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to their periphery. Although the images are integrated over a slab of 
about 100 µ m thick, we could separate two sets of vessels simply on 
the basis of their flow velocities. Some bubbles were travelling at a 
much slower speed in the opposite direction than the background 
venules. Moreover, in contrast with conventional ultrasound Doppler 
imaging, which is sensitive mostly to flow towards or away from the 
ultrasound probe, here we also observed and measured microbubbles 
that were moving sideways. This is particularly useful to observe the 
tortuosity of the small vessels and detect abrupt branching in vessels 
within the cortex.

In-plane velocity measurements can define the resolution of uULM. 
We consider that two resolution cells are distinguishable if their veloc-
ity distributions are statistically different (P <  0.05). The median of 
the upper half of the velocity distribution for each resolution cell is 
displayed in Fig. 2e, f. When the resolution cells are 8–12 µ m in size, 
adjacent pixels can be considered distinct. Interestingly, the maximum 
velocities follow a parabolic profile, as expected for vessels of this size.

Finally, we investigated the spatial coverage of our imaging method. 
At 15 MHz, the attenuation of an ultrasound wave within brain tis-
sue is approximately 5 dB cm!1 (ref. 23), which allows imaging at 
several centimetres depth. Super-resolved images could be obtained  

Figure 2 | Spatial resolution and quantification of uULM in the 
rat brain cortex through a thinned skull window. a, Microbubble 
density maps were reconstructed with a spatial resolution of !/10 (pixel 
size =  8 µ m " 10 µ m). b, Same area in a conventional power Doppler 
image. c, Interpolated profiles along the lines marked in a display 9 µ m 
vessels (2) and resolve two vessels closer than 16 µ m (3). a.u., arbitrary 
units. d, Dynamic tracking of bubbles separates vessels in two populations 
with opposite blood flow direction. Positive values indicate blood flow 
distancing from the probe. Bubble velocities between 1 mm s!1 and 14 mm 
s!1 are detectable. e, f, Velocity profiles associated with lines 4 (e) and 
5 (f) in d. Red line, median; blue box, 25th to 75th percentile; whiskers 
extend to the most extreme data points that are not considered outliers; 
other points, outliers. Unpaired Student’s t-test. *P <  0.05, * *P < 0.01, 
* * *P < 0.001, * * * *P < 0.0001.
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Figure 3 | uULM of the rat brain through a thinned skull window or 
through the intact skull. a, uULM performed through a thinned skull at a 
coronal section, Bregma !1.5 mm, providing a resolution of 10 µ m "  8 µ m 
in depth and lateral direction, respectively. c, uULM performed through 
the intact skull at Bregma !1 mm. Owing to the attenuation of the 
ultrasound waves in the presence of the bone, the achieved resolution 
was 12.5 µ m "  1 µ m in depth and lateral direction, respectively. Thus, the 
smallest vessel detectable was 20 µ m wide. b, d, In-plane velocity maps 
from parts of the vessels in a and c, respectively.
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much slower speed in the opposite direction than the background 
venules. Moreover, in contrast with conventional ultrasound Doppler 
imaging, which is sensitive mostly to flow towards or away from the 
ultrasound probe, here we also observed and measured microbubbles 
that were moving sideways. This is particularly useful to observe the 
tortuosity of the small vessels and detect abrupt branching in vessels 
within the cortex.

In-plane velocity measurements can define the resolution of uULM. 
We consider that two resolution cells are distinguishable if their veloc-
ity distributions are statistically different (P <  0.05). The median of 
the upper half of the velocity distribution for each resolution cell is 
displayed in Fig. 2e, f. When the resolution cells are 8–12 µ m in size, 
adjacent pixels can be considered distinct. Interestingly, the maximum 
velocities follow a parabolic profile, as expected for vessels of this size.

