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Abstract
Triple-negative breast cancer (TNBC) is an aggressive and chemotherapy resistant subtype with high metastatic 
potential and frequent recurrence after standard treatment. While poly (ADP-ribose) polymerase inhibitors (PARPi) 
show efficacy in TNBCs with DNA repair deficiencies, only ~ 20% of patients respond, underscoring the need 
for more effective therapies. Mitochondria, as central regulators of cancer cell survival, present a compelling 
therapeutic target. Here, we introduce a novel gene-chemotherapy combining our mitochondria-targeted 
luminoptogenetics technology (cmLumiOpto), which directly disrupts mitochondrial membrane potential and 
induces cancer cell death, with PARPi to enhance TNBC treatment outcomes. To achieve targeted delivery, we 
conjugated a high-affinity anti-CD276 monoclonal antibody (mAb) that selectively binds human and mouse TNBCs 
to an exosome-associated adeno-associated virus (mAb-Exo-AAV). In vitro studies confirmed successful transfection, 
internalization, and functional expression of cmLumiOpto, leading to significantly enhanced cytotoxicity when 
combined with PARPi. In vivo, the combination therapy achieved a 95–100% reduction in tumor burden, 
suppressed patient-derived xenograft growth, and inhibited metastasis in four TNBC mouse models. Post-treatment 
analyses confirmed mitochondrial depolarization, downregulation of DNA replication, cytokine upregulation, and 
immune cell infiltration in tumor. These findings highlight the potential of mitochondria-targeted gene therapy 
combined with chemotherapy as a powerful and innovative strategy for TNBC treatment.
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Statement of significance
Synergism of mitochondria-targeting cmLumiOpto gene 
therapy with systemic chemotherapy PARPi offer an 
effective therapy for TNBCs.

Introduction
Triple-negative breast cancers (TNBCs; HER2-, ER-, PR-

) are highly aggressive, metastatic, and heterogeneous, 
accounting for 15–20% of all breast cancer cases. Despite 
advances in oncology, TNBCs remain among the most 
challenging malignancies to treat, with recurrence rates 
exceeding 50% and poor survival outcomes following 
primary therapy. Standard chemotherapeutic regimens, 
such as anthracycline-taxane-based treatments, remain 
the cornerstone of TNBC management [1–4]. However, 
these therapies frequently fail to achieve long-term dis-
ease control, leading to tumor relapses and therapeutic 
resistance. Single-agent therapies, such as chemotherapy 
and monoclonal antibodies (mAbs), have shown lim-
ited efficacy in recurrent and metastatic TNBC [5–8]. 
In contrast, combinatorial strategies have shown greater 
promise. Notably, the integration of immunotherapy 
with chemotherapy, exemplified by the combination of 
Atezolizumab (a PD-L1 immune checkpoint inhibitor) 
and Abraxane (nab-paclitaxel), has introduced a novel 
therapeutic avenue for PD-L1+ TNBC [9–11], high-
lighting the potential of immune-based approaches. In 
addition, the FDA-approved antibody-drug conjugate 
sacituzumab govitecan, an anti-Trop-2 mAb linked to 
the topoisomerase I inhibitor SN-38, has emerged as 
an effective option for patients with refractory TNBCs 
[12–14]. Despite these advances, current conventional 
and targeted therapies remain insufficient for highly 
aggressive TNBCs. The primary challenges include early 
metastatic spread [15], tumor heterogeneity [16–18], 
low response rates, and the emergence of drug resistance 
over prolonged treatment durations [19, 20]. Given these 
obstacles, there is a critical need for innovative therapeu-
tic strategies that can improve patient outcomes.

Mitochondria play a central role in cellular metabolism, 
proliferation, and apoptosis, making them a promising 
therapeutic target in cancer [21]. A key vulnerability lies 
in the inner mitochondrial membrane (IMM) potential 
(ΔΨm), whose sustained and irreversible collapse drives 
cells toward apoptosis [22]. To exploit this vulnerability, 
we recently developed cmLumiOpto, an advanced cancer 
mitochondrial-targeted luminoptogenetics system that 
utilizes endogenous Nanoluciferase bioluminescence to 
activate light-gated cationic rhodopsin channels (CoChR) 
in the IMM [23]. This system enables controlled, dose-
dependent mitochondrial depolarization via ViviRen 
luciferin, with prolonged ΔΨm collapse leading to per-
sistent DNA damage and apoptotic cell death. Nota-
bly, cmLumiOpto demonstrated remarkable efficacy in 

reducing tumor burden and inducing tumor cell death in 
glioblastoma and TNBC xenograft mouse models.

In a previous study, we constructed an anti-epidermal 
growth factor receptor (EGFR) mAb tagged exosome-
associated adeno-associated virus (mAb-Exo-AAV) 
using a biosimilar of cetuximab to deliver therapeutic 
genes [23]. However, The Human Protein Atlas dataset 
shows that normal human tissues, such as esophagus, 
placenta, pancreas, kidney, liver, intestine, and repro-
ductive organs, exhibit high EGFR expression. There-
fore, off-target risks and safety concerns associated with 
EGFR mAb-directed cmLumiOpto gene delivery remain 
a potential issue. CD276 (also known as B7-H3, Uniprot: 
Q5ZPR3) [24], an immune checkpoint molecule that sup-
presses natural killer (NK) and T cells responses [25–27], 
is overexpressed in >80% of breast cancers [28–30], mak-
ing it an attractive target for TNBC-specific therapy. We 
recently developed and engineered a novel mAb capable 
of binding the extracellular domain of transmembrane 
CD276, enabling precise TNBC targeting. This mAb 
exhibits high affinity, cancer specificity, plasma stabil-
ity, and cross-species reactivity, making it a highly effec-
tive therapeutic vector [31]. To further enhance tumor 
specificity, we developed CD276 mAb-Exo-AAV to tar-
get and deliver the cmLumiOpto gene under the control 
of a tumor-selective cfos promoter. We hypothesize that 
this new drug delivery system not only ensures TNBC-
specific targeting but also enhances anti-tumor immu-
nity, creating a dual-action therapeutic strategy that is 
expected to serve as a better gene delivery vehicle com-
pared to EGFR mAb-Exo-AAV.

Our previous studies [23, 32] show that mitochondrial 
depolarization in cancer cells and other cell types induces 
DNA damage, suggesting that blocking DNA damage 
repair could completely eliminate cmLumiOpto-treated 
TNBC cells. Given the high prevalence of BRCA1/2 inac-
tivation in TNBCs, the FDA has approved poly (ADP-
ribose) polymerase inhibitors (PARPi), such as Olaparib, 
which disrupt DNA repair mechanisms in tumor cells 
[33–35] for TNBC treatment [36, 37]. However, despite 
promising clinical trial results in BRCA1/2 wild-type 
TNBC (NCT02158507) [35], Olaparib alone or in com-
bination with EGFR inhibitor achieves a moderate 24% 
response rate. Inspired by the DNA damage-inducing 
capability of cmLumiOpto, we hypothesize that com-
bining the cancer mitochondria-targeted cmLumiOpto, 
delivered via CD276 mAb-Exo-AAV, with PARPi will 
lead to a synergistic effect. Specifically, this approach will 
amplify DNA damage accumulation and apoptotic cell 
death through the combined action of cmLumiOpto and 
PARPi, while activating tumoral immunity via CD276 
mAb. Together, these mechanisms enable a multi-
pronged attack to eliminate the tumor and ultimately 
improve treatment outcomes for TNBC.
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This study aimed to develop and evaluate this com-
binatorial therapeutic strategy for effectively targeting 
aggressive TNBCs. The specificity, gene packaging effi-
ciency, and cytotoxic potential of CD276 mAb and mAb-
Exo-AAV carrying cmLumiOpto were systematically 
characterized in vitro. To assess therapeutic efficacy, we 
established four TNBC mouse models to investigate the 
impact of cmLumiOpto/PARPi on tumor burden reduc-
tion and metastasis inhibition. Additionally, mechanistic 
insights were explored using Seahorse metabolic analysis, 
multiplex Luminex assays, RNA-Seq, and other analytical 
approaches. The findings provide compelling evidence 
supporting the clinical translation of this targeted ther-
apy and underscore its potential to improve treatment 
outcomes in patients with highly aggressive TNBC.

