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Background: The inadequate perfusion, frequently resulting from abnormal vascular configuration, gives rise to tumor hypoxia. The
presence of this condition hinders the effective delivery of therapeutic drugs and the infiltration of immune cells into the tumor,
thereby compromising the efficacy of treatments against tumors. The objective of this study is to exploit the thermal effect of
ultrasound (US) in order to induce localized temperature elevation within the tumor, thereby facilitating vasodilation, augmenting drug
delivery, and enhancing immune cell infiltration.

Methods: The selection of US parameters was based on intratumor temperature elevation and their impact on cell viability.
Vasodilation and hypoxia improvement were investigated using enzyme-linked immunosorbent assay (ELISA) and immunofluores-
cence examination. The distribution and accumulation of commercial pegylated liposomal doxorubicin (PLD) and PD-L1 antibody
(anti-PD-L1) in the tumor were analyzed through frozen section analysis, ELISA, and in vivo fluorescence imaging. The evaluation of
tumor immune microenvironment was conducted using flow cytometry (FCM). The efficacy of US-enhanced chemotherapy in
combination with immunotherapy was investigated by monitoring tumor growth and survival rate after various treatments.

Results: The US irradiation condition of 0.8 W/cm? for 10 min effectively elevated the tumor temperature to approximately 40 °C
without causing any cellular or tissue damage, and sufficiently induced vasodilation, thereby enhancing the distribution and delivery of
PLD and anti-PD-L1 in US-treated tumors. Moreover, it effectively mitigated tumor hypoxia while significantly increasing M1-
phenotype tumor-associated macrophages (TAMs) and CD8+ T cells, as well as decreasing M2-phenotype TAMs. By incorporating US
irradiation, the therapeutic efficacy of PLD and anti-PD-L1 was substantially boosted, leading to effective suppression of tumor growth
and prolonged survival in mice.

Conclusion: The application of US (0.8 W/ecm? for 10 min) can effectively induce vasodilation and enhance the delivery of PLD and
anti-PD-L1 into tumors, thereby reshaping the immunosuppressive tumor microenvironment and optimizing therapeutic outcomes.
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Introduction

The concurrent utilization of chemotherapy and immunotherapy represents a prevailing approach in the field of cancer
treatment.' Optimizing the concentration of chemotherapeutic drugs in tumor tissues is crucial for enhancing their
therapeutic efficacy. Tumor immunotherapy, particularly immune checkpoint blockade, reshapes the tumor microenvir-
onment and strengthens the body’s anti-tumor immune response, thereby contributing to more effective tumor
eradication.®* Specifically, immune checkpoint blockade, such as the inhibition of programmed cell death protein 1

(PD-1)/programmed cell death ligand 1 (PD-L1) interaction, has exhibited remarkable efficacy in the treatment of diverse
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malignancies.”” However, the therapeutic efficacy of these treatments is often hindered by limited accumulation of PD-
L1 antibody (anti-PD-L1) and inadequate infiltration of T cells, particularly CD8" T cells, within the tumor
microenvironment.®’ The significance of optimizing the intratumoral concentration of therapeutic drugs, including anti-
PD-L1 and pegylated liposomal doxorubicin (PLD), as well as augmenting CDS8" T cell infiltration, cannot be overstated
in order to maximize the effectiveness of treatment.

The limited presence of drugs and immune cells in tumors during their progression is partially attributed to the
tumor’s aberrant vascular system within the tumor.'® The blood vessels in tumors, unlike their normal counterparts,
frequently exhibit disorganization characterized by irregular branching patterns and varying thicknesses. The disorga-
nized structure gives rise to physiological challenges, such as compromised perfusion and uneven blood flow distribution,
which hinder the diffusion of antitumor drugs and impede the infiltration of CD8" T cells.'""'* Additionally, the aberrant
vascular system results in a hypoxic tumor microenvironment, thereby promoting resistance to chemotherapy and
exacerbating immunosuppression. The concept of normalizing tumor blood vessels to enhance drug and immune cell

penetration was initially proposed by Rakesh K. Jain in 2001."3

This innovative approach, which utilizes anti-angiogenic
drugs to transiently normalize tumor blood vessels, has demonstrated potential in augmenting the therapeutic efficacy of
anticancer medications. The well-established vasodilatory properties of nitric oxide (NO) have led to the utilization of
1.3-bis-(2,4,6-trimethylphenyl)imidazolylidene nitric oxide (IMesNO) as an NO donor in studies, resulting in enhanced
vasodilation and increased uptake of doxorubicin (DOX).'* The prolonged use of these drugs, despite their initial
benefits, may potentially result in drug resistance and exacerbation of tumor hypoxia, posing a significant clinical
challenge.'>'® Currently, numerous studies have employed diverse nanocarriers to enhance the drug penetration and
concentration in tumors, including nanoparticles, micelles, liposomes, and even novel drug delivery carriers developed
on this foundation such as deformable nanocarriers and self-nanoemulsifying drug delivery system.'”?° The various
delivery methods, while offering advantages such as prolonged drug circulation, precise drug release, and enhanced drug
bioavailability, often entail the introduction of additional materials into the body which may lead to certain toxic side
effects.?*

