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Abstract

Background: While immunotherapy has revolutionized oncological management, its efficacy in lung cancer patients with liver
metastases remains limited, potentially due to the unique immunosuppressive microenvironment of the liver. Local liver treatment
has been shown to enhance the immunotherapy response, and high-intensity focused ultrasound (HIFU), a minimally invasive
local treatment, has demonstrated promising results in combination with immunotherapy. However, clinical data regarding HIFU
in lung cancer with liver metastases are limited.

Objective: We designed the HILL (Ultrasound-Guided High-Intensity Focused Ultrasound Combined With PD-1 Blockade in
Patients With Liver Metastases From Lung Cancer) study to investigate the effectiveness and safety of HIFU in combination
with immunotherapy for lung cancer with liver metastases.

Methods: The HILL study is a single-armed, single-center, phase 2 clinical trial that will enroll 30 patients with lung cancer
and liver metastases. The treatment regimen involves administering HIFU to liver metastases 1 week before the first dose of a
programmed cell death protein (PD)–1 blockade, which is then administered every 3 weeks. The primary aim is to determine the
overall response rate based on immune-related response criteria. Secondary aims include safety, progression-free survival, overall
response, overall survival, and quality of life. Exploratory studies will also be conducted using whole blood, plasma, archival
cancer tissue, and tumor biopsies during progression or relapse to identify potential biomarkers.

Results: The study was funded on March 14, 2022, and received ethical approval on April 27, 2022. Clinical trial registration
was completed by June 10, 2022, with participant recruitment beginning on July 10, 2022. Data collection commenced on July
14, 2022, with the enrollment of the first patient. By April 2024, 6 participants had been recruited. The results are expected to be
published in December 2026.

Conclusions: This study seeks to improve treatment outcomes for lung cancer patients with liver metastases by combining
HIFU and PD-1 inhibition. The study also aims to identify potential biomarkers through exploratory research that can aid in
selecting patients for optimized outcomes in the future.

Trial Registration: Chinese Clinical Trial Registry ChiCTR2200061076; https://www.chictr.org.cn/showproj.html?proj=170967

International Registered Report Identifier (IRRID): DERR1-10.2196/59152

(JMIR Res Protoc 2024;13:e59152) doi: 10.2196/59152
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Introduction

Lung cancer is the second most frequently diagnosed tumor and
the largest cause of cancer-related fatalities globally, accounting
for roughly 1 in 10 (11.4%, 2.2 million) new cancer cases and
1 in 5 (18%, 1.8 million) deaths annually [1,2]. Immunotherapy,
a landmark breakthrough in cancer treatment, has revolutionized
the field of oncology, contributing to a recent accelerated decline
in lung cancer mortality [3,4]. Encouraging clinical trial results
with immune checkpoint blockade (ICB) have demonstrated
the efficacy of this approach in lung cancer, leading the US
Food and Drug Administration to approve programmed cell
death protein (PD)–1 inhibitors for all stage III to stage IV lung
cancers [3].

Nevertheless, a substantial proportion of patients fail to benefit
from immunotherapy, particularly those with lung cancer liver
metastases [5]. The existence of baseline liver metastases in
patients with lung cancer has been connected with a reduced
response to immunotherapy. In the Checkmate 017 and
Checkmate 057 trials, the 3-year overall survival (OS) rate for
subgroups of patients with lung cancer liver metastases treated
with pembrolizumab was 8%, as compared to a 3-year OS of
17% across all enrolled patients [6]. Similarly, in the Keynote
001 trial among patients with non–small cell lung cancer
(NSCLC), liver metastasis was linked with a decreased treatment
response and shorter progression free survival (PFS) in
comparison to patients without liver metastasis [7]. In patients
with NSCLC with similar PD-L1 expression, tumor burden,
and mutational burden, the presence of liver metastases was
linked with reduced OS regardless of age, sex, or treatment
modality. [8,9]. Liver metastases are independently associated
with a poorer response to immunotherapy, primarily due to the
liver’s unique immunosuppressive microenvironment [10]. The
liver processes a vast array of harmless dietary antigens daily,
necessitating a state of immune tolerance [11]. Metastatic lesions
in the liver further enhance this immunosuppressive milieu.
Liver metastases highly express integrin receptors, including
cluster of differentiation [CD] 44 and lymphocyte
function–associated antigen-1, which promotes the sequestration
of activated peripheral T cells into the liver, thereby reducing
T cell distribution abnormalities [12]. Additionally,
liver-infiltrating myeloid cells in metastatic lesions induce T
cell apoptosis via the Fas-FasL pathway, resulting in T cell
depletion [13]. This extensive antigen-specific T cell exhaustion
drives immunosuppression in preclinical models and cancer
patients with liver metastases, leading to the enlargement of
metastatic lesions and a poor response to immunotherapy [14].

