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ARTICLE INFO ABSTRACT

Keywords: The use of CAR-T cells in treating solid tumors frequently faces significant challenges, mainly due to the het-
CAR-T ?ells erogeneity of tumor antigens. This study assessed the efficacy of an acidity-targeting transition-aided universal
Tumor immunotherapy chimeric antigen receptor T (ATT-CAR-T) cell strategy, which is facilitated by an acidity-targeted transition.
pH‘LI‘P ) . Specifically, the EGFRVIII peptide was attached to the N-terminus of a pH-low insertion peptide. Triggered by the
Acidic tumor microenvironment . qs ops . . . . . . . .

ATT-CAR-T acidic conditions of the tumor microenvironment, this peptide alters its structure and selectively integrates into

the membrane of solid tumor cells. The acidity-targeted transition component effectively relocated the EGFRVIII
peptide across various tumor cell membranes; thus, allowing the direct destruction of these cells by EGFRVIII-
specific CAR-T cells. This method was efficient even when endogenous antigens were absent. In vivo tests
showed marked antigen modification within the acidic tumor microenvironment using this component. Inte-
grating this component with CAR-T cell therapy showed high effectiveness in combating solid tumors. These
results highlight the capability of ATT-CAR-T cell therapy to address the challenges presented by tumor het-
erogeneity and expand the utility of CAR-T cell therapy in the treatment of solid tumors.

1. Introduction Nevertheless, these strategies have still shown significant toxicity in

patients. A primary factor is their inability to overcome the constraints

CAR-T-cell therapy has been actively developed and has demon-
strated promising tumor regression in patients with hematological ma-
lignancies [1-3]. The development of novel strategies to increase the
antitumor immune response and extend CAR-T-cell therapy to solid
tumors is increasing [4,5]. The expression of tumor-specific antigens
(TSAs) is pivotal for enabling the recognition of cells by CAR-T cells and
inducing specific killing effects [6]. However, the utilization of CAR-T
cell therapy in solid tumors is restricted by the shortage of specific an-
tigens [7,8]. Genetic modification of T cells to express bispecific CAR or
adjunct cytokines has been explored to target solid tumors.

posed by the absence of precise targets.

To comprehend the adaptive mechanisms of cancer cells and
discover new strategies to effectively target solid tumor tissue, it is
imperative to recognize the spatial and temporal complexity of the
tumor microenvironment (TME) and its influence on tumor function.
The TME constitutes a dynamic and heterogeneous system characterized
by interactions between cellular and non-cellular components across
various spatial and temporal scales. The acidic nature of the TME has
garnered significant scientific attention in recent decades. The physi-
cochemical composition of the TME differs from that of normal tissue,
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primarily due to deregulated energy metabolism, uncontrolled growth,
and inadequate nutrient delivery [9]. Reduced nutrient delivery typi-
cally leads to decreased O, delivery and the accumulation of acidic
metabolic byproducts.

Consequently, tumor pH values as low as 5.6 have been measured in
human tumors, although most recorded values range from 6.4 to 7 [10].
Therefore, the acidic TME can be considered a crucial factor for tumor
localization, and targeting acidity may offer advantages compared to
current approaches. The pH Low Insertion Peptide (pHLIP) effectively
senses and responds to the acidic environment typical of many solid
tumors. Under acidic conditions, pHLIP undergoes a transition from a
coil to a helix, allowing it to integrate into tumor cell membranes with
the C-terminus positioned internally and the N-terminus externally.
Consequently, pHLIP serves as an optimal agent for targeting the acidic
tumor microenvironment (TME). pHLIP originates from the C-helix of
bacteriorhodopsin [11] and exhibits a sequential pattern: an N-terminal
flanking region rich in polar residues, a transmembrane domain pre-
dominantly hydrophobic yet containing pivotal residues that prevent
insertion at physiological pH, and an optional C-terminal flanking re-
gion with additional pivotal residues [12]. Cargo molecules can attach
to either terminus through a singular cysteine or lysine residue. The
ability of pHLIP to self-assemble in tumor cells has been validated across
various solid cancer types [13-15]. Thus, we propose that pHLIP could
facilitate the targeting of diverse solid tumors by exogenous antigens.

The tumor microenvironment is characterized by mild acidity. Here,
we propose a novel therapeutic approach for CAR-T cells, termed
acidity-target transition aided universal chimeric antigen receptor T cell
(ATT-CAR T), which uses the acidic conditions of the tumor microen-
vironment (TME). In our investigation, we focused on epidermal growth
factor receptor variant III (EGFRVIII), a mutation resulting from the
deletion of exons 2-7 in the EGFR gene, which hinders the receptor’s
binding to any known ligand [16]. EGFRVIII is specifically expressed on
certain tumor cells but is absent in normal tissues, making it an ideal
target for CAR-T cell therapy [17]. Consequently, we selected the
EGFRVIII (EVIII) peptide as a neoantigen to attach to the N-terminus of
pHLIP, resulting in pEVIII (Fig. Sla). This approach enables
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EvlII-specific CAR-T cell activators to be displayed on tumor cell mem-
branes within the mildly acidic tumor microenvironment, offering the
potential for CAR-T cell-mediated immunotherapy of solid tumors
(Fig. 1a and b). Moreover, EvlII-specific universal CAR-T cells have
successfully targeted various solid tumors.

