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Abstract

The effects of high-intensity focused ultrasound (HIFU) on the release of endogenous danger signals from tumor cells and sub-
sequent activation of antigen-presenting cells (APCs) were evaluated in vitro. MC-38 mouse tumor cells were treated using a
1.1 MHz HIFU transducer under two different protocols (P� = 6.7 MPa, 30% duty cycle, 5 s vs. P� = 10.7 MPa, 3% duty cycle,
30 s) to produce either thermal necrosis or mechanical lysis of the tumor cells. Here, we report that HIFU treatment can cause
the release of endogenous danger signals (ATP and hsp60) and exposure of dendritic cells (DCs) and macrophages to the superna-
tants of HIFU-treated tumor cells leads to an increased expression of co-stimulatory molecules (CD80 and CD86) with enhanced
secretion of IL-12 by the DCs and elevated secretion of TNF-a by the macrophages. The potency in APC activation produced by
mechanical lysis is much stronger than thermal necrosis of the tumor cells. These findings suggest that optimization of treatment
strategy may help to enhance HIFU-elicited anti-tumor immunity.
� 2005 Elsevier Inc. All rights reserved.
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In recent years, high-intensity focused ultrasound
(HIFU) has emerged as a promising non-invasive treat-
ment modality for a variety of cancers, including breast,
prostate, kidney, liver, bone, uterus, and pancreatic can-
cers [1]. The fundamental principle of HIFU is to
produce coagulative tissue necrosis in a well-defined
region by converting focused acoustic energy into heat.
The beam size of a typical HIFU transducer is of the or-
der of 10 · 1 mm (longitudinal · transverse direction).
Therefore, treatment of a tumor is usually accomplished
by progressive scanning of the whole tumor volume
line-by-line and layer-by-layer. Extensive animal studies
have been carried out [2–4] and several clinical trials [5–
7] are currently underway to establish the appropriate
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treatment protocols for HIFU applications. In
addition to its inherent advantage of non-invasiveness,
HIFU treatment is also well-tolerated by patients and
thus can be administered, repetitively. Despite these
advantages, several drawbacks still exist in the current
form of HIFU therapy for cancer. These include: (1)
incomplete tissue necrosis especially in large tumors,
presumably due to inhomogeneities in tissue properties
and heat conduction [8], (2) inability to kill metastatic
cancer cells outside the primary tumor site, and (3) long
treatment duration (up to several hours). Although
technical improvement in HIFU technology such as
the use of phase-array systems for electronic scanning
may eventually reduce the treatment time, the first two
drawbacks have to be amended before HIFU can be tru-
ly established as a primary treatment modality for
cancers.
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Several clinical studies have suggested that, in addi-
tion to its thermal ablation capability, HIFU may also
modulate the immune response of the patients. For
example, following HIFU treatment, a marked increase
in CD3+ and CD4+ subsets, and the CD4+/CD8+ ra-
tio in peripheral blood of cancer patients has been ob-
served [6,9,10]. In addition, Yang et al. [11] reported
that HIFU treatment of subcutaneous murine C1300
neuroblastoma could cause a significant reduction in tu-
mor growth upon subsequent tumor challenge.
Although these preliminary data indicate that HIFU
may enhance host anti-tumor immunity, this speculation
has not been confirmed rigorously using well-established
animal models and the underlying mechanisms are
largely unknown. Despite this, the potential for
HIFU-elicited anti-tumor immunity warrants serious
consideration. This is because if HIFU can indeed elicit
anti-tumor immunity and such an effect can be enhanced
through optimization of HIFU treatment strategies, it
may provide a highly desirable adjunct modality against
tumor recurrence and metastasis, and thus could im-
prove the overall quality and effectiveness of HIFU ther-
apy for cancers.

In the development of tumor-specific immune
responses, antigen presenting cells (APCs), especially
dendritic cells (DCs), play a pivotal role [12,13]. In
peripheral tissues, DCs capture antigens and migrate
to draining lymph nodes, where they present captured
antigens and sensitize antigen-specific T-cells to act.
To initiate an effective immune response, DCs must be
stimulated to undergo a process of maturation, upon
which they lose their antigen-acquiring ability, but up-
regulate the expression of co-stimulatory molecules such
as CD80 and CD86, and secrete cytokines including IL-
12 and IL-18. These changes in phenotype and function
lead to the capability of DC to potently activate T-cells
and to induce antigen-specific immune responses [13,14].
On the other hand, unstimulated APCs may also cap-
ture antigens but present the captured antigens without
costimulation to T-cells, thus causing anergy of T-cells
and leading to immune tolerance [15–18].

