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The central nervous system (CNS)
has long been regarded as an

immune-privileged site, with the blood-
brain barrier (BBB) limiting the entering
of systemic immune cells and compo-
nents. Exposure of low-energy focused
ultrasound (FUS) with the presence of
microbubbles has been found to provide
a temporary and targeted opening of the
BBB without inflicting brain damage or
inflammation, and is thus an attractive
means of delivering CNS therapeutic
agents and raising the potential for tar-
geted CNS immunotherapy. Based on
our recent studies on enhancing brain-
tumor immune-related therapy via this
mechanism,1 we summarize current
approaches using FUS-induced BBB
opening to promote immune regulation
and project potential directions for FUS-
induced CNS immunotherapy.

Introduction

The blood-brain barrier (BBB) is a spe-
cialized structure related to circulation
with the capillary lumen in the central
nervous system (CNS). It consists of
tightly lined endothelial cells forming a
tight junction, covered by a thick base-
ment membrane, and is firmly supported
by the astrocyte endfeet to cause high elec-
trical resistivity. The BBB is highly selec-
tive for molecular penetration between
blood circulation and extracellular fluid
inside the brain parenchyma (molecules >
400 Da have difficulty penetrating the
BBB). More importantly, the BBB
restricts the free passage of immune cells
into the CNS along with most antigens,

thus endogenous CNS antigens cannot be
easily detected by systemic immune cells.
Therefore, the CNS has long been recog-
nized to be an immune-privileged
organ.2,3

Neuroinflammation is a major cause of
the BBB disruption, and contributes to
undesirable pathological consequences.4

For example, neuroinflammation is an
major pathological effect during traumatic
brain injury, and plays a key role in sec-
ondary brain injuries such as metabolic
disturbances and cerebrovascular dysfunc-
tion that further increase the likelihood of
tissue ischemia and brain edema.5 There is
evidence that Alzheimer disease (AD) is
highly associated with neuroinflammatory
response and there is also evidence that
astrocytes and microglia are activated to
secrete pro-inflammative cytokines to fur-
ther worsen AD.6 Previous studies have
found that the neurodegeneration found
in Parkinson disease is also highly corre-
lated with CNS inflammation,7 and corre-
sponds with excessive immunological
activation. To bypass the BBB but not the
CNS inflammation route, the main cur-
rent approach is through direct intracra-
nial injections of immunotherapeutic
agents.8,9 A noninvasive, targeted, and
transient BBB opening is needed to break
the CNS’s immune-privileged status to
allow for efficient implementation of
CNS immunotherapy.

Recent studies have shown that, in the
presence of microbubbles, low-energy
burst-tone FUS exposure can transiently
increase the BBB’s permeability.10,11 This
BBB-opening induced by FUS exposure is
reversible, and does not damage neural
cells when the exposure level is well
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controlled. Compared to alternative
approaches such as modified lipophilic
chemicals or hypertonic solutions infused
through the carotid arteries to enhance
chemotherapeutic agent delivery into the
brain,10 the advantages of this approach
include its entirely noninvasive nature,
creating a local BBB-opening that mini-
mizes off-target effects, and the process
can be reversed within several hours (offer-
ing a suitable time window for drug
release). These advantages make the FUS-
induced BBB opening a very attractive
alternative for increasing local concentra-
tions of therapeutic molecules in CNS.

Previously high-intensity focused ultra-
sound to induce hyperthermia and ther-
mal ablations for cancer therapies have
clinically shown its usefulness in trigger-
ing immune response via heat-activated
or tissue-necrotic immune triggering
routes.12-15 Our previous paper investi-
gated the use of FUS-induced BBB open-
ing to serve as another potential pass way
in triggering local adaptive immune
response against brain tumor progres-
sion,1 the first demonstration that a thera-
peutically-effective cell number of tumor-
infiltrating lymphocytes can be directed
to a tumor without impacting the sys-
temic immune response.1 Together with
this finding, we summarize our findings

and those from the literature (Fig. 1) and
investigate the potential for applying this
technique for immune regulation and
CNS immunotherapy.