2. Methods
2.1. Synthesis of peptides

The pHLIP, EvIII, and pEVIIL (ACEQNPIYWAR-
YADWLFTTPLLLLDLALLVDADEGTLEEKKGNYVVTDH) were synthe-
sized using ChinaPeptides Co., Ltd. The purity of all peptides was ~98
%.

2.2. Cell culture

The study employed human melanoma cells (A375), gastric mucosal
epithelial cells (MKN45), triple-negative breast cancer cells (MDA-MB-
231), murine breast cancer cells (4T1), and murine colon carcinoma
cells (CT26). These cell lines were acquired from the Cell Bank of the
Shanghai Institute of Biochemistry and Cell Biology. Specifically, MDA-
MB-231 cells were genetically modified via retroviral transduction to
facilitate the expression of firefly luciferase. A375, MKN45, 4T1, and
CT26 cell lines were cultured in RPMI 1640 medium supplemented with
10 % fetal bovine serum (FBS), while MDA-MB-231 cells were cultured
in DMEM-H medium (Gibco, USA), also supplemented with 10 % FBS.
All cell cultures were maintained at 37 °C in an environment containing
5 % CO2, with regular checks for mycoplasma contamination.

2.3. Cell membrane modification with pHLIP

A375 cells were seeded at a density of 5 x 10° cells per well in a 6-
well plate, with 2 mL of medium adjusted to either pH 6.6 or pH 7.4.
Various concentrations of pEVIII (0, 0.33, 1, 3, 9, 27, and 81 pg mL™Y)
were added and then incubated with the cells for 4 h at 37 °C. After the
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Fig. 1. The design of ATT-CAR-T cells and the immunotherapeutic mechanism involved. (a) pEvIII is injected intravenously into mice and circulates to the tumor site
for self-assembly deformation and insertion into the tumor cell membrane, where it is exposed to the N-terminal antigen. (b) EGFRVIII antigens induce EGFRVIII-

specific CAR-T-cell death.
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incubation, the cells underwent three consecutive washes with PBS
adjusted to pH 6.6 or 7.4. Subsequently, they were subjected to a 1-h
incubation with a monoclonal antibody (mAb) against EGFRVIII (clone
L8A4, Absolute Antibody), followed by a subsequent 1-h incubation
with a PE-labeled anti-mouse IgG secondary antibody (BioLegend). Each
incubation step was followed by three washes with PBS (pH 6.6 or 7.4).
Cell collection and analysis were conducted using a BD Accuri C6 flow
cytometer (BD Bioscience, USA) and analyzed with FlowJo software.

2.4. Confocal microscopy

Tumor cells were exposed to pEVIII at both pH 6.6 and 7.4 for a
duration of 4 h at 37 °C. Following this incubation period, they under-
went incubation with a monoclonal antibody against EGFRVIII and a PE-
labeled anti-mouse IgG secondary antibody for 1 h. Each incubation step
was succeeded by three washes with PBS (pH 6.6/pH 7.4). The nuclei
were stained with DAPI (Beyotime, Shanghai, China) for 10 min at room
temperature. Subsequently, the stained cells were carefully observed
under a confocal laser scanning microscope (Leica, Germany), allowing
for precise visualization of the distribution of pEVIII within the tumor
cells.

2.5. Biodistribution and immunohistochemical staining

For biodistribution and in vivo imaging analysis, Cy5-labeled EVIII or
pEVIII was synthesized to determine its systemic distribution and tumor-
targeting capability. Briefly, 0.1 mg of Cy5 Mono NHS ester was reacted
with 500 pL of EvIII or pEVIII in PBS (0.1 mg mL™1), and the mixture was
incubated at 4 °C for 12 h with gentle agitation in a 1.0 mL Eppendorf
tube. After synthesis, PBS-Cy5, EvIII-Cy5, and pEVIII-Cy5 were intra-
venously injected into nude mice bearing MDA-MB-231 tumors. The
biodistribution of the labeled peptides in the mice was tracked over time
using an In Vivo Imaging System (IVIS) (PerkinElmer, Massachusetts,
USA). After 48 h of injection, the mice were euthanized, and their or-
gans, including the tumors, were extracted for imaging analysis. This
analysis offered valuable insights into the systemic distribution and
accumulation of the peptides within the tumors.