Local treatment of liver metastases may be practical to counter
this tumor-permissive immune microenvironment. Radiation
therapy (RT) that targets the liver can both inhibit
immune-suppressing myeloid cells and boost T cell immunity
[13,15]. A preclinical study showed that mice treated with a
combination of RT and immunotherapy demonstrated remission
of both liver and subcutaneous tumors and considerably

increased survival [13]. In another report, a White patient aged
64 years with chemotherapy-resistant metastatic lung
adenocarcinoma who received local RT to one of the liver
metastases combined with immunotherapy generated a
therapeutically effective antitumor immune response [16].
Therefore, we propose that localized therapies targeting hepatic
metastases, such as RT, may enhance the efficacy of ICB in
patients with liver metastases.

Based on an understanding of tumor–immune system
interactions, oncologists categorize tumors as “hot” (high
immune cell infiltration, high immune scoring) or “cold” (low
infiltration, low immune scoring) based on the type, density,
and location of immune cell infiltration. This classification has
been validated in patients with tumor, demonstrating its
predictive value for tumor recurrence and survival outcomes
[17]. In “cold” tumors, the efficacy of ICB is markedly poor,
often resulting in no response or excessive adverse reactions
[18]. High-intensity focused ultrasound (HIFU) can create a
favorable temporal window for immunotherapy to turn
previously immunologically “cold” tumors into immune-reactive
“hot” tumors. HIFU uses specialized ultrasonic focusing
equipment to generate focused ultrasound beams that penetrate
the skin and tissue to form focal points deep within the body.
At these focal points, the ultrasound intensity is extremely high,
generating heat that can rapidly elevate the temperature of
exposed tissues above 60°C. When this exposure lasts longer
than 1 second, most cells within the tissue undergo immediate
irreversible death, minimizing potential damage to surrounding
nontarget tissues [19]. The thermal ablation effect of HIFU
induces coagulative necrosis in tumor tissues by moving the
focal point, thereby rapidly reducing tumor burden and locally
releasing tumor antigens. Unlike RT, HIFU can be safely
reapplied without increasing systemic toxicity risks, allowing
clinicians to administer multiple local treatments even in the
event of local tumor recurrence.

As a method for real-time imaging and noninvasive local thermal
ablation, HIFU is being developed as an alternative to
conventional oncologic therapy for a variety of solid malignant
tumors, such as liver, kidney, and bone tumors [20-22]. In a rat
tumor model of refractory neuroblastoma, HIFU in combination
with immunotherapy significantly improved the antitumor
response, increasing the survival rate from 0% to 62.5% [23].
The combination’s proposed mechanism of action is shown in
Figure 1. In a syngeneic mouse model of epithelial breast cancer,
Silvestrini et al [24] also found that immunotherapy combined
with HIFU treatment could significantly reduce the number of
macrophages and bone- and marrow-derived suppressor cells
in tumor tissues, and it could promote the polarization of
monocytes to the M1 type. In addition, it significantly
upregulated PD-L1 in CD45+ cells and CD8+ T cells generated
by IFN-γ, thereby enhancing antitumor immunity.

However, data on the combination of HIFU and immunotherapy
in patients with lung cancer with liver metastases is limited.
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The HILL (Ultrasound-Guided High-Intensity Focused
Ultrasound Combined With PD-1 Blockade in Patients With
Liver Metastases From Lung Cancer) study intends to

investigate the therapeutic efficacy and safety of PD-1 blockade
in conjunction with HIFU.

Figure 1. Hypothesis diagram of the research mechanism of HIFU enhancing immunity. HIFU, high-intensive focus ultrasound; TAAs, Tumor
Associated Antigens; DAMPs, damage associated molecular patterns; APC, Antigen Presenting Cells.

