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ARTICLE INFO ABSTRACT

Available online 25 March 2014 Recently, the use of ultrasound (US) has been shown to have potential in cancer immunotherapy. High intensity
focused US destruction of tumors may lead to immunity forming in situ in the body by immune cells being

Keywords: exposed to the tumor debris and immune stimulatory substances that are present in the tumor remains.

Tumor Yaccme Another way of achieving anti-cancer immune responses is by using US in combination with microbubbles and

Immunity nanobubbles to deliver genes and antigens into cells. US leads to bubble destruction and the forces released to

?LFrrlfor ablation direct delivery of the substances into the cytoplasm of the cells thus circumventing the natural barriers. In this

Microbubbles way tumor antigens and antigen-encoding genes can be delivered to immune cells and immune response stim-

Bubble liposomes ulating genes can be delivered to cancer cells thus enhancing immune responses. Combination of bubbles with
Nanobubbles cell-targeting ligands and US provides an even more sophisticated delivery system whereby the therapy is not
only site specific but also cell specific.
In this review we describe how US has been used to achieve immunity and discuss the potential and possible
obstacles in future development.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is caused by the patient's own cells growing in an uncon-
trolled and harmful way. In general the immune response towards
cancer is weak since the immune system sees the cells as “self”. Further-
more, in cancer tissues the environment often suppresses the immune
response by expression of receptors on the cancer cells and secretion
of various immune suppressing substances [1].

In recent years there have been a number of reports that US can be
used to boost immune response towards cancer. In this review we de-
scribe both the direct effect of US on tumors that can induce immune re-
sponse and the use of US-sensitive drug carriers for delivery of immune-
stimulating substances.

2. Overview of cancer immunotherapy

Immunotherapies are therapies where the natural immune response
of the patient is activated or enhanced so that it acts to combat the dis-
ease. In cancer this means that the immune system should be made to
attack the tumor or cancer cells but leave the normal, healthy cells
alone. This can be done in different ways, by unspecific increase of the
immune system, by using monoclonal antibodies, by adoptive cell trans-
fer and by in vivo cancer vaccines [2]. Immunity can be divided into
humoral immunity and cell-mediated immunity. Humoral immunity
acts through antibodies (ABs) produced by B lymphocytes and cell-
mediated immunity through T lymphocytes. Both types of lymphocytes
can be activated by tumor antigens (TAs), which are mainly proteins
and peptides from tumor cells. ABs are proteins that have affinity for a
specific structure, for example a surface protein of a cancer cell. T cells
are activated when the antigen is presented to them by major histocom-
patibility complex (MHC) molecules on cell surfaces. T helper cells
(CD4+ cells) are activated by TA on MHC class Il on antigen presenting
cells (APCs), most importantly dendritic cells (DCs) and cytotoxic T cells
(CTL, CD8+ cells) which can be activated by TA on MHC class I which is
expressed on all cells [3]. CTLs can directly attack cancer cells showing
the right antigens by releasing cytotoxins that lead to the death of the
target cell. The T helper cells act by releasing cytokines, which is an im-
portant factor in CTL and B cell activation.

There are three steps essential for effective immune response
against cancer [4]. Firstly DCs need to be exposed to TAs. The DCs also
need to get a “maturation signal” that leads to immunity to the antigens
instead of tolerance. Many maturation signals have been identified, such
as pathogen associated molecular patterns, toll like receptor ligands,
tumor necrosis factor o (TNF-a) and many more; however, the exact
relationship between these signals is still not clear [5]. The second con-
dition for immune response is T cell activation by DCs in the lymph
nodes. If DCs that present antigens have not been activated by matura-
tion signals they will instead induce tolerance in the T cells and thus
counteract immune reaction [6]. The third step for effective immune ac-
tion against a tumor is infiltration by the activated T cells in the tumor
tissue and that they retain their activity and kill the cancer cells. The
tumor microenvironment can also prevent the T cell effect in different
ways, e.g. by the action of myeloid-derived suppressor cells and regula-
tory T cells (Treg) that oppose the action of the activated immune cells
and by the tumor cells down-regulating their MHC class I expression
and release immune suppressing substances [1]. Immune therapies
can act anywhere in this complex system but understanding the
whole process will be essential for a successful outcome.

ABs are the immune modulating treatments against cancer most
often clinically used today, and there are several approved products
on the market [7]. Since ABs can be designed to bind to virtually any

cell surface structure, they are very attractive tools for targeted treat-
ment. In cancer therapy, ABs have been used to achieve targeted drug
and radioisotope delivery and have been employed as immune-
regulating agents. In immunotherapy, ABs can have several roles:
(1) as a new antigen by binding to cancer cells and be discovered as
non-self by immune cells; (2) as blocking agents of receptors involved
in down-regulation of the activity of CTLs; or (3) oppositely be used to
stimulate receptors that enhance the activity of immune cells [8].