The application of hyperthermia as a cancer treatment modality is highly esteemed due to its non-toxic and safety,
thus establishing itself as an green therapeutic method.”> The blood flow is believed to facilitate the dissipation of heat
from the surrounding tissues of the blood vessels, thereby impeding the attainment of the required level of heating in
hyperthermia.>* However, tumor tissues exhibit aberrant blood vessels and a sluggish blood flow rate, which attenuates
the local tissue’s capacity for heat dissipation and enables effective heat accumulation during hyperthermia.?*
Hyperthermia is typically categorized into hyperthermia ablation and mild-hyperthermia therapy.”>*® Commonly
employed methods of hyperthermia ablation include microwave, radiofrequency, and high-intensity focused ultrasound
(HIFU) thermal ablation techniques.” While hyperthermia ablation can directly eradicate the tumor, it also disrupts the
internal blood vessels of the tumor, thereby impacting the subsequent penetration of therapeutic drugs into the tumor.
Moreover, sharply elevated temperatures can cause adjacent healthy tissues to experience a rise in temperature and impair
normal cellular function. Mild-hyperthermia therapy is a therapeutic approach that utilizes mild heat to enhance the
permeability of tumor blood vessels and expand the pores of tumor microvessels, thereby facilitating improved
penetration of therapeutic drugs and minimizing damage to surrounding normal tissues.”’ >° Clinical evidence has
consistently demonstrated that combining hyperthermia with chemotherapy effectively enhances local tumor control
rates and prolongs patient survival.®' Xia et al synthesized photo-responsive gold nanoparticles (AuNPs), which
exhibited laser-induced accumulation towards the tumor and generated photothermal effects at the tumor site.” In
vivo experiments conducted on 4T1 tumor-bearing mice demonstrated that laser-induced thermal effects significantly
promoted local blood vessel expansion within the tumor area, thereby effectively enhancing the enrichment of che-
motherapeutic drugs in the tumor tissue. The tissue penetration depth of lasers, however, is limited, thereby resulting in
suboptimal therapeutic efficacy.>® US, on the other hand, offers a non-invasive and non-radiative approach with high
penetration capabilities and precise tunability for active targeted drug delivery, making it widely employed in tumor
treatment research.>*> In addition to its mechanical effects, US also exhibits a significant thermal effect. Compared to
other hyperthermia methods, the exceptional tissue penetration capability of US enables effective conversion of sound

6678 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xiang et al

energy into heat energy at deep tumor sites.>* Therefore, we anticipate utilizing the thermal effects of US to enhance
vasodilation, facilitating improved delivery of drugs, oxygen, and CD8" T cells to tumor tissues.

In this study, US is employed to elevate the temperature in the tumor region, which is expected to dilate tumor blood
vessels, alleviating intratumoral hypoxia, and reprogramming immunosuppressive tumor microenvironment (Scheme 1).
US irradiation is anticipated to enhance the accumulation of commercial PLD, anti-PD-L1, and CD8" T cells in the

tumor, potentially improving the efficacy of tumor chemotherapy and immunotherapy.