Materials and methods
Cell lines and culture media
Viral Production Cell 2.0 (VPC) (Gibco, Cat# A49784, 
RRID: RRID: CVCL_0045, Grand Island, NY) was cul-
tivated using viral production medium (VPM) supple-
mented with 4 mM GlutaMAX in shaker flask suspension 
culture at an agitation speed of 130 rpm. The human 
TNBC cell lines MDA-MB-231 (ATCC, Cat# HTB-26, 
RRID: CVCL_0062, Manassas, VA, USA), MDA-MB-468 
(ATCC, Cat# HTB-132, RRID: CVCL_0419), and MDA-
MB-231-FLuc (GenTarget, Cat# SC059-Puro, RRID: 
CVCL_YZ80, San Diego, CA, USA) were maintained in 
DMEM with 10% fetal bovine serum (FBS, v/v) and 1% 
Pen/Strep in T-flasks. The mouse TNBC 4T1 (ATCC, 
Cat# CRL-2539, RRID: CVCL_0125) and 4T1-FLuc 
(ATCC, Cat# CRL-2539-LUC2, RRID: CVCL_5I85) were 
cultivated in RPMI-1640 with 10% FBS and 1% P/S. The 
seed culture for CD276 mAb production was kept in 
SFM medium with 4 mM L-glutamine and 6 g/L glu-
cose [31]. All cell cultures were maintained at 37 °C and 
5% or 8% CO2 in a humidified incubator (Eppendorf, 
Enfield, CT, USA). All culture media and supplements 
were purchased from Fisher Scientific (Waltham, MA, 
USA) or Gibco, unless otherwise specified. TNBC PDX 
lines were harvested from donor mice (Jackson Lab, Cat# 
J000103917, Bar Harbor, ME, USA) or the recipient mice 
carrying the passaged PDX, freshly frozen and stored in a 
liquid nitrogen. All commercial lines were authenticated 
via genetics profiling using polymorphic short tandem 
repeat analysis and tested in house for mycoplasma con-
tamination using PCR amplification of 16 S rRNA gene 
sequences.

mAb-Exo-AAV production
Firstly, Exo-AAV was produced in a 2-L stirred-tank bio-
reactor (Distek, North Brunswick, NJ, USA) using Viral 
Production Medium (VPM) supplemented with 6 g/L 
glucose and 4 mM GlutaMAX at 37 °C, pH 7.0, agitation 

210 rpm, and DO 40% following previously established 
protocols [23, 38–40]. VPC cells (viable cell density of 3 × 
106 cells/mL, viability of >95%) were co-transfected with 
three plasmids [23], AAV-D/J8-cfos-NLuc-2 A-ABCB-
CoChR, AAV-DJ/8 Rep-Cap, and AAV-D/J8 Helper, at 
a 1:1:3 with a DNA-to-cell ratio of 0.5 µg per 106 cells. 
Transfection was mediated using a viral-plex buffer (10% 
v/v), AAV-MAX transfection reagent (0.6%), booster 
(0.3%), and enhancer (1%) (Gibco). Exo-AAV was har-
vested from the spent medium when culture viability 
declined to 60–80%, centrifuged at 3,000 × g for 20 min 
at 4 °C, and clarified using a dual-layer regenerated cel-
lulose depth filter (PDK5: 1.5–20 μm, PDE2: 0.2–3.5 
μm) (Cytiva, Marlborough, MA, USA). Exo-AAV was 
purified using liquid chromatography equipped with 
a 5-mL Cytiva Hiscreen Capto Core 400 column, fol-
lowed with ultrafiltration using MilliporeSigma Amicon 
100 kDa MWCO regenerated cellulose filters, as previ-
ously described [23, 41, 42]. Secondly, CD276 mAb was 
produced in SFM medium using a 2-L stirred-tank bio-
reactor at 37 °C, Agt 140 rpm, DO 40%, and pH 7.0. The 
CD276 mAb was purified using liquid chromatography 
(Bio-Rad, Hercules, CA, USA) with a Bio-Scale Mini 
UNOsphere SUPrA affinity column. The separated mAb 
was eluted using a two-phase buffer system, with Phase A 
(0.02 M Na₃PO₄, 0.02 M Na₃C₆H₅O₇, pH 7.5) and Phase 
B (0.1 M NaCl, 0.02 M Na₃C₆H₅O₇, pH 3.0) [31, 43–49]. 
Finally, Exo-AAV was modified using mPEG-DSPE and 
conjugated with CD276 mAb via a DSPE-PEG-NHS 
linker at a molar ratio of 1:2,680:13,000 (Exo-AAV: 
mAb: linker). The resulting mAb-Exo-AAV was purified 
and concentrated using Amicon 100 or 10 kDa MWCO 
regenerated cellulose filters and stored at −80 °C in 125-
mM trehalose formulation buffer.

Immunohistochemistry (IHC) staining
A TNBC patient tissue microarray (TMA) (Cat# BR1102, 
US Biomax, Derwood, MD, USA) was stained with an 
anti-CD276 antibody (Abcam, Rabbit monoclonal, Cat# 
ab226256, RRID: AB_3069232, 1/500 dilution) follow-
ing a standard IHC protocol [31]. The stained TMA slide 
was scanned with Lionheart FX automated microscope 
(BioTek, Winooski, VT, USA), and images were pro-
cessed offline with Image J. CD276 expression in each 
patient tissue sample was calculated using the formula: 
redintensity/blueintensity of TNBC core/redintensity/blueintensity 
of positive core − 1) x100. Receptor expression levels 
were categorized as follows: high (>0.5, indicating ≥ 50% 
higher expression than the positive control), medium 
(−0.3-0.5), and low or no (<−0.3, indicating 30% lower 
than positive control).
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Nanoparticle tracking analysis
mAb-Exo-AAV samples were buffer exchanged and 
diluted using PBS with dilution factors of 1:100. The 
particles were titrated and analyzed using NanoSight 
Pro (Malvern Panalytical, Malvern, UK). Samples were 
injected into microfluidics device at a pump perfusion 
rate of 3 µL/min and imaged with parameters setup of 
60 s per capture, 5 captures per sample, 6 camera, detec-
tion threshold 5, and Temp 25  °C. Each sample was 
titrated three times to analyze the size distribution and 
particle concentration.

Transmission electron microscopy (TEM)
TEM imaging was performed to assess the morphology 
and size of mAb-Exo-AAV nanoparticle and free AAV 
following our previous procedure with modifications 
[23, 41, 50, 51]. Briefly, purified mAb-Exo-AAV samples 
were diluted at factors of 1:10, 1:100, and 1:1,000 in PBS 
buffer, and 10 µL of each sample was deposited onto car-
bon-coated Formvar grids. Prior to sample loading, grids 
were glow-discharged for 1 min using a K100X Glow 
Discharger (Electronic Microscope Sciences, Hatfield, 
PA, USA). Samples were then negatively stained with 2% 
uranyl acetate solution for 1 min, followed with two PBS 
washes and air drying. TEM images were acquired using 
a Tecnai T12 transmission electron microscope equipped 
with a CCD camera (Field Electron and Ion Company, 
Hillsboro, OR, USA) and processed with DigitalMicro-
graph software (Gatan, Pleasanton, CA, USA).

qRT-PCR Titration
The Exo-AAV samples were digested with DNase I to 
extract the packed ssDNA carrying cmLumiOpto gene. 
RT-PCR analysis was performed to titrate AAV, i.e. 
nanoluciferase (NLuc) genome copy, using the following 
primers: 5’-​A​T​T​G​T​C​C​T​G​A​G​C​G​G​T​G​A​A​A-3’ (forward) 
and 5’-​C​A​C​A​G​G​G​T​A​C​A​C​C​A​C​C​T​T​A​A​A-3’ (reverse). 
The AAV packing rate in exosome was calculated using 
genome copy of NLuc gene per nanoparticle of Exo-AAV.