Cancer vaccination can be performed in different ways. The simplest
is the “classic” vaccine type where whole cancer cells removed by sur-
gery or cancer cell line cells that carry some characteristic antigens of
the cancer in question have been made non-viable by, for example,
freeze-thawing or ultraviolet radiation. Then the cells or cell parts are
injected into the patient [9]. This makes the TAs available for detection
by DCs in vivo and can thus trigger an immune response. Another type
of vaccination is adoptive cell transfer (ACT) in which activated anti-
tumor lymphocytes are infused into the patient. The T cells are taken
from the tumor tissue, tested for anti-cancer activity, expanded ex vivo
to greater numbers and then re-infused into the patient [10,11]. DNA
vaccination of tumor cells is another approach. Instead of directly po-
tentiating the immune response towards the tumor, the tumor itself is
made more immunogenic [12].

As mentioned there are several AB products on the market today. For
example, Bevacizumab is an antibody that binds to vascular endothelial
growth factor (VEGF) and prevents its function. VEGF is involved in the
formation of new blood vessels in the tumor so blocking VEGF reduces
this and thus the delivery of nutrients to the tumor [13]. Rituximab is
another example, which is used in lymphoma where it binds to CD20
lymphoma cells and causes cell lysis and apoptosis [14].

When it comes to cancer vaccines there is only one substance ap-
proved today in the USA, Sipuleucel-T (or Provenge as it is known) in-
duces targeting by the immune system of the antigen PAP and is
approved for treatment of prostate cancer [15]. Sipuleucel-T is a cell-
based therapy; cells are taken from the patient, cultured ex vivo with
PA2024, a fusion protein where PAP has been conjugated with
granulocyte-macrophage colony stimulating factor (GM-CSF). The
cells are then infused back into the patient, discovered by the immune
system and lead to immune response towards PAP which is expressed
in about 95% of prostate cancers.

3.US

US is sound waves of frequencies from about 20 kHz and above,
which is higher than can be detected by the human ear [16]. An US
wave is created at the US transducer and propagates as intermittent
high and low pressure zones through a medium.

3.1. Biological effect of US

Since US has a long history in medical applications the effects on bio-
logical tissues are well known. US used for in vivo imaging is generally
considered safe but it is not completely without side effects (for a review
see [17]). Adverse effects come primarily from two mechanisms: thermal
effects and mechanical or cavitation effects [18]. Thermal effects are due
to the absorption of the US energy. The amount of heating depends on
both the US and the tissue exposed. From the US side, the energy of the
US source, the tissue volume irradiated (i.e. concentration of radiation)
and exposure time affect the heating. The heating of a tissue depends
on the molecular composition, thermal conduction and blood perfusion.

Bubble destruction due to inertial cavitation can cause direct tissue
damage through heat and jet streams from the collapsing bubble but
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this may also lead to the formation of free radicals that can then cause
indirect tissue damage [19,20].

3.2. Medical applications of US

US diagnosis can be performed with or without the use of contrast
agents. US contrast agents are gas bubbles of a few micrometers that
are injected and increase the contrast of blood vessels and blood per-
fused organs [21,22].

Low energy US can also be used to assist healing. Therapeutic US has
been used for repairing ligaments, inflamed tendons, stiffened joints,
fractured bones and cartilage, wound healing, nerve stimulation and
more [23]. The main cause of these beneficial effects is considered to
be heating and increased blood flow but also more specific effects like
increased protein expression [24] and stimulation of macrophages [25].

Another application is high intensity focused ultrasound (HIFU) for
tumor destruction (ablation) in cancer. Focusing the US energy achieves
a high concentration of US energy in a small volume. This can cause local
necrosis of tumor tissue while doing minimal harm to adjacent tissue.
HIFU will be described in more detail in Section 4.

3.3. US in drug delivery

US has been used in many drug delivery applications, generally tak-
ing advantage of the possibility to “activate” drug delivery vehicles
in situ to release the loaded drug in a specific place in the body and
thereby achieve a localized effect. The drug vehicles have been various
dispersions e.g. temperature sensitive liposomes [26], bubbles [27] and
perfluorocarbon emulsions [28]. The procedure is generally that the
US-sensitive formulation is injected intravenously or in the target area
and then the US is applied from an external source. This approach has
been applied to facilitate transdermal drug delivery [29], delivery to
the heart [30], crossing the blood brain barrier [31], to skeletal muscle
[32], gene delivery, to achieve plasma membrane poration [33] and de-
livery of drugs to treat cancer [34].