Methods

Ethical Considerations
The trial has received ethics approval from Xiangtan Central
Hospital Ethics Committee (2022-04-001). All participants
provide full informed consent to participate in HILL. The data
of the enrolled participants were kept strictly confidential and
were anonymized for deidentification. The participants are
exempted from any fees for ultrasonic monitoring. The trial is
conducted in conformity with the Declaration of Helsinki and
Good Clinical Practice guidelines.

Study Design
The HILL study is a single-center, single-arm, phase 2 trial
conducted with lung cancer patients with liver metastases
(Chinese Clinical Trial Registry ChiCTR2200061076).
Recruitment for the research began on July 10, 2022, and it is
expected to be completed in June 2025.

Eligibility Criteria
The inclusion criteria are as follows: (1) age 18-75 years; (2)
histologically or cytologically confirmed NSCLC; (3) liver
metastases confirmed by abdominal imaging, such as
computerized tomography (CT) or magnetic resonance imaging

(MRI); (4) negative for epidermal growth factor receptor and
anaplastic lymphoma kinase, as assessed by polymerase chain
reaction or next-generation sequencing; (5) Eastern Cooperative
Oncology Group performance status 0-2; (6) at least 2
measurable lesions according to Response Evaluation Criteria
in Solid Tumors 1.1 (RECIST1.1) guidelines ; (7) asymptomatic
(identified as being without significant symptoms at baseline,
judged by the investigator as not requiring steroids and/or local
treatment) or symptomatically stable brain metastases (without
significant symptoms after local treatment, such as RT, and at
least 7 days free from steroids and/or anticonvulsant therapy at
the time of enrollment); (8) requirement for immunotherapy;
(9) liver metastases (confirmed by imaging and multidisciplinary
tumor board consultation) that can be treated with HIFU; (10)
agreement to use effective contraception during the beginning
of the trial and 90 days after the dose; (11) written informed
consent.

Exclusion criteria for patients are as follows: (1) mixed lung
cancer, including neuroendocrine tumors or sarcoma; (2) history
of other malignancies within 5 years; (3) effusions of the third
space that cannot be drained or otherwise treated; 4) severe
interstitial pneumonia or severe diffusion dysfunction; (4) liver
function with Child-Pugh grade C; (5) history of
immunodeficiency disease necessitating long-term treatment
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with glucocorticoids; (6) history of acute cardiovascular or
cerebrovascular disorders, including acute cerebral infarction
and acute coronary syndrome, within the last month; (7)
pregnant or lactating women; (8) life expectancy 3 months or
less.

Intervention
Eligible patients will receive HIFU on liver metastases and
PD-1 blockade therapy. Given the potential immunomodulation
effect of HIFU, ablation of metastatic liver lesions was planned
to take place within no more than 7 days of immunotherapy.
The PD-1 blockade was injected repeatedly every 3 weeks for
6 cycles. The combination of immunotherapy and ablation was
administered once in week 1. The study schema provides a
comprehensive summary (Figure 2). Patients who are considered
to have obtained clinical benefits, including a complete response
(CR), partial response (PR), or having achieved stable disease
(SD), will be allowed to continue PD-1–blocking medicines
(every 3 weeks) for up to 2 years beyond the end of the trial.
Patients with progressive disease will exit the trial or undergo
re-ablation with HIFU according to their choice. Re-ablation
will be performed in liver metastases without changing the

immunotherapy regimen, and the efficacy will be evaluated 3
weeks later. If the treatment outcome is progressive disease, the
patient will be withdrawn from the study. If the outcome is SD,
PR, or CR, the patient will be treated and followed up. The
standard PD-1 blockade treatment plan for advanced lung cancer
with liver metastases will be used, as determined by the
investigators and based on clinical guidelines.

Whole blood, plasma, archived cancer tissue, and tumor biopsies
will be taken for exploratory research. Given the stability and
availability of the test, peripheral blood will be obtained for
lymphocyte subsets and the levels of 12 cytokines (tumor
necrosis factor [TNF]-α, interleukin [IL]-6, IL-10, IL-17,
interferon [IFN]-α, IL-1β, IL-2, IL-5, IL-8, IL-12P70, IFN-γ,
IL-4) will be measured before and after HIFU treatment. Tumor
biopsy tissue will be embedded in paraffin and analyzed for
immune cell infiltration and PD-L1 expression. This information
will help us determine whether the medication modifies the
diversity of immune response and whether these changes are
reflected in the blood. This could aid in the selection of
predictive biomarkers for patients in future trials by connecting
immunological alterations to clinical symptoms.