Western blotting
As detailed in our previous publications [23, 52], the 
lysates of TNBC cells or Exo-AAV samples were loaded 
to NuPAGE 4–12% gradient Bis-Tris gel for SDS-PAGE 
electrophoresis (Fisher). Proteins separated on gel were 
transferred to a methanol activated PVDF membrane 
with Bio-Rad power supply (Bio-Rad) and blocked using 
TBS buffer containing 0.1% Tween-20 and 5% fat-free 
milk. The primary antibodies of CD276 (Cat# ab134161, 
Abcam), γ-H2AX (Cat# ab2893, Abcam), cleaved PARP 
(Cat# 9148, Cell Signaling Technology, Danvers, MA, 
USA), cleaved caspase 3 (Cat# 9661, Cell Signaling), 
LC3B (Cat# 8899, Cell Signaling), β-actin (Cat# sc-47778, 
Santa Cruz, CA, USA), and exosome panel of CD9, 

CD63, HSP70 and calnexin (Cat# ab275018, Abcam) 
with dilution factor of 1:1,000 or 1:2,000 were applied. 
The horseradish peroxidase (HRP)-conjugated secondary 
antibodies (Cell Signaling) and HRP substrate were used 
to detect the interested protein bands with Odyssey Fc 
imaging system (LI-COR Biosciences, NE, USA).

Flow cytometry
To assess the surface binding rate to TNBC cells, CD276 
mAb and mAb-Exo-AAV were labeled with fluorescent 
dyes: Alexa Fluor™ 647 (Life Technologies, part of Fisher) 
and Sulfo-Cyanine 5.5 (Lumiprobe Life Science Solu-
tions, Hunt Valley, MD, USA), respectively. About 1 × 106 
TNBC cells (MDA-MB-231, MDA-MB-468, 4T1) were 
incubated with 1 µg of CD276 mAb-AF647 or 10 × 106 of 
mAb-Exo-AAV-Cy5.5 particles at room temperature for 
30  min. Surface binding was analyzed using a BD LSR 
Fortessa flow cytometer (BD Biosciences, San Jose, CA, 
USA), with a gating strategy set to exclude > 0.5% fluores-
cent populations of unstained cells. Data were processed 
and analyzed using FlowJo V5.0 software to determine 
the surface binding rate.

Live-cell confocal imaging
TNBC MDA-MB-468 cells expressing GFP were seeded 
at a density of 1 × 105 cells/mL in a 15-mm glass-bot-
tom dish (Cellvis, Mountain View, CA, USA) and cul-
tured for 6 h. About 10 × 105 particle (ptc)/mL of CD276 
mAb-Exo-AAV, labelled with Cy5.5 fluorescent dye, was 
added to transfect the TNBC cells, followed by incuba-
tion at 37 °C and 5% CO2 for 24 h. Live-cell images were 
acquired using a Nikon A1R-HD25 confocal microscope 
(Nikon, Melville, NY, USA) with 640  nm and 488  nm 
lasers for Cy5.5 and GFP fluorescence, respectively. Con-
focal images were analyzed with ImageJ to assess the 
internalization of mAb-Exo-AAV. To evaluate mitochon-
drial depolarization, cells treated with cmLumiOpto were 
stained with MitoView 633 [53] (25 nmol/L) for 15 min 
and imaged at 635 nm using a Stellaris 5 Confocal micro-
scope (Leica Camera, Teaneck, NJ).

Seahorse assay
MDA-MB-231 cells treated with mAb-Exo-AAV at multi-
plicity of infection (MOI) of 100,000 were seeded in a 96- 
well microplate at a density of 2,000 cells per well. Upon 
reaching 90% confluence, the following treatments were 
applied: saline or ViviRen/PARPi. Mitochondrial activity 
in TNBC cells was assessed using the Seahorse XF Cell 
Mito Stress Test Kit and quantitated using a Seahorse XF 
Analyzer (Agilent, Santa Clara, CA, USA) following the 
manufacturer’s instructions.
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Luminex assay
Chemokines and cytokines in the tumor microenviron-
ment (TME) post treatment were titrated using a Procine 
Multiplex Luminex assay (Luminex Corporate, Austin, 
TX, USA). The pre-configured and customized 13-plex 
assay kit was purchased from R&D Systems (Minneapo-
lis, MN, USA). Tumor tissues (n = 4) were dissociated 
to extract the secreted chemocytokines to perform the 
assay following manufacturer’s procedure. Fluorescence 
intensity (MFI) was detected and quantitated using the 
Luminex MAGPIX (Luminex Corporate) and the raw 
data were analyzed using XPONENT software.

In vitro anti-TNBC cytotoxicity assay
Approximately 1 × 105 TNBC (MDA-MB-468 and 
MDA-MB-231) cells were seeded in 200 µL of medium 
in 96-well plates. The cultures were treated with saline, 
CD276 mAb-Exo-AAV carrying cmLumiOpto (MOI: 
100,000) and ViviRen (30 µM), PARPi (Olaparib, 20 µM), 
or cmLumiOpto/PARPi combination, and incubated at 
37 °C with 5% CO2 for three days. Cell growth and rela-
tive viability were assessed using the TACS MTT Cell 
Proliferation Assay [54, 55].

In vivo imaging system (IVIS)
Live-animal and ex vivo IVIS imaging was performed 
to evaluate TNBC targeting specificity of CD276-mAb. 
Briefly, when tumor volume reached 50–100 mm3, 
50 µg of mAb labelled with Cy5.5 was intravenously (i.v.) 
injected through tail vein. After 24  h, luciferin was i.p. 
injected, and mice were imaged using IVIS Lumina Series 
III (PerkinElmer, Waltham, MA) with exposure time of 
10 s. Both luminescence (FLuc) and fluorescence (Cy5.5) 
signals were captured. Additionally, major organs and 
tumors were harvested for ex vivo imaging to validate 
the biodistribution of CD276 mAb. Beyond distribution 
analysis, IVIS imaging was also used to monitor in vivo 
metastasis of TNBC cells expressing FLuc.

TNBC cell line-derived xenograft model and in vivo 
treatment
A total of 5 × 106 TNBC MDA-MB-231 cells were 
injected into the mammary fat pad of 7-week-old NSG 
(NOD.Cg-Prkdc < scid > Il2rg < tm1Wjl>/SzJ) female 
mice. When tumor volume reached ~ 75–100 mm3, the 
mice were randomized into six groups (n = 6/group). 
Group 1 received i.v. saline injection as a control. Groups 
2–4 were i.v. administrated with CD276 mAb-Exo-AAV 
weekly at doses of 2 × 1010 ptc/kg-BW (low), 10 × 1010 
ptc/kg-BW (medium) or 30 × 1010 ptc/kg-BW (high), fol-
lowed by i.v. injection of ViviRen (2 mg/kg-BW) daily for 
three consecutive days. Group 5 received oral adminis-
tration of 50  mg/kg of Olaparib (PARPi) via water bot-
tle feeding. Group 6 was treated with a combination of 

cmLumiOpto (low dose, 2 × 1010 ptc/kg-BW) and Olapa-
rib (50  mg/kg) following the same treatment regime as 
Groups 2–5. Tumor volumes were measured using a ver-
nier caliper and mouse body weight was monitored two 
or three times a week. Mice were sacrificed when tumor 
volume exceeded 1,000 mm3, body weight drop by > 20%, 
or other early removal criteria, such as self-mutilation, 
inactivity, lethargy, poor response to stimuli, ataxia or 
ulcerative tumor, were met. In the end of animal study, 
tumor tissues and vital organs, including brain, heart, 
lungs, liver, spleen and kidneys, were harvested for H&E 
staining, IHC staining and biochemical analysis.