Materials and Methods

Materials and Reagents

PLD was obtained from Zhangjiang Bio-Pharmaceutical Co., Ltd. (Shanghai, China). Anti-PD-L1 was obtained from
BioXCell (Lebanon, NH, USA). Cell counting kit-8 (CCK-8) assay was obtained from MedChemExpress (Shanghai,
China). 2-(4-amidinophenyl)-6-indolecarbamidinedihydrochloride (DAPI) was obtained from Beyotime Technology
(Shanghai, China). APC-conjugated anti-mouse CD3, FITC-conjugated anti-mouse CD4, PE-conjugated anti-mouse
CD8a, PerCP-CY5.5-conjugated anti-mouse CD11b, PE-conjugated anti-mouse CD86, APC-conjugated anti-mouse
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Scheme | A scheme illustrating a protocol for enhancing the effectiveness of chemotherapy and immunotherapy through the thermal effect derived from US. The
incorporation of US irradiation can induce vasodilation, effectively facilitating the delivery of PLD, anti-PD-LI, and CD8" T cells to the tumor interior. This process alleviates
hypoxia, reduces the population of M2-TAMs while increasing the proportion of MI-TAMs. Consequently, it reprograms the immunosuppressive tumor microenvironment
and enhances therapeutic efficacy.
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CD206, FITC-conjugated anti-mouse F4/80 were purchased from eBioscience (CA, USA). The Fix & Perm Kits was
purchased from Lianke Bio (Hangzhou, China). Cyanine 5.5 NHS ester (Cy5.5) was purchased from Xi’an Ruixi
Biological Technology Co., Ltd. (Xi’an, China). Interleukin-10 (IL-10), IL-12, tumor necrosis factor-o (TNF-a),
interferon-y (IFN-y), mouse granzyme B (GZMS-B), endothelial nitric oxide synthase (eNOs), NO, prostaglandin I,
(PGI,), prostaglandin F, (PGF,), complement fragment 5a (C5a) and leukotriene C4 (LTC4), mouse PD-L1 Ab enzyme-
linked immunosorbent assay (ELISA) kits were purchased from Sumeike Biological Technology Co., Ltd. (Jiangsu,
China). 5(6)-Carboxyfluorescein diacetate succinimidyl ester (CFSE) was purchased from Abcam (Shanghai, China).
Evans blue (EB) was obtained from Selleck (Shanghai, China).

Cell Culture and Animal Model

CT26 murine colorectal cancer cell line was purchased from Procell Life Science & Technology Co., Ltd. (Wuhan,
China). CTLL-2 cells were purchased from Jinyuan biotechnology Co., Ltd. (Shanghai, China). Murine 4T1 breast
cancer cell line was obtained from Zhongqiaoxinzhou Biotechnology Co., Ltd. (Shanghai, China). These cells were
incubated with the recommended medium at 37 °C under 5% CO,.

Female BALB/c mice aged 6—8 weeks were purchased from Hunan SJA Laboratory Animal Co., Ltd. (Hunan,
China). The mice were housed at the Animal Experimental Center of Chongqing Medical University, where they had
unrestricted access to food and water under specific conditions in accordance with the Guidelines for Ethical Review of
National Standard Laboratory Animal Welfare. All in vivo experiments have been approved by the Animal Experiment
Ethics Committee of Chongqing Medical University. For the tumor grafting, CT26 cells (1 x 10°) in 50 uL phosphate-
buffered solution (PBS) suspension was inoculated subcutaneously on the left lower back of mice, and the 4T1 cells was
inoculated in situ breast. The status of tumor and mice were monitored every other day. The tumors volumes were
calculated by the formula: V = [length x (width)?/2].

Cytotoxicity Assay

CCK-8 assay was conducted to assess cell viability at different US intensities. CT26 cells were seeded in 96-well plates
at a density of 5x10° cells per well. After 24 h, the cells were treated with varying intensities of US. Post-treatment, all
cells were incubated for an additional 24 h. Cell medium in each well was then replaced by 100 puL of 10% CCK-8
solution diluted in 1640 basal medium in the dark at 37°C for 40 min. The absorbance of each well was subsequently
measured by a microplate reader at 560 nm.

US-Induced Vasodilation

The unilateral CT26 tumor-bearing mice were randomly allocated into two groups: a Control group and a US treatment
group (0.8 W/cm?, 10 min). To assess the vasodilatation and vascular regeneration following US treatment, mice were
euthanized 24 h post-treatment. One mouse in each group was then harvested for hematoxylin and eosin (H&E) staining
and CD31 immunofluorescence staining. According to the previous report,*® three fields of H&E staining view were
selected in each section to measure the diameter of blood vessels. The mean vessel diameter (MVD) was then analyzed.
Furthermore, the secretion of relevant vasodilating factors in tumor tissues was assessed 24 h after completing three
sessions of US treatments. Tumor tissues were collected, weighed, and then homogenized in 1 mL of saline. The tissue
homogenate was centrifuged, and the resulting supernatants were analyzed using ELISA to quantify levels of eNOs, NO,
PGI2, PGF2, C5a, and LTC4 levels in the tumor tissues.

