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ABSTRACT

Although photothermal therapy (PTT) is a promising strategy for cancer treatment, the immunosuppressive
tumor microenvironment promotes tumor progression and metastasis, limiting its effectiveness. To enhance
adaptive antitumor immunity and improve post-PTT immunotherapy, genetically engineered bacteria outer
membrane vesicles (OMVs)-modified small-molecule organic dye was constructed to serve as a nano-
photosensitizer for NIR-II fluorescence/photoacoustic imaging-guided photo-immunotherapy. The developed
nanophotosensitizer generated toxic hyperthermia under laser irradiation, promoting tumor antigen release.
Meanwhile, the CD47nb-OMVs repolarized tumor-associated macrophages by blocking CD47-SIRRPa axis,
relieving immunosuppressive tumor microenvironment. In addition, the present theranostic nanoplatform
initiated tumor-resident type I conventional dendritic cells (cDC1s)-mediated antigen cross-presentation cascade,
enhancing the downstream anti-tumor CD8" T cell response. Furthermore, in vivo tests by using triple-negative
breast cancer mouse model demonstrated that the novel NIR-II nanophotosensitizer effectively transformed the
immunologically cold tumor microenvironment into a hot one, significantly improve survival rates, and inhibit
distant metastases.

1. Introduction

downside of PPT is that breast cancers treated with localized PTT might
still develop recurrence or distal metastases due to the predominantly

Triple-Negative Breast Cancer (TNBC) is a lethal female cancer with
high metastasis and recurrence rate [1,2]. Meanwhile, photothermal
therapy (PTT) as an emerging ablation therapy, can selectively destroy
tumors without damaging the surrounding normal tissues, demon-
strating its efficacy in the treatment of localized solid tumors [1]. Be-
sides, PTT generates heat to induce cell apoptosis, resulting in strong
immunogenic cell death (ICD) and antigen release [2,3]. However, the
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immunosuppressive tumor microenvironment (TME) such as inadequate
immune cell infiltration, impaired immune cell function, and accumu-
lation of immunosuppressive molecules [4-6]. In particular, the cold
TME might promote immune evasion and tumor metastasis [7]. There-
fore, immune reactivation is essential to improve the efficacy of anti-
tumor therapy after PTT.

In addition, antigen presentation is a crucial process in the antitumor
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immune response. In particular, antigen cross-presentation by tumor-
resident type I conventional dendritic cells (cDC1s) from major histo-
compatibility complex class I (MHG-I) to CD8™ T cells exhibits the ability
to boost anti-tumor response [8,9]. However, cDCls dysfunction can
lead to immunosuppressive responses for various solid tumors, including
breast cancer [10]. In contrast, activating the antigen presentation
cascade of cDCls is a promising strategy to enhance the antitumor im-
munity of CD8" T cells. In particular, the activation of endogenous CD8™"
T cells is a complex multistep immune cascade, involving intratumor
antigen uptake, activation, and migration to tumor-draining lymph
nodes (TdLNs) [11,12]. During activation, cDC1 maturation is pre-
vented by immunosuppressive molecules in the TME, such as TGF-$ and
IL-10 secreted by M2-phenotype tumor-associated macrophages (TAMs)
[13-15]. Therefore, successfully reversing cDCls dysfunction requires
not only the presence of sufficient tumor-specific antigens but also the
removal of immunosuppressive molecules within the TME.

More importantly, while PTT can induce ICD in tumor cells, its
ability to remodel the TME is limited, making it challenging to activate
tumor-resident ¢DCls. In contrast, bacterial outer membrane vesicles
(OMVs), which function similarly to bacteria, have demonstrated the
potential for targeted tumor treatment. More interestingly, optimized
OMVs prepared by genetically engineered bacteria, hold great promise
for improved efficiency of cancer immunotherapy [16-18]. For
example, functional OMVs-coated nanoplatform loaded with photosen-
sitizers can improve drug delivery efficiency and concurrently remodel
the immunosuppressive environment of solid tumors [19,20].

Furthermore, organic small molecules with near infrared (NIR) ab-
sorption and fluorescence properties are attractive sensitizers for various
phototherapy applications [21,22]. More specifically, the donor-
n-bridge-acceptor (D-n-A) architecture entails the advantage of NIR
absorption, in which strong intramolecular charge transfer character
renders the D-n-A-configured molecule to possess a high extinction co-
efficient, ensuring more effective light interaction. The optical proper-
ties of D-n-A-configured molecule can be feasibly modulated by the
strategic selection of the D, n-bridge and A building blocks. To acquire
optical absorption with wavelength higher than 700 nm, both the
electronic properties of D and A and their aromatic/quinoidal characters
need to be optimized. For example, the D-n-A-type molecule BT3,
incorporating aromatic constituents with a high quinoidal character and
a strong electron-acceptor (dicyanovinylene), demonstrated to have
optical absorption of 802 nm with superior phototherapy efficeincy
[23]. In addition, D-n-A-type molecules incorporating 1,3-indandione
and its dicyanomethylene derivatives as the A moieties, which
generate a pronounced ICT effect, have also been constructed for tumor
phototherapy [24,25]. Typically, the D-n-A-type molecules are designed
to have the D-n blocks linked to the exocyclic C=C bond at C2 position
of the 1,3-indanedione-derived A groups for extending the n-conjugation
[26,27]. In addition to 1,3-indanedione, indenone can also serve as a
good A group. In particular, the derivatization of indenone to dicyano-
methyleneindene (DCMI) which not only can induce strong ICT char-
acter to reduce the optical energy gap for efficient NIR absorption/
emission, but also the increased structure stability of the desired emitter
stemming from the endocyclic C—=C bond linkage between D-r block and
DCM]I, impeding the propensity of possible nucleophilic attack onto the
conjugated backbone. These figures make DCMI an intriguing new A
structure for NIR active molecules.