For immunohistochemical analysis, mice harboring subcutaneous
MDA-MB-231 tumors were intravenously injected with Cy5, EvIII-Cy5,
and pEvIII-Cy5 at a concentration of 0.2 mg mL ™! (100 pL). The study
aimed to evaluate the distribution of the peptides in organs and their
potential to induce morphological changes. Vital organs such as the
heart, liver, spleen, lung, and kidney were collected at specific intervals
for Hematoxylin and Eosin (H&E) staining, allowing for the examination
of any morphological alterations. Concurrently, excised tumors under-
went immunostaining: cryosections were labeled with an anti-EGFRvIIL
antibody, PE-labeled anti-mouse IgG secondary antibody, and DAPI.
These sections were then analyzed using a Leica confocal microscope
(Germany), providing a detailed understanding of the peptides’ ability
to target tumors and interact with tumor cells.

2.6. Generation of EGFRVIII CAR-T cells

To produce the virus, retroviral supernatant was collected from 293T
cells. This involved transfecting 2 pg of pMD2.G envelope plasmid, 6 pg
of psPAX2 packaging plasmid, and 8 pg of EGFRVIII transfer plasmid into
293T cells cultured in 100 mm dishes at 80 % confluency. The trans-
fection was carried out using PEI MW 40000 (Yeasen Biotechnology,
Shanghai) for transient transfection. The media was replaced with fresh
media after 6 h, and the media was replenished every 24 h. The retro-
viral supernatant was collected at 48 and 72 h post-transfection
following the removal of cell debris. Subsequently, the supernatant
was subjected to 200-fold enrichment using a virus concentration kit
(Cat #C2901 M, Beyotime) before being stored at —80 °C.

For the generation of human CAR-T cells, primary T cells were iso-
lated from peripheral blood mononuclear cells (PBMCs), obtained from
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healthy volunteers at Nanjing Drum Tower Hospital, using the Ficoll
density gradient centrifugation method. Informed consent was obtained
from all donors for research purposes. On day 0, human T cells were
cultured and stimulated with anti-human CD3 (4 pug mL’l) and CD28 (8
Hg mL 1) antibodies (Biolegend, San Diego) in AIM-V medium (Thermo
Fisher) supplemented with 10 % FBS, 300 IU mL ! IL-2, ten ng mL ™! IL-
7, and ten ng mL ™! IL-15 (Sino, Beijing). On day 2, retrovirus superna-
tant (5 x 108 TU mL™!, 50 pL) mixed with 950 pL of medium composed
of AIM-V medium supplemented with 0 % FBS, was added to 12-well
plates (pre-coated the plates with RetroNectin (Takara)) at a volume
of 1 mL per well, followed by centrifugation at 3200 RPM, 32 °C for 2 h.
The supernatant was removed, and T cells (5 x 10°/well) were seeded in
12-well plates. The plates were gently centrifuged at 1200 RPM for 2
min and then incubated for 48 h. This transduction process was repeated
on day 4, after which the cells were further expanded until day 10.

For mouse CAR-T-cell generation, splenocytes were obtained from 6-
week-old female BALB/c mice following the established in vitro stimu-
lation protocol for mouse T cells [18]. Briefly, the spleen was processed
into single-cell suspensions, and CD3" T cells were isolated using the
MojoSort Mouse CD3 T-Cell Isolation Kit (Cat #480021, Biolegend) per
the supplier’s guidelines. On day 0, the isolated T cells were cultured
and stimulated with anti-mouse CD3/CD28 antibodies (5 pg mL’l, Bio X
cell) in RPMI 1640 medium supplemented with 10 % FBS and 500 IU
mL ! IL-2. On day 2, mouse T cells were infected with recombinant
lentiviruses at an MOI of 20-50. The centrifugation step was repeated,
and the cells were cultured for 3-4 days for expansion.

2.7. Cytotoxicity studies and T-cell activation

In the cytotoxicity investigation, T/CAR-T cells functioned as
effector cells, while MDA-MB-231, MKN45, and A375 tumor cells served
as target cells. We seeded 2 x 10* MDA-MB-231 or A375 tumor cells into
a 96-well plate and treated them with 0.1 mL of pEvIII (9 pg mL™!) at pH
6.8 or 7.4 for 4 h, followed by coculture with CAR-T cells at an effector-
to-target cell ratio of 10:1 for an additional 5-6 h. Similarly, we seeded
2 x 10* MKN45 cells into a 96-well plate and treated them with 0.1 mL
of pEVIII (concentrations of 0, 0.33, 1, 3, 9, or 27 ug mL™ at pH 6.6 or
7.4 for 4 h before coculturing with T/CAR-T cells at the same effector-to-
target cell ratio for another 5-6 h. Cytotoxicity was evaluated using the
CFSE/PI labeling cytotoxicity assay.

CFSE*PI*
CFSE*

For the investigation of T-cell activation, 2 x 10* MDA-MB-231
tumor cells were seeded in a 96-well plate. These cells were then
treated with 0.1 mL of pEVIII (9 pg mL™) at pH 6.8 or 7.4 for 4 h, fol-
lowed by coculture with CAR-T cells at an effector-to-target ratio of 20:1
for an additional 24 h. T-cell activation was assessed using flow
cytometry with anti-human CD69-APC staining. Subsequently, the su-
pernatants were collected to measure cytokine release using the Human
Th1/Th2 Cytokine Kit (BD Biosciences, NZ, USA).