Intratumor Distribution of PLD and Anti-PD-LI

The concentrations of PLD/anti-PD-L1 in tumor tissues were quantitatively assessed. Mice in both the PLD/anti-PD-L1
group and the PLD/anti-PD-L1 + US group were euthanized 24 h after receiving the respective treatments. The tumor
tissues from each group were extracted, weighed, and homogenized. After centrifugation at 3000 rpm for 10 min at 4 °C,
the supernatant was retained. The fluorescence intensity was measured using a microplate reader (DOX: Aex = 490 nm,
Aem = 560 nm). The concentration of DOX in tumor tissues was calculated based on the standard curve and measured
fluorescence values. The concentration of anti-PD-L1 in tumor tissues was quantified using ELISA Kkits.
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The distribution and accumulation of PLD and anti-PD-L1 were further assessed by fluorescence microscope and
in vivo fluorescence imaging, respectively. The CT26 tumor-bearing mice were randomly allocated into two groups: the
anti-PD-L1/PLD group and the anti-PD-L1/PLD + US group. For PLD observation, 24 h post-treatments, the tumor
tissues were collected for frozen section, and the fluorescence microscope was used to observe the distribution and
accumulation of PLD. For the preparation of Cy5.5-1abeled anti-PD-L1 (Cy5.5-anti-PD-L1), transfer 10 pL of an anti-PD
-L1 solution (1 mg/mL) to a centrifuge tube and supplement with 990 pL of pH-adjusted water (pH value: 8.0 adjusted
using bicarbonate amine). The mixture was maintained in a shaker at a temperature of 4 °C for a duration of 12 h in order
to facilitate the conjugation process between Cy5.5 and anti-PD-L1. Subsequently, any remaining unreacted dyes should
be removed by passing them through the G-25 column. Cy5.5-anti-PD-L1 (30 pg/per mouse) was administered
intravenously in CT26 tumor-bearing mice. Following US treatments, in vivo fluorescence imaging was performed 24
h after treatment completion, along with ex vivo fluorescence imaging of excised tumor tissues. At the same time, one
tumor from each group was collected for frozen section, and the distribution of Cy5.5-anti-PD-L1 was observed using
a fluorescence microscope. The 4T1 tumor-bearing mice were randomly allocated into two groups: the anti-PD-L1 group
and the anti-PD-L1 + US group. Cy5.5 was used to label the anti-PD-L1. Following treatments, the tumor tissue was
collected for frozen section, and examined under a fluorescence microscope to observe the distribution of Cy5.5-anti-PD-
L1.

T Cell Recruitment Assay

Murine T cells (CTLL-2 cells) were cultured under the above-mentioned conditions. For the cell counting, after being
trypsinized and collected via centrifugation, cells were resuspended in PBS containing 1% fetal bovine serum and
counted using a microscope. The CTLL-2 cells stained with CFSE dye (1 pM) and incubated for 20 min at room
temperature in the dark. After washing, cells were resuspended and subsequently administered to the mice via
intravenous injection (2 x 10° cells per mouse). The US group received immediate US irradiation post-injection. 30
min after treatment, the tumor tissues were excised, homogenized, digested, and filtered to obtain a single-cell suspen-
sion, followed by a red blood cell lysis. Cells were then subjected to flow cytometry (FCM) analysis to determine the
content of CFSE-labeled CTLL-2 (CFSE-CTLL-2) cells. Additionally, the tumor tissues were collected for frozen
section, and the fluorescence microscope was employed to observe the distribution and accumulation of CFSE-CTLL
-2 cells.

The Alleviation of Tumor Hypoxia and the Polarization of Tumor-Associated
Macrophages (TAMs)

The effect of US on tumor oxyhemoglobin saturation was evaluated using the Vevo LAZR Photoacoustic (PA) Imaging
System (Visual Sonics Inc., Toronto, Canada) in PA Mode 24 h after US treatment. Oxygen saturation (sO, Avr Total)
was analyzed by measuring the ratio between oxygenated hemoglobin (A = 850 nm) and deoxygenated hemoglobin (A =
750 nm). Post-imaging, mice were euthanized, and the tumor tissues were fixed in 4% paraformaldehyde for hypoxia-
inducible factor 1 alpha (HIF-10) immunofluorescence detection.

The effect of US on TAMs polarization was assessed by dividing CT26 tumor-bearing mice into two groups: a control
group and a US-treated group. The US group received a 10-min treatment of US (0.8 W/cm?, 1.0 MHz). The tumor
tissues were homogenized and processed into single-cell suspensions on the 9" day for FCM analyses. M1 and M2-
phenotype TAMs were distinguished by CD11b'F4/80°CD86" and CD11b'F4/80'CD206", respectively. ELISA Kits
were used to detect the levels of IL-10 and IL-12 in serum.

In vivo Treatment

The unilateral CT26 tumor-bearing mice were randomly divided into 8 groups as follows: A: Control, B: US group, C:
PLD group, D: anti-PD-L1 group, E: PLD + US group, F: anti-PD-L1 + US group, G: PLD + anti-PD-L1 group, H: PLD
+ anti-PD-L1 + US group. The PLD (5 mg/kg) /anti-PD-L1 (30 pg/per mouse) was administered intravenously, followed
by immediate US treatment (0.8 W/cm?, 1.0 MHz, 50% duty cycle, 10 min). Tumor volume and survival were assessed
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every two days. The tumor volume was calculated using the formula: V = [length x (width)?/2]. Mice were euthanized
when tumor volume reached 1000 mm?>. On the third day, one mouse was sacrificed from each group, and tumors were
harvested for H&E and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)

staining.