Metastatic model and in vivo treatment
Approximately 2 × 106 mouse TNBC 4T1-FLuc cells 
and human TNBC MDA-MB-231-FLuc cells were i.v. 
injected through tail vein into 7-week-old BALB/cJ 
female mice and NSG female mice, respectively. In vivo 
metastasis progress was monitored by detecting FLuc 
signal using IVIS imaging. After metastasis was detected, 
mice (n = 5/group) were treated with saline, cmLumiOpto 
(10 × 1010 ptc/kg-BW mAb-Exo-AAV and 2  mg/kg-BW 
ViviRen), and cmLumiOpto (same dose) combined with 
PARPi (50 mg/kg-BW) following the treatment schedule 
outlined above. TNBC metastasis was assessed once a 
week using IVIS. Mice were sacrificed when body weight 
dropped by 20% or other early removal criteria were met. 
Major organs, including brain, heart, lungs, liver, spleen 
and kidneys, were harvested for H&E staining, IHC 
staining, mRNA sequencing, and other post treatment 
analyses.

Patient derived xenograft (PDX) model and in vivo 
treatment
The CD276+ TNBC PDX donor mice were obtained 
from The Jackson Laboratory. Once the volume of donor 
PDX reached 2,000–3,000 mm3, tumors were harvested, 
minced into 1 × 1 × 1 mm3 fragments, and implanted into 
the mammary fat pad of NSG mice using a 16G needle 
syringe (or snap frozen and stored in liquid nitrogen). 
Once the xenografted PDX reached 70–100 mm3, mice 
were divided into two groups (n = 4–5) and treated with 
either saline or cmLumiOpto/PARPi (10 × 1010 ptc/kg 
mAb-Exo-AAV, 2  mg/kg ViviRen, 50  mg/kg PARPi). 
Tumor size and mouse body weight were monitored 
twice a week until tumor volume exceeded 1,000 mm3 in 
the control group. Tumor tissue and major organs were 
then harvested for further post treatment analysis.

Bulk RNA sequencing
The lung tissues with TNBC metastasis were harvested, 
dissociated and lysed to extract total mRNA using 
RNeasy Fibrous Tissue Mini Kit (Qiagen, Germantown, 
MD, USA). The cDNA library construction and bulk 
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RNA sequencing using Illumina HiSeq™ X Ten platform 
were carried out at Novogene America (Sacramento, CA, 
USA). Sequencing reads were mapped to the mouse ref-
erence genome (GRCm38) using Hierarchical Indexing 
for Spliced Alignment of Transcripts version 2 (HISAT2). 
Differentially expressed genes (DEGs) between treatment 
and saline groups were identified using edgeR (version 
4.2.1) in R. The P-values were adjusted using Benjamini-
Hochberg method to control the false discovery rate 
(FDR), with FDR < 0.05 set as the threshold for DEG 
selection. Gene Ontology (GO) enrichment analysis was 
performed using Gene Set Enrichment Analysis (GSEA) 
method implemented in the clusterProfiler R package. 
The GO terms with a corrected P-value < 0.05 were con-
sidered significantly enriched.

Paraffin section and Hematoxylin and Eosin (H&E) staining
The harvested tumor tissues and organs were dehydrated 
in 70% ethanol, cleaned with xylene and coated in paraf-
fin. The paraffin embedded tissue blocks were sectioned 
at 5 μm thickness using a Leica microtome (Leica Bio-
systems, Deer Park, IL, USA). The sectioned slides were 
de-paraffinized with xylene, hydrated with 100 − 70% 
ethanol, washed with ddH2O, and stained with H&E as 
previously described [23, 31, 40, 51, 52].

Immunofluorescent staining
TNBC tumor tissue slides were incubated with rabbit 
anti-TOMM20 polyclonal antibody conjugated to AF488 
(Abcam, Cat# ab205486) and anti-cytochrome C anti-
body-conjugated to AF647 (Biolegend, Cat# 612310) at 
a dilution of 1:200. The IHC-stained slides were imaged 
using a Nikon A1R-HD25 confocal microscope (Nikon).

Statistical analysis
The experimental data were presented as mean ± standard 
error of the mean (SEM) in this study. Statistical analysis 
and comparison were performed using two-tailed t test 
and one-way ANOVA followed by post-hoc (Dunnett’s) 
analysis with GraphPad Prism. P < 0.05 was considered 
statistically significant for all tests.

Data availability
All raw data generated in this study are available upon 
request from the corresponding author.

Results
CD276 overexpression in TNBCs
The Cancer Genome Atlas (TCGA) dataset analy-
sis revealed that CD276 mRNA levels are significantly 
higher in TNBC (and other breast cancer) tissues com-
pared to normal breast tissue (Fig.  1A). Western blot 
analysis confirmed high CD276 expression in TNBC 
lines MDA-MB-231 and MDA-MB-468, which represent 

mesenchymal stem-like (MSL), basal-like 2 (BL2), and 
luminal androgen receptor (LAR) subtypes. In contrast, 
CD276 expression was minimal in the normal breast epi-
thelial cell line 184B5 (Fig.  1B). IHC staining of TNBC 
patient TMA (n = 110) demonstrated that 23% of cases 
(25/110) exhibited high CD276 expression, 44% (47/110) 
had moderate expression, and 33% (35/110) showed 
minimal or no expression (Fig. 1C). Representative IHC 
images of normal breast tissue and TNBC cores with 
varying CD276 expressions levels are shown in Fig.  1D. 
Collectively, these findings highlight CD276 as a promis-
ing target for gene delivery in TNBC.

CD276 mAb exhibiting high TNBC specificity
To assure the safety to deliver cmLumiOpto gene therapy 
via targeting CD276 receptor, we analyzed the potential 
off-target in normal human organs. The IHC staining 
of normal human tissue using our anti-human/mouse 
CD276 mAb did not detect significant binding in brain, 
heart, liver, spleen, lung, kidney, breast and pancreas (Fig 
S1). Similar IHC staining using mouse normal tissues 
(liver, kidney, lung, skeletal muscle, brain, heart, stomach, 
spleen, malignant mouse adrenal gland as positive con-
trol) did not detect obvious off-target of our CD276 mAb 
(Fig. S2).

Our CD276 mAb was produced at large scale in 
a stirred-tank bioreactor with volumetric titer of 
~ 80–120  mg/L from batch bioreactor (Fig. S3A) and 
subsequently purified using a protein A column (Fig. 
S3B). The TNBC targeting capability of CD276 mAb 
was evaluated and confirmed via flow cytometry analy-
sis using human MDA-MB-231 and MDA-MB-468 cell 
lines and mouse 4T1 cell line (Fig. 2A). The surface bind-
ing rates were 98.5, 100 and 49.6% in these three lines, 
respectively, indicating cross-species reactivity of the 
mAb. Furthermore, the in vivo TNBC targeting ability of 
CD276 mAb was assessed using NSG mice xenografted 
with human MDA-MB-231-FLuc (Fig. 2B) and BALB/cJ 
mice implanted with mouse 4T1-FLuc tumors (Fig. 2C). 
Live-animal IVIS imaging conducted at 24 h post tail vein 
injection of 50 µg mAb showed strong overlap of TNBC 
tumors (FLuc) with CD276 mAb (Cy5.5). Ex vivo IVIS 
imaging of tumor and major organs, including the heart, 
liver, spleen, lungs, kidneys and brain, further confirmed 
the specific targeting of CD276 mAb to TNBC, with no 
detectable off-targeting accumulation in normal organs. 
Taken together, both in vitro and in vivo evaluations 
demonstrated the potential of our CD276 mAb as an 
effective TNBC-targeting agent for gene therapy delivery.