4. Direct US for enhanced immunotherapy
4.1. US tumor ablation and immunity

Cancer tumor ablations aim to cause cancer cell necrosis in the
tumor with no or limited damage to surrounding tissue. Apart from
with US, ablation can be achieved by different methods including radio-
frequency [35], microwaves [36], laser irradiation [37] and cryo ablation
[38]. Much of the knowledge about the connection between tumor ab-
lation and an immune response towards the tumor comes from re-
search on cryo ablation in which the tumor is frozen causing tissue
damage and cell death. Upon freezing and thawing cells are lysed leav-
ing debris such as cell membrane fragments and intracellular proteins. It
has been shown that cryo ablation can cause infiltration of immune cells
in the tumor [39] as well as DC maturation [38]. Combining cryo abla-
tion with immunomodulatory agents can further increase the efficacy
of the treatment [40].

Tumor ablation can also be achieved using HIFU. In HIFU a transduc-
er outside the body is used to focus the US radiation at a small point in
the body so that the US wave density at that point becomes very high.
Continuous irradiation leads to local temperature increase but shorter
pulses can also cause damage by mechanical means due to the pressure
oscillations. Temperatures above 55 °C for at least 1 s lead to coagulative
necrosis and immediate cell death in the targeted tissue [41].

The cell debris differs depending on the US ablation method. If the
thermal effect dominates then cell death is caused by heating leaving
a coagulated tissue; however, with mechanical damage the cells are
torn to pieces but because the temperature increase is low coagulation
does not occur [42].

At higher US intensities acoustic nonlinearities cause higher har-
monics and shock waves that can lead to considerably more mechanical
damage and higher temperatures at the focus point than would be ex-
pected if this nonlinearity is not taken into account [43,44]. This can
lead to tissue boiling after very short exposure times, so-called millisec-
ond boiling. Wang and colleagues showed that with a 10-ms exposure
complete tissue destruction (or emulsification as it is also called) was
achieved without any heat damage, whereas if the exposure time was
increased substantial thermal damage could be achieved with expo-
sures up to 500 ms [45]. Since the volume that is irradiated with each
HIFU burst is small, many single bursts are usually needed to treat the
whole tumor volume. Today HIFU has been applied in clinical studies
to treat prostate cancer, breast cancer, kidney tumors, liver tumors, pan-
creas tumors and glioblastoma in the brain [46].

One of the early clues to the immune-stimulating potential of HIFU
came from Yang and co-workers [47]. They treated mice with subcutane-
ous murine neuroblastoma C1300 with HIFU to ablate the tumors. HIFU
alone cured 53% of the animals and after tumor ablation, the tumor
growth after a second tumor challenge was significantly reduced com-
pared to animals that had not had a tumor at all and animals that had
an untreated tumor since previously. The difference between the HIFU-
treated mice and those with an untreated tumor showed that this effect
was induced or at least increased by the tumor ablation. Combination of
mechanical HIFU and surgery has also shown a down-regulation of signal
transducer and activator of transcription 3 (STAT3), which is known to
be involved in tumor development [48]. Compared to only surgery the
combination treatment also led to an increase in dendritic cell numbers
and activity. Decrease of immuno-suppressing cytokines like VEGF and
transforming growth factor 3 1 and 2 in circulation in patients has also
been seen after HIFU tumor ablation [49].

The immune modulating potential of HIFU ablation in vivo in human
has been known for some time. Rosberger and colleagues demonstrated
the ability of US treatment to affect the T cell helper/suppressor ratio
(CD4+/CD8+) [50]. Patients with posterior chordial melanoma were
treated with HIFU. Of the five patients treated, two had inverted CD4+/
CD8+ ratios (CD4+ < CD8+) prior to the treatment — one week after
the treatment the ratio had reverted to normal (CD4+ > CD8+).
Furthermore, an increase of CD4+/CD8+ ratio was noted in one of the
three patients that initially had normal ratios. The change in CD4+/
CD8+ ratio as well as a general increase of CD4+ lymphocytes in circula-
tion after HIFU ablation of tumors has also been reported elsewhere [51].

Further supporting the conclusion that the ablation of the tumor and
not the US itself is the cause of the immune regulation is the fact that
other ablation methods have also shown an increase in immune re-
sponse, such as radiofrequency ablation and cryo ablation [35,40].

Differences between thermal and mechanical ablation were studied
by Hu and colleagues [52]. Firstly, the appearance of the cell debris
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Fig. 1. Difference in TNF-a secretion from RAW264.7 macrophages after exposure to
MC38 cancer cell debris from different destruction methods. (Reproduced with permis-
sion from [52]).
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differed, the mechanical HIFU had completely destroyed the tumor
cells whereas after thermal HIFU large lumps of coagulated cells as
well as seemingly intact cells remained. The two different lysates
also showed different potency to induce an immune reaction.
Dendritic cells exposed to the cell debris ex vivo had up-regulated
expression of co-stimulatory molecules and secretion, and macro-
phages showed an increased secretion of TNF-a compared to non-
treated cells (Fig. 1). In both cases the effect was higher in cells ex-
posed to the debris from mechanically lysed cells than those exposed
to debris from thermal HIFU.