Figure 2. Details of the scheduling for all planned blood sampling and tumor imaging operations during the trial to document the treatment’s safety
and efficacy. Palliative radiation therapy for liver metastases and other immunotherapy treatments will not be performed. CT: computerized tomography;
DCR: disease control rate; HIFU: high-intensity focused ultrasound; ORR: overall response rate; PD: programmed cell death protein; PFS: progression
free survival.

Focused Ultrasound Ablation
Patients were chosen according to the following HIFU treatment
inclusion criteria: (1) suitability for anesthesia and sedation, (2)
visibility in diagnostic sonography, (3) accessibility (maximum
of 11 cm between the skin and the deepest tumor sections), (4)
absence of extensive scarring or extensive calcifications along
the acoustic route, and (5) absence of metal clips following
surgery. Ultrasound-guided HIFU will be performed with a

HIFU system (the Focused Ultrasound Tumor Therapeutic
System [model-JC200]; Chongqing Haifu Medical Technology
Co Ltd), with the patient in a lateral position. Operational details
were chosen with reference to previous studies [25,26]. Prior
to HIFU treatment, ultrasound localization is required to assess
the safety of the patient’s acoustic channel and the accessibility
of the treatment target area to determine the treatment regimen.
Gastrointestinal preparation is required the day before HIFU
treatment, similar to the preparation before colonoscopy. To
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minimize skin damage caused by HIFU, the treatment area
should be shaved and moisturized on the day of surgery. The
patient is given general anesthesia by a qualified
anesthesiologist. During treatment, ultrasound can be used to
detect the distance between the treated lesion and the edge of
the lesion and the surrounding vulnerable structures (eg, the
intestinal and biliary stents) in real time to prevent complications
caused by heat. The power of HIFU ablation will be adjusted
in real time according to the treatment.

If a patient has multiple liver metastases, HIFU ablation should
not be performed on more than 3 lesions at once to ensure
patient safety and tolerance. If there are more than 3 liver
metastases, it is possible to ablate the largest 3 first, monitor
the remaining lesions, and ablate them again if necessary.

End Points
Overall response rate (ORR) is the primary end point. The
secondary end points are PFS, OS, disease control rate, safety,
and patient-reported outcomes, including the results of the
European Organization for Research and Treatment of Cancer
Quality of Life Questionnaire–Core 30 and Quality of Life
Questionnaire–Lung Cancer Module 13. MRI or CT
examinations will be administered at the start point, week 3,
and each 6 weeks following. According to the RECIST1.1 and
the National Cancer Institute Common Terminology Criteria
for Adverse Events (version 5.0), tumor response and adverse
events will be evaluated and recorded during therapy and within
28 days after the last dose, respectively. Telephone checks will
be conducted every 3 months until the end of the trial, death,
or loss to follow-up.

After illness progression or withdrawal from the trial’s
treatment, the use of anticancer medication will be recorded.
ORR is the proportion of enrolled patients with a CR or PR
based on imaging. PFS is the length of time between enrollment
and the occurrence of disease progression. OS is the duration
between enrollment and death.

Monitoring
The effectiveness and safety of the treatment will be evaluated
by an independent reviewer annually. The monitoring committee
will monitor the trial’s safety, adherence to protocol, and
progress and will modify the protocol as necessary and
determine the need for early termination of treatment.

Statistical Analysis
The 2-stage minimax design of Simon was chosen for sample
size estimation. With an ORR of 17% or less, HIFU with PD-1
blocking as a combination therapy will be deemed useless or
uninteresting; With an ORR of at least 37%, this regimen will
warrant further investigation. At a significance level of .05, an
analysis with 80% power will require a sample size of at least
30 patients, with 14 during the initial phase and 16 in the next.
At the end of the first stage, if 2 or more patients have
responded, the second stage can be carried out. If this does not
happen, the study has to end. At the end of the study, if at least
8 of 30 patients respond, it will be taken to indicate that the
combination therapy is beneficial and worthy of further
investigation.