It is long known that many pathogen-derived signals
(e.g., lipopolysaccharides) are potent stimuli for APC
activation, which leads to robust immune response
against infections [19]. However, it was unclear for some
time whether tumor cells can also provide any stimulato-
ry signals for APC, because tumor cells are obviously
lacking such pathogen-derived mediators for APC acti-
vation. On theoretical ground, Matzinger [20] proposed
the ‘‘danger model,’’ which hypothesizes that APCs can
also be activated by endogenous danger/alarm signals
released from distressed or injured cells, thus adding a
new category of APC activators. According to this the-
ory, endogenous danger signals are either inducible or
exist in a pre-packed form only to be released in
situations in which cells are threatened. Although purely
theoretical at that time, many endogenous danger sig-
nals have since been empirically identified [21]. Among
them are ATP [22], UTP [23], heat-shock proteins (hsps)
[24,25], and mammalian DNA [26]. Previous studies
have demonstrated that APCs can be activated by
endogenous danger signals released from tumor cells
that are damaged or killed, and the activated APCs
could further elicit robust T-cell responses against the
tumors [15,27–29]. These studies also suggest that by
inducing in situ damage of the tumor, more danger sig-
nals together with tumor antigens can be released from
tumor cells and a strong anti-tumor immunity may thus
be elicited through efficient antigen presentation by the
activated DCs.

In this work, the feasibility of utilizing HIFU to pro-
duce mechanical lysis of tumor cells with concomitant
release of endogenous danger signals or immuno-stimu-
latory factors (Hsp and ATP) and their stimulatory ef-
fects on APCs, especially DCs and macrophages, were
investigated. The results demonstrate that endogenous
danger signals released from HIFU-treated tumor cells
can activate APCs. More importantly, the endogenous
danger signals released from mechanically damaged tu-
mor cells were found to be much more potent for
APC activation than that from thermally damaged tu-
mor cells, indicating a potential strategy for enhancing
anti-tumor immunity during HIFU therapy.
Materials and methods

Cell cultures. RAW264.7 mouse macrophage cell line was obtained
from American Type Culture Collection (Manassas, VA). The MC-38
mouse colon adenocarcinoma tumor cell line was kindly provided by
Dr. Jeffrey Schlom of NCI (Bethesda, MD). Cell lines were maintained
in complete Dulbecco�s modified Eagle�s medium (DMEM), supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco,
USA) at 37 �C and 5% CO2. Tumor cells used in the experiments were
in log-phase with 24 h doubling time. Before HIFU treatment, tumor
cells were washed three times with phosphate-buffered saline (PBS) and
the culture medium was replaced with fresh DMEM without FBS. Cell
viability before treatment was greater than 98% based on Trypan blue
dye exclusion test.

Immature DCs were cultured from the bone marrow of C57BL
mice according to a protocol modified from that described by Inaba
et al. [30]. Briefly, bone marrow cells were collected from femurs and
tibias, resuspended at 1 · 106 cells/ml, and cultured in 50 cm2 flasks
(10 ml/flask) in RPMI-1640 supplemented with 10% FBS, glutamine,
b-mercaptoethanol, antibiotics, 10 ng/ml GM-CSF (PharMingen, San
Diego, California), and 10 ng/ml IL-4 (BioSource, Camarillo, Cali-
fornia). After 2 days incubation at 37 �C, 5% CO2, non-adherent cells
were removed by two washes with pre-warmed (37 �C) RPMI-1640
medium and the adherent cells were cultured in the above complete
medium for an additional 3 days. Cells were harvested at day 5 and are
immature DCs based upon phenotypic analysis (data not shown).

HIFU treatment. A 1.1 MHz HIFU transducer (H-102, Sonic
Concepts, Seattle, WA) with a focal length of 63 mm was mounted
horizontally inside a water tank filled with degassed water. As shown
in Fig. 1, the HIFU transducer with its 50 X matching network was
driven by sinusoidal tone-burst signals produced by a function gen-
erator (33120 A, Agilent, Palo Alto, CA) together with a 55 dB power



Fig. 1. A schematic diagram of the HIFU experimental system for in vitro cell studies.

