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Abstract: The lytic release of ATP due to cell and tissue injury constitutes an important source of
extracellular nucleotides and may have physiological and pathophysiological roles by triggering
purinergic signalling pathways. In the lungs, extracellular ATP can have protective effects by
stimulating surfactant and mucus secretion. However, excessive extracellular ATP levels, such as
observed in ventilator-induced lung injury, act as a danger-associated signal that activates NLRP3
inflammasome contributing to lung damage. Here, we discuss examples of lytic release that we have
identified in our studies using real-time luciferin-luciferase luminescence imaging of extracellular
ATP. In alveolar A549 cells, hypotonic shock-induced ATP release shows rapid lytic and slow-rising
non-lytic components. Lytic release originates from the lysis of single fragile cells that could be
seen as distinct spikes of ATP-dependent luminescence, but under physiological conditions, its
contribution is minimal <1% of total release. By contrast, ATP release from red blood cells results
primarily from hemolysis, a physiological mechanism contributing to the regulation of local blood
flow in response to tissue hypoxia, mechanical stimulation and temperature changes. Lytic release
of cellular ATP may have therapeutic applications, as exemplified by the use of ultrasound and
microbubble-stimulated release for enhancing cancer immunotherapy in vivo.

Keywords: ATP release; purinergic signalling; cell lysis; hemolysis; membrane fragility; microbubble
cavitation; sonoporation; ultrasound-targeted therapy

1. Introduction

The release of cellular ATP and other purine and pyrimidine compounds, such as
ADP, the nucleoside adenosine (Ado), UTP, UDP, and UDP-glucose, initiates the purinergic
signalling pathway, which is an evolutionary conserved intercellular signalling system
present in all living organisms. ATP regulates a vast range of physiological and patho-
physiological processes by activating purinergic receptors on target cells, which include
ionotropic (P2X) and G protein-coupled (P2