Construction and characterizations of CD276 mAb-Exo-
AAV
To achieve TNBC targeting delivery, we packed the 
cmLumiOpto genes in AAV, harvested and purified 
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Exo-AAV secreted by VPC, and conjugated our CD276 
mAb to the surface of exosomes using a DMPE-PEG-
NHS linker [23, 51] (Fig. 3A). To enhance circulation sta-
bility and reduce renal clearance, the mAb-Exo-AAV was 
further pegylated with mPEG-DSPE. As illustrated in Fig. 
3B, high-yield production of Exo-AAV was achieved in 
2-L stirred-tank bioreactor, yielding 9–10 × 10⁹ particles/
mL following our optimized protocol [23, 51]. NanoSight 
Pro analysis revealed a size distribution of 100–300 nm, 
with an average diameter of 164 ± 25 nm (Fig. 3C). TEM 
images confirmed the morphology of both Exo-AAV 
and free AAV particles (Fig. 3D). Western blot analy-
sis detected the presence of key exosome markers CD9, 
CD63 and HSP70, while the absence of calnexin marker 

confirmed the high purity of Exo-AAV without endoplas-
mic reticulum contamination (Fig. 3E).

The production procedure of Exo-AAV was success-
fully scaled up from 30-mL to 300-mL culture in shaker 
flask and 2-L culture in bioreactor (Fig. 3F). Key factors 
influencing Exo-AAV yield and AAV quality included 
VPC transfection viability, nutrient supplementation, agi-
tation rate, and harvest viability. The purification proto-
col was scaled up from a 5-mL to a 20-mL size-exclusion 
chromatography column, followed by ultrafiltration using 
a 100-kDa regenerated cellulose membrane, which fur-
ther improved purity while maintaining a 90–95% recov-
ery rate.

In vitro evaluations of cmLumiOpto delivered with 
CD276 mAb-Exo-AAV

Fig. 1  CD276 receptor expression in TNBCs. A TCGA dataset analysis of CD276 transcript in ER+/PR+, HER2+ and ER−/PR−/HER2− breast cancers as com-
pared to normal breast tissue. ****P < 0.0001. B Western blotting analyses of surface CD276 expression in human TNBC cell lines and normal breast epithe-
lial cells. C IHC staining of TMA of TNBC patients (n = 110). D Representative IHC images of tissues with minimal, low, medium and high CD276 expressions
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Flow cytometry analysis revealed high surface binding 
of CD276 mAb-Exo-AAV labelled with Cy7 in MDA-
MB-231 (99.6%), MDA-MB-468 (99.5%) and 4T1 (97.1%) 
cells (Fig. 4A), confirming strong TNBC-targeting capa-
bility. The TNBC transfection and internalization of 

CD276 mAb-Exo-AAV-Cy7 was validated using confo-
cal microscope in GFP-expressing MDA-MB-468 cells, 
where the 84% overlay of GFP in cytoplasm and Cy7 
signals in the internalized mAb-Exo-AAV indicated 
high transduction efficiency of the cmLumiOpto gene 

Fig. 2  TNBC-targeting of CD276 mAb. A Flow cytometry analysis of CD276 surface binding to MDA-MB-231, MDA-MB-468 and 4T1 cells. B Representative 
live-animal and ex vivo IVIS images demonstrating CD276 mAb-Cy5.5 accumulation in human TNBC xenografts 24 h post tail vein injection. C Representa-
tive IVIS imaging showing CD276 mAb-Cy5.5 accumulation in mouse TNBC xenografts
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(Fig. 4B). Functional expression of cmLumiOpto and the 
surface-bound mAb on Exo-AAV had been confirmed 
in previous study [23]. While AAV packaging efficiency 
in Exo-AAV harvested at 40% VPC viability was slightly 
higher than at 80% viability (18.32 vs. 15.80 gc-AAV/
ptc-Exo-AAV, Fig. 4C), we optimized the production by 
collecting Exo-AAV at 60–80% viability to balance yield 
and quality. Mechanism analyses further revealed that 

the apoptosis inhibitors Z-VAD-FMK (pan-caspase), 
Z-LEHD-FMK (caspase-9) and Z-IETD-FMK (caspase-8) 
reduced cell death, whereas the necrosis inhibitor necro-
statin had no obvious effect (Fig. 4D). These results indi-
cated that cmLumiOpto induces caspase-dependent 
apoptosis rather than necrosis. To comprehensively 
evaluate the synergism between cmLumiOpto (0–1 × 106 
MOI) and PARPi (0–20 µM), we conducted a design of 

Fig. 3  Construction and characterizations of CD276 mAb-Exo-AAV. A Structure of mAb-Exo-AAV. B Production of Exo-AAV from VPC in 2-L stirred-tank 
bioreactor at Temp 37 °C, pH 7.0, Agt 210 rpm, and DO 40%. (C) NanoSight Pro assay for mAb-Exo-AAV size distribution and titration. D TEM images of 
mAb-Exo-AAV and free AAV. E Western blotting analysis confirming exosome biomarkers of CD9, CD63 and HSP70 and negative marker of Calnexin. 
F Process flow diagram of large-scale Exo-AAV biomanufacturing
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Fig. 4  In vitro evaluations of CD276 mAb-Exo-AAV. A Flow cytometry analysis of TNBC surface binding of Cy7 labelled mAb-Exo-AAV in MDA-MB-231, 
MDA-MB-468 and 4T1 cells. B Representative confocal images showing internalization of mAb-Exo-AAV-Cy7 (red) in MDA-MB-468 cells (green). C Effect 
of harvest viability on Exo-AAV production yield. D Anti-cancer mechanism study using MDA-MB-231 cells treated with saline (control), cmLumiOpto, 
and cmLumiOpto plus inhibitors of Z-VAD-FMK (pan-caspase inhibitor), Z-LEHD-FMK (caspase-9 inhibitor), necrostatin (necrosis inhibitor) or Z-IETD-FMK 
(caspase-8 inhibitor). E Design of experiment to assess the synergism of cmLumiOpto (0–1,000,000 MOI) and PARPi (0–20 µM) using MDA-MB-231 cells. 
F Cytotoxic effects of cmLumiOpto, PARPi and cmLumiOpto/PARPi in MDA-MB-231 and MDA-MB-468 cells. n = 3/group
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experiments (DoE). Assessment of MDA-MB-231 cell 
viability after two days of treatment, analyzed using the 
Bliss independence model, demonstrated synergistic 
effects (enhanced cell killing) across most combinations, 
with the strongest synergy observed at cmLumiOpto 
concentrations >1 × 105 MOI and PARPi concentrations 
>10 µM (Fig. 4E). The cytotoxic effect of cmLumiOpto 
delivered with mAb-Exo-AAV, Olaparib, and combina-
tion were evaluated in MDA-MB-231 and MDA-MB-468. 
Cell viability was significantly reduced to 25.03–28.22%, 
35.86–51.17%, and 4.47–13.32%, respectively, follow-
ing treatment (Fig. 4F). Notably, cmLumiOpto gene 
therapy demonstrated higher cytotoxicity than Olaparib 
alone, and their combination further enhanced therapeu-
tic potency against TNBC cells (Fig. 4F). These results 
showed that CD276 mAb-Exo-AAV is a promising gene 
delivery system, with high TNBC selectivity, transduc-
tion efficiency, and synergistic therapeutic potential 
when combined with PARP inhibition.