Similarly, Zhang and co-workers examined the difference between
H22 hepatocellular carcinoma (HCC) cancer cell vaccines generated
from HIFU-treated tumors and non-treated tumors [53]. The cytotoxic-
ity of CTLs in vitro was found to be higher; and when used as a vaccine
the tumor growth rate was decreased in the HIFU group compared to
non-HIFU vaccine. In a similar way as for Yang and co-workers [47], if
mice first had a tumor treated with HIFU and then were once again chal-
lenged the survival rate was 100% after 48 days (20% in both vaccinated
groups). Recently, transfer of T lymphocytes from mice after HIFU treat-
ment of H22 HCC was reported. It was seen that tumor ablation led to an
increase in the cytotoxicity of tumor-specific T lymphocytes in the
spleen, and T lymphocytes from harvested spleen showed increased
cytotoxicity and secretion of [FN-y and TNF-« in vitro [54]. When the
T lymphocytes were transferred to tumor cell challenged mice, the me-
tastasis rate decreased and complete tumor regression and survival
increased.

The reason for the difference between mechanical and thermal HIFU
ablation is not clear. It has been suggested that the mechanical
treatment leaves more cell components like proteins in their natural
structure whereas heat treatment might denature them. Still, cell de-
struction by freeze-thawing that could be expected to be more similar
to the mechanical HIFU in the preservation of the natural conformations
of molecules gave lower maturation of DCs by co-culture than debris
from thermal HIFU-ablated tumors [55]. Probably HIFU also has effects
other than the destruction of the tissue. One factor may be expression
of heat shock proteins that have been found to increase by heating
such as after HIFU ablation [52-54,56,57] but also by MBs combined

with focused US treatment, the latter probably due to the mechanical
stress exerted on the tissue [58].

Different thermal HIFU methods have also shown differences in ef-
fect. A lower temperature HIFU (55 °C) gave a stronger immune re-
sponse seen as more DC infiltration and in situ maturation than a
higher temperature (80 °C). Also a sparse HIFU scanning approach
that left a gap of non-treated tissue between the lesions gave a stronger
response than complete ablation [59]. Contributing to the immune re-
sponse is that HIFU can facilitate penetration of the tumor tissue by den-
dritic cells [42], activated CTLs and natural killer (NK) cells [60].

Generally, all the reports show an induced or modified immune re-
sponse following HIFU ablation of tumors in vivo and cancer cells
in vitro (see Table 1). The transfer of immunity in the form of a vaccine
has been shown to be possible, and the most promising results in trans-
ferred immunity may be transfer of live activated lymphocytes from one
host to another, which resulted in higher CTL activity and increased sur-
vival [54]. HIFU treatment is not completely without risks: skin redness,
edema pain and necrosis outside the target area are common complica-
tions [61] and more serious are reports of metastasis formation [62].

4.2. Sonoporation-assisted immunotherapy

If lower US energy than needed for ablation is used it can still induce
temporary disruptions in cell membranes [63]. This phenomenon is
known as sonoporation and has been examined as a means to improve
the delivery of various drugs and other bioactive agents [33]. The exact
mechanism of sonoporation of cell membranes is not yet clear but mor-
phological changes in cell membranes have been shown [63]. US that ir-
radiates a tissue will lead to heating and this increases the fluidity of
lipid bilayers and makes passive transport (by diffusion) through the
bilayers easier [64]. Compared to bubble assisted sonoporation (see
Section 5) higher energy is needed since the whole tissue needs to be af-
fected and not only the US sensitive bubbles. However, the damages
caused are limited and in general completely reversible. Sonoporation
can be utilized to facilitate drug transport into cells and thereby the nor-
mal barriers can be circumvented. Another effect that US can directly

Table 1
Summary of tumor types and immunological effects after HIFU treatment in the references of the present paper.

Species Tumor Model Effect of HIFU Ref.

Mouse Neuroblastoma C1300 Tumor growth after re-challenge | [47]
Survival 1

Human Melanoma CD4+ 1 [50]
Normalisation of CD4+/CD8+ ratio

Human Various CD4+ 1 [51]
CD4+/CD8+ ratio 1

Human Breast cancer HSP70 1t [57]
EMA increase

Mouse Cancer cell culture MC-38 Danger signals (ATP, hsp60) 1 [52]
DC, macrophage activation 1
Mech. HIFU more effective then thermal

Mouse Hepatocarcinoma H22 Cytotoxicity of tumor vaccine from HIFU 1 [53]
DC maturation by HIFU vaccine

Mouse Hepatocarcinoma H22 CTL 1 [54]
IFN-y, TNF-ct 1
Survival 1

Mouse Hepatocarcinoma H22 CD8 increase (spleen) [55]
Tumor growth |

Human Hepatocarcinoma or osteosarcoma Immuno-suppressing cytokines | [49]

Mouse Adenocarcinoma, Melanoma MC-35, B16 Lower temperature ablation (55 °C) gave stronger immune response than at 80 °C [59]

Mouse Adenocarcinoma MC-38 DC tumor infiltration 1 [42]
CTL activity 1

Mouse Prostate cancer RM-9 STAT3 | [48]
DC number and activity 1
Tumor growth after re-challenge |

Human Breast cancer CTL and NK 1 [60]

Immune cell infiltration of tumor 1
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have on tissue is increased extravasation from the bloodstream to sur-
rounding tissue [65].