Cytotoxicity% =

2.8. Therapeutic studies in vivo

All experiments involving mice were obtained from Shanghai Sippr-
BK Laboratory Animal Co. Ltd. (Shanghai, China) and conducted at the
Laboratory Animal Center of the Affiliated Nanjing Drum Tower Hos-
pital of Nanjing University Medical School. The Ethics Committee of
Nanjing Drum Tower Hospital approved all experiments in this study
(ethics approval number/ID: 20230611). In a human breast cancer
tumor model, MDA-MB-231-luc cells (1.0 x 107) were implanted into
the mammary fat pad of each BALB/c nude mouse (female, five weeks
old, weighing 13-15 g). Treatment commenced when tumor volumes
reached approximately 50 mm®, Mice received intravenous adminis-
trations of 100 uL PBS, pEVIII (0.1 mg mL~%, 100 pL), CAR-T cells (100
UL, 1 x 107), or a combination of pEVIII + CAR-T cells. In the pEVIII +
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CAR-T cell group, CAR-T cells were administered 12 h after pEvVIII
treatment. All treatments were given over five days with a total of two
injections. Tumor volume and body weight were monitored daily.
Tumor dimensions were measured using a digital caliper, and tumor
volume was calculated using the formula width? x length/2. The animals
were humanely euthanized when the tumor volume exceeded 1500
mm®.,

For the immunocompetent mouse model, female BALB/c mice (6
weeks old, weighing 18-25 g) were subcutaneously inoculated with 2 x
10° CT26 cells or 4T1 cells. Treatment began when the tumor volume
reached approximately 50 mm?, following the previously established
treatment cycle. On day 26, all BALB/c mice were euthanized, and their
tumor tissues were collected. The tissues underwent digestion with
collagenase type IV (1 mg mL™?, Sigma) at 37 °C for 2 h, followed by
mechanical disaggregation to achieve a single-cell suspension. To
quantify dendritic cells (DCs) within the tumors, we used a PE-
conjugated anti-CD11c monoclonal antibody, an APC-conjugated anti-
mouse CD80 monoclonal antibody, and a PC7-conjugated anti-mouse
CD86 monoclonal antibody to evaluate the number and activation status
of the DCs. All monoclonal antibodies were procured from Biolegend.

2.9. Biosafety evaluations

To examine the immune response to systemic inflammation triggered
by EVIII-CAR-T cells, mice with tumors were given ATT CAR-T cells
intravenously. After 48 h, levels of IFN-y, IL-2, IL-13, IL-5, IL-6, and TNF-
a were assessed using the MU Th1/Th2 Panel (Cat #C2901 M, Bio-
legend), alongside measuring biochemical markers (BUN, CREA, ALT,
AST, ALP). Following the experiment’s conclusion, all mice were
euthanized, and their organs—heart, liver, spleen, lungs, and kid-
neys—were gathered for hematoxylin-eosin (H&E) staining. Subsequent
analyses were carried out using optical microscopy (DM5000, Leica,
Germany).

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8
software (*P < 0.05, **P < 0.01, and ***P < 0.001). Data were
expressed as mean + SD or mean + SEM. Flow cytometry data were
obtained with a BD Accuri C6 (BD Biosciences, USA) and processed
using FlowJo software. All images were created using Affinity Designer.

3. Results
3.1. In vitro assessment of cell membrane antigen modification by pEvIII

Our investigation aimed to conjugate the EGFRVIII (EVIII) antigen to
tumor cell membranes across various solid tumor types utilizing pH low
insertion peptide (pHLIP) technology. A fully synthetic approach facil-
itated the integration of the EVIII antigen at the N-terminus of pHLIP,
ensuring extracellular antigen display (Supplementary Fig. S1). Mass
spectrometry (MS) verified the successful synthesis of the pEVIII fusion
peptide (Supplementary Fig. S1), underscoring the necessity of verifying
the presence of the antigen on the fusion construct without impairing
the operational integrity of the pHLIP. We further explored the potential
impact of fusion on the ability of pHLIP to modify tumor cell mem-
branes. A concentration-dependent kinetics analysis was performed to
determine the optimal conditions for cell membrane modification. A375
cells, at a density of 5 x 10° cells per well, were exposed to varying
PEVIII concentrations at pH 6.6 for 4 h, followed by incubation with a
PE-labeled anti-EGFRVIII antibody. Flow cytometry revealed a notable
increase in cell modification efficiency, with over 95 % of cells exhib-
iting PE positivity at a pEVIII concentration of 9 pg mL ™! (Fig. 2a). A
further increase in concentration did not significantly augment this ef-
ficiency. Similar observations were recorded in MDA-MB-231 and
MKN45 cells treated with pEvIIL, with 9 pg mL ™! established as the
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optimal concentration for membrane modification (Fig. 2b and c).