Evaluation of anti-TNBC efficacy in immunocompromised 
models
The anti-cancer efficacy of cmLumiOpto at vary-
ing doses (low: 2, medium: 10 and high: 30 × 1010 ptc/
kg-BW), PARPi monotherapy, and a combination of low 
dose cmLumiOpto with PARPi was evaluated in MDA-
MB-231 xenografted NSG mouse models (n = 6/group). 
Following the first injection, tumor volume in groups 
receiving cmLumiOpto alone or in combination with 
PARPi decreased from 107 to 145 mm3 to 42–78 mm3 
within one week (Fig.  5A). Medium and high doses of 
cmLumiOpto induced further tumor shrinkage (20–50 
mm3) after the second injection (week 2) and achieved 
complete tumor regression after the 3rd injection (week 
3), with no recurrence observed through weeks 4–6. In 
contrast, tumors progressed to 815 mm³ in control group 
(saline) and 386  mm³ in PARPi monotherapy group, 
respectively, by week 3, necessitating early sacrifice due 
to ulceration (> 2  mm) before reaching 1,000  mm³. It 
should be noted that low-dose cmLumiOpto alone or 
cmLumiOpto/PARPi combination experienced minor 
tumor size rebound after treatment cessation, with vol-
umes reaching 15–31  mm³ (week 4), 34–35  mm³ (week 
5), and 48–61 mm³ (week 6).

To assess whether the observed tumor size increase in 
low dose cmLumiOpto and cmLumiOpto/PARPi groups 
resulted from recurrence, the harvested tumor tissues 
were evaluated with histological analysis. H&E stain-
ing revealed severe tumor cell death and reduced can-
cer cell density in the cmLumiOpto group, while the 
cmLumiOpto/PARPi group exhibited TME disruption 
characterized by the fluid-like tissue (Fig.  5B). These 
findings suggested that the slight increase of tumor vol-
ume between Days 22–41 was unlikely due to TNBC 

recurrence but may involve non-cellular factors. Further 
investigation is warranted to determine potential con-
tributions from inflammatory responses, necrotic core 
expansion, vascular remodeling, and stromal changes. 
IHC staining showed that the percentage of Ki67-pos-
itive cells (a proliferation marker) ranged from 12 to 
58% in the saline and PARPi groups, compared to 2–6% 
in the cmLumiOpto and cmLumiOpto/PARPi groups. 
Similarly, cleaved caspase-3-positive cells (an apopto-
sis marker) were observed at 3–8% in the saline and 
PARPi groups, versus 25–55% in the cmLumiOpto and 
cmLumiOpto/PARPi groups. These results confirmed 
significant apoptotic activity and proliferation inhibition 
in treatment groups (Fig.  5C). While PARPi monother-
apy slowed tumor progression, H&E and IHC staining 
revealed no significant tumor cell death or growth inhi-
bition (Figs. 5B-C), emphasizing the superior therapeutic 
efficacy of combining gene therapy with chemotherapy 
through synergistic anti-cancer effects.

To further evaluate in vivo infection efficiency, fresh 
tumor tissues were analyzed on Day 5 post-injection. 
Flow cytometry of dissociated tumor cells stained for 
NLuc and Ki67 revealed that ~ 75.9% of TNBC cells were 
successfully infected with CD276 mAb-Exo-AAV and 
expressed functional cmLumiOpto gene. These results 
suggested that multiple administrations and chemother-
apy integration may be required to enhance therapeutic 
efficacy (Figs. 5A-B).

Importantly, no significant body weight changes were 
observed across treatment groups (Fig.  5E), indicating 
minimal systemic toxicity. Furthermore, H&E staining of 
major organs (brain, heart, lungs, liver, spleen, kidneys) 
showed no signs of inflammation, apoptosis, or necrosis 
(Fig. S4), confirming the safety profile of cmLumiOpto 
and cmLumiOpto/PARPi therapy at the tested doses.

Evaluation of anti-TNBC efficacy in distant metastatic 
models
Metastasis inhibition in immunocompetent models. Fol-
lowing the detection of TNBC (4T1-FLuc) metastasis via 
IVIS imaging, immunocompetent mouse models (n = 5/
group) were treated with saline, cmLumiOpto (10 × 1010 
ptc/kg-BW) and cmLumiOpto/PARPi (10 × 1010 ptc/
kg-BW, 50  mg/kg-BW) via i.v. injection or drinking 
water supplementation. PARPi monotherapy was not 
included due to its limited efficacy in primary tumor 
models (Fig. 5). By week 3, IVIS imaging revealed exten-
sive cancer metastasis in the saline group, moderate 
metastasis reduction in the cmLumiOpto group (two 
mice were lost before final imaging due to an accident), 
and complete blockage or elimination of metastases in 
the combination treatment group (Fig.  6A). Lung tis-
sues with extensive TNBC metastasis were collected for 
histological and mechanism of action (MOA) analyses. 
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Fig. 5  Evaluation of anti-TNBC efficacy in MDA-MB-231 xenografted NSG mouse models. A Tumor volume profiles treated with i.v. administration of 
cmLumiOpto at doses of 2 × 1010 ptc/kg (low), 10 × 1010 ptc/kg (medium) or 30 × 1010 ptc/kg (high) following Q7Dx3 as indicated by arrow, PARPi at dose 
of 50 mg/kg, cmLumiOpto (medium dose, 10 × 1010 ptc/kg-BW) in combination with Olaparib (50 mg/kg), and saline (control). Data were presented as 
mean ± SEM, n = 6. *P < 0.01 vs. saline using ANOVA followed by Dunnett’s t-test. B H&E staining of tumor tissues harvested on Day 19. Scale bar equals 
20 μm. C IHC stained tumor tissues with Ki67 (proliferation marker) antibody and CCasp3 antibody (apoptosis marker). Scale bar equals 20 μm. D Flow 
cytometry analysis of dissociated MDA-MB-231 xenograft. n = 4.1 × 106 cells were co-stained with 1 µg of AF488 labelled Ki67 antibody and 1 µg of AF647 
labelled NLuc antibody. E Body weight profiles
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Fig. 6  Assessment of anti-TNBC efficacy in 4T1 metastatic models. Mice were treated with cmLumiOpto (medium dose 10 × 1010 ptc/kg, i.v. injection on 
Days 0 and 7)/Olaparib (50 mg/kg, oral administration) and saline (control). n = 5. A IVIS imaging of BALB/cJ mice carrying metastatic 4T1-FLuc. B H&E 
staining of lung tissues with TNBC metastasis. Scale bar equals 20 μm. C IHC staining of tumors spot treatment using markers of cell proliferation (Ki67), 
apoptosis (CCasp3), activated T/NK (CD45), and macrophage cells (F4/80). Scale bar equals 20 μm
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Whole-slide scanning revealed dense tumor colonies in 
the lung tissue of saline-treated mice (Fig.  6B), whereas 
treatment with cmLumiOpto or cmLumiOpto/PARPi 
led to tumor necrosis, despite the presence of metastatic 
lesions. Microscopic imaging further highlighted remark-
able differences between groups, with widespread tumor 
cell death and necrosis in treated mice, while tumors in 
saline-treated controls remained intact and proliferative 
(Fig. 6B).

IHC staining of tumor tissues (Fig.  6C) demon-
strated significant suppression of prolieration marker 
Ki67 and an increase in apoptosis marker cleaved cas-
pase-3 in treatment groups. Specifically, the precent-
age of Ki67-positive cells were 85%, 45% and 15%, while 
those of CCasp3-positive cells were < 5%, 40% and 40% 
in the saline, cmLumiOpto, and cmLumiOpto/PARPi 
groups, respectively. These data confirmed the ability 
of our therapies to induce cancer cell death and inhibit 
metastatic proliferation. Additionally, tumor-infiltrating 
NK cells (CD45+) were enriched from < 5% in the saline 
group to 35% and 75% in the cmLumiOpto and cmLumi-
Opto/PARPi treatment groups, respectively. Macro-
phage phagocytosis (F4/80+)-positive cells were also 
enhanced from < 5% in the saline group to 45% and 55% 
in the cmLumiOpto and cmLumiOpto/PARPi treatment 
groups, respectively. This histological analysis suggests 
an immune-mediated tumor clearance mechanism. Fur-
thermore, IHC staining of lung tissues harboring meta-
static TNBC was performed with antibodies against CD8 
(T cells), NK1.1 (NK cells) and NKp46 (NK cells). The 
percentages of positive cells were as follows: CD8, 2% 
and 65%; NK1.1, 5% and 75%; and NKp46, 1% and 55% in 
the saline and cmLumiOpto/PARPi groups, respectively 
(Fig. S5A). This data further confirmed immune cell infil-
tration in tumor microenvironment by cmLumiOpto 
treament. These findings indicated that tumor immune 
regulation contributed to the therapeutic effects, which 
needs further investigation through mechanism-of-
action (MOA) studies.