Casey and co-workers utilized direct US sonoporation to deliver GM-
CSF to solid tumors [66]. Administration of plasmids carrying the GM-
CSF after US resulted in 55% survival rate (0% with no US) as well as
complete resistance to repeated tumor challenge, demonstrating an
anti-cancer immune response. Transfer of splenocytes from treated
mice to naive mice also resulted in complete resistance (100% survival)
to tumor challenge leading to the conclusion that the immune response
was cell mediated.

Other studies have also reported successful US sonoporation-
assisted delivery of plasmid DNA to prostate cancer cells in vitro [67],
prostate tumor cells in vivo [68] and IFNB-loaded cationic liposomes to
hepatic tumors [69]. Monoclonal antibodies have also been used in
combination with non-destructive US, and showed increased cell cyto-
toxicity in vitro [70,71] and increased tumor uptake of monoclonal anti-
bodies with pulsed non-destructive HIFU have been demonstrated
in vivo [72,73].

5. Immunotherapy assisted by gas bubbles and US

In the majority of reports where US has been utilized for enhance-
ment of immunotherapy by delivery of bioactive molecules, it has
been in combination with some sort of gas bubble in the nanometer
and micrometer size range that can be made to cavitate by US at the tar-
get site.

In an US field of sufficient power, bubble destruction will occur [74,
75]. The bubbles can thus serve as targets resulting in local release of en-
ergy in the form of radiation force, micro-streaming, shock waves, free
radicals, microjets and strain [16]. The destruction of MBs in a US field
generally increases with decreasing frequency and increasing power
[76].

The destruction of a bubble close to a cell membrane can lead to tem-
porary formation of pores in the membrane [77,78] and also non-
destructive bubble oscillation can lead to increased cell membrane per-
meability [79-81].

There is in principle no difference between MBs and the so-called
bubble liposomes (BLs) in how they are used. For both types the funda-
mental idea is the same, that bubbles are delivered together with an ac-
tive substance and US irradiation of the bubble facilitates the delivery of
the substance. The most important difference is that the BLs are smaller
(below 1 um) and appear to consist of nanometer-sized gas bubbles
enclosed in somewhat larger liposomes, whereas the MBs are gas bub-
bles stabilized by surface active compounds [80,82]. Often in cancer
treatment the aim is to take advantage of the so-called EPR (enhanced
permeability and retention) effect by which nanoparticles can enter

into tumor tissue due to blood vessels there being more leaky and
then remain in the tumor tissue [83]. Although the BLs are larger than
the ideal size to take advantage of the EPR effect there are reports of ex-
travasation even for bacteria larger than 1000 nm [84] so it may be pos-
sible that the BLs could also accumulate in tumors. The size difference
also has implications on such things as stability and potential applica-
tions and therefore we have chosen to treat them separately. Reports
of studies on the immune effects of bubbles in combination with ultra-
sound are listed in Table 2.

5.1. MBs

Gene delivery using a combination of MBs and US has been explored
for some time [85]. MBs for in vivo use were originally developed as con-
trast agents for US imaging. At first only bare air bubbles were utilized
but modern MBs consist of an inert gas with low water (and blood) sol-
ubility (mostly fluorinated alkanes, CyF»y - 5, or sulfur hexafluoride, SFg)
stabilized by a shell of polymer, protein or surface active agents (usually
phospholipids), and are in the order of 1-8 um in diameter [82]. Howev-
er, the stability is limited and most MBs have half-lives for the retention
of the gas in the order of a few minutes in vivo. Commercial MBs are usu-
ally provided as a freeze-dried powder in a vial containing the gas. The
bubbles can then be re-constituted by the addition of water and some
agitation.

Many of the studies on MBs for drug and gene delivery have used
commercially available US imaging contrast agents such as Albunex
[85], BR14 [86], SonoVue [58,87], Optison [32,67,77,88], Definity [89]
or similar bubbles produced in-house. Yet others have used a similar
type of bubble equipped with targeting ligands on the surface [90] or
bubbles complexed with active substances [91,92].