Table 1
The output parameters of thermal and mechanical HIFU treatments

Output parameters Thermal HIFU Mechanical HIFU

Modulation Burst mode Burst mode
Frequency (MHz) 1.1 1.1
PRF (Hz) 200 4
P+ (MPa) 12.0 31.7
P� (MPa) 6.7 10.7
Duty cycle (%) 30 3
Treatment duration (s) 5 3 · 10a

PRF, pulse repetition frequency.
a At an interval of 10 s.
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amplifier (A150, Electronic Navigation Industries, Rochester, NY).
The operation and exposure parameters of the HIFU system were
controlled by programs written in LabView (v.6.1, National Instru-
ments, Austin, TX) via a GPIB board installed in a PC. 1 · 106 tumor
cells suspended in 10 ll DMEM were loaded in a 0.2 ml PCR thin-
walled tube, which was placed vertically with its conical bottom
aligned within the �6 dB beam focus of the HIFU transducer. Tem-
perature elevation in cell suspension was monitored using a thin bare-
ware thermocouple (IT-23, Physitemp, Clifton, NJ) during the
experiment.

Bioassays for endogenous danger signal release and cellular damage.

After HIFU treatment, supernatants of the treated tumor cells were
collected by centrifuging the cell suspension at 500 g for 5 min. ATP
and hsp60 concentration in the supernatants were determined with
ATPLite Luminescence ATP Detection Assay System (Perkin-Elmer,
MA, USA) and a commercial ELISA kit (Stressgen Bioreagents,
Victoria BC, Canada), respectively. To assess cellular damage, LDH
activities in the supernatants of HIFU-treated tumor cell were mea-
sured by CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega,
WI, USA).

Stimulation of DCs and assay for their maturing status. Immature
DCs cultured from mouse bone marrow cells were collected, washed
three times with RPMI-1640, suspended at a density of 1 · 106 cells/ml
in complete culture medium supplemented with 10 ng/ml GM-CSF
and IL-4, and seeded in the wells of a 24-well plate (1 ml/well). The
supernatants collected from HIFU-treated tumor cells were then added
to the DC cultures. After incubation for 2 days at 37 �C with 5% CO2,
supernatants were harvested and assayed for secreted IL-12 by a
commercial ELISA kit (Biosource International, CA, USA). To ana-
lyze the expression levels of co-stimulatory molecules, DCs were col-
lected into cold PBS plus 1% dialyzed bovine serum albumin, then
washed and stained on ice for 30 min with a combination of the fol-
lowing monoclonal antibodies: APC-Conjugated Anti-Mouse CD11c,
FITC-Conjugated Anti-Mouse CD80, and PE-Conjugated Anti-
Mouse CD86 (BD Biosciences Pharmingen, USA). Subsequently, the
cells were washed again and analyzed using a FACSCalibur flow
cytometer (Becton–Dickinson).

Stimulation of macrophages for TNF-a secretion.RAW 264.7 mouse
macrophages were seeded at a density of 1 · 106 cells/ml in the wells of
a 24-well plate (1 ml/well). The supernatants collected from tumor cells
treated with HIFU were then added to the macrophage cultures. After
incubation for 6 h at 37 �C with 5% CO2, supernatants were harvested
and assayed for TNF-a levels by ELISA kit (ALPCO Diagnostics,
NH, USA).

Statistical analysis. Data were expressed as means ± SEM. Statis-
tical significance was determined by the unpaired two-tailed Student�s t
test.
Results

Thermal and mechanical lysis of the tumor cells produced

by a HIFU transducer

Current HIFU therapy is focused almost exclusively
on producing thermal ablation of the tumor tissues.
However, both thermal and mechanical damage may
be caused by HIFU through heat impulse and acoustic
cavitation. Here, we compared the HIFU-induced dam-
age of MC-38 tumor cells using two different exposure
strategies, with one emphasizing the thermal effect but
the other emphasizing the mechanical effect produced
by the same 1.1 MHz HIFU transducer under different
output conditions. The acoustic field parameters of the
HIFU transducer corresponding to these two sets of
exposure conditions are given in Table 1. Under the first
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set of exposure conditions, the HIFU transducer was
running at a low pressure level (P+ = 12.0 MPa/
P� = 6.7 MPa) with a high duty cycle of 30%, which
led to a rapid temperature rise to 80 �C in the cell suspen-
sion within a 5 s treatment duration. For convenience,
this exposure configuration will be referred to hereafter
as ‘‘thermal HIFU.’’ In contrast, the second exposure
configuration, referred to as ‘‘mechanical HIFU,’’ was
established by running the HIFU transducer at a high
pressure level (P+ = 31.7 MPa/P� = 10.7 MPa) with a
low duty cycle of 3%, which led to the production of
strong cavitation activity, and thus mechanical stresses,
while limiting the temperature rise in the cell suspension
to below 40 �C with a 30 s treatment duration.