Importantly, no significant changes in body weight 
were observed across groups (Fig. S5A), and H&E stain-
ing of major organs (brain, heart, liver, spleen, kidneys) 
detected no toxicity or tissue damage in treatment groups 
(Fig. S5B), consistent with the safety profile observed in 
primary TNBC models (Fig. S4).

Metastasis inhibition in immunocompromised mod-
els. To further validate the anti-metastatic efficacy of 
cmLumiOpto/PARPi, a similar study was conducted in a 
second mouse model using immunocompromised NSG 
female mice bearing metastatic human TNBC (MDA-
MB-231-FLuc). IVIS imaging revealed that cmLumi-
Opto/PARPi treatment significantly reduced TNBC 
metastases (Fig. S6A). Consistent with the immunocom-
petent model, therapeutic administration did not impact 

mouse body weight (Fig. S6B), and H&E staining of lung 
tissues demonstrated lower metastatic burden three 
weeks post-treatment (Fig. S6C). These data further con-
firmed the efficacy of cmLumiOpto/PARPi in suppress-
ing TNBC metastasis across distinct preclinical models.

Anti-cancer mechanisms
To elucidate the anti-cancer mechanism of action (MOA) 
of combined cmLumiOpto/PARPi, we first investigated 
its impact on TNBC mitochondrial structure and func-
tion. Immunofluorescence staining of TNBC tumors 
with TOM20 (outer mitochondrial membrane marker) 
and cytochrome c antibodies revealed intact mitochon-
drial architecture in untreated controls, with co-localized 
TOM20 and cytochrome c (Fig. 7A, left). In contrast, 
treated samples exhibited >66% of cytochrome c release 
from the mitochondria, indicative of mitochondrial 
injury and collapse (Fig. 7A, right), consistent with our 
previous findings on cmLumiOpto monotherapy [31]. 
Mitochondrial functional impairment was quantified 
using the Seahorse assay in MDA-MB-231 cells treated 
with cmLumiOpto/PARPi for 48 h (70–80% viability; Fig. 
7B). Oxygen consumption rate (OCR) analysis demon-
strated significant reductions in basal respiration (49.4 
to 15.2 pmol/min), maximal respiration (50.4 to 14.0 
pmol/min), and ATP production (38.2 to 13.6 pmol/min). 
These data revealed severe mitochondrial bioenergetic 
disrupption, leading to mitochondria dysfunction and 
irreversable cancer cell death, by the targeted delviered 
cmLumiOpto.

Beyond the immunohistochemical analysis of immune 
function and immune cells infiltration (Fig. 6C), we har-
vested and dissociated the lung tissues harboring TNBC 
(4T1) metastases. The extract was applied to perform a 
multiplex Luminex assay to quantify cytokines secre-
tion within the TME (Fig.  7C). It is observed that the 
cmLumiOpto/PARPi markedly upregulated several key 
cytokines, including IL-1α (2.41-fold; 355 to 1,211 pg/
mL) and CCL2 (2.24-fold; 927 to 3,008 pg/mL). Addi-
tionally, IFN-γ (1.87-fold; 31 to 58 pg/mL) and IL-12 
p70 (1.67-fold; 17 to 29 pg/mL) were elevated, while IL-6 
(7.18-fold; 117 to 843 pg/mL) and IL-4 (10.47-fold; 70 to 
739 pg/mL) exhibited striking increases. In this study, 
the secretion of anti-tumor cytokines IFN-γ and IL-12 
and the dual-role cytokines IL-1α, IL-6 and IL-4 was 
significantly increased by the cmLumiOpto/PARPi com-
bination. The higher level of pro-tumor CCL2 was also 
observed in treatment group, which need further inves-
tigation in future. These data, together with the detected 
immune cells activation and infiltration (Figs.  6C) in 
tumor microenvironment, suggested immunomodula-
tory response, which could benefit anti-tumor efficacy of 
gene therapy-chemotherapy.
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Fig. 7  Investigation of anti-cancer mechanisms. A Immunofluorescence assay of cytochrome C release in 4T1 xenografts. B Seahorse assay to analyze the 
mitochondrial function in MDA-MB-231 post treatment. n = 4. C Luminex assay analysis of tumour tissues with 4T1 metastasis. D RNA-seq demonstrating 
cmLumiOpto downregulated metastasis signaling of Wnt, TGF-β, IL-6 and FGFR. E Upregulation of tumor immunity (T cells) and IL12. F Downregulation 
of DNA damage response and histone lysine methylation
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Bulk RNA-Seq analysis of lung tissues provided further 
insights into TNBC metastasis regulation. Differential 
gene expression (DGE) analysis revealed suppression of 
multiple metastasis-associated pathways by cmLumi-
Opto/PARPi (Fig. 7D). Canonical and non-canonical 
Wnt signaling, key drivers of epithelial-mesenchymal 
transition, invasion, angiogenesis and colonization, were 
inhibited. Downregulation of fibroblast growth factor 
receptor (FGFR) signaling curtailed downstream RAS/
MAPK and PI3K/AKT activation, while reduced trans-
forming growth factor β (TGF-β) expression correlated 
with diminished metastatic potential. The observation 
of metastasis reduction in two mouse models (Figs. 6 
and S6) and the downregulation of these metastatic sig-
naling pathways indicated that targeting cancer mito-
chondria can effectively inhibit, reduce or eliminate the 
metastasis of aggressive cancers. We need to further 
investigate the mechanism and validate this finding by 
using new two-direction research approaches to depolar-
ize and hyperpolarize mitochondria in future study. In 
addition, the Hippo signaling, a tumor suppressor, was 
upregulated by treatment. In the TME, immune activa-
tion was evident through upregulated immune response 
and enhanced αβ T-cell activity and IL-12 production 
(Fig. 7E). These results were consistent with the observed 
immunity upregulation and immune cells infiltration in 
tumor microenvironment (Figs. 6C and 7C). It indicated 
that the immune function caused by CD276 mAb-Exo-
AAC could offer additional therapeutic benefits in tar-
geted cancer treatment. Finally, DNA damage responses, 
methylation, and helicase activity, known to restrict pro-
liferation and metastasis, were significantly reduced (Fig. 
7F). Our previous study [23] showed that cancer mito-
chondria depolarization and mitochondrial inner mem-
brane potential collapse cause persistent DNA damage. 
The FDA approved PARPi can disrupt the repair of DNA 
damage in breast cancers. This RNA-Seq data under-
scored the multifaceted anti-metastatic impact of the 
combination of cmLumiOpto/PARPi.