Strategies for FUS-induced BBB
opening in CNS immune modulation
and immunotherapy

FUS-BBB-opening triggered monocytes
activation

Exposing the brain at a relatively high
acoustic pressure may induce not only the
BBB-opened effect but also the accompa-
nying erythrocyte extravasations.11,16,17

The leakage of pro-inflammatory mole-
cules and chemokines into the brain
milieu may in turn promote macrophage
infiltration and homing. However, it is
unclear whether activated macrophages
originate from the circulation or in situ
microglia. It is hypothesized that activated
macrophages from the circulation, in con-
cert with other immune competent cells,
can infiltrate the CNS through the BBB-
opened pores. Previously we have demon-
strated the circulating monocytes/micro-
phages indeed infiltrated the BBB-opened
CNS tissues.18 Monocytes were labeled by
using superparamagnetic iron oxide
(SPIO) nanoparticles, and we observed
that, following excessive FUS exposure,

SPIO-laden monocytes can gradually
aggregate, indicated by the apparent imag-
ing signal intensity level drop in MRI.
This aggregation, however, depends on
the FUS exposure level, and was only
observed at heavy exposure levels which
far exceeded that required for inducing
BBB-opening. Yet, this suggests that the
FUS-induced BBB opening (at heavy
exposure levels) could recruit monocytes/
macrophages into the CNS via FUS BBB-
opening, and benefit the recruitment of
activated macrophages such as in brain
cancer treatment application.19

FUS-BBB-opening triggered enhanced
NK cell delivery

In addition to monocytes/ macro-
phages, NK cells have been found to assist
in large-scale penetration into the CNS
through the FUS-induced BBB opening
for cancer therapy. Alkins et al. implanted
HER2-expressing human breast tumor
cells into nude rats; the tumor cells were
labeled with SPIO nanoparticles and can
therefore be tracked in-vivo via MRI.20

Following targeted FUS-induced BBB
opening and SPIO-labeled NK cell IV
administration, the MRI showed a signifi-
cant SI drop (up to 20%), indicating suc-
cessful homing aggregation of the injected
NK cells. With a high concentration of
injected NK cells, a nearly fold5- increase
of NK cells can be attracted to the tumor
site than without FUS. It also suggests
that FUS-induced BBB opening can suc-
cessfully enhance immune cell targeting
therapy for brain tumor treatment.

FUS-BBB-opening triggered enhanced
antibody delivery

Monoclonal antibody therapy is a key
immunotherapy approach that uses mono-
clonal antibodies (mAb) to specifically
bind to target cells or proteins, and can
eventually trigger a host immune response
against disease. Monoclonal antibodies
have high specificity against targeted extra-
cellular or cell surfaces, and therefore can
induce specific CNS immune modulation
or immunotherapy. However, the mAb
typically measures several tens of kDa,
thus the BBB hampers most mAb from
penetrating to the CNS. The FUS-
induced BBB opening can allow mAb

Figure 1. Schematic showing FUS-induced BBB opening with its potential effect in CNS immune
modulation and immunotherapy.
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penetration to reach significant therapeutic
levels for successful CNS disease therapy.

Kinoshita et al. previously demonstrated
this approach by delivering the mAb, Her-
ceptin (trastuzumab; Genentech).21 Her-
ceptin is a humanized mAb that targets
human epidermal growth factor receptor 2
(HER2/c-erbB2) expressed in breast cancer
cells, and it is desirable to delivered Her-
ceptin directly into the brain for patients
with metastatic breast cancer. When using
FUS-induced BBB opening with concur-
rent Herceptin/ Gd-DTPA IV administra-
tion, they observed the enhancement of the
MR contrast highly correlates with the
Herceptin concentration. The improvement
of Herceptin delivery into brain ranges
from 1.5- to 3-fold higher than controls.

Similar to enhanced Herceptin deliv-
ery, Jordeo et al. showed that the same
strategy that can be applied for targeting
anti-amyloid b (Ab) peptide deposited in
the CNS.22 It has been previously shown
that direct injection of anti-Ab mAb
can be more efficient in Ab clearance than
high dose peripheral injection, and there
is a strong rationale to suppose that the

FUS-induced BBB opening, which allows
for mAb penetration, can also be benefi-
cial in Ab clearance. They reported that
the delivered anti-Ab mAb (BAM-10,
Mouse monoclonal against Ab 1–40) can
quickly bind to Ab plaques. They also
showed that the single BAM-10 adminis-
tration can significantly reduce the pathol-
ogy of compact plaques in transgenic mice
either evaluated in Ab plaque number,
mean size (both »12% reduction) and
surface area (»23% reduction).