5.1.1. Co-injection

The simplest approach for MB delivery of bioactive substances is to
use co-injection. MBs and the bioactive substance are mixed in solution
ex vivo and the mixture is then injected and US is applied in vivo. This
approach has the advantages that both components can be handled
completely separately up until immediately before injection, and two
separate injections of the components can even be done. Furthermore,
this makes adjusting the treatment simple since it is possible to change
the relative ratio of components and also to add or exchange one com-
ponent without the other having to be taken in consideration.

Several reports have demonstrated the feasibility of this approach.
Sakakima and colleagues used a lipid-stabilized perfluoropropane MB
together with plasmid DNA coding for IFN-{ [86]. In vitro tests of a com-
bination of bubbles, IFN-3 pDNA and US showed an increase in IFN-33

Table 2
Summary of experiments and immune responses after treatment with microbubbles or bubble liposomes in combination with US.
Species/tumor type Method US-sensitive agent ~ Bioactive Immune effect Ref.
Mouse, CT-26 Treatment with MBs and US only SonoVue None Immune cell infiltration [58]
Tumor growth |
Mouse, HCC (SK-Hep1) Co-injection of pDNA and bubbles + US BR14 IFN( pDNA IFNB 1 [86]
Tumor growth |
Mouse, TRAMP-C1, TRAMP-C2, ~ Co-injection of pDNA and bubbles + US SonoVue IL-27 pDNA Expression immune genes 1 [87]
RM1 Immune cell infiltration 1
Mouse, E.G7-OVA Animal immunization with DCs given antigen  Bubble liposomes  Ovalbumin IL-2 1 [99]
in vitro Survival ¢
Mouse, B16BL6 Animal immunization with DCs given antigen ~ Bubble liposomes  B16BL6 extracted antigens Lung metastasis | [95]
in vitro
Mouse, OM-HM In vivo gene delivery + US Bubble liposome IL-12 pDNA CD8+ T cell migration 1 [96]
Tumor growth |
Mouse, B16BL6 melanoma In vivo gene delivery with targeting BLs + US  Bubble liposome pDNA coding for gp100 and TRP-2.  TNFay, [FN-v, IL-4, IL-6 1 [98]
Tumor growth |
Survival 1
Mouse, E.G7-OVA In vivo gene delivery with targeting BLs + US  Bubble liposome Ovalbumin pDNA IFN-y 1t [101]

Tumor growth |
Survival 1
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expression and a significant decrease of cell viability. The treatment re-
sulted in a significant decrease of tumor growth for mice in vivo.

In another report on pDNA delivery with MBs, SonoVue MBs were
utilized to deliver the cytokine Interleukin-27 (IL-27) encoding pDNA
to prostate tumors in mice [87]. The IL-27 pDNA was co-injected with
the MBs intravenously and US was applied immediately. This treatment
was repeated three times with 48-h intervals and resulted in a substan-
tial reduction of tumor growth in all three tumor models tested (RM1,
TRAMP-C1 and TRAMP-C2). Additionally, an increase in the infiltration
of CD3+ CD8+ cells in the tumor after treatment was detected, indicat-
ing an activation of the immune system.

Even if plasmid DNA is not actively coupled to the MB, interaction
may occur. When pDNA was pre-mixed with Optison MBs (with albu-
min shell), the pDNA delivery to cells in vitro was improved compared
to MBs and pDNA separately put to the cells [77]. Microscopy and gel
electrophoresis showed that the pDNA had accumulated on the MBs.

5.1.2. Conjugates of MB and drug

One potential problem with co-injection of MBs and the active sub-
stance is that they might not distribute identically in the body. Therefore
MB formulations in which the MBs have been coupled to the active
agents delivered have also been tested. This also gives another poten-
tially advantageous benefit, namely that the bioactive substance will
be in very close proximity to the MB.

MBs coupled to DNA/RNA lipoplexes with a biotin-avidin coupling
have been shown to deliver the lipoplexes into the cytoplasm of adja-
cent cells when exposed to US [92]. The mechanism was deduced to
be either diffusion through pores appearing in the cell membranes fol-
lowing MB destruction or direct “injection” of the lipoplexes by microjet
streams created when the MB collapses. Once inside the cell mRNA
loaded lipoplexes have the ability to induce gene transcription [91].
The mRNA-lipoplex-MB complexes were put to DCs in vitro and ex-
posed to US. Using fluorescently labeled mRNA, successful delivery
was seen in over 50% of the treated cells, and using mRNA coding for
green fluorescent protein showed that the mRNA was active after deliv-
ery. Additionally, treatment with MB-mRNA lipoplexes and US resulted
in a slight increase of DC maturation markers CD40 and CD86 compared
to control [91].

Lemmon and co-workers presented an interesting method for deliv-
ery of pDNA to phagocyting mouse macrophages. Rabbit ABs were
bound to MBs and were then put to the macrophages which took up
the MBs by phagocytosis and finally US was applied, causing bubble cav-
itation and releasing the pDNA inside the cells [93].