In this study, a new molecular skeleton incorporating DCMI as a
n-conjugated acceptor was constructed, which was linked to three
different triarylamine donors for tuning the absorption. In particular,
the one embedded with a high quinoidal n-bridge (BThDCMI) was used
for the present work, exhibiting the absorption Apay of 783 nm. To the
best of our knowledge, this is the first study that used D-n-A-configured
molecule with DCMI as A group for the development of NIR-II fluores-
cent organic small molecules for phototheranostics. To enhance the
tumor photoimmunotheranostics, we developed a novel nanoplatform
(OBDIp) for targeted PTT and subsequent cDC1s-mediated antigen cross-
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presentation. For the constructed OBDlp, BThDCMI was firstly loaded
into liposome (BDIp), and then genetically engineered bacteria OMVs
(CD47nb-OMVs) were coated onto BDIlp to produce OBDIp. Guided by
dual-modal fluorescence/photoacoustic imaging, the OBDIlp serves as
the photosensitizer for targeted PTT, further inducing ICD and M1-
phenotype macrophage polarization, activating the robust c¢DCls/
CD8™ T cells anti-tumor immune cascade response, and inhibiting breast
tumor development (Fig. 1). Therefore, the combination of the immune
cascade response and PTT presents a novel strategy for TNBC treatment,

highlighting its significant potential in advancing tumor
immunotherapy.
2. Results

2.1. Preparation and characterization of OBDIp

Here we report a new molecular skeleton incorporating DCMI as a
n-conjugated acceptor, which is linked to three different triarylamine
donors for tuning the absorption (Fig. 2a). The syntheses and charac-
terization of the tailor-made DCMI-based molecules are provided in the
Supporting Information (Fig. S1-9). The absorption and emission
spectra recorded for the construct are depicted in Fig. 2b-d. In particular,
BThDCMI, embedded with a high quinoidal n-bridge exhibiting the ab-
sorption Amax of 783 nm and the emission of 930 nm (Fig. 2d), was
selected for PTT and NIR-II optical imaging.

To enhance the immunotherapeutic function of bacterial outer
membrane vesicles (OMVs), we fused the CD47 nanobody gene and the
outer membrane ClyA coding region using a flexible linker for plasmid
pBAD_CD47nb-ClyA construction (Fig. 2e). The recombinant plasmid
vector was transformed into attenuated E. coli MG1655 to generate
OMVs expressing the CD47 nanoantibody (CD47nb-OMVs). Successful
expression of CD47nb-ClyA protein in engineered bacteria and OMVs
induced by different concentrations of L-arabinose was confirmed by
SDS-PAGE (Fig. 2e) and western blotting (Fig. S10). To test the function
of CD47nb on OMVs, 4T1 breast cancer cells were incubated with OMVs
and CD47nb-OMVs, respectively. The binding rate of FITC-labelled
CD47 antibody was determined by flow cytometry. Gradually
decreased CD47 antibody binding was detected when 4T1 cells were
incubated with CD47nb-OMVs, indicating that CD47nb on the surface of
OMVs can competitively bind to CD47 on 4T1 cells (Fig. 2f). The ability
of CD47nb-OMVs to enhance macrophage phagocytosis was assessed.
4T1-GFP cells were pre-treated with PBS, OMVs or CD47nb-OMVs and
then co-incubated with macrophages while the ratio of GFP™ to F4/80™
cells were detected by using flow cytometry. We discovered that
CD47nb-OMVs treatment group exhibited significantly enhanced
phagocytosis by macrophages as compared to the PBS and OMVs groups.
OMVs alone also enhanced phagocytosis, indicating that CD47nb-OMVs
activated macrophages through combination of CD47 blockade and
bacterial stimulatory adjuvants (Fig. 2g). In addition, CD47nb-OMVs
displayed a significant stimulatory effect on macrophages polarization,
resulting in increased CD80 expression and decreased CD206 expression
(Fig. 2h-i).

Subsequently, we encapsulated BThDCMI into the liposome (BDlp)
using the thin film hydration method to enhance aqueous solubility of
the drug. The mixture of CD47nb-OMVs and BDIlp was repeatedly
extruded by mechanical forces using an extruder, resulting in the
coating of CD47nb-OMVs on BDlp (OBDIp). Transmission electron mi-
croscopy (TEM) images revealed that both BDIp and OBDlp were
spherical-like structures (Fig. 2j). Dynamic light scattering (DLS) anal-
ysis illustrated that the hydrodynamic particle sizes of OMV, BDIp and
OBDIp were ~ 12 nm, ~ 91 nm, and ~ 122 nm, respectively (Fig. 2k).
The zeta potential values of OMVs, BDIp and OBDIp were — 8.58 + 0.65
mV, —3.48 + 0.65 mV, and — 6.28 + 0.76 mV, respectively (Fig. S11).
The surface potential of OBDIp was lower than BDIp, indicating suc-
cessful modification of CD47nb-OMVs. The UV absorption spectra
showed that BDlp and OBDIp entailed characteristic peaks similarly to
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Fig. 1. Schematic of as-prepared OBDIp and the OBDIp-mediated PPT for cDC1s/CD8T cells anti-tumor immune cascade response. Upon being delivered to tumor
sites, OBDIp can induce tumor cells ICD and release DAMPs under laser irradiation. CD47nb facilities the repolarization of M2-phenotype macrophages to M1-
phenotype macrophages, which alleviate the obstruction of immunosuppressive microenvironment to ¢cDC1s maturation. Thus, ¢DC1s are successfully activated
in the remodeled “hot” tumor microenvironment, triggering downstream CD8" T cells anti-tumor immune cascade response against distant invasion and

lung metastases.

that of BThDCMI, with peaks at ~ 783 nm (Fig. 21). Fluorescence spectra
showed that OBDIp had a distinct characteristic peak ~ 930 nm and was
extended to the NIR II window, suggesting that OBDIp has the potential
as a contrast agent for enhanced NIR II optical imaging (Fig. 2m). The
encapsulation rate of OBDlp was 64.9 %, and that of BDIlp was 62.3 %
(Fig. S12). We further investigated the in vitro NIR II fluorescence im-
aging signals of different concentrations of BDIp or OBDIp solutions. The
NIR II fluorescence imaging intensity of BDlp or OBDIlp solutions was
enhanced with increased concentrations from 1 to 80 pg/mL (Fig. 2n). In
addition, OBDlp showed good stability. Under PBS conditions, no

significant fluctuations in particle size or polydispersity index (PDI) of
OBDIp were observed within 5 days (Fig. S13).