To evaluate the specificity of pEvVIII membrane modification in
response to environmental pH, we extended the study to a neutral pH of
7.4. Remarkably, at the optimal concentration of 9 pg mL™?, the pro-
portion of positive cells at pH 6.6 was fourfold greater than that at pH
7.4 (Fig. 2d-f, Supplementary Fig. S2), illustrating the pH-selective na-
ture of pEvlll-mediated cell membrane modification. Comparative
analysis with control groups (EvIII or pHLIP + EvVIII) revealed that
pEvIII-modified A375 cell membranes were more efficient, irrespective
of pH, with a significantly greater modification rate observed at pH 6.6
than at pH 7.4 (Fig. 2g). This trend was consistent across other tumor
cell lines (MKN45 and MDA-MB-231) when assessed against EVIII,
pHLIP + EVIII, or pEVIII (Fig. 2h and i), indicating a pH-dependent
mechanism of pHLIP-mediated antigen insertion. Confocal microscopy
provided further evidence of the efficacy of pEvIII, showing pronounced
PE fluorescence in tumor cells treated with pEVIII at pH 6.6 (Fig. 2j).
Conversely, minimal fluorescence was detected after treatment at pH 7.4
(Supplementary Fig. S3), underscoring the pH-dependent precision of
pEVIII in targeting tumor cell membranes for antigen loading. These
findings collectively affirm the ability of pEVIII to facilitate antigen
incorporation into tumor cell membranes under acidic conditions,
revealing significant advancements in antigen presentation technology
with potential implications for enhancing immunotherapeutic strategies
against solid tumors.

3.2. In vivo metabolism and biodistribution of pEvIII

To elucidate the tumor-targeting capabilities and operational dy-
namics of pEVIII molecules within a mildly acidic in vivo microenvi-
ronment, we established a breast cancer model using MDA-MB-231 cells
in BALB/c nude mice. This model allowed for a comparative assessment
of the metabolism and distribution of fluorescently tagged EvIII (EvIII-
Cy5) and pEVIII (pEVIII-Cy5), employing Cy5 for in vivo tracing. Intra-
dermal injections of these fluorescent markers facilitated fluorescence
measurement at 30-min intervals, up to 48 h post-administration
(Fig. 3a). Whole-body imaging analyses revealed significant fluores-
cence enrichment in tumors at the 4-h mark, with pEvIII-Cy5 exhibiting
notably enhanced tumor-targeting efficiency compared to EvVIII-Cy5
(Fig. 3a). At the 48-h mark post-systemic administration, tumors and
organs were harvested for analysis. Tumors from the pEvIII-Cy5 group
displayed prolonged fluorescence (Fig. 3b and c). While fluorescence
accumulation was noted in the liver and kidneys, these observations
allowed for dynamic tracing of pEVIII alterations in these organs. Time-
point analyses at 12, 24, and 48 h post-injection indicated initial peptide
accumulation in the liver, attributed to its role in drug metabolism
(Fig. 3d). However, as anticipated, the relative peptide concentration in
the liver decreased over time, with a growing preference for tumor
localization.

Immunohistochemical (IHC) analysis further supported the
increased accumulation of pEVIII in tumor tissues, attributed to the
PHLIP sequence (Fig. 3e). While faint fluorescence was observed in the
liver and kidneys, IHC staining confirmed the absence of active antigen
infiltration in major organs, such as the heart, liver, spleen, lungs, and
kidneys. These results suggest inactive antigens or dyes without specific
targeting functionality. Moreover, Hematoxylin and Eosin (H&E)
staining validated the lack of organ damage following systemic delivery
of pEVIII (Fig. 3f). Together, these findings emphasize the effectiveness
of pHLIP in facilitating targeted antigen accumulation within tumor
tissues while ensuring excellent biosafety profiles in vivo. The implica-
tions of these findings for enhancing CAR-T cell therapy and their po-
tential translational significance in clinical settings are noteworthy,
highlighting the feasibility of pEVIII as a promising approach for tumor-
specific targeting and treatment.
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Fig. 2. pEvIll-mediated cell membrane target transfer. (a, b, ¢) Flow cytometric analysis of A375, MDA-MB-231, and MKN-45 tumor cells exposed to pEVIII for
varying durations at pH 6.6, and stained with anti-EGFRVIII antibody, PE-labeled anti-mouse IgG secondary antibody to assess cell-surface pEVIII (n = 3 independent
experiments). (d) Representative flow cytometry plots illustrating the insertion efficiency of pEVIII at pH 6.6 or pH 7.4 (n = 3 independent experiments). (e) Mean
fluorescence intensity (MFI), release of fluorescently labeled IgG from anti-EGFRVIII bound to A375 cells incubated with pEVIII at pH 6.6 (e) or pH 7.4 (f). (g-i) Effect
of pEvIll-mediated target transfer on A375 tumor cells (g), MKN-45 tumor cells (h), MDA-MB-231 tumor cells (i), at pH 6.6 (n = 3 independent experiments). Data are
presented as the mean =+ s.e.m. ***p < 0.001. Student’s t-test was employed for statistical analysis (g, h, i). (j) Representative confocal microscopy images of tumor
cells post pEvIII-mediated target transfer. A375 and MKN45 tumor cells were treated with pEVIII at pH 6.6 for specified durations, stained with PE and DAPI for
analysis of cell-surface pEVIIL. Staining: Tumor cells were exposed to recombinant mouse anti-EGFRVIII for 1 h; subsequently, they were incubated with PE-labeled
anti-mouse IgG antibody for 1 h. Nuclei were stained with DAPI (Beyotime, Shanghai, China) for 10 min at room temperature. (Red: PE, blue: DAPI. Scale bar: 20
le). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Biodistribution and tumor target of pEVIII in vivo. (a) The in vivo imaging of EvIII-Cy5 and pEVIII-Cy5. (b, ¢) Biodistribution of EvIII-Cy5 and pEVIII-Cy5 in
tumors and organs. Data are represented as the mean + s.e.m. *P < 0.05. Student’s t-test was used for statistical analysis (n = 3 independent experiments). (d)
Modification efficiency changes of pEVIII in tumor, liver, and kidney at different time points. The tissue was extracted and prepared into single-cell suspension, and
the fluorescence intensity of the cy5 signal was detected by flow cytometry. (e) Immunofluorescence analysis of tumor after the treatment 48 h (Scale bar: 200 pm).
(f) After the treatment, immunofluorescence analysis (Scale bar: 200 pm) and H&E staining of the major organs (Scale bar: 250 pm).

