-T cells in preclinical models.

Antigen-Specific Homing and Therapeutic Efficacy Validation of GVs@CAR-T

The Enhanced Permeability and Retention (EPR) effect in tumour tissues is a well-documented phenomenon that
contributes to drug retention and serves as a nonspecific passive targeting mechanism.>**> However, this effect may
also lead to the nonspecific infiltration of GVs@CAR-T cells at the tumour site, raising questions regarding whether the
observed imaging signals reflect specific targeting or nonspecific accumulation. To address this critical issue, we
designed two xenograft treatment animal models (CD19+ and CD19-) to evaluate the specificity of GVs@CAR-T
infiltration at the tumour site (Figure 4A).
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Figure 3 Anti-tumour activity of GVs@CAR-T cells In vitro and In vivo ultrasound imaging. (A) BLI cytotoxicity assay showing the viability of Raji-Luc cells in the presence
of CAR-T cells or GVs@CAR-T cells at increasing effector-to-target (E:T) ratios. (B) The lysis of CAR-T and GVs@CAR-T cells on Raji cells under different effector-to-
target (E:T) ratios was evaluated using the LDH release assay (n=3). (C) Fold change of expression of various cytokines by CAR-T or GVs@CAR-T cells, normalized to
untargeted CAR-T cells (n=3). (D) Relative number of GVs@CAR-T and CAR-T cells that express exhaustion and activation markers (n=3). (E) Ultrasound imaging
schematic. (F) Intravenous injection of GVs@CAR-T (n=3) or CAR-T (n=3) at various time points CEUS imaging (upper) and B-mode imaging (lower). Yellow circles denote
the region of GVs@CAR-T. (G) Representative ex vivo IVIS images of major organs and tumours collected at 48 hours after the treatment (n=3). Positive fluorescence
indicates the presence of adoptive CAR-T cells. ns, not significant.

The results demonstrated that the CEUS imaging signal intensity of GVs@CAR-T at the tumour sites in the CD19+
models was significantly higher than in the CD19- models at the same time point post-administration (Figure 4B).
Notably, the CD19- models exhibited negligible signal intensity at the tumour site (Figure 4D), which contradicted the
expectations based on the EPR effect. This discrepancy may be attributed to the detection threshold of CEUS imaging,
which is approximately 5x10° cells/mL. At this threshold, nonspecific infiltration of GVs@CAR-T in CD19- models
could not be visualised through CEUS imaging. These findings confirm that the proposed visualisation strategy is capable
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of distinguishing the specific targeted homing of CAR-T cells to tumours from nonspecific accumulation, thereby
validating its utility for monitoring CAR-T cell behaviour in vivo.

To further investigate the anti-tumour efficacy of GVs@CAR-T in both models, we monitored tumour growth and
therapeutic responses using BLI (Figure 4C and E) and tumour volume measurements (Figure 4F). In the CD19+ models,
BLI intensity at the tumour site decreased post-treatment compared to pre-treatment levels, and tumour volumes
decreased. In contrast, the CD19- models exhibited increased fluorescence intensity and tumour volume growth,
indicating that GVs@CAR-T therapy was ineffective in the absence of specific targeting.

In summary, this section demonstrates that CEUS imaging can serve as a powerful tool for monitoring the specific
targeted homing of CAR-T cells to tumours, distinguishing it from nonspecific accumulation mediated by the EPR effect.
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These findings highlight the importance of specific CAR-T-cell infiltration for achieving therapeutic efficacy and provide
valuable insights into the development of noninvasive imaging strategies for monitoring CAR-T-cell therapy in clinical
settings. However, further research is needed to fully understand the relationship between early CAR-T-cell infiltration
and therapeutic outcomes, as well as to optimise imaging techniques for broader applications.

Therapeutic Efficacy Be Predicted Based on Early Intra-Tumoral GVs@CAR-T Cell

Infiltration

To further evaluate the relationship between GVs@CAR-T cell-specific infiltration at the tumour site and therapeutic efficacy,
we performed CD19+ xenograft animal model experiments as show in Figure 5A. In tumour-bearing mice, the BLI signal
intensity at the tumour site varied among different mice at the same time point after treatment in the GVs@CAR-T group
(Figure 5B). Further observation of GVs@CAR-T CEUS imaging of the tumour site revealed that at 48 h post-administration,
the stronger the CEUS signal of GVs@CAR-T at the tumour site in tumour-bearing mice (Figure 5C), the lower the
fluorescence intensity detected at the tumour site at 72 h post-administration (Figure 5D). Immunofluorescence staining of
CD3+ in the tumour tissue was conducted to evaluate the persistence of GVs@CAR-T cells in the tumour microenvironment
(TME). As shown in Supplementary Figure 8, treatment with GVs@CAR-T resulted in a marked increase in CD3+ cell
density within tumours compared to mock-T at all assessed time points. These experiments provide evidence of GVs@CAR-T

cell infiltration and retention at the tumour site, supporting the notion that GVs@CAR-T cells maintain their presence in the
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Figure 5 The early intra-tumoral GVs@CAR-T cell infiltration predicted tumor response. (A) The schematic graph of the experimental design. (B) Representative of the
whole-body BLI of Raji-Luc-bearing mice in the treatment group. (C) Representative ultrasound images and (D) BLI in CD19-positive tumours. (E) Correlation analysis.
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tumour tissue over time. We conducted Pearson correlation analysis to evaluate the relationship between the CEUS signal
intensity of GVs@CAR-T at the tumour site 48 h after administration and the tumour BLI intensity 72 h after administration in
tumour-bearing mice. The analysis revealed a strong significant negative correlation between the early CEUS signal intensity
of GVs@CAR-T and the BLI intensity of the tumour (Figure 5E). These findings further suggest that early ultrasound imaging
tracking of GVs@CAR-T at the tumour site can preliminarily predict therapeutic efficacy.

Meanwhile, no evidence of systemic toxicity was observed in mice treated with GVs@CAR-T injection
(Supplementary Figure 9) and the body weights (Supplementary Figure 10) of mice were not significantly changed in

any case, which further supports the safety profile of this approach.

This approach can provide valuable insights into the early assessment of treatment responses and guide personalised
therapeutic strategies in clinical settings. Our findings highlight the potential of GVs@CAR-T cell-based ultrasound
imaging as a predictive tool for therapeutic efficacy. This study had several limitations. First, the sample size of the
animal model experiments was relatively small, which may have limited the statistical power of the analysis. Second,
although our findings demonstrate a strong correlation between GVs@CAR-T accumulation and therapeutic efficacy, the
underlying mechanisms remain to be fully elucidated. Further studies are required to validate these findings in larger
animal models and clinical trials.

Conclusion

In conclusion, this study established CEUS imaging as a non-invasive platform for real-time monitoring of GVs@CAR-T
cell dynamics. We were able to predict the therapeutic effect based on the infiltration of GVs@CAR-T cells into early
tumours and provide indications for the design and optimisation of related therapeutic strategies for cart cell therapy.
While excelling in temporal resolution, the current limitations include tissue penetration depth and semi-quantitative
analysis. Future developments should integrate multimodal validation and advanced clinical trials to ultimately enable
image-guided precision immunotherapy.
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