2.2. In vitro photothermal therapy

To explore the potential anti-tumor mechanisms, we first evaluated
the 4T1 cellular uptake of BDIp or OBDIp. Flow cytometry showed that
the uptake of OBDIlp was significantly greater than that of BDIp at 4 h
post-treatment (Fig. S14). In addition, encapsulating the small molecule
dye into liposomes may contribute to improved photothermal stability.
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Fig. 2. Preparation and characterization of OBDIp. (a) Structures of PhDCMI, ThDCMI and BThDCMI. Absorption and photoluminescent spectra of (b) PhADCMI, (c)
ThDCMLI, and (d) BThDCML. (e) Plasmid of CD47nb-OMVs and SDS-PAGE of engineered E.coli MG1655 and OMVs. (f) CD47 antibody binding rate of 4T1 cells after
different treatments. (g) In vitro phagocytosis of 4T1 cells by macrophages after different treatments. (h) CD80 expression of macrophages received different
treatments. (i) CD206 expression of macrophages with different treatments. (j) TEM images of BDlp and OBDIp. Scale bar = 100 nm. (k) Size distributions of OMVs,
BDIp and OBDIp. (1) Absorption spectra of BThDCMI, BDlp and OBDIp. (m) Fluorescence spectra of BThDCMI, BDlp and OBDIp. (n) NIR II fluorescence intensities of

BDIp and OBDIp solutions.

We found that the temperature decay of OBDIlp was less than 7 %
through four consecutive laser irradiation cycles. In marked contrast,
free Indocyanine green (ICG) exhibited substantial temperature decay
(~24.27 %) (Fig. 3a). This indicates that OBDIp can be used for PTT with
good photothermal stability. Furthermore, we investigated the tumor
cytotoxicity of OBDIp-mediated PTT. Live/dead staining showed that
OBDIp with laser treatment effectively inhibited 4T1 cell viability.
Treatment with OBDIp or BDIp alone elicited no significant cytotoxicity
(Fig. 3b). Cell counting kit-8 (CCK-8) analysis showed that the viability
of 4T1 cells was reduced to 37.94 + 4.77 % after OBDlp with laser
treatment (Fig. 3c). These results suggest that OBDIp possesses the po-
tential for a novel photosensitizer to effectively kill breast tumor cells via
PTT.

To inspect whether OBDIp-mediated PTT was able to trigger ICD and
further contribute to dendritic cells (DCs) maturation, calreticulin
(CRT), high mobility group protein 1 (HMGB1) and ATP as damage-
associated molecular patterns (DAMPs) indicator were analyzed. We
discovered that OBDIp with laser treatment induced more pronounced
CRT exposure in 4T1 cells (Fig. 3d). ELISA assay showed the intracel-
lular HGMBI1 concentration and intracellular ATP levels in OBDlp with
laser group were significantly lower than those in the control group

(Fig. 3e-f). These findings illustrated that OBDIp-mediated PTT was able
to effectively trigger ICD and enhance immunogenicity in 4T1 cells.
Subsequently, we inspected whether PTT-induced ICD could promote
DCs maturation. Following co-incubation of OBDIp with laser-treated
tumor cell culture medium, the proportion of CD80"CD86" DCs were
analyzed by flow cytometry. In comparison with other treatment groups,
OBDIp with laser-treated group exhibited a significantly elevated level
of DCs maturation (Fig. 3g, j), correlated with enhanced TNF-ua secretion
and suppressed IL-10 production (Fig. 3h, i).

2.3. In vivo NIR II fluorescence/photoacoustic tumor imaging

The incorporation of OMVs intends to enhance the hypoxic-targeting
ability of nanoparticles. To assess the tumor targeting efficacy of OBDIp,
OBDIp or BDlp were administered intravenously to 4T1 tumor-bearing
mice, and in vivo fluorescence imaging was performed at the indicated
time points. OBDIp exhibited higher accumulation at the tumor area at
48 h post-injection compared to that of BDIp (Fig. 4a, e). Tumors and
organs were collected at 48 h post-injection for ex vivo imaging. Mouse
tumors of the OBDIp group showed significantly greater signals than the
BDIp group, suggesting that the modification of OMVs significantly
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Fig. 3. Invitro photothermal therapy and DCs maturation. (a) Temperature change of OBDIp or free ICG solution irradiated with laser (808 nm, 1 W/cm?). (b) Live/
dead staining of 4T1 cells received with different treatment. Scale bar = 25 pum. (c) Cell viability of 4T1 cells treated with PBS, BThDCMI, BDIp or OBDIp with or
without laser irradiation. (d) Immunofluorescence staining against CRT on 4T1 cells received different treatments. Scale bar = 25 pm. () HMGB1 level of 4T1 cells.
(f) ATP level of 4T1 cells. (g) Maturation of DCs stimulated with medium derived from tumor cells received different treatments. (h) TNF-« level of DCs. (i) IL-10 level

of DCs. (j) Flow cytometry blot of CD80*CD86" DCs.