Detection of CD8" T Infiltration in Tumor Tissues

The CT26 tumor-bearing mice were divided into 8 groups, as depicted above, in order to assess T-cell infiltration. On the
9™ day, tumors from each group were dissected and homogenized using digestive enzymes. The cell suspensions were
derived from the digested tumors, which were subsequently centrifuged. The resulting pellet were subjected to red blood
cell lysis. Following lysis, the cells were incubated with anti-CD3-APC (0.325 pg/test), anti-CD4-FITC (0.0625 pg/test),
and anti-CD8-PE (0.156 pg/test) antibodies at 4°C for 30 min. The samples were subsequently analyzed using FCM. The
serum levels of TNF-a, IFN-y, and GZMS-B were quantified using ELISA kits.

EB Experiment

4T1 tumor bearing mice were randomly divided into the control group and the US group. Each mouse was intravenously
injected with EB (25 mg/kg), and mice in the US group were immediately subjected to US irradiation after injection. The
mice were sacrificed 2 h after the treatment, and their tumors were collected and photographed. Then, the tumors were
weighed and homogenized to quantify the EB contents. The fluorescence intensity of EB was measured by a microplate
reader (Aex = 480 nm, Aem = 610 nm).

Statistical Analysis
The data measured in the experiment was statistically analyzed with GraphPad Prism software 8.0. Results were
presented as mean + standard deviation (SD). The significance of the differences was analyzed by Student’s #-test.

Results and Discussion
US-Induced Thermal Effect and the Corresponding Vasodilation

The capacity of US-induced thermal effect to induce vasodilation was investigated. We first evaluated the cytotoxicity of
various US intensities over a 10-min irradiation period on CT26 cells using a CCK-8 assay. It was found that at an
intensity of 0.8 W/ecm?, the cell survival rate exceeded 90%. However, increasing the intensity to 0.9 W/em? resulted in
a significant decrease in cell survival rate, dropping to approximately 70% (Figure 1A). Therefore, we selected 0.8 W/
cm? for the subsequent experiments, ensuring negligible adverse effect induced by US in subsequent studies. It has been
reported that the therapeutic temperature range of 38.5—41.5 °C can be desirable to enhance tumor perfusion and alleviate
hypoxia.*” During US treatment, the intratumor temperature was measured using a needle probe thermometer. It was
observed that the temperature exceeded 38.5 °C within 2 min and rose above 40 °C by the end of the treatment
(Figure 1B). Considering the involvement of relevant inflammatory factors in tumor vasodilation, we postulate that the
thermal effect of US may enhance tumor vasodilation by facilitating the release of these factors. To validate this
hypothesis, we quantified the secretion levels of vasodilator factors eNOs, NO, PGF,, C5a, LTC4, and PGI, in tumor
tissues using ELISA kits. The results demonstrated a significant increase in the secretion of these factors from the US-
treated group compared to the control group (Figure 1C). Additionally, histological alterations in the tumor tissue were
examined. H&E staining revealed the presence of multiple vasodilatations within the tumor tissues after US irradiation
(Figure 1D). The MVD treated with US also exhibited a significant increase (Figure S1). The CD31 marker, being
a widely accepted indicator of angiogenesis, prompted us to perform CD31 immunofluorescence staining on tumors in
order to ascertain the primary impact of US on blood vessels. The staining did not reveal any significant difference in
CD31 expression between the groups (Figure 1E and 1F), suggesting that the thermal conditions generated by US

primarily induced vasodilation rather than angiogenesis within the tumor tissues.
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Figure | US thermal effect triggers vasodilation. (A) Cell viability of CT26 cells after exposure to various intensities of US for a duration of 10 min. (B) The intratumoral
temperature fluctuations elicited by US. (C) The release of relevant vasodilating factors in tumor tissues. (D) H&E staining of tumor tissues after different treatments (scale
bars = 20 um). (E-F) CD3| immunofluorescence staining image of tumor tissues (blue: DAPI-labeled nucleus, green: CD31; scale bars = 50 um) and corresponding
quantitative analysis. Statistical significances were calculated via Student’s t test, ns: p>0.05, *p<0.05, **p<0.001, ***p<0.0001.