Other applications of MBs and US have also been tested. Adenovirus
delivered immunotherapy, with GM-CSF and IL-12 genes, has also been
combined with MB-US enhanced delivery of endostatin and calreticulin
genes with a synergistic effect of the two treatments [94]. MBs without
US exposure have also been used as an adjuvant in delivery of ovalbu-
min, leading to increased antibody and T cell responses in vivo [90].

5.1.3. MB without drug

MBs without any active agent have been shown to have potential as
immune response triggers. Liu and co-workers examined the effect of
SonoVue MBs in combination with focused ultrasound (FUS) on solid
CT-26 tumors in mice [58]. MBs were injected intravenously followed
by immediate US exposure of the tumor. The treatment resulted in de-
creased tumor growth compared to treatment with only US. Immune
cell infiltration increased in the tumor tissue; both CD8+ CTL and
CD4+ non-T,g levels increased, whereas CD4+ Ty, levels were not af-
fected by the MB-FUS treatment.

MBs with US have also been used to increase the permeability of the
blood-brain barrier to immune cells. With MB + US exposure the NK
cells present in the blood moved across the blood-brain barrier to a
much higher extent than if only US was used [89].

52.BLs

Several reports have been made on the use of BLs, gas-containing
lipid particles. BLs are prepared from liposome dispersions to which
perfluoropropane (PFP) gas is added at elevated pressure, and the
sealed vial is then sonicated and PFP-containing particles with diameter
less than 1 pm are formed (typically 500-700 nm) [95-100]. The sug-
gested structure of these particles are gas bubbles enclosed in a larger
liposome [80].

5.2.1. Non-targeting BLs

BLs have been utilized for delivery of ovalbumin (OVA) to DCs
in vitro [99]. DCs were treated with OVA in combination with BLs and
US. After treatment, OVA fragments were presented on MHC class 1,
and cells treated with BLs + US gave a significantly higher IL-2 levels
when co-cultured with CD8-OVA1.3 cells (see Fig. 2). The DCs were
also used to immunize mice against E.G7-OVA tumors, leading to com-
plete rejection of the tumor, and transfer of OVA + BL + US-treated DCs
led to increased survival of the mice [99]. Immunization with DCs treat-
ed with TAs with the use of BL and US has also been shown to decrease
melanoma tumor metastasis rate [95].

BLs have also been employed to deliver the immune-stimulating IL-
12 gene to solid tumors leading to significantly decreased tumor
growth. The effect was CD8+ T lymphocyte dependent; no effect was
seen in CD8+ T lymphocyte depleted mice [96].

5.2.2. Targeting BLs

BLs have also been used with active targeting to increase the efficacy
and specificity of the effect. For example, enhanced gene delivery was
achieved to mannose receptor expressing DCs using lipoplexes with a
mannose moiety as a targeting ligand on their surface, together with
BLs and US [97]. Complexes with pDNA and mannose-modified BLs
have also been utilized for immunization towards cancer of mice
in vivo, leading to substantially increased secretion of cytokines TNFc,
IFN-v, IL-4 and IL-6 and also enhanced activity of CTL [98]. The treat-
ment also led to decreased tumor growth and increased survival
(Fig. 3). Similar results of pDNA immunization have also been achieved
in another tumor model (E.G7-OVA) [101].

The mechanism for gene transfection with targeting BLs has been
examined in more detail by Un and co-workers [102]. They found
that, firstly, the use of a targeting ligand (mannose) on the BLs increased
the overall association with mannose receptor expressing macrophages.
Secondly, US exposure significantly increased the internalization of the
PDNA, and the internalized pDNA after US was to a high degree in the
cytoplasm and not in endosomes, which was in contrast to without
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Fig. 2. MHC class I restricted OVA presentation after OVA delivery into DCs using a combi-
nation of BLs and US exposure. DCs were pulsed with OVA alone or OVA in conjunction
with US exposure and/or BLs. After US exposure, the DCs were incubated for 1 h at 37 °C
and then washed with PBS. After culturing for 24 h, the DCs were co-cultured with CD8-
OVAT1.3 cells for 20 h. The concentration of IL-2 in the supernatants was measured. Each
data point represents the mean = S.D. for triplicate measurements. *P < 0.05 compared
to the group treated with BLs or US, or without BLs and US. **P < 0.01 compared to the
group treated with BLs or US, or without BLs and US. (Reproduced with permission from
[99]).
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Fig. 3. Cancer vaccine effects against solid tumors by DNA vaccination using Man-PEG2000 bubble lipoplexes and US exposure. (A) Schedule of therapeutic experiments on solid tumors.
(B, C) The suppressing effects of tumor growth against solid tumors (B) and the prolonging effects of survival in tumor-transplanted mice (C) by DNA vaccination using Bare-PEG2000
lipoplexes, Man-PEG2000 lipoplexes and Bare-PEG2000 bubble lipoplexes with US exposure and Man-PEG2000 bubble lipoplexes with US exposure (50 ug of pDNA). Two weeks after
the last immunization, B16BL6 cells were transplanted subcutaneously into the back of mice (n = 8-10). The tumor volume was evaluated. (Reproduced with permission from [98]).