Finally, we investigated the spatial coverage of our imaging method. 
At 15 MHz, the attenuation of an ultrasound wave within brain tis-
sue is approximately 5 dB cm!1 (ref. 23), which allows imaging at 
several centimetres depth. Super-resolved images could be obtained  

Figure 2 | Spatial resolution and quantification of uULM in the 
rat brain cortex through a thinned skull window. a, Microbubble 
density maps were reconstructed with a spatial resolution of !/10 (pixel 
size =  8 µ m " 10 µ m). b, Same area in a conventional power Doppler 
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s!1 are detectable. e, f, Velocity profiles associated with lines 4 (e) and 
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through the intact skull. a, uULM performed through a thinned skull at a 
coronal section, Bregma !1.5 mm, providing a resolution of 10 µ m "  8 µ m 
in depth and lateral direction, respectively. c, uULM performed through 
the intact skull at Bregma !1 mm. Owing to the attenuation of the 
ultrasound waves in the presence of the bone, the achieved resolution 
was 12.5 µ m "  1 µ m in depth and lateral direction, respectively. Thus, the 
smallest vessel detectable was 20 µ m wide. b, d, In-plane velocity maps 
from parts of the vessels in a and c, respectively.

1 mm

1 mmd

Velocity (mm s–1)
–14 –10 –5 0 5 10 14

ba 1 mm

c 1 mm

Errico	et	al,	Nature,	2015

Ultrafast	imaging	combined	with	super-localiza9on

28 February 2010    Physics Today © 2010 American Institute of Physics, S-0031-9228-1002-010-7

The human body supports the propagation of many
kinds of waves, each of which can provide an image with a
specific type of information. For example, ultrasonic waves
reveal a tissue’s density and how it responds to compression
forces, and mechanical shear waves indicate how tissues re-
spond to shear forces. Low-frequency electromagnetic waves
are sensitive to electrical conductivity; optical waves tell
about optical absorption. In all those circumstances, physi-
cists have striven to obtain the best overall contrast and res-
olution. Now, after decades of work, we are pushing against
the physical limits inherent in each imaging modality. As de-
scribed in the box on page 30, that limit is, in many cases, not
determined by wavelength.

Physicians quickly realized that for medical imaging and
diagnosis, one way to overcome the inherent limits of single-
mode imaging is to combine different imaging modalities.
The basic idea of multimodality imaging—for example, in the
combination of positron emission tomography and com-
puted tomography—is to associate the high-resolution mor-
phological image of a first modality (CT) to an image of the
second modality (PET) that is poorly resolved but that pro-
vides a clinically interesting contrast, revealing metabolic ac-
tivity in this case. A second example of multimodality imag-
ing, used for mammography, combines ultrasound and x-ray
images. However, multimodality imaging remains extremely
costly and constrained by the inherent physical limits of each
separate imaging mode.

New approaches 
Is there any way to improve diagnostic capabilities other than
with multimodality imaging? Two scientific communities
have suggested new research directions. One line of attack,
called molecular imaging, was proposed by chemists and
 biologists. It differs from traditional imaging in that biomark-
ers are used to help image particular targets or pathways.
Those biomarkers interact chemically with their surround-
ings and thereby increase the contrast.

The other approach was proposed independently by var-
ious groups in the physics community. It consists of combin-
ing two different waves—one to provide contrast, another to
provide spatial resolution—to build a new kind of image. Be-
cause of the way the waves are combined, multiwave imag-
ing produces a single image with the best contrast and reso-
lution properties of the two waves. Multimodality imaging,
on the other hand, relies on the analysis of two images, each
limited by the contrast and resolution properties of the wave
that generated it.

Three different types of wave interaction can be ex-
ploited in multiwave imaging. In one application, the inter-
action of one kind of wave with tissue can generate a second
kind of wave. In thermoacoustic imaging, for example, ab-
sorbed electromagnetic radiation causes a transient change
in temperature that radiates an ultrasonic wave through ther-
mal expansion (see the article by Stanislav Y. Emelianov, Pai-
Chi Li, and Matthew O’Donnell in PHYSICS TODAY, May 2009,
page 34). 

Multiwave imaging
and super resolution
Mathias Fink and Mickael Tanter

Interactions between different kinds of waves can yield medical images that
beat the single-wave resolution limit.