enhanced the tumors targeting of the nanophotosensitizer (Fig. 4b, f).
Regarding the tumor targeting ability of OBDIp, it may be due to the
modification of OMVs, which confers hypoxic targeting capability to the
nanoparticles and enables tumor cells in hypoxic regions of tumors to
actively uptake and retain the nanoparticles. Optical imaging in the NIR
II windows entails a deeper imaging depth and greater signal-to-noise
ratio compared to normal optical imaging. We further evaluated the
ability of OBDIp to enhance in vivo fluorescence imaging in the NIR II
windows. Fluorescence imaging (excitation: 808 nm, emission: 1075
nm) of tumor-bearing mice also showed that OBDlp accumulated in
tumor tissues within 48 h, exhibiting significantly strong fluorescence
signals (Fig. 4c, g). Fluorescence imaging in NIR-II can be used to precise
monitor the photosensitizer distribution in the tumor tissue. Ex vivo
imaging revealed that OBDIlp accumulated more in the tumor tissue than
BDIp (Fig. 4d). In particular, accumulation of OBDIp in the liver was
significantly reduced compared with that of BDIp, indicating that OBDIp
may ease the adverse effects caused by excessive accumulation of pho-
tosensitizers in organs (Fig. 4h).

Owing to its exceptional photothermal conversion efficiency, OBDIp
demonstrates a significant potential for enhancing NIR-II photoacoustic
imaging. In vivo photoacoustic imaging showed that the morphology and
density of tumor microvessels were more clearly observable after OBDIp
injection (Fig. 4i). Quantitative analysis further indicated that OBDIp
group maintained significantly higher tumor signal intensity compared
to the BDIp group at the 48 h post-injection (Fig. 4j). These observations
suggested the feasibility of OBDIp to serve as a NIR-II fluorescence im-
aging/photoacoustic imaging contrast agent for tumor targeting
imaging.

2.4. In vivo anti-tumor therapy

Encouraged by the in vitro tumor cells treatment results, we explored
the therapeutic effect of OBDlp combined with laser in 4T1 tumor-
bearing mice. 4T1 cells were transplanted subcutaneously in Balb/c
mice to establish the breast tumor-bearing mouse model. Once the
tumor volume reached approximately 100 mm®, the mice were
randomly divided into the following six groups for treatment: Control
group and Laser group received PBS intravenously injection; BDIp group
and BDIlp+Laser group received BDlp intravenously injection; OBDlp
group and OBDIp+Laser group received OBDIp intravenously injection.
Two days later, the mice tumors of the Laser, BDlp+Laser and
OBDIp-+Laser groups were irradiated with 808 nm laser (Fig. 5a). The
change in local tumor temperature with laser irradiation was detected
by infrared thermometer. We discovered that OBDIlp with laser irritation
(808 nm, 1 W/cm?, 10 min) significantly elevated the temperature of
tumor site as compared to the other treatment groups (Fig. S15). No
tumor growth inhibition was found in the Laser group. Tumor growth
treated with BDlp alone and OBDIp alone was also not significantly
inhibited. In contrast, 4T1 tumor-bearing mice treated with BDIp with
laser showed a slight tumor suppression effect, and the combination of
OBDIp with laser treatment significantly improved the antitumor effect
(Fig. 5b). On day 15 after treatment, the tumor weight of mice treated
with OBDIp combined with laser therapy was 0.54 &+ 0.15 g, and the
tumor inhibition rate was 65.87 % compared to the Control group
(Fig. 5c-e). Furthermore, OBDIp combined with laser led to a substantial
prolongation of survival in 4T1 tumor-bearing mice (Fig. 5f). Moreover,
the body weight of mice treated with OBDIp combined with laser did not
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Fig. 4. Invivo NIR-II fluorescence/photoacoustic tumor imaging. (a) In vivo fluorescence imaging of tumor-bearing mice. Scale bar = 10 mm. (b) Ex vivo fluorescence
imaging of organs and tumors. (c) NIR-II fluorescence imaging of tumor-bearing mice. Scale bar = 10 mm. (d) Ex vivo NIR-II fluorescence imaging of organs and
tumors. (e) Quantitative analysis of fluorescence signal intensities of tumor-bearing mice. (f) Quantitative analysis of fluorescence signal intensity of ex vivo organs
and tumors. (g) Quantitative analysis of NIR-II fluorescence signal intensities of tumor-bearing mice. (h) Quantitative analysis of NIR-II fluorescence signal intensity
of ex vivo organs and tumors. (i) In vivo NIR-II photoacoustic imaging of tumor-bearing mice. (j) Quantitative analysis of photoacoustic imaging signal intensities of

tumor-bearing mice.

change significantly during the treatment process (Fig. 5g). TUNEL
staining further confirmed that OBDlp with laser treatment induced
maximal 4T1 cell apoptosis, demonstrating the therapeutic effect of
OBDIp combined laser with treatment for triple-negative breast tumors
(Fig. 5h).

2.5. OBDlp-mediated PTT induced activation of ¢cDC1s

We further investigated the therapeutic mechanism of OBDIp-

mediated PTT to explore whether it achieved an effective anti-tumor
immune response by enhancing the activation of tumor-resident
cDCls. We also established the 4T1 tumor-bearing mice model and
adopted the previous experimental protocol. On day 7 after treatment,
tumors, tumor-draining lymph nodes (TdLNs) and spleens were
collected from each group of mice for immunological analysis.

First, we analyzed the polarization of macrophages within tumor
tissues (Fig. S16). Flow cytometry revealed that OBDIlp combined with
laser treatment significantly increased the proportion of M1 phenotype
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Fig. 5. Invivo anti-tumor therapy. (a) Schematic of the treatment procedure in 4T1 tumor-bearing mice. (b) Tumor volume change in treated mice. (c) Tumor weight
of each group. (d) Photograph of harvested mice tumors. (e) Tumor volume changes in each group. (f) Survival time of treated mice. (g) Changes in body weight of
mice during treatment. (h) TUNEL staining of tumors in different groups of mice. Scale Bar = 100 pm.

macrophages (CD80"F4/80"CD11b™) in tumor tissues, resulting in a
significantly greater M1/M2 macrophage ratio compared with other
groups (Fig. 6a-b, Fig. S17a and Fig. S18a-c). Notably, OBDIp with laser
treatment also promoted the polarization of the M1 phenotype of mac-
rophages in spleen (Fig. 6a, c, Fig. S17b, Fig. S18d-e), which may be
attributed to the blocking effect of CD47-SIRP« axis.