Microscopy examinations revealed that both the
thermal and mechanical HIFU treatments could cause
a complete death of the tumor cells, as evidenced by
Trypan blue dye incorporation (>99%). However, signif-
icant coagulations of morphologically intact cells were
observed following thermal HIFU treatment, while
extensive cellular fragments and debris were produced
by mechanical HIFU treatment (Fig. 2). These results
suggest that distinctly different damage patterns can be
produced by treatment protocols that emphasize either
the thermal or mechanical effects produced by a HIFU
transducer.

Cellular damage and release of endogenous danger signals

from MC-38 tumor cells treated by thermal and

mechanical HIFU

Fig. 3 shows the time course for the release of LDH, a
biomarker of cellular damage [31], and the release of
endogenous danger signals ATP and hsp60 from MC-
38 tumor cells treated by thermal and mechanical
HIFU, respectively. In comparison, the mechanical
HIFU elicited an immediate and strong release of
LDH than the thermal HIFU, suggesting that signifi-
cantly higher cellular damage was produced by the high
pressure and cavitation activities associated with the
mechanical HIFU. In addition, the release of hsp60 by
the mechanical HIFU was progressive and reached a
Fig. 2. Microscopy of (A) normal, (B) mechanical HIFU-treated, and (C) the
Complete destruction of the tumor cells was observed following mechanical
observed following thermal HIFU (400· magnification).
maximum level almost five times of that produced by
the thermal HIFU. Furthermore, the release of ATP
was initially high for both thermal and mechanical
HIFU-treated groups. However, the ATP released from
mechanical HIFU-treated tumor cells broke down
quickly, whereas the ATP released from thermal
HIFU-treated tumor cells remained stable in the super-
natants, indicating the heat-resistance of ATP. Consid-
ering that many proteins will denature at temperature
above 50 �C, we further tested the heat-stability of
LDH and hsp60 by immersing supernatants of mechan-
ical HIFU-treated tumor cells in a water bath of 80 �C
for 5 s. The amounts of LDH and hsp60 were found
to decrease dramatically after such heat treatment (data
not shown). Protein denaturation may also explain the
difference in ATP release produced by thermal and
mechanical HIFU. Since cells abound with endogenous
ATP degrading enzymes (ATPases), these ATPases
released from mechanical HIFU-treated tumor cells
may rapidly degrade the ATPs that were released simul-
taneously. In the case of thermal HIFU, since ATPases
may be inactivated by heat, the released ATP can re-
main stable in supernatants. Altogether, these results
suggest that thermal and mechanical HIFU can induce
distinctively different release profiles of the endogenous
danger signals. Thermal HIFU may lead to an incom-
plete release of heat-resistant danger signals such as
ATP but can denature and inactivate heat-sensitive dan-
ger signals such as hsp60 as well as endogenous molecule
degrading enzymes such as ATPases. On the other hand,
mechanical HIFU with its negligible thermal effect
together with the strong destructive effect on cell mem-
branes may cause a much more complete release of a di-
verse array of endogenous danger signals, although
some of them may be degraded by simultaneously re-
leased endogenous molecule degrading enzymes.

Activation of APCs by danger signals released from
mechanical and thermal HIFU-treated tumor cells

To evaluate their propensity in the activation of
APCs, supernatants collected from mechanical and
rmal HIFU-treated MC-38 tumor cells after Trypan blue dye staining.
HIFU, whereas coagulation of morphologically intact tumor cells was



Fig. 3. Release of (A) ATP, (B) LDH, and (C) hsp60 fromMC-38 tumor cells treated with either mechanical or thermal HIFU. Data are presented as
means ± SEM from triplicate measurements. The results are representative of three independent experiments.
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thermal HIFU-treated MC-38 tumor cells, respectively,
were assayed for their stimulatory effects on APCs. As
shown in Table 2 and Fig. 4, both mechanical and ther-
mal HIFU treatments were found to stimulate the mat-
uration of APCs, as manifested by up-regulation of the
expression of co-stimulatory molecules (CD80 and
CD86) and enhanced IL-12 secretion from DCs, and sig-
nificantly elevated TNF-a secretion from RAW264.7
macrophages. More importantly, the stimulatory effect
induced by mechanical HIFU treatment was much
stronger than that induced by thermal HIFU treatment.
Altogether, these findings suggest that the mechanical
stresses generated by alternative HIFU treatment
strategies are much more effective in releasing immuno-
logically active endogenous danger signals from tumor
cells and in the activation of APCs than the thermal
stresses produced by the current HIFU cancer therapy.
Discussion