3.3. In vitro immune response of EvIII-specific CAR-T cells transduction and expansion (Fig. 4a; Supplementary Fig. S5). We aimed
to explore how adjusting the concentration of pEVIII could influence the

To assess the effectiveness of pEvIII-modified antigens in stimulating cytotoxic ability of CAR-T cells and measured this relationship through
CAR-T cell-mediated cytotoxicity in vitro, we conducted experiments tumor-killing kinetics (Fig. 4b and c). Coculturing EGFRVIII-specific

using EGFRvIII-specific CAR-T cells, which underwent 10 days of CAR-T cells with tumor cells pre-treated with pEVIII for 24 h revealed
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Fig. 4. In vitro pEvIl-mediated immune response of EVIII CAR-T cells (a) T cells were isolated from peripheral blood of volunteers, sorted, and transfected into CAR-
T cells via lentivirus. (b,c) Kinetics of tumor-killing activity of EVIII-CAR-T cells. (d) Cytotoxicity of EvVIII CAR-T cells and mock T cells against tumor cells treated with
varying concentrations of pEvVIII (n = 3), at an effector-to-target cell ratio of 10:1. (e, f) pEvIII-induced cytotoxic effects on MDA-MB-231 triple negative breast cancer
cells and A375 melanoma cells (n = 3). (g) Expression of CD69 on CAR-negative and positive subpopulations after 24 h incubation with pEvIII-treated tumor cells (n
= 3). (h) Cytokine production by EVIII CAR-T cells after coculture with MDA-MB-231 cells treated with indicated formulations (n = 3). Data presented as mean =+ s.e.
m. *P < 0.05, **P < 0.01, ***P < 0.001. Student’s t-test used for statistical analysis (b, c, d, e, f, g, h).

a significant difference in cytotoxic activity. Mock-transfected T cells
(mock T) exhibited minimal tumor cell lysis even at pEVIII concentra-
tions up to 30 times the baseline (Fig. 4d). In contrast, CAR-T cells
showed a threefold increase in tumor-killing efficiency compared to
mock T cells (Fig. 4d). Notably, further increases in pEvIII concentration
did not result in enhanced cytotoxicity, suggesting an optimal level of
antigen modification for CAR-T cell activation. Combining pEVIII pre-
treatment with CAR-T cell therapy significantly boosted cytotoxicity

(59.8 + 3.5 %) against MDA-MB-231 cells (Fig. 4e), surpassing the ef-
ficacy seen with CAR-T cell treatment alone. Conversely, control groups
receiving PBS and pEvIII without CAR-T cells exhibited minimal tumor
cell lysis. Similar results were observed in A375 melanoma cells, where
the combination of pEVIII and CAR-T cells achieved a tumor-killing rate
of 46.4 + 3.9 % (Fig. 4f).