Repolarization of TAMs and PTT remodels the immunosuppressed
tumor microenvironment and contributes to the activation of tumor-
resident cDCls. Subsequently, by analyzing the levels of cDCls in
tumor tissues, we observed that OBDIp combined with laser treatment
significantly increased the proportion of cDCls
(CD1037CD11b~CD11c™) (Fig. 6d, Fig. S19). The proportion of cDCls
increased from 4.81 % to 38.7 % in the laser combined OBDIp treatment
group, as compared with the Control group (Fig. 6e). OBDIlp with laser
treatment also significantly increased the proportion of total DCs
(MHCII*CD11c*CD45") within the tumor (Fig. S20a-b). The intra-
tumoral cDC1s/cDC2s ratio was also significantly elevated after treat-
ment (Fig. 6g). In particular, CD86 expression in the population of
cDC1s was significantly increased after OBDIp with laser treatment, with
CD86 levels nearly 2.0-fold higher than those in the Control group
(Fig. 6h). These results suggested that OBDIlp combined with laser
treatment can induce the proliferation and maturation of tumor-resident
cDCls.

Tumor-resident c¢DCls, stimulated by tumor-associated antigens,
migrate to TALNs to activate cytotoxicity CD8" T cells. Analysis of cDC1s
in TdLNs showed that OBDlp combined with laser treatment also
significantly increased the proportion of total DCs and ¢DC1s in TdLNs
(Fig. 6d, Fig. S20c-e). The proportion of cDC1s in TdLNs after treatment
with OBDIlp combined with laser was 1.89-fold higher than that in the
Control group, indicating that our treatment promoted the migration of
tumor-resident cDC1s to TdLNs (Fig. 6f). Consistently, CD86 expression

of ¢cDC1s within TdLNs was significantly increased after OBDlp with
laser treatment (Fig. 6i).

Collectively, these findings suggested that OBDlp combined with
laser treatment enhanced the infiltration, maturation and migration of
tumor-resident ¢DCls via promoting ICD and M1 phenotype macro-
phage repolarization, thereby establishing the foundation for anti-tumor
immunotherapy.

2.6. OBDIp-mediated PTT improved CD8" T cell immune response

Mature cDC1s bind to the T cell antigen receptor (TCR) on T cells via
the antigenic peptide-MHC complex to activate cytotoxic CD8" T cells
for enhanced anti-tumor immune response. Therefore, we further
analyzed the T cells in TdLNs. As shown in Fig. 7a and Fig. S21, OBDIp
combined with laser treatment resulted in a significant increase in the
proportion of CD8" T cells within TdLNs. However, the proportion of
CD4" T cells in TALNs did not show significant changes. The proportion
of proliferative CD8" T cells (Ki67"CD8"CD3%) in TdLNs of mice treated
with OBDIp combined laser was significantly increased, while the pro-
portion of depleted CD8" T cells (Tim3"CD81CD3™") was significantly
decreased (Fig. 7b). In addition, the proportion of functional CD8" T
cells (TNF-a"CD8'CD3") and functional CD4" T cells (TNEF-
«a"CD4"CD3™) after OBDIp combined with laser treatment was 2.5-fold
and 3.24-fold higher than that of the Control group (Fig. 7c-e), sug-
gesting that improved ¢cDC1s may contribute to the activation of CD8" T
cells. Notably, the proportion of regulatory T (Treg) cells in the TdLNs of
the OBDIp with laser group was significantly decreased compared with
the other groups (Fig. S22a, c).

We then evaluated the tumor infiltrating T cells, which is crucial for
anti-tumor immune response. Flow cytometry analysis of tumor tissue
samples showed that the proportion of CD4" T cells and CD8+ T cells
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Fig. 6. OBDIlp-mediated PTT improved M1 phenotype macrophages polarization and cDC1s maturation. (a) Flow cytometry plots of M1 phenotype macrophages in
tumor and spleen. (b) Quantitative analysis of M1 phenotype macrophages in tumor. (c) Quantitative analysis of M1 phenotype macrophages in spleen. (d) Flow
cytometry plots of ¢cDC1s, cDC2s in tumors and TdLNs. (e) Quantitative analysis of cDC1s in tumors. (f) Quantitative analysis of cDC1s in TdLNs. (g) Quantitative
analysis of the ratio of cDC1s/cDC2 in tumor. (h) Flow cytometry plots and quantitative analysis of CD86 in ¢DCls in tumors. (i) Flow cytometry plots and

quantitative analysis of CD86 in ¢DC1s in TdLNs.

within the tumor tissue was significantly higher in the OBDIp with laser
treatment group (Fig. S23a). In particular, compared to the Control
group, OBDIp with laser treatment significantly increased the propor-
tion of proliferative CD8" T cells and functional CD8" T cells within
tumors (Fig. 7d, f and Fig. S23b). After OBDlp combined with laser
treatment, the proportion of depleted CD8™ T cells and Treg cells in the
tumor was significantly reduced, suggesting that T cell dysfunction was
alleviated within the remodeled tumor immune microenvironment,
which may be beneficial for PD-1/PD-L1 immune checkpoint inhibitor
therapy (Fig. S22a-b, Fig. $23b). Immunofluorescence staining showed a
significant increase in CD8" T cell and CD4" T cell intratumoral infil-
tration after OBDIp with laser treatment (Fig. 7g). These results indicate
that OBDIlp combined with laser treatment effectively activated tumor-
infiltrating cytotoxic CD8" T cells.