Using tumor cell line MC-38, we have demonstrated
in vitro that HIFU treatment can cause both thermal
and mechanical necrosis, leading to the release of endog-
enous danger signals (ATP and hsp60) from the dam-
aged tumor cells. We have further demonstrated that



Table 2
Up-regulated expression of CD80 and CD86, and enhanced secretion
of IL-12 by DCs after being exposed to supernatants of MC-38 tumor
cells treated with mechanical or thermal HIFU

Exposure group Mean fluorescence
intensity

IL-12 secretion
(pg/ml)

CD80 CD86

Medium 127 ± 6.1 302 ± 30.2 16.1 ± 3.8
Non-treatment control 128 ± 12.4 308 ± 26.5 40.3 ± 5.0
Mechanical HIFU 154 ± 2.8* 402 ± 8.5* 111.2 ± 8.9**

Thermal HIFU 145 ± 5.0* 372 ± 7.8* 57.9 ± 2.5*

Immature DCs were co-cultured with 0.5 ml supernatant of MC-38
cells that were either treated with mechanical or thermal HIFU. After
48 h, DCs were collected and the expression levels of co-stimulatory
molecules in the medium or supernatants of MC-38 cell cultures were
assayed by flow cytometry. DCs were identified as the large (FSC hi/
SSC hi) CD11c positive population and the surface expression levels of
CD80 and CD86 were measured on cells in this population. IL-12
secretion was assayed by collecting DC supernatants and measured for
IL-12 by a commercial ELISA kit (Biosource International, CA,
USA). The measurements were performed with triplicate samples.
Data are shown as means ± SEM.
* p < 0.05 compared with non-treatment control.

** p < 0.001 compared with non-treatment control and thermal HIFU
by Student�s t test. The results are representative of three independent
experiments.
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the released danger signals can stimulate the maturation
of APCs, such as DCs and macrophages. Most impor-
tantly, the immuno-stimulatory effect of mechanically
lysed tumor cells was found to be much stronger than
that of thermally ablated tumor cells, which are the pre-
dominant outcome of current HIFU therapy. These
findings support the notion that HIFU may elicit anti-
tumor immunity and point to the possibility of develop-
ing alternative HIFU treatment strategies (in contrast to
Fig. 4. Enhanced secretion of TNF-a by RAW264.7 mouse macrophages afte
measurements were performed with triplicate samples. Data are shown a
bp < 0.001 compared with non-treatment control and thermal HIFU by
experiments.
purely thermal ablation) for inducing stronger immune
responses against cancer.

It is now well established that the maturation or acti-
vation of APCs, especially DCs, plays a critical role in
the initiation of the adaptive (or antigen-specific) im-
mune response against cancer [12,13,15]. Based on the
‘‘danger model’’ proposed by Matzinger [20,32], the
activation of APCs can be induced by endogenous dan-
ger signals released from necrotic cells, such as those ex-
posed to pathogens, toxins, or mechanical damage, but
not by healthy cells or those dying apoptotically [15].
In healthy tissues, APCs are kept in a ‘‘resting state’’
and therefore no adaptive immune response is initiated.
When distressed or injured, tissues will send out danger
signals to alarm APCs to trigger immunity [32]. From
this viewpoint, the lack of host immunity against tumors
can be explained by the fact that most tumors have
evolved to grow without releasing endogenous danger
signals, and hence avoiding APC activation and the ini-
tiation of adaptive anti-tumor immunity. Further, it has
been shown that immature DCs can constitutively cap-
ture exosomes from living cells or apoptotic bodies
and present the captured antigens to T-cells. Without
co-stimulation, however, T-cells presented with antigen
will either enter a state of anergy or be deleted [12,33].
To break such a barrier of immune tolerance for tumors,
a conceptually attractive approach is the induction of
necrotic damage to tumor cells, which leads to the
release of endogenous danger signals together with plen-
tiful tumor antigens that can activate APCs to induce
effective T-cell immunity.