the use of US (Fig. 4). The involvement of transcriptional factors of the
cells in overall transfection following US-BL delivery of pDNA was also
studied [103]. It was found that after US exposure, transcription related
to activator protein 1 (AP-1) and nuclear factor-«B (NF<B) was in-
creased, thus giving higher protein levels, whereas other tested activa-
tors were unchanged. This means that care must be taken in the
design of plasmids for gene delivery so that appropriate promoters are
used [80,83,84].

6. Conclusion

It is well established that ablation of a tumor can cause specific im-
munity towards the cancer. An ablated tumor is very much like a vac-
cine, i.e. various pieces of the original tumor can serve as antigens. It
has also been shown that immediate removal of the tumor after ablation
leads to a lower immune protection compared to if the tumor remains
are left in the body [62]. This together with the fact that a previous

Bare-PEG2qq0 bubble lipoplex
0 min

without US

Man-PEG5qqq bubble lipoplex
without US 0 min

5 min

5 min

HIFU treatment of a tumor gives better protection than a cancer vaccine
made from ablated tumor (as in [53]) shows that not only the antigens
themselves are important but also the “presentation”. Additionally, at
the border of a HIFU-ablated volume there is a high secretion of cyto-
kines by immune cells and high levels of heat shock proteins making
it a suitable environment for maturation of CTLs [56,57].

Furthermore, lower temperature HIFU ablation will result in a stron-
ger immune response, probably by preserving the antigens and facilitat-
ing DC penetration [42,52,59]. For tumor destruction and curing the
primary disease a high temperature ablation has been shown to be
more efficient [42]; so using mechanical HIFU requires serious consider-
ation of the pros and cons.

Non-destructive US with or without any bubbles has been shown to
increase the delivery of active substances including ABs and immune-
stimulating pDNA to tumors, without invoking any serious damage
[66]. Immunity has been achieved by two different approaches, delivery
of TAs to naive DCs or delivery of immune-stimulating agents to tumors.

10 min

Fig. 4. The effects of US exposure timing on cellular association and internalization of pDNA obtained by unmodified and Man-PEG2000 bubble lipoplexes with US exposure in cultured
mouse macrophages. In vitro confocal images of cellular associated pDNA obtained by unmodified and mannose-PEG2000 lipoplexes (5 ug of pDNA) with US exposure at 60 min after the
addition of bubble lipoplexes. US was exposed at 0, 3, 5, 10, 20 and 30 min after addition of bubble lipoplexes. The pDNA complexed with each bubble liposome and the endosomes of
macrophages were labeled with TM-rhodamine (red) and AlexaFluor®-488 transferrin conjugates (green), respectively. Nuclei were counterstained by DAPI (blue). Scale bars, 10 pm.

(Reproduced with permission from [102]).
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The interaction between US and the bubbles, leading to bubble destruc-
tion, can deliver substances into the cytoplasm of cells and thus bypass
the normal obstacles [92,102].

Different types of macromolecules can be delivered in this way, in-
cluding mRNA delivery to DCs [91], pDNA to tumor cells [86,87,96,98]
and various cancer antigens to DCs [95,99]. This has great possibilities
since virtually any type of bioactive substance could be delivered
using bubbles and US — of course it may not always be feasible due to
the complexity of these delivery systems. Even more complex but also
showing good potential are bubbles equipped with targeting ligands
[98].

Both micrometer- and nanometer-sized bubbles have two major
drawbacks for use as delivery vehicles to tumors; firstly, they are too
large to effectively penetrate many tumors and secondly, the gas con-
tent and thus the ability to be triggered by US has a fairly short half-
life in vivo. One possible solution to this problem is to instead use emul-
sions containing liquid that could be turned to gas at the desired site and
time by US irradiation, and some groups have begun looking at this pos-
sibility [28,104,105]. Another potential problem is that the formulations
are often complicated and require some preparation steps immediately
before use, and due to the generally quite poor stability of any gas bub-
ble it might be difficult to make a ready-to-use product that can be
stored for months or years.

Overall the use of US to achieve immune response towards cancer is
showing promise. US has the great advantage of being non-invasive and
is possible to use on only the tumor tissue, making it attractive for both
direct US treatment and activated drug delivery. Immune responses
against cancer have been achieved both with US alone and by delivering
immune-stimulating substances with the assistance of US. The field is
fairly young and many mechanisms are still not fully understood, both
on the technical side regarding the interaction between US, delivery ve-
hicles, bioactive molecules and target tissues and also on the biological,
cancer and immune system side.
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