Mathias Fink is director of the Langevin Institute at the École Supérieure de Physique et de Chimie Industrielles de la Ville de Paris in 
Paris. Mickael Tanter is a research professor in the institute. They, along with six others, founded SuperSonic Imagine in 2005.
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Figure 1. Conventional versus ultrafast ultrasonic imag-
ing. (a) In conventional ultrasound, 100 or more beams are
focused on different locations and the subsequent back -
scattered echoes are processed to generate a single image.
(b) In ultrafast imaging, a plane wave probes the whole
medium in a single shot. Again, the backscattered echoes
are processed to produce the ultrasonic image.
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to their periphery. Although the images are integrated over a slab of 
about 100 µ m thick, we could separate two sets of vessels simply on 
the basis of their flow velocities. Some bubbles were travelling at a 
much slower speed in the opposite direction than the background 
venules. Moreover, in contrast with conventional ultrasound Doppler 
imaging, which is sensitive mostly to flow towards or away from the 
ultrasound probe, here we also observed and measured microbubbles 
that were moving sideways. This is particularly useful to observe the 
tortuosity of the small vessels and detect abrupt branching in vessels 
within the cortex.

In-plane velocity measurements can define the resolution of uULM. 
We consider that two resolution cells are distinguishable if their veloc-
ity distributions are statistically different (P <  0.05). The median of 
the upper half of the velocity distribution for each resolution cell is 
displayed in Fig. 2e, f. When the resolution cells are 8–12 µ m in size, 
adjacent pixels can be considered distinct. Interestingly, the maximum 
velocities follow a parabolic profile, as expected for vessels of this size.

Finally, we investigated the spatial coverage of our imaging method. 
At 15 MHz, the attenuation of an ultrasound wave within brain tis-
sue is approximately 5 dB cm!1 (ref. 23), which allows imaging at 
several centimetres depth. Super-resolved images could be obtained  

Figure 2 | Spatial resolution and quantification of uULM in the 
rat brain cortex through a thinned skull window. a, Microbubble 
density maps were reconstructed with a spatial resolution of !/10 (pixel 
size =  8 µ m " 10 µ m). b, Same area in a conventional power Doppler 
image. c, Interpolated profiles along the lines marked in a display 9 µ m 
vessels (2) and resolve two vessels closer than 16 µ m (3). a.u., arbitrary 
units. d, Dynamic tracking of bubbles separates vessels in two populations 
with opposite blood flow direction. Positive values indicate blood flow 
distancing from the probe. Bubble velocities between 1 mm s!1 and 14 mm 
s!1 are detectable. e, f, Velocity profiles associated with lines 4 (e) and 
5 (f) in d. Red line, median; blue box, 25th to 75th percentile; whiskers 
extend to the most extreme data points that are not considered outliers; 
other points, outliers. Unpaired Student’s t-test. *P <  0.05, * *P < 0.01, 
* * *P < 0.001, * * * *P < 0.0001.
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Figure 3 | uULM of the rat brain through a thinned skull window or 
through the intact skull. a, uULM performed through a thinned skull at a 
coronal section, Bregma !1.5 mm, providing a resolution of 10 µ m "  8 µ m 
in depth and lateral direction, respectively. c, uULM performed through 
the intact skull at Bregma !1 mm. Owing to the attenuation of the 
ultrasound waves in the presence of the bone, the achieved resolution 
was 12.5 µ m "  1 µ m in depth and lateral direction, respectively. Thus, the 
smallest vessel detectable was 20 µ m wide. b, d, In-plane velocity maps 
from parts of the vessels in a and c, respectively.
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to their periphery. Although the images are integrated over a slab of 
about 100 µ m thick, we could separate two sets of vessels simply on 
the basis of their flow velocities. Some bubbles were travelling at a 
much slower speed in the opposite direction than the background 
venules. Moreover, in contrast with conventional ultrasound Doppler 
imaging, which is sensitive mostly to flow towards or away from the 
ultrasound probe, here we also observed and measured microbubbles 
that were moving sideways. This is particularly useful to observe the 
tortuosity of the small vessels and detect abrupt branching in vessels 
within the cortex.