The efficacy of CAR-T cell engagement and subsequent cytotoxicity
relies on the coordinated activation of T cells and the directed release of
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cytotoxic granules, leading to the demise of target cells [19]. IFN-y,
generated by antigen-stimulated CAR-T cells, has been shown to induce
tumor cell death [20]. Our analyses revealed a significant increase in the
production of IFN-y by antigen-stimulated CAR-T cells, a key mediator of
tumor cell demise, in the pEVIIl + CAR-T treatment group (Supple-
mentary Fig. S7). Evaluation of T cell activation markers demonstrated a
significant upregulation of CD69, an early activation marker, in the
CAR-positive subpopulation, with no notable changes in the
CAR-negative group, further confirming the targeted stimulation of
CAR-T cells by the modified antigens (Fig. 4g). Furthermore, the
secretion profile of multiple cytokines indicated a robust Thl-type
response in pEVIII CAR-T cell-mediated interactions, characterized by
elevated levels of IFN-y, TNF-a, and IL-2 compared to controls, indi-
cating a potent inhibitory effect on tumor proliferation (Fig. 4 h).
Additionally, the rise in IL-4 levels, a cytokine known to impede tumor
growth in correlation with IL-4R expression, underscores the multifac-
eted nature of CAR-T cell responses [21,22]. Cytokines associated with a
Th2-type response, such as IL-10, remained unchanged. Taken together,
these findings highlight the innovative potential of the ATT-CAR-T
strategy in enabling the precise targeting of antigen-negative tumor
cells within an acidic microenvironment. This approach represents a
promising avenue for extending the utility of CAR-T cell therapies in
addressing antigen-negative solid tumors, offering a new frontier in
cancer immunotherapy.

3.4. In vivo therapeutic efficacy of CAR-T cells for solid tumors

To assess the effectiveness of pEvIll-targeted CAR-T cells against
tumors in vivo, we first developed MDA-MB-231 breast cancer models.
Tumor-bearing mice were randomly assigned to four treatment groups:
PBS, pEVIIL, CAR-T, and pEVIII + CAR-T (ATT-CAR-T). We noted that
within the mildly acidic microenvironment, pEVIII binds to tumor tissue
4 h after intravenous injection (Fig. 3a). Notably, total body fluores-
cence decreased at 12 h post-injection, maintaining pronounced tumor
visibility (Supplementary Fig. S4); consequently, CAR-T-cell adminis-
tration was postponed for 12 h, and the treatments were administered
biweekly for a total of two sessions [23] (Fig. 5a). Tumor progression
was monitored through tumor volume measurement and biolumines-
cence imaging (Fig. 5b—f). Notably, the combination of CAR-T cells and
PEVIII treatment yielded superior inhibition of tumor growth, achieving
approximately 40 % of the tumor volume observed in the PBS control
group (Fig. 5b). By day 21, markedly reduced luminescence signals were
evident in the pEVIII + CAR-T group, indicating significant tumor sup-
pression within the ATT-CAR-T treatment cohort (Fig. 5e and f). As
depicted in Fig. 5c, this dual treatment approach markedly curtailed
tumor growth and improved survival rates. Conversely, mice from all
other treatment groups succumbed within 38 days. Furthermore, no
significant fluctuations in body weight were observed throughout the
treatment period (Fig. 5g).

Exploratory investigations extended to immunocompetent mouse
models employing CT26 colon carcinoma and 4T1 breast cancer cells in
BALB/c mice. Treatments with pEVIII and murine EGFRVIII-CAR-T cells
were administered intravenously, with a regimen of two doses every five
days. This approach significantly suppressed tumor growth in both
cancer models, confirming the efficacy of the ATT-CAR-T-cell strategy
across different tumor types (approximately 47 % for CT26 colon car-
cinoma and 67 % for 4T1 breast cancer) (Fig. 6a—c, Supplementary
Fig. S9). There was no significant change in body weight during treat-
ment (Supplementary Figs. S9 and S11). Despite the low rates of CAR-T-
cell homing to tumor sites—likely a reflection of the immunosuppressive
tumor microenvironment and inherent T-cell exhaustion—the treatment
regimen noticeably increased the number of activated dendritic cells
(DCs) within tumor locations (Figs. Fig. 6d-e and g). This observation
aligns with the literature highlighting the pivotal role of DC activation in
the aftermath of antigen release from apoptotic tumor cells [24,25],
suggesting an indirect mechanism by which ATT-CAR-T cells facilitate
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tumor cell eradication.

Our thorough analysis demonstrates that pEvIII-mediated antigen
targeting enhances CAR-T cell cytotoxicity against solid tumors, repre-
senting a significant advancement in broadening the clinical utility of
CAR-T therapy in cancer treatment. The identification of activated DCs
at tumor sites following treatment offers an intriguing insight into the
intricate interplay among targeted antigen delivery, CAR-T cell activa-
tion, and the endogenous immune response, paving the way for prom-
ising avenues in future research and therapeutic innovation in the field
of cancer immunotherapy.

3.5. Biosafety profiles

In our final investigation phase, we meticulously examined the
biosafety profile of Acidity-Targeted Transition-aided CAR-T (ATT-CAR-
T) therapy to assess its impact on organ functionality—a crucial aspect
for clinical application of cellular therapies. This assessment involved
analyzing serum biochemical markers in treated mice, revealing no
notable deviations from the baseline established by the PBS control
group (Fig. 6f). Additionally, evaluation of serum concentrations for a
panel of six inflammatory factors and chemokines—IL-2, IL-5, IL-6, IL-
13, TNF-a, and IFN-y—showed consistency across all treatment groups
in Balb/c mice, indicating the absence of systemic inflammatory
response or chemokine dysregulation attributable to ATT-CAR-T treat-
ment (Fig. 6 h). Although a significant reduction in some cytokines was
observed in the pEVIII + CAR-T group, we attribute this to the activation
mechanism of CAR-T cells and their antitumor effect [26-28].