In their following study,23 without
the externally administered antibodies, the
endogenous antibodies presented in the
blood circulation, including Immuno-
globulin G (IgG) and IgM, were able to
penetrate through the opened BBB and
bind to Ab plaques, leading to Ab solubi-
lization, facilitating the transport of Ab,
or microglial phagocytosis.24

FUS-BBB-opening triggered glial cell
activation

The FUS-induced BBB opening has
also been reported to facilitate neuro-
glial cell activation. Glial cells have

long been expected to play key roles in
antibody-medicated Ab plaque clear-
ance.24 In our previous study using the
FUS-induced BBB opening to enhance
viral gene vector delivery to the brain,
we presented evidence of increased
GFAP expression in the FUS-exposed
brain, indicating that FUS effectively
activates astrocytes25 (Fig. 2). Jordao
et al also reported similar observation
of the enriched GFAP expression in
those glial cells, combined with the
over-expression of ionized calcium-bind-
ing adaptor molecules 1 (Iba1), which
indicates microglia activation.23 In the
same study, they also presented evi-
dence of Ab internalization of the acti-
vated microglia and astrocytes, assisting
the clearing of Ab plaque in transgenic
AD mice. This phenomenon has
recently been reconfirmed by Leinenga
and Gotz, who found that it can restore
memory functions of transgenic AD
mice.26 Importantly, this glial cell acti-
vation and Ab clearance process was
found to not cause neuroinflammation,
as neuroinflammation has long been

Figure 2. Glial Fibrillary Acidic Protein (GFAP) immunofluorescence, neuronal nuclei (NeuN), and HE staining in the contralateral (A, B, C) and in the FUS-
BBB opened brain (D, E, F). Neuron distributions (nuclei stained by NeuN; B and E) appeared similar on both sides of the brain, but concentrations of acti-
vated glial cells (stained by GFAP; A and D) were increased in the experimental lateral brain. HE-staining (C and F) showed that the tissue structure was
not severely damaged by FUS treatment. Bar D 200 mm.
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considered a potential pathway leading
to Ab deposition and AD progression.

FUS-BBB-opening alone or enhanced
cytokine delivery in lymphocyte activation/
infiltration

We also previously evaluated the
potential for FUS-induced BBB opening
triggering endogenous lymphocyte infil-
tration.1 We previously tested whether
FUS-induced BBB opening in either nor-
mal or glioma-implant animals would
trigger lymphocyte penetration in the tar-
get brain. Intermediate (BBB opened with
brain intact) or heavy FUS exposure level
(BBB opened with large-scale erythrocyte
extravasations) was used, but no signifi-
cant cell population changes were found
either in CD3 C CD4C (representing
helper T lymphocytes; Th), CD3 C
CD8C (representing cytotoxic T lympho-
cytes; CTL), or CD4 C CD25C (repre-
senting regulatory T lymphocytes; Treg)
lymphocyte subgroups infiltrating into the
BBB-opened brain. In addition, no
noticeable changes of lymphocyte

subgroups were found in lymphatic tis-
sues. Thus we concluded that the FUS-
induced BBB opening did not induce sys-
temic immune response or it was insuffi-
cient to trigger lymphocyte infiltration
alone (Fig. 3).

On the other hand, it has been verified
that the local intracranial delivery of cyto-
kines (e.g., Interleukin-12(IL-12)), could
drive the immunosuppressive glioma
microenvironment toward an antitumor
immune response. IL-12 is physically
secreted at the antigen site by immune
cells such as macrophages, B-cells, and
microglia. Also, in addition to being an
important element in the immune system,
IL-12 is a potentially powerful antitumor
cytokine.27,28 It has been shown that the
presence of IL-12 can enhance the prolif-
eration of T cells,29,30 and also facilitate
interferon (IFN)-gamma production to
promote Th1-mediated antitumor cyto-
toxic immunity31 and the associated anti-
cancer immunological response. Since
IL-12 has been reported to be involved in
T-cell-dependent pathways and may

correct the glioma-induced immunosup-
pression, it was hypothesized that the
FUS-induced BBB opening may provide
transient micro-vascular and micro-envi-
ronmental changes in the tumor bed, lead-
ing to an increase in tumor cytokine/
chemokine release and triggering lympho-
cyte infiltration.