US Irradiation Promotes Intratumor Distribution of PLD, Anti-PD-LI, and T Cells

The abnormal structure of tumor blood vessels could hinder the effective delivery of immune cells and therapeutic drugs,
thereby affecting the efficacy of tumor treatment.”® ** The aforementioned experiments have confirmed that the US
thermal effect could effectively dilate the blood vessels inside the tumor. It is expected that this vascular dilation can
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promote the accumulation of PLD and anti-PD-L1 in tumor tissues and the infiltration of T lymphocytes. Firstly, we
evaluated the intratumoral distribution of therapeutic drugs. After intravenous administration, tumors were subjected to
immediate US (0.8 W/cm? for 10 min) exposure. The mice were sacrificed at 24 h after treatment, and frozen sections of
the tumor tissues were prepared for microscopic examination. The analysis demonstrated a significantly elevated
fluorescence intensity in the PLD + US group compared to the PLD-only group (Figure 2A). The drug content in
tumors was quantified by homogenizing and centrifuging the tissue, followed by measuring the drug’s fluorescence
intensity in the supernatant using a microplate reader. The concentration of DOX was then calculated based on the
standard curve correlating concentration and fluorescence intensity. The findings confirmed the elevated concentrations of
PLD in US-treated tumors (Figure 2B).

Similarly, the concentration of anti-PD-L1 in tumor tissue, as measured by the mouse PD-L1 Ab ELISA kit, exhibited
a significantly higher level in the group treated with US (Figure 2C). The anti-PD-L1 + US group demonstrated
a significantly higher level of therapeutic drug accumulation within the tumor tissue compared to the group treated
with anti-PD-L1 alone (Figure 2D, 2E and 2F), indicating that US has the potential to enhance drug accumulation in
tumor tissue. Furthermore, in frozen sections of tumor tissue, we observed a significantly greater distribution of drug
fluorescence in the anti-PD-L1 + US group compared to the anti-PD-L1 group, indicating that US has the potential to
enhance drug accumulation within tumor tissue (Figure 2G).

Similarly, the concentration of anti-PD-L1 in tumor tissue, as measured by the mouse PD-L1 Ab ELISA kit, exhibited
a significantly higher level in the group treated with US (Figure 2C). The anti-PD-L1 + US group demonstrated
a significantly higher level of therapeutic drug accumulation within the tumor tissue compared to the group treated
with anti-PD-L1 alone (Figure 2D, 2E and 2F), indicating that US has the potential to enhance drug accumulation in
tumor tissue. Furthermore, in frozen sections of tumor tissue, we observed a significantly greater distribution of drug
fluorescence in the anti-PD-L1 + US group compared to the anti-PD-L1 group, indicating that US has the potential to
enhance drug accumulation within tumor tissue (Figure 2G).

The infiltration of CD8" T cells plays a pivotal role in enhancing the response to anti-PD-L1.*"**> We postulated that
US-induced vasodilation could effectively enhance the infiltration of CD8" T cells into tumor tissue. CTLL-2 cells were
labeled with CFSE in vitro and subsequently reintroduced into the mice intravenously. The CFSE-CTLL-2 cell popula-
tion in the tumor tissue was quantified using FCM. The FCM results revealed a 2.4-fold increase in CFSE-CTLL-2 cells
in the tumor tissues of US-treated mice compared to the control group (Figure 2H and 21). Similarly, the immunofluor-
escence results of tumors revealed a significantly larger distribution area of CFSE-CTLL-2 cells in the US-treated group
(Figure 2J). The collective findings indicate that the thermal effects induced by US significantly enhance the intratumoral
recruitment of T cells.

To further elucidate the role of US-induced thermal effects in facilitating drug delivery, we established 4T1 tumor
models. After conducting an EB enrichment experiment, it was observed that tumor tissues exhibited a higher intensity of
blue color following US irradiation (Figure S2A). Through quantitative analysis of the fluorescence intensity within
tumors, we discovered a significant increase in the concentration of EB in the US group (Figure S2B). Subsequently, the
distribution of anti-PD-L1 was investigated. The results from immunofluorescence experiments revealed that Cy5.5-anti-
PD-L1 exhibited a broader fluorescence distribution and higher intensity in tumor tissue in the anti-PD-L1 + US group
(Figure S2C). This observation suggests a significant increase in PD-L1 concentration within the tumor following US
irradiation. Finally, immunofluorescence slices demonstrated enhanced infiltration of T cells into tumor tissue in the US
group, as indicated by an augmented presence of CFSE green fluorescence with greater intensity (Figure S2D). The
findings suggest that utilizing ultrasonic thermal effects to enhance drug delivery holds great promise as a viable strategy
for various types of tumors.