The levels of pro-inflammatory cytokines IFN-y, TNF-a, and IL-6 in
the tumors of mice treated with OBDlp combined with laser treatment
were significantly higher than those of the Control group (Fig. 7i-k). In
addition, anti-inflammatory cytokine TGF-f was significantly reduced
after treatment (Fig. 71). Notably, a similar phenomenon was also
observed in the peripheral blood, further indicating that adaptive

immunity against the tumor was activated (Fig. S24).

Taken together, these results suggested that OBDlp combined with
laser treatment enhanced anti-tumor immunotherapy by activating
cDCls-mediated antigen cross-presentation cascade through the
following steps:(i) The CD47 nanobody carried by OBDIp induced po-
larization of M1 phenotype macrophages and remodels the immuno-
suppressive TME; (ii) OBDIlp-mediated PTT enhanced tumor -cell
immunogenicity by triggering TAA release; (iii) ICD-released TAA and
M1 phenotype macrophages synergistically activated cDC1s; (iv) Mature
c¢DC1s and “hot” TEM further activated tumor infiltrating cytotoxic
CD8+ T cells for antitumor immunity.

2.7. Inhibition of distant tumor invasion and lung metastasis

Since OBDIlp combined with laser treatment effectively activates
anti-tumor immunity, we next determined whether the immune
response induced by this treatment strategy could inhibit distal tumor
growth. A bilateral subcutaneous tumor-bearing mouse model was used
to evaluate the therapeutic effect of OBDIp combined with laser treat-
ment on distant tumors (Fig. 8a). Laser, BDlp, OBDIlp and BDIp with laser



Y. Chen et al.

Chemical Engineering Journal 520 (2025) 166083

Fig. 7. OBDIp-mediated PTT induced proliferation and activation of T cells. (a) Quantitative analysis of CD4" T cells and CD8" T cells in TdLNs. (b) Quantitative
analysis of proliferative CD8" T cells and exhausted CD8™ T cells in TdLNs. (c) Quantitative analysis of functional CD4" T cells in TdLNs. (d) Flow cytometry plots of
functional CD8" T cells in tumors and TdLNs. (e) Quantitative analysis of functional CD8" T cells in TdLNs. (f) Quantitative analysis of functional CD8" T cells in
tumors. (g) CD4"/CD8" immunofluorescence staining in tumors. Scale bar = 40 pm. (h) Quantitative analysis of cD8' T cell/Treg ratio in tumors. (i) TNF-« levels in
tumors. (j) IFN-y levels in tumors. (k) IL-6 levels in tumors. (1) TGF-f levels in tumors.

treatments had limited effects on distant tumors. In contrast, OBDlp with
laser treatment significantly inhibited distant tumor growth (Fig. 8b-d).
At day 15 after treatment, both primary and distant tumor weights in the
OBDIp with laser-treated group were significantly lower than those in
the other groups (Fig. 8e). Due to the inhibition of distant tumor, the
survival time of mice in the OBDIp with laser-treated group was signif-
icantly prolonged than BDIlp with laser-treated group (Fig. 8f). Notably,
we found that OBDIp with laser treatment significantly increased DCs
maturation and M1 phenotype macrophage polarization within the
distant tumor, as evidenced by a rise in the proportion of CD80"CD86™"
DCs and an increase in the proportion of F4/80"CD80" macrophages
(Fig. 8g-h, Fig. S25). Meanwhile, the activation of antigen-presenting

cells led to a significant increase in CD8" T cell levels within the
distant tumor, accompanied by enhanced proliferation and functionality
of CD8™ T cells (Fig. 8i and Fig. $26).

Next, we evaluated whether OBDIp with laser treatment could
effectively inhibit the lung metastasis of breast tumor. As revealed by
H&E staining of lung sections, the number of lung metastases and lung
weight in the OBDIp with laser-treated group were significantly lower
than those in the Control and OBDIp-treated groups (Fig. 8 1-m). These
findings indicated that OBDlp, in combination with laser treatment,
induced a systemic immune response by activating antigen-presenting
cells in the spleens and TdLNs. In addition, the remodeling of the
“hot” tumor microenvironment also prevented the migration and
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Fig. 8. Treatment of OBDIp-mediated PTT for distant tumor invasion and lung metastasis. (a) Schematic diagram of the treatment procedure in mice with bilateral
tumors. (b) Primary tumor volume change in treated mice. (c) Distant tumor volume change in treated mice. (d) Primary tumor and distant tumor volume changes in
each group. (e) Primary tumor and distant tumor weights. (f) Survival time of treated mice. (g) Flow cytometry plots and quantitative analysis of DCs in distant
tumors. (h) Quantitative analysis of mature DCs, M1 phenotype macrophages, M2 phenotype macrophages in distant tumors. (i) Flow cytometry plots and quan-
titative analysis of CD8" T cells in distant tumors. (1) H&E staining sections of mice lungs from different groups. Scale bar = 2.5 mm. (m) Quantitative analysis of lung

metastasis and lung weight of each group.

metastasis of tumor cells.

2.8. Evaluation of the role of cDC1s and CD8" T cells for distant tumors
inhibition

The immunological analyses described above revealed that the anti-
tumor immune response triggered by OBDIp combined with laser
treatment was mainly dependent on cDC1s and CD8" T cells. Therefore,
we performed the rescue experiments to evaluate the role of cDC1s and
CD8+ T cells in immunotherapy against distant tumors (Fig. 9a).
Migration of cDC1s was blocked by injection of anti-MHC-I antibody.
CD8" T cells were also depleted by the corresponding antibody. In
addition, OBDIp combined with laser treatment improved the tumor
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infiltrating CD8™ T cell dysfunction, which might be beneficial for anti-
PD-L1 antibody treatment. Therefore, the therapeutic efficiency of
combination of anti-PD-L1 antibody and OBDIlp with laser treatment was
also tested. As shown in Fig.9a, bilateral tumor-bearing mice were
randomly divided into six groups. Specifically, Control group received
PBS injection. The other groups received combined OBDIp and laser
treatment, along with injections of control antibody isotype IgG, anti-
CD8 antibody, anti-MHC-I antibody and anti- PD-L1 antibody,
respectively.