In-plane velocity measurements can define the resolution of uULM. 
We consider that two resolution cells are distinguishable if their veloc-
ity distributions are statistically different (P <  0.05). The median of 
the upper half of the velocity distribution for each resolution cell is 
displayed in Fig. 2e, f. When the resolution cells are 8–12 µ m in size, 
adjacent pixels can be considered distinct. Interestingly, the maximum 
velocities follow a parabolic profile, as expected for vessels of this size.

Finally, we investigated the spatial coverage of our imaging method. 
At 15 MHz, the attenuation of an ultrasound wave within brain tis-
sue is approximately 5 dB cm!1 (ref. 23), which allows imaging at 
several centimetres depth. Super-resolved images could be obtained  

Figure 2 | Spatial resolution and quantification of uULM in the 
rat brain cortex through a thinned skull window. a, Microbubble 
density maps were reconstructed with a spatial resolution of !/10 (pixel 
size =  8 µ m " 10 µ m). b, Same area in a conventional power Doppler 
image. c, Interpolated profiles along the lines marked in a display 9 µ m 
vessels (2) and resolve two vessels closer than 16 µ m (3). a.u., arbitrary 
units. d, Dynamic tracking of bubbles separates vessels in two populations 
with opposite blood flow direction. Positive values indicate blood flow 
distancing from the probe. Bubble velocities between 1 mm s!1 and 14 mm 
s!1 are detectable. e, f, Velocity profiles associated with lines 4 (e) and 
5 (f) in d. Red line, median; blue box, 25th to 75th percentile; whiskers 
extend to the most extreme data points that are not considered outliers; 
other points, outliers. Unpaired Student’s t-test. *P <  0.05, * *P < 0.01, 
* * *P < 0.001, * * * *P < 0.0001.
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Ultrafast	imaging	combined	with	super-localiza9on

RAT BRAIN CORTEX  ESPCI PARIS

28 February 2010    Physics Today © 2010 American Institute of Physics, S-0031-9228-1002-010-7

The human body supports the propagation of many
kinds of waves, each of which can provide an image with a
specific type of information. For example, ultrasonic waves
reveal a tissue’s density and how it responds to compression
forces, and mechanical shear waves indicate how tissues re-
spond to shear forces. Low-frequency electromagnetic waves
are sensitive to electrical conductivity; optical waves tell
about optical absorption. In all those circumstances, physi-
cists have striven to obtain the best overall contrast and res-
olution. Now, after decades of work, we are pushing against
the physical limits inherent in each imaging modality. As de-
scribed in the box on page 30, that limit is, in many cases, not
determined by wavelength.

Physicians quickly realized that for medical imaging and
diagnosis, one way to overcome the inherent limits of single-
mode imaging is to combine different imaging modalities.
The basic idea of multimodality imaging—for example, in the
combination of positron emission tomography and com-
puted tomography—is to associate the high-resolution mor-
phological image of a first modality (CT) to an image of the
second modality (PET) that is poorly resolved but that pro-
vides a clinically interesting contrast, revealing metabolic ac-
tivity in this case. A second example of multimodality imag-
ing, used for mammography, combines ultrasound and x-ray
images. However, multimodality imaging remains extremely
costly and constrained by the inherent physical limits of each
separate imaging mode.

New approaches 
Is there any way to improve diagnostic capabilities other than
with multimodality imaging? Two scientific communities
have suggested new research directions. One line of attack,
called molecular imaging, was proposed by chemists and
 biologists. It differs from traditional imaging in that biomark-
ers are used to help image particular targets or pathways.
Those biomarkers interact chemically with their surround-
ings and thereby increase the contrast.

The other approach was proposed independently by var-
ious groups in the physics community. It consists of combin-
ing two different waves—one to provide contrast, another to
provide spatial resolution—to build a new kind of image. Be-
cause of the way the waves are combined, multiwave imag-
ing produces a single image with the best contrast and reso-
lution properties of the two waves. Multimodality imaging,
on the other hand, relies on the analysis of two images, each
limited by the contrast and resolution properties of the wave
that generated it.