US Irradiation Enables Tumor Hypoxia Attenuation

Given that hypoxia is a hallmark of solid tumors, which not only contributes to chemotherapy resistance but also
limited the efficacy of immunotherapy.** *® The aforementioned experiments have demonstrated that US irradiation
can effectively induce vasodilation, thereby enhancing tumor oxygen delivery and subsequently alleviating hypoxia.
Consequently, the efficacy of US irradiation in mitigating tumor hypoxia was evaluated. The hypoxic environment of
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the tumor typically activates HIF-1o, a key regulator this condition.*’~** The level of HIF-1o in tumor was assessed
by euthanizing mice 24 h after treatment and collecting tumor samples for HIF-1a immunofluorescence staining. The
findings demonstrated a significant decrease in the expression of HIF-la within the tumor tissue of the group
subjected to US treatment (Figure 3A). This implies that US irradiation effectively alleviated tumor hypoxia,
potentially augmenting the therapeutic efficacy of drugs. Additionally, in order to further assess the alleviation of
intratumoral hypoxia, the levels of intratumoral oxygenated hemoglobin in CT26 tumor-bearing mice from both
groups were evaluated using a PA imaging system before and 24 h after treatment. The US treatment led to
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Figure 3 The alleviation of tumor hypoxia and the polarization of TAMs following US treatment. (A) HIF-l1a immunofluorescence staining of the tumors after different
treatments (blue: DAPI-labeled nucleus, red: HIF-1q; scale bars = 50 um). (B-C) Representative PA images of tumors after different treatments in oxyhemoglobin mode and
the corresponding quantitative analysis of oxyhemoglobin saturation within tumors (n = 3). (D-E) Representative FCM images and corresponding quantitative analysis of
different phenotypes of TAMs in CD | 1b"F4/80" cells after different treatments (M2-TAMs gated on CD206", MI-TAMs gated on CD86") (n = 3). (F) Cytokine levels of IL-
12 and IL-10 in serum post various treatments (n = 3). Statistical significances were calculated via Student’s t test, ns: p>0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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a significant increase in signals of oxygenated hemoglobin, indicating an enhanced oxygen content within the tumors
(Figure 3B and 3C).

Under the induction of tumor hypoxia, the majority of TAMs exhibit an M2 phenotype, resulting in upregulated
expression of inhibitory molecules that suppress anti-tumor immune response.’®>' The alleviation of hypoxia has the
potential to induce polarization of immunosuppressive M2-phenotype TAMs towards tumoricidal M1-phenotype TAMs.
The emergence of therapeutic interventions capable of inducing a transition from M2 to M1-phenotype in TAMs has
been extensively reported, establishing it as a novel strategy for cancer immunotherapy.> The impact of US treatment on
the polarization of TAMs was investigated. Tumors were collected 7 days after treatment to prepare cell suspensions for
FCM analysis, aiming to determine the composition of distinct TAM phenotypes. The proportion of M1-TAMs in the
US-treated group (37.87 + 1.21%) was significantly higher compared to the control group (23.77 £ 0.90%), aligning with
the reduced tumor hypoxia (Figure 3D and E). To further assess the polarization of TAMs, we quantified the secretion
levels of two characteristic cytokines (IL-10 and IL-12) produced by M1/M2-TAMs in the serum using ELISA kits. US
irradiation was found to significantly enhance the secretion of IL-12, while concurrently reducing the secretion of IL-10,
in accordance with FCM results (Figure 3F). The findings suggest that US irradiation holds the potential for alleviating
tumor hypoxia and promoting M2-TAM polarization.

Enhanced Anti-Tumor Efficacy of PLD and Anti-PD-L| with US Irradiation

To investigate the impact of US irradiation on the therapeutic efficacy of PLD and anti-PD-L1, we categorized the
unilateral tumor-bearing mice into 8 groups based on the treatment protocols: A: Control, B: US, C: PLD, D: anti-PD-
L1, E: PLD + US, F: anti-PD-L1 + US, G: PLD + anti-PD-L1, and H: PLD + anti-PD-L1 + US. The mice received the
designated treatments as specified (Figure 4A). The monitoring of mouse tumor volumes (Figure 4B, C and D)
demonstrated that despite the successful inhibition of tumor growth in group G (PLD + anti-PD-L1), where che-
motherapy and immunotherapy were combined, there was an observed recurrence of tumors within a short period. The
tumor growth of mice in group H, which received a combination therapy comprising chemotherapy, immunotherapy,
and US irradiation, demonstrated significant inhibition without any observed recurrence. These findings indicate that
the treatment modality employed in group H exhibited a pronounced therapeutic effect. The growth curves of tumor
volume in groups B, E, F, and H demonstrated a comparatively slower rate compared to those in groups A, C, D, and
G, implying that the therapeutic efficacy of combined treatment with US irradiation surpasses that of drug therapy
alone. The survival curve revealed that all mice in the single drug group (group C, D, and G) exhibited a 100%
survival rate within the range of 0-24 days, whereas the combined treatment group with US (group E, F, and H)
demonstrated a significantly prolonged survival period. Notably, all mice in groups G and H surviving at least 32 days
or longer (Figure 4E). To further validate the synergistic therapeutic efficacy, histological analysis including H&E and
TUNEL staining was conducted on the tumor samples from each group (Figure 4F). The H&E and TUNEL sections
revealed that PLD + anti-PD-L1 + US treatment induced severe cell necrosis/apoptosis, while the other groups only
exhibited mild or moderate cell damage. These findings suggest that group H receiving PLD + anti-PD-L1 + US
treatment achieved robust anti-tumor efficacy.