Efficacy of cmLumiOpto/PARPi in PDX models
To evaluate the therapeutic efficacy of cmLumiOpto/
PARPi in a clinically relevant setting, PDX xenografted 
mouse models were established to preserve the het-
erogeneity and TME of human TNBC. When tumors 
reached ~ 100 mm3, mice received two administrations 
of cmLumiOpto/PARPi (10 × 1010 ptc/kg-BW, 50  mg/
kg-BW), as indicated by arrows (Fig.  8A). By Day 25, 
tumor volume in the treatment group was 50% lower 
than in the saline group (776 vs. 1,551 mm3). Body weight 
profiles showed no significant difference between treat-
ment and control groups (Fig. 8B), and H&E staining of 
major organs (brain, heart, lungs, liver, spleen, kidneys) 
revealed no signs of inflammation or necrosis (Fig. S7). In 

addition, five doses (2 × 1010, 5 × 1010, 10 × 1010, 20 × 1010 
and 50 × 1010 ptc/kg BW) of cmLumiOpto combined 
with 50  mg/kg of Olaparib (PARPi) were administered 
to BALB/cJ mice via tail vein (n = 2), with saline serving 
as the control. Blood samples were collected two weeks 
after treatment for complete blood count analysis (Fig. 
S8), which demonstrated minimal hematological toxic-
ity. Taken together, the cancer mitochondrial-targeted 
cmLumiOpto in combination with PARPi does not cause 
toxicity at the tested doses. Histological analysis of tumor 
tissues demonstrated widespread cell death within the 
TME following cmLumiOpto/PARPi treatment, while 
tumors in the saline group remained intact (Fig.  8C). 
Furthermore, IHC staining revealed that the combined 
gene-chemotherapy induced significant apoptosis and 
proliferation inhibition (Fig.  8D), with CCasp3-positive 
cells at < 5% and > 50% and Ki67 positive cells at 70% and 
< 5%, in saline control and cmLumiOpto/PARPi treat-
ment group, respectively, underscoring its potential to 
effectively suppress heterogeneous TNBC tumors in PDX 
models.

Discussion
Conventional chemotherapeutics for TNBC is hampered 
by low response rates and synthetic lethality, prompting 
the need for more effective strategies. To address this 
challenge, we developed a novel cancer mitochondria-
targeting luminoptogenetics system (cmLumiOpto) that 
induces severe mitochondrial dysfunction, DNA damage 
and subsequent cell death. Leveraging our prior devel-
opment of CD276 mAb for drug delivery to TNBC cells 
[31], we engineered mAb-Exo-AAV construct to deliver 
cmLumiOpto gene specifically to TNBC cells in vivo. 
This strategy selectively targets TNBC cells, depolarizes 
cancer mitochondria, and triggers severe mitochondrial 
dysfunction, culminating in robust tumor cell death and 
collapse of the TME without detectable off-target tox-
icity. We comprehensively evaluated cmLumiOpto as 
a monotherapy and in combination with PARPi across 
four TNBC animal models, demonstrating elimination of 
primary tumors and significant suppression or complete 
inhibition of metastasis when combined with PARPi.

The cmLumiOpto/PARPi combination represents a 
synergistic, translatable therapeutic paradigm with dis-
tinct advantages over traditional TNBC treatments such 
as chemotherapy [1, 2] and gene therapy (e.g., p53 [56, 
57]). First, cmLumiOpto harnesses sustained intracel-
lular bioluminescence from Nanoluciferase to activate 
light-gated mitochondrial rhodopsin channels, directly 
collapsing the DYm and triggering DNA damage. Unlike 
subtype-specific therapies reliant on endogenous sig-
naling, which are often disrupted in TNBC, cmLumi-
Opto directly targets mitochondrial function, reducing 
the likelihood of resistance in heterogeneous tumors. 
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Second, PARPi exploits cmLumiOpto-induced DNA 
repair deficiencies, amplifying cancer cell lethality. This 
dual mechanism integrates direct cell death, apoptosis, 
and autophagy (via cmLumiOpto) with DNA damage 
and metabolic suppression (via mitochondrial depo-
larization and PARPi), effectively targeting metastatic 
TNBC cells. In immunocompetent models, this synergy 

eradicated tumors and activated tumoral immunity, 
partly through CD276 mAb-mediated neutralization of 
immunosuppressive signals [25–27, 58, 59], enhancing T/
NK cell infiltration.

Mitochondria are pivotal regulators of cancer metas-
tasis, modulating ATP production, reactive oxygen spe-
cies and signaling pathways critical for proliferation, 

Fig. 8  Test of anti-TNBC efficacy in PDX models. Mice were treated with cmLumiOpto (medium dose)/PARPi (50 mg/kg) and saline (control). n = 4–5. 
A Tumor volume profiles following treatment as indicated with arrow. *P < 0.001 vs. saline using ANOVA followed by Dunnett’s t-test. B Body weight 
profiles. C H&E staining of tumor tissue post treatment to confirm cell death. D IHC stained tumor tissues with Ki67 (proliferation marker) antibody and 
CCasp3 antibody (apoptosis marker)
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genome stability, and immune evasion [60, 61]. Altera-
tions in mitochondrial genetics and metabolism under-
pin metastatic cascades [62–64], while mitochondrial 
stress responses confer resistance to cytotoxic therapies 
[65–69]. Here, cmLumiOpto-induced mitochondrial col-
lapse repressed metastasis-related signaling, including 
proliferation, vascular invasion, and TME modulation, as 
confirmed by bulk RNA sequencing in distant metastatic 
mouse models, where lung metastasis was inhibited or 
eliminated. This underscores the potential of mitochon-
dria-targeted therapies to manage metastatic TNBC.

AAV is a promising delivery vehicle of therapeutic 
genes [70] due to its advantages, including long-term 
transgene expression, high stability and ability to infect 
a broad range of cell types. Eight AAV-based therapies, 
such as Luxturna, Roctavian and Zolgensma, have been 
approved to date, and approximately 300 clinical trials for 
treating Alzheimer, Parkinson and other diseases are on-
going [71–74]. Despite these achievements, several major 
clinical challenges limit their applications, including pre-
existing immunity from AAV-neutralizing antibodies, 
immunogenicity, and high-dose-induced hepatotoxicity, 
neurotoxicity and cardiotoxicity [75, 76]. In addition to 
AAV, FDA also approved lentivirus vectors for ex vivo 
genetic modification of cells, such as Zynteglo, Skysona 
and Abecma, for treating lymphoma, myeloma and rare 
diseases. The lack of targeted delivery has limited the in 
vivo application especially for cancer treatment. Unlike 
AAV and lentivirus, our mAb-Exo-AAV provides an 
effective targeted delivery vehicle for therapeutic genes, 
enabling gene therapy to treat low-grade, advanced and 
metastatic cancers. Our vehicle comprises a cancer-selec-
tive cfos promoter, TNBC-targeting anti-CD276 mAb 
and the packed AAV carrying the cmLumiOpto genes. 
Compared to free AAV, mAb-Exo-AAV enables targeted 
delivery, high circulation stability, repeated dosing, and 
escape from AAV neutralization [77–80]. CD276, over-
expressed in 67% of patients across subtypes, is an ideal 
target for primary and metastatic TNBC. Our CD276 
mAb not only facilitates delivery but also restores effec-
tor immune functions in the TME by neutralizing inhibi-
tory signaling [31]. Importantly, the CD276 mAb exhibits 
favorable drug delivery parameters and plasma stability. 
TME modulation is characterized by the increased T/
NK cell infiltration and activation [31]. Therefore, the 
mAb-Exo-AAV not only targets cancer but also enhances 
tumoral immunity. Furthermore, the Exo-AAV platform 
supports conjugation with additional mAbs (e.g., target-
ing EGFR [81–85], Trop-2 [12–14, 86, 87], NK-1R [88] 
or MET [89–91]), broadening its applicability to hetero-
geneous TNBCs and potentially other cancers, such as 
non-small cell lung cancer. The established biomanufac-
turing process for mAb-Exo-AAV, utilizing stirred-tank 

bioreactor and liquid chromatography, enables large-
scale production [40, 51].

In summary, this study establishes the proof-of-
concept for a novel combinatorial gene-chemotherapy 
approach using mitochondria-targeted cmLumiOpto in 
concert with PARPi. The integration of direct mitochon-
drial disruption, enhanced DNA damage, and immune 
activation offers a compelling strategy for overcoming 
the challenges posed by heterogeneous and metastatic 
TNBC. Future studies will optimize dosing schedules and 
explore dual-mAb targeting in clinically relevant models 
(e.g., PDX and humanized mice) to enhance the treat-
ment efficacy and translational potential. Comprehensive 
toxicology and biodistribution analyses will further sup-
port preclinical development toward investigational new 
drug (IND) applications and clinical trials.
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