Three different types of wave interaction can be ex-
ploited in multiwave imaging. In one application, the inter-
action of one kind of wave with tissue can generate a second
kind of wave. In thermoacoustic imaging, for example, ab-
sorbed electromagnetic radiation causes a transient change
in temperature that radiates an ultrasonic wave through ther-
mal expansion (see the article by Stanislav Y. Emelianov, Pai-
Chi Li, and Matthew O’Donnell in PHYSICS TODAY, May 2009,
page 34). 

Multiwave imaging
and super resolution
Mathias Fink and Mickael Tanter

Interactions between different kinds of waves can yield medical images that
beat the single-wave resolution limit.

Mathias Fink is director of the Langevin Institute at the École Supérieure de Physique et de Chimie Industrielles de la Ville de Paris in 
Paris. Mickael Tanter is a research professor in the institute. They, along with six others, founded SuperSonic Imagine in 2005.

feature

a

b

Figure 1. Conventional versus ultrafast ultrasonic imag-
ing. (a) In conventional ultrasound, 100 or more beams are
focused on different locations and the subsequent back -
scattered echoes are processed to generate a single image.
(b) In ultrafast imaging, a plane wave probes the whole
medium in a single shot. Again, the backscattered echoes
are processed to produce the ultrasonic image.
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to their periphery. Although the images are integrated over a slab of 
about 100 µ m thick, we could separate two sets of vessels simply on 
the basis of their flow velocities. Some bubbles were travelling at a 
much slower speed in the opposite direction than the background 
venules. Moreover, in contrast with conventional ultrasound Doppler 
imaging, which is sensitive mostly to flow towards or away from the 
ultrasound probe, here we also observed and measured microbubbles 
that were moving sideways. This is particularly useful to observe the 
tortuosity of the small vessels and detect abrupt branching in vessels 
within the cortex.

In-plane velocity measurements can define the resolution of uULM. 
We consider that two resolution cells are distinguishable if their veloc-
ity distributions are statistically different (P <  0.05). The median of 
the upper half of the velocity distribution for each resolution cell is 
displayed in Fig. 2e, f. When the resolution cells are 8–12 µ m in size, 
adjacent pixels can be considered distinct. Interestingly, the maximum 
velocities follow a parabolic profile, as expected for vessels of this size.

Finally, we investigated the spatial coverage of our imaging method. 
At 15 MHz, the attenuation of an ultrasound wave within brain tis-
sue is approximately 5 dB cm!1 (ref. 23), which allows imaging at 
several centimetres depth. Super-resolved images could be obtained  

Figure 2 | Spatial resolution and quantification of uULM in the 
rat brain cortex through a thinned skull window. a, Microbubble 
density maps were reconstructed with a spatial resolution of !/10 (pixel 
size =  8 µ m " 10 µ m). b, Same area in a conventional power Doppler 
image. c, Interpolated profiles along the lines marked in a display 9 µ m 
vessels (2) and resolve two vessels closer than 16 µ m (3). a.u., arbitrary 
units. d, Dynamic tracking of bubbles separates vessels in two populations 
with opposite blood flow direction. Positive values indicate blood flow 
distancing from the probe. Bubble velocities between 1 mm s!1 and 14 mm 
s!1 are detectable. e, f, Velocity profiles associated with lines 4 (e) and 
5 (f) in d. Red line, median; blue box, 25th to 75th percentile; whiskers 
extend to the most extreme data points that are not considered outliers; 
other points, outliers. Unpaired Student’s t-test. *P <  0.05, * *P < 0.01, 
* * *P < 0.001, * * * *P < 0.0001.
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Figure 3 | uULM of the rat brain through a thinned skull window or 
through the intact skull. a, uULM performed through a thinned skull at a 
coronal section, Bregma !1.5 mm, providing a resolution of 10 µ m "  8 µ m 
in depth and lateral direction, respectively. c, uULM performed through 
the intact skull at Bregma !1 mm. Owing to the attenuation of the 
ultrasound waves in the presence of the bone, the achieved resolution 
was 12.5 µ m "  1 µ m in depth and lateral direction, respectively. Thus, the 
smallest vessel detectable was 20 µ m wide. b, d, In-plane velocity maps 
from parts of the vessels in a and c, respectively.
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ultrasound waves in the presence of the bone, the achieved resolution 
was 12.5 µ m "  1 µ m in depth and lateral direction, respectively. Thus, the 
smallest vessel detectable was 20 µ m wide. b, d, In-plane velocity maps 
from parts of the vessels in a and c, respectively.
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The human body supports the propagation of many
kinds of waves, each of which can provide an image with a
specific type of information. For example, ultrasonic waves
reveal a tissue’s density and how it responds to compression
forces, and mechanical shear waves indicate how tissues re-
spond to shear forces. Low-frequency electromagnetic waves
are sensitive to electrical conductivity; optical waves tell
about optical absorption. In all those circumstances, physi-
cists have striven to obtain the best overall contrast and res-
olution. Now, after decades of work, we are pushing against
the physical limits inherent in each imaging modality. As de-
scribed in the box on page 30, that limit is, in many cases, not
determined by wavelength.