Anti-Tumor Immune Response

The PD-L1/PD-1 checkpoint blockade, although a promising approach, faces challenges due to insufficient CD8" T cell
infiltration and an immunosuppressive tumor microenvironment.'>**>* Transforming “cold tumors* with inadequate
immune cell infiltration into “hot tumors” represents a crucial strategy for augmenting the effectiveness of immune
checkpoint inhibitors.”*>° Chemotherapy can induce immunogenic cell death (ICD) and elicit the immune response,
rendering it a common adjunct to PD-L1/PD-1 checkpoint blockade immunotherapy in clinical settings.”’>® The
infiltration of CD8" T cells following the combination of US irradiation, chemotherapy, and immunotherapy was
investigated by collecting tumor tissues for FCM analysis 7 days after treatment. The results demonstrated
a significantly higher proportion of CD8" T cell infiltration in the groups E, F and H compared to groups C, D, and
G (Figure 5A and B). The proportion of CD8" T cell in group H was approximately 2.6-fold higher compared to the
control group (group A). The number of CD8" T cells in group C after chemotherapy-only was significantly increased
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Figure 5 Anti-tumor immune responses after different treatments. (A-B) Representative FCM images and quantitative analysis of CD8" T cells in tumor tissues after
different treatments (n = 3). (C-E) Cytokine levels of GZMS-B, IFN-y and TNF-a in serum post various treatments (n = 3). Statistical significances were calculated via
Student’s t test, *p<0.05, **p<0.01, ***p<0.001.

compared to the control group, which can be attributed to the immune response triggered by ICD. To further elucidate the
immune response, three cytokines, namely GZMS-B, IFN-y, and TNF-a, were tested using ELISA kits. Consistent with
the results of FCM, the serum levels of these cytokines in US-exposed groups (E, F, H) were significantly higher than in
groups C, D, and G (Figure 5C, D and E). Collectively, the therapeutic benefits of US collectively encompass: (1)
Enhanced efficiency of drug delivery attributed to the thermal effects induced by US. (2) Alleviation of hypoxia and
enhancements in TAMs polarization. (3) Improved infiltration of CD8" T cells.

The non-invasive and deep penetration capabilities of US have solidified its status as a pervasive modality in clinical
applications. The preclinical efficacy of hyperthermia makes the thermal effect of US a feasible approach for tumor
therapy. The use of PLD and anti-PD-L1, while commonly used in clinical settings, faces challenges due to aberrant
tumor architecture. The integration of these drugs with the US presents a promising therapeutic strategy for overcoming
clinical barriers, potentially revolutionizing clinical outcomes and addressing issues related to low drug efficacy and
response rates.

Conclusion

In this study, it was found that ultrasonic thermal effect can effectively dilate the blood vessels inside the tumor. When
US is administrated at 0.8 W/cm® for a duration of 10 min, it significantly enhances the saturation of oxygenated
hemoglobin within the tumor, effectively improving the hypoxic microenvironment and further inducing the polarization
of TAMs from an M1 to an M2 phenotype. The findings of our study further support the notion that ultrasonic thermal
effect-induced tumor vasodilation enhances the intratumoral penetration and infiltration of therapeutic drugs and immune
cells, playing a crucial role in improving the effectiveness of chemotherapy and immunotherapy. As a result of US-
induced vasodilation, the influx of PLD into the tumor increased by approximately 2.51-fold, while anti-PD-L1 levels
rose by approximately 1.44 times. Concurrently, the accumulation of CD8" T cells in the tumor, coupled with reduced
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hypoxia, augmented the anti-PD-L1 response and intratumoral immune response. These synergistic effects led to the
effective inhibition of tumor growth, demonstrating the potential of US as a complementary treatment in cancer therapy.
The use of US in clinical practice, either as a standalone treatment or in combination with chemotherapy, is considered
a safe and non-toxic modality for clinical diagnosis and therapy. PLD and anti-PDL1 are well-established agents in the
fields of chemotherapy and immunotherapy respectively, providing a solid foundation for our research to be translated
into clinical applications.
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