Major organs such as the heart, liver, spleen, lungs, and kidneys were
meticulously collected for histopathological examination to further
assess biosafety. Hematoxylin and Eosin (H&E) staining of these organ
tissues revealed no histological abnormalities, confirming the absence of
adverse organ-specific effects attributable to the therapy (Supplemen-
tary Figs. S8 and S10). These findings affirm the favorable biosafety
profile of ATT-CAR-T therapy in vivo, demonstrating its potential as a
therapeutic intervention without causing detrimental effects on organ
health or triggering systemic inflammation. The comprehensive safety
assessment underscores the potential of ATT-CAR-T therapy for clinical
translation, providing a solid foundation for its application in treating
solid tumors with minimal risk to patient health. This safety assurance,
combined with its proven efficacy, positions ATT-CAR-T as a promising
candidate for future clinical development and application in cancer
immunotherapy.

4. Discussion

Most cancer immunotherapy options depend on the presence of
specific tumor biomarkers or antigens [29]. However, these indicators
are not always present in all cancer cells, and this challenge may reduce
the effectiveness of customized therapy. The current strategies for
improving the therapeutic efficacy of CAR-T cells against solid tumor
malignancies involve the use of genetically programmed therapeutic T
cells to synthesize multidimensional fusion CAR structures [28,30-32].
While these adjunct components of CAR improve CAR-T cell viability
and safety on an individual cell basis, they have not demonstrated ef-
ficacy improvements for target-negative solid tumors. A primary hurdle
in utilizing CAR-T therapy for solid tumors is the limited availability of
specific antigens. Crafting CAR-T cells that exclusively target and
eliminate tumor cells while sparing healthy tissues poses a significant
challenge. Here, we developed ATT-CAR-T cells, which constitute an
optimized, peptide-based, target-regulated platform for antigen inser-
tion in target-negative solid tumors; this platform generated one
CAR-T-cell to treat multiple tumors and exhibited a significant effect in
vivo.

Given the intricate immunological landscape within solid tumors,
certain tumor mutations can confer resistance or enable evasion of CAR-
T cell-mediated killing. Our previous research has demonstrated that
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Fig. 6. Evaluation of ATT-CAR-T performance in immunocompetent mouse models.
(a) Tumor growth curves in the CT26 tumor model (n = 5); (b, ¢) Tumor weight and photographs of tumors harvested from mice in different treatment groups on day
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statistical analysis (b, d, e, f, h).
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solid tumors can exploit fusogenic nanoscale systems lacking specific
antigens to introduce these antigens and establish TRUE CAR-T therapy
[23,33]. Utilizing the fusogenic nanosystem, the corresponding target
was efficiently integrated into the tumor cell membrane, eliciting anti-
tumor effects while overcoming limitations posed by inherent tumor
antigen profiles. In this study, we illustrate how the ATT-CAR-T platform
enhances CAR-T cell performance in antigen-lacking solid tumors
through antigen modification, underscoring its broad applicability as a
leading clinical candidate. However, this represents only an initial
exploration of utilizing CAR-T cell therapy for treating solid tumors. We
still encounter numerous challenges regarding efficacy, such as
addressing potential side effects and ensuring the persistence, expan-
sion, and safety of CAR-T cells [34]. Considering the array of adjuvant
therapies currently available in clinical practice, ATT-CAR-T can use
these approaches to enhance its clinical efficacy and safety [35,36]. For
instance, it can be combined with immune checkpoint inhibitors like
PD-1/PD-L1 or radiotherapy to augment the recognition and penetration
of CAR-T cells into solid tumors [37,38]. Furthermore, while we
employed a second-generation CAR-T design model in this study, more
intricate CAR-T designs hold the potential to enhance the efficacy of
ATT-CAR-T against solid tumors by improving the persistence and
expansion of CAR-T cells. This aspect remains an ongoing endeavor.
Additionally, besides being weakly acidic, the tumor microenvironment
also exhibits characteristics such as hypoxia [39]. Developing potent
targeted delivery carriers tailored to these features can effectively
circumvent tumor self-antigen heterogeneity and create opportunities
for CAR-T/TCR-T to exert its effects. Strategies involving tumor-specific
enzymes or redox reactions also present viable avenues for exploration.

5. Conclusion

In conclusion, we have introduced ATT-CAR-T, a novel and efficient
CAR-T therapy strategy that utilizes a peptide, pEVIIL, to modify the
antigen expression of diverse solid tumor cells. We demonstrated that
pEVIII can respond to the acidic environment within tumors without the
need for specific antibody-antigen binding. This approach effectively
suppresses primary tumor development while maintaining a favorable
biosafety profile. Our findings open new avenues for exploring the
treatment of solid tumors and position ATT-CAR-T as a promising
candidate for clinical application.
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