The results of tumor growth in mice showed that blockade of MHC-I
or depletion of CD8™" T cells significantly interfered with the antitumor
effect of OBDIp combined with laser treatment. This suggested impor-
tant contributions of cDC1s and CD8" T cells in the efficacy entailed by
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Fig. 9. Evaluation of the role of cDC1s and CD8" T cells for distant tumors inhibition. (a) Schematic of the treatment procedure of in vivo experiment. (b) Distant
tumor volume change in treated mice. (c¢) Survival time of treated mice. (d) Distant tumor weight f treated mice. (e) Photographs of collected distant tumors. Scale

bar = 1 cm. (f) Distant tumor volume changes of each group.

OBDIlp combined with laser treatment. Notably, OBDlp with laser
combined with anti-PD-L1 antibody treatment significantly inhibited
the growth of distant tumors, and the tumor inhibition efficacy even
exceeded that of the OBDIlp with laser group (Fig. 9d-f). At 50 days after
tumor inoculation, the survival rates of tumor-bearing mice treated
OBDIp with laser combined with anti-PD-L1 antibody were above 60 %
(Fig. 9¢) indicating that co-administration of anti-PD-L1 antibody
significantly improved the therapeutic efficacy of OBDlp combined with
laser treatment. Furthermore, OBDlp combined with laser treatment did
not cause significant changes in liver and kidney function indicators in
mice and organs histopathology, demonstrating the biological safety of
OBDIp (Fig. $27).

3. Conclusions

In conclusion, the preparation of OBDIp by introducing a tailor-made
NIR active small molecule BThDCMI into genetically engineered OMVs
provided a novel nanophotosensitizer that mediated tumor-targeted PTT
via NIR-II FL/PA imaging for cDCls-mediated antitumor immune
cascade response. OBDIlp combined with laser induced DAMPs release
and improved tumor immunogenicity. Meanwhile, CD47 nanobody
carried on the nanophotosensitizers induced M1 phenotype macrophage
polarization by blocking the CD47-SIRPa signaling axis, remodeling the
immunosuppressive TME. Furthermore, activated cDC1s induced pro-
liferation and functionalization of endogenous CD8" T cells, laying a
foundation for effective anti-tumor immunotherapy. Overall, NIR-II
imaging-guided photo-immunotherapy effectively inhibited the
growth and metastasis of triple-negative breast cancer via enhancing the
activation of ¢DCls.

4. Methods
4.1. Synthesis of small molecule organic dyes
Here we report a new molecular skeleton incorporating dicyano-

methyleneindene (DCMI) as a n-conjugated acceptor, which is linked to
three different triarylamine donors for tuning the absorption. The
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detailed synthetic route was shown in Supplementary Fig. 1. Among
them, BThDCMI embedded with a high quinoidal n-bridge exhibited the
absorption Amax of 783 nm, which was selected for the phototherapy
application. The reaction between the compound la and phosphoryl
chloride in N, N-dimethylaniline yielded chlorobenzofulvene. Com-
pound 2 was treated with [4-[bis-(4- methylphenyl)amino]phenyl]
boronic acid (4) by using Suzuki-Miyaura coupling to give PhDCMI.
Compound 2 was used to undergo Stille coupling with compound 8 and
10 to give ThDCMI and BThDCMI respectively. Compounds 2, 4, 8, and
10 were prepared according to reported procedures [23,28-30]. The
NMR spectrum of PhDCMI, ThDCMI and BThDCMI was shown in Sup-
plementary Fig. 2-9.

4.2. Synthesis of bacterial OMV expressing CD47nb

To produce CD47nb-OMV, a DNA fragment encoding a fusion pro-
tein of ClyA (bacterial outer membrane surface protein) and CD47nb
(CD47nb-ClyA) was inserted into the expression plasmid pBAD. The
DNA fragment encoding the CD47nb-ClyA fusion protein was synthe-
sized by BGI Company and cloned into the pBAD plasmid using the one-
step Gibson assembly method. The plasmid was then transformed into
E. coli MG1655. The engineered bacteria were cultured in LB medium
supplemented with chloramphenicol (25 pg/mL) in a shaker for 200 rpm
at 37 °C. When the ODggg reached approximately 0.5, CD47nb-ClyA
protein expression was induced by the addition of 0.05 % arabinose at
37 °C for 16 h. The bacterial suspension was then collected, the bacteria
were removed by centrifugation through a 0.45 pm filter membrane, and
OMV-CD47nb was collected by ultracentrifugation.

The capacity of CD47nb-OMV to enhance macrophage phagocytosis
was assessed. RAW 264.7 macrophages were inoculated into 96-well
plates with 5 x 10* cells per well. The 4T1-GFP cells were pre-treated
with PBS, OMV or CD47nb-OMV for 2 h. Pre-treated 4T1 cells were
co-incubated with macrophages in a 2:1 ratio at 37 °C for 4 h. After
washing with PBS, flow cytometry was performed to investigate the
ratio of GFP™" cells to F4/80™ cells to assess phagocytosis of tumor cells
by macrophages.
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4.3. Preparation and characterization of OBDIp

DPPC, DSPC, DOPC and cholesterol were dissolved in chloroform at a
molar ratio of 5:3:1:1. BThDCMI (2 mg/mL) dissolved in tetrahydro-
furan (THF) was added. The solution was blown into a lipid film using
nitrogen gas and dried thoroughly under vacuum. After dissolving the
lipid film in PBS and adding CD47nb-OMV membrane protein, the so-
lution was squeezed in extruder with pore size of 100 nm to prepare
OBDIp. Free BThDCMI was removed by dialysis.