In a parallel test in the same study,1 we
also evaluated the combined cytokine
administration with the FUS-induced
BBB opening on the lymphocyte glioma-
infiltrating effect. Concurrently intraperi-
toneal (IP) injecting a low dose of IL-12
with the FUS-induced BBB opening can
locally increase IL-12 concentrations up
to 2.87-fold higher than control. This in
turn induces significant CTL infiltration
while still maintaining systemic immune
stability, leading to glioma suppression
and animal survival (a median survival
improvement of over 40%).1

Future clinical potential for FUS-
induced neural immune modulation or
immunotherapy

One important clinical application is
for neurodegenerative disease treatment
such as AD, it’s the pathological cause of
which is recognized as being highly corre-
lated with Ab and tau amyloid mis-fold-
ing, causing neuron death. In addition to
astrocytes or microglia activation, plaque
clearance has been attempted. Pro-inflam-
mative cytokines (including TNF-a,
TGF-b, and IL-6) have been found in
higher concentrations in AD patients,
thereby supporting the correlation of
neuro-inflammation with AD.32 The
FUS-induced BBB opening may have
potential to increase exposure of plaques
to allow for antigen presentation, or for
indirectly inducing innate/adoptive
immune cells for plaque clearance.

The FUS-induced BBB opening may
also play a key role in breaking through
the immunosuppressive shield of malig-
nant brain tumor. Several mechanisms
have been proposed. First, immunosup-
pressive cytokines (e.g., TGF-b, IL-10,
VEGF, etc.) are found in tumor microen-
vironments. FUS-induced BBB opening
could enhance systemic delivery of either
specific blocked molecules/antibodies for
these cytokines or nonspecific immune-
enhanced cytokines (e.g., IL-12) to

Figure 3. Representative fluorescent IHC analysis shows lymphocyte infiltration in the brain tumor
and the corresponding lymphocyte population changes (particularly Treg and CTL populations). (A)
Untreated brain tumor; (B) brain tumor treated with FUS-induced BBB opening; (C) brain tumor
treated by IP IL-12 administration; (D) combined FUS with IL-12 administration, showing the
enriched CTL infiltration and CTL/Treg ratio increase. Green: CD4CCD25C lymphocytes (Treg); Red:
CD3CCD8C lymphocytes (CTL); Blue: DAPI-stained cell nucleus. Bar D 50 mm.
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overcome those immunosuppressive
effects caused by tumor. Second, tumor
cells typically express weak MHC with
poor antigen presentation to escape
immune surveillance. FUS-induced BBB
opening may improve the efficiency of
antigen presentation by enhancing MHC
expression in tumor tissues to facilitate
anti-tumor immunity, Third, macro-
phages or T cells tend to transform into
immunosuppressive subtypes in tumor
microenvironment. FUS-induced BBB
opening may readjust the percentage or
distribution of the macrophage toward
activated type instead of immunosuppres-
sive M2 type, while also inhibiting Treg
and promoting Cytotoxic CD8C T cell
infiltration. Finally, FUS-induced BBB
opening may further increase local con-
centrations of antibody-based tumor vac-
cines and immune checkpoint therapies
through systemic administration, such as
anti-epidermal growth factor receptor
(EGFR) mAbs or anti- Cytotoxic T-lym-
phocyte-associated antigen 4(CTLA-4)
mAbs and thus improved treatment
outcomes.33

In summary, the FUS-induced BBB
opening offers new possibilities for CNS
immune modulation through the follow-
ing 3 major mechanisms: (1) by increasing
local blood-brain permeability to allow
penetration of circulating mAbs or cyto-
kines that can perform immunological
regulation, (2) by recruiting or adjusting
desirable immune cells to infiltrate and
target the lesion, and (3) by activating
neuroglial cells and other innate cells to
transform the microenvironment to
against the disease. These three pathways
indicate the possibility of future applica-
tion of the FUS-induced BBB opening for
neuro-immune modulation and neruo-
immunotherapy.
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