Following this conceptual lead, various treatment
strategies for enhancing anti-tumor immunity have
been explored. For example, tumor cells that are
r exposure to supernatants of MC-38 tumor cells treated by HIFU. The
s means (±SEM). ap < 0.05 compared with non-treatment control,
Student�s t test. The results are representative of three independent
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mechanically lysed by repeated freezing and thawing
have been used to provide strong stimuli for APC acti-
vation [15,28,34]. This approach, although convenient
for in vitro studies, has limitations for in vivo applica-
tions. Others have examined the response of APCs to
tumor cells that are treated by chemotherapeutic agents
and/or radiation, which mainly cause tumor cells to
undergo apoptosis. The results are controversial. Some
studies suggest that such treatments fail to provide a
stimulatory signal for APCs or may even block the mat-
uration of DCs [15,28,34]. Yet, other studies suggest
that chemotherapeutic agents and radiation could cause
tumor cells to undergo secondary necrosis in addition to
apoptosis, and therefore stimulatory signals may be
released to activate APCs [29]. Nevertheless, the most
significant drawback of chemotherapy and radiation is
their cytotoxic effects on hemopoietic cells of the bone
marrow and lymphocytes of the immune system, leading
to immuno-suppression. This side effect may severely
limit their potential to augment anti-tumor immunity.
In contrast, unlike radiation and chemotherapy, HIFU
can be applied repetitively without the apprehension of
accumulating systemic toxicity. This unique feature,
combined with the localized destruction of tumor cells
with concomitant release of endogenous danger signals,
makes HIFU an ideal strategy for potentially eliciting a
strong anti-tumor immunity.

Previous animal and clinical studies have provided pre-
liminary evidence suggesting that HIFU treatment may
elicit a systemic anti-tumor immune response [6,9–11].
However, two fundamental issues that are critical for
enhancing the therapeutic effect of HIFU-elicited anti-tu-
mor immunity were not addressed. First, the underlying
immunological mechanism for HIFU-induced anti-tu-
mor immunity was not investigated. Without this knowl-
edge, it is difficult to improve the potency of anti-tumor
immunity elicited by HIFU. Second, the anti-tumor im-
mune response induced in the previous HIFU studies, if
any, was not strong enough to provide a complete protec-
tion against tumor recurrence or metastasis. In fact, local
tumor recurrence and metastasis are often the cause of
failure for HIFU therapy [7], indicating the need to aug-
ment the host anti-tumor immunity.

Based on the results of our in vitro experiments and
Matzinger�s ‘‘danger model’’ theory, we postulate that
the release of endogenous danger signals from HIFU-
damaged tumor cells and the consequent activation of
APCs may constitute an important mechanism for
HIFU-elicited anti-tumor immunity. The observation of
lower potency in the stimulatory effect of DC maturation
by thermal HIFU (coagulative necrosis) as compared to
mechanical HIFU (disruptive necrosis) is also important.
These findings suggest that current HIFU therapy, which
produces predominantly coagulative necrosis by thermal
stresses, may have two serious shortcomings in eliciting a
strong anti-tumor immunity. First, coagulative necrosis
may lead to an incomplete release of the endogenous dan-
ger signals (see Fig. 2C). Second, even when some of the
endogenous danger signals were released, their potency
could be severely damaged by the thermal stresses, as
demonstrated by the inactivation of heat-sensitive hsp60
following thermal HIFU treatment (see Fig. 3). In com-
parison, when HIFUwas used to produce predominantly
mechanical lysis of the tumor cells without the thermal
stress, the release of the endogenous danger signals was
more plentiful, presumably due to complete disruption
of the cell membranes (see Fig. 2B), and their overall
potency in stimulating thematuration ofAPCswas signif-
icantly higher (see Table 2 and Fig. 4).

In recent years, HIFU has been used successfully in
clinic for the treatment of a variety of cancers. In its cur-
rent form, however, HIFU therapy is not effective
against metastatic or even residual tumor cells at the
primary tumor site. This is partially due to the fact that
current HIFU therapy is used almost exclusively to
produce thermal ablation of the tumor while largely
ignoring the biological effects that can be produced by
the mechanical stresses imposed by focused ultrasound
in tissue. By exploring the response of tumor tissues to
the mechanical stresses induced by focused ultrasound,
and by synergistic combination of HIFU-elicited
anti-tumor immunity and thermal ablation through
optimization of treatment strategies, the overall quality
and effectiveness of cancer therapy by HIFU may be
significantly improved in the future.
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