4.4. Tumor cells uptake

4T1 cells were incubated overnight in 24-well plates with 5 x 10*
cells per well. Fresh medium with BDlp or OBDIlp was replaced to co-
incubate with 4T1 cells for different times. Cell uptake of nano-
particles was observed by fluorescence microscopy with flow cytometry.

4.5. In vitro cytotoxicity assay

OBDIp or indocyanine green (ICG) solution (50 pg/ml) was added to
96-well plates. Temperature changes of the solution under 808 nm laser
irradiation (1 W/cm?) were observed by an infrared thermography
camera. 4T1 cells were planted in 96-well plates with 10,000 cells per
well. After 24 h, the medium was replaced with fresh medium con-
taining BThDCMI, BDIp, or OBDIp respectively. The cells were exposed
to 808 nm laser irradiation (1 W/cmz, 10 min). Cell viability was then
determined by a CCK8 assay and live/dead cell staining.

4.6. In vitro macrophage polarization

4T1 cells were planted in 24-well plates and cultured overnight at
37 °C. Following above different treatment, 4T1 cells were fixed by 4 %
paraformaldehyde. The cells were treated with a blocking solution for
30 min and then stained by DAPI for 5 min. The cells were washed with
PBS and incubated with anti-CRT antibody for 2 h. The FITC-labelled
secondary antibody was added to the cell wells. Fluorescence micro-
scopy was used to observe the CRT exposure in 4T1 cells.

4.7. Invivo NIR II fluorescence imaging and photoacoustic imaging of
OBDIp

Female Balb/c mice were employed to establish subcutaneous
tumor-bearing mice models. 4T1 cells (1 x 10° cells each mouse) were
injected subcutaneously into the back of mice. Once the mouse tumors
grown to approximately 200 mm?, OBDIp or BDIp (5 mg/kg) was
intravenously injected into the tumor-bearing mice (n = 3). In vivo NIR II
fluorescence/photoacoustic imaging was conducted at different time
points. The mice were euthanized 48 h after injection, and the organs
and tumors were collected for ex vivo imaging. BDlp and OBDIp were
injected intravenously to tumor-bearing mice, and NIR II fluorescence
imaging (excitation: 808 nm, emission: 1075 nm) was performed at
different time points. The imaging signals were quantitatively analyzed
with IVIS and Image J software.

4.8. Immune cells detection

Tumor-bearing mice were randomly divided into six groups (n = 4),
including the Control group, Laser group, BDlp group, OBDlp group,
BDIlp+laser group and OBDIp+laser group. Seven days after receiving
the different treatments, the mice were euthanized and the tumors,
spleens and tumor-draining lymph nodes (TdLNs) were collected. Tis-
sues were minced and processed by collagenase digestion to obtain
single cell suspensions. The single-cell suspensions were incubated with
fluorescently labelled antibodies at 4 °C for 30 min. Then Flow cytom-
etry was used to analysize various subtypes of DCs, Macrophages and T
cells.
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4.9. Cytokine detection

On the seventh day after the administration of the various treat-
ments, the tumor-bearing mice were euthanized and their peripheral
blood and tumors were collected. The levels of various cytokines in the
peripheral blood and tumor tissues were then analyzed according to the
instructions of cytokine ELISA Kkits.

4.10. Inhibition of distant invasion and lung metastasis of breast tumor

4T1 cells (1 x 10° cells per mouse) were injected subcutaneously into
the right dorsal of Balb/c mice to establish primary tumors. 3 days later,
4T1 cells (1 x 10° cells per mouse) were injected subcutaneously into
the other dorsal of the mice to establish distant tumor-bearing mouse
model. The mice were treated when their primary tumor volume
reached approximately 100 mm?. Tumor-bearing mice were divided
into 6 groups (n = 5): (i) control group, (ii) laser group, (iii) BDlp group,
(iv) OBDIp group, (v) BDIlp+laser group, and (vi) OBDlp+laser group.
BDIp or OBDIp (5 mg/kg) was intravenously injected, and 48 h later, the
mice tumors were exposed to laser irradiation (808 nm, 1 W/em?, 10
min). Mice were continuously monitored for bilateral tumor volume and
body weight changes after treatment. Mice were sacrificed on day 15
after treatment and bilateral tumors were harvested to measure tumor
weight. Mouse lungs were collected to calculate the number of lung
metastases.

4.11. Evaluation of the effect of CD8 and MHC-I blockade on distant
tumors

4T1 cells (1 x 10° cells per mouse) were injected subcutaneously into
the right dorsal of Balb/c mice to establish primary tumors. Two days
later, 4T1 cells (1 x 10° cells per mouse) were injected subcutaneously
into the other dorsal of the mice to establish a distant tumor-bearing
mouse model. The mice were treated when their primary tumor vol-
ume reached approximately 100 mm?® Tumor-bearing mice were
divided into 5 groups (n = 5): (i) Control group, (ii) OBDlp+laser, (iii)
OBDIlp-+laser+Isotype, (iv) OBDIp-+laser+anti-MHC-I, (v) OBDIp+la-
ser+anti-CD8 and (vi) OBDlp+laser+aPD-L1. The OBDIp (5 mg/kg) was
intravenously injected, and 48 h later, the mice primary tumors were
exposed to laser irradiation (808 nm, 1 W/cmz, 10 min). Anti-CD8
antibody, anti-MHC-I antibody, isotype antibody and aPD-L1 were
injected intraperitoneally at day 3, 5 and 7. Mice were continuously
monitored for distant tumor volume and body weight changes after
treatment. Mice were sacrificed on day 15 after treatment and distant
tumors were harvested to measure tumor weight. Mouse lungs were
collected to calculate the number of lung metastases.
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