Physicians quickly realized that for medical imaging and
diagnosis, one way to overcome the inherent limits of single-
mode imaging is to combine different imaging modalities.
The basic idea of multimodality imaging—for example, in the
combination of positron emission tomography and com-
puted tomography—is to associate the high-resolution mor-
phological image of a first modality (CT) to an image of the
second modality (PET) that is poorly resolved but that pro-
vides a clinically interesting contrast, revealing metabolic ac-
tivity in this case. A second example of multimodality imag-
ing, used for mammography, combines ultrasound and x-ray
images. However, multimodality imaging remains extremely
costly and constrained by the inherent physical limits of each
separate imaging mode.

New approaches 
Is there any way to improve diagnostic capabilities other than
with multimodality imaging? Two scientific communities
have suggested new research directions. One line of attack,
called molecular imaging, was proposed by chemists and
 biologists. It differs from traditional imaging in that biomark-
ers are used to help image particular targets or pathways.
Those biomarkers interact chemically with their surround-
ings and thereby increase the contrast.

The other approach was proposed independently by var-
ious groups in the physics community. It consists of combin-
ing two different waves—one to provide contrast, another to
provide spatial resolution—to build a new kind of image. Be-
cause of the way the waves are combined, multiwave imag-
ing produces a single image with the best contrast and reso-
lution properties of the two waves. Multimodality imaging,
on the other hand, relies on the analysis of two images, each
limited by the contrast and resolution properties of the wave
that generated it.

Three different types of wave interaction can be ex-
ploited in multiwave imaging. In one application, the inter-
action of one kind of wave with tissue can generate a second
kind of wave. In thermoacoustic imaging, for example, ab-
sorbed electromagnetic radiation causes a transient change
in temperature that radiates an ultrasonic wave through ther-
mal expansion (see the article by Stanislav Y. Emelianov, Pai-
Chi Li, and Matthew O’Donnell in PHYSICS TODAY, May 2009,
page 34). 

Multiwave imaging
and super resolution
Mathias Fink and Mickael Tanter

Interactions between different kinds of waves can yield medical images that
beat the single-wave resolution limit.

Mathias Fink is director of the Langevin Institute at the École Supérieure de Physique et de Chimie Industrielles de la Ville de Paris in 
Paris. Mickael Tanter is a research professor in the institute. They, along with six others, founded SuperSonic Imagine in 2005.
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Figure 1. Conventional versus ultrafast ultrasonic imag-
ing. (a) In conventional ultrasound, 100 or more beams are
focused on different locations and the subsequent back -
scattered echoes are processed to generate a single image.
(b) In ultrafast imaging, a plane wave probes the whole
medium in a single shot. Again, the backscattered echoes
are processed to produce the ultrasonic image.
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active form of TLR4 and CD70 (a co-stimulatory molecule required for effective CD8+ T cell 

priming)8. Co-delivery of these 3 nucleic acid sequences was already shown to modulate 

the DCs’ functionality, resulting in APCs that display a more mature, T cell activating 

phenotype9. Previous studies have demonstrated the superiority of TriMix over other, more 

conventional, maturation stimuli after intranodal injection of TAA and TriMix mRNA in 

tumor-bearing mice10. Also in a clinical setting, vaccination with DCs electroporated with 