In accordance with the concept of “intention to treat,” all
individuals who are given a minimum of 1 injection of the trial
medication and undergo effectiveness assessment will be
included in efficacy analyses. All patients who are injected with
a minimum of 1 dose of the research medication and have a
minimum of 1 safety report will be included in the safety
analysis. Once we have recorded baseline features, tumor
responses, patient-reported outcomes, and adverse events, we
will produce descriptive statistics, including Kaplan-Meier
survival curves. There will be no data imputation for missing
data.

Results

The study was funded on March 14, 2022, and received ethical
approval on April 27, 2022. Clinical trial registration was
completed by June 10, 2022, with participant recruitment
beginning on July 10, 2022. Data collection commenced on
July 14, 2022, with the enrollment of the first patient. By April
2024, 6 participants had been recruited. The results are expected
to be published in December 2026.

Discussion

The HILL study is a phase 2 single-arm trial investigating the
efficacy and safety of combining HIFU with PD-1 blockade
immunotherapy in patients with lung cancer and liver
metastases. Although ICB has yielded promising response rates
in lung cancer, its impact on liver metastases remains
constrained by the unique immune microenvironment of the
liver. This challenge has spurred the search for more effective
therapeutic strategies [27]. Local treatments such as RT can
modify the liver’s tumor microenvironment, potentially
enhancing the effects of ICB-based therapies. As a minimally
invasive, repeatable approach, HIFU has seen extensive use in
the treatment of solid tumors. We hypothesize that the
combination of HIFU with PD-1 inhibition may enhance the
clinical response in patients with lung cancer liver metastases.
Indeed, HIFU has demonstrated the ability to modulate the
tumor microenvironment and stimulate antitumor immunity in
both preclinical and clinical settings [28-30].

Preclinical studies across various tumor types demonstrate that
HIFU, when combined with immunotherapy, increases the
expression of IFN-γ and granzyme B in the distant tumor
microenvironment, enhances CD8+ T cell activation, augments
tumor cell lysis, and extends survival [24,31-33]. These findings
suggest that HIFU may potentiate the effects of immunotherapy.
A study by Yang et al [34] involving 14 patients with liver
metastases from malignancies treated with HIFU and
immunotherapy found that this combination was feasible and
safe, achieving an ORR of 21.4%. However, only 3 participants
had lung cancer, limiting conclusions about the combination’s
effectiveness specifically for lung cancer liver metastases.

Peripheral blood samples are frequently used in clinical trials
for biomarker identification due to the challenge of obtaining
tissue specimens. To ensure reliability and accessibility in
clinical settings, we selected 12 cytokines and lymphocyte
subpopulations as biomarkers. These markers are part of routine
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clinical testing and ensure consistency in results. Clinically
relevant findings from these analyses could be quickly
implemented. Lymphocyte subpopulations—including T cells,
B cells, and natural killer cells—are measured to reflect immune
changes, as peripheral blood lymphocytes correlate with
immunotherapy efficacy and may reflect synergistic effects of
combined treatments [35,36]. Cytokines play a critical role in
cancer-immune interactions, influencing multiple aspects of
metastasis [37]. The 12 cytokines studied are linked to T cells
and macrophages—key immune cells within the tumor
microenvironment—and provide an indirect assessment of
antitumor treatment efficacy. Therefore, investigating changes
in these cytokines during therapy may yield clinically valuable
biomarkers.

This study uses HIFU, a local treatment widely used for liver
cancer that causes minimal tissue damage and uses external
ultrasonic focusing and real-time monitoring, ensuring a high
degree of safety and allowing for repeated applications. HIFU’s
influence on the tumor microenvironment can activate antitumor

immunity, potentially enhancing the benefits of immunotherapy
for patients with lung cancer liver metastases. The trial aims to
assess the safety and efficacy of this combination therapy,
offering a potential new treatment approach. Additionally,
biomarker analysis will seek to identify markers that could
improve future therapeutic outcomes. However, the study has
limitations. The small sample size may affect the generalizability
of the results. The single-arm design could introduce bias, and
while HIFU and PD-1 blockade have shown promise
individually, their combined efficacy and safety remain to be
fully determined.

In summary, this study targets an unmet clinical need for patients
with lung cancer liver metastases, taking into account their
distinct pathophysiology and the limited benefits of
immunotherapy in this population. By investigating the effects
of HIFU combined with immunotherapy on the liver tumor
microenvironment, this trial seeks to provide novel therapeutic
options for these patients
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