TAA and TriMix mRNA lead to the induction of durable antitumor responses in a 

chemorefractory melanoma patient11, 12. On the basis of these results, we evaluated the 

potential of simultaneous delivery of TAA mRNA and TriMix via microbubbles and 

ultrasound to induce potent antitumor immune responses in mice, as schematically 

depicted in Figure 1A.  

 

Figure 1. mRNA sonoporation of DCs using mRNA-loaded microbubbles and 
ultrasound.  

(A) Schematic representation of the use of mRNA-loaded microbubbles, which implode 

upon exposure to ultrasound and sonoporate the DCs. As a result, both antigen and 

DC modulating proteins are produced by the DC, which can lead to antigen 

presentation and T cell activation. (B) Schematic representation of the production of 

mRNA-loaded microbubbles. Antigen and TriMix mRNA are premixed and complexed 

to biotinylated cationic liposomes. The resulting mRNA-lipoplexes can then be attached 

to the surface of avidinylated lipid microbubbles. 
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Figure 7. Therapeutic vaccination of E.G7-OVA-bearing mice with mRNA 
sonoporated DCs.  

10 and 14 days after inoculation of mice with E.G7-OVA lymphoma cells, mice were 

randomized in three treatment groups based on tumor volume as shown in (A) Then, 

the animals received therapeutic vaccinations with mRNA sonoporated DCs. Graphs 

show tumor growth as a function of time for mice vaccinated with DCs sonoporated 

with (B) GFP mRNA (control), (C) OVA mRNA, (D) OVA mRNA and TriMix (DC TriO) 

and (E) OVA mRNA followed by a 2h maturation with LPS (DC OVA/LPS). A Kaplan-

Meier survival curve is shown in (F). 
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In accordance to the previous experiment, the tumor growth curves in Figure 7 

indicate that sonoporation with antigen results in a significant delay of tumor outgrowth, 

resulting in a 58% increase in median survival. Interestingly, the slow-down of tumor 

growth was markedly shorter-lived in the DC OVA/LPS group compared to their 

unstimulated counterparts (DC OVA). This resulted in merely 35% prolongation of median 

survival of animals in the DC OVA/LPS group compared to the DC GFP group. In contrast, 

stimulation of antigen presentation by sonoporation with OVA and TriMix mRNA, resulted 

in a pronounced effect on tumor growth: median survival was more than doubled (212% 

increase), and complete tumor regression was observed in 2/6 animals in the DC TriO 

group.  

 

Figure 8. Rechallenge of tumor-free DC TriO treated mice.  
The two E.G7-OVA challenged mice that showed complete tumor regression after two 

vaccinations with DC TriO, were rechallenged with E.G7-OVA and MO4 tumor cells on 

day 42 and day 80 after initial tumor inoculation, respectively. As controls, naïve, non-

vaccinated mice were injected with the same tumor load. 

These surviving animals, as well as two naïve control mice, were rechallenged with 

E.G7-OVA tumor cells 42 days after the first tumor inoculation. This to evaluate whether 

durable antitumor immunity was induced by the vaccinations. Indeed, in comparison to the 

control mice where rapid tumor growth was observed, the DC TriO vaccinated mice were 

protected against a second injection with the same tumor (Figure 8). To prove that this 

protective immunity is antigen-specific, we challenged these animals with a different tumor 

(MO4 melanoma instead of the initial lymphoma) that expresses the same antigen. Once 

more, no tumor growth could be detected in the DC TriO vaccinated animals in contrast to 

3 naïve control mice. Thus, vaccination with DC TriO can induce antigen-specific 

immunological memory, that is capable of protecting tumor-free survivors against tumor 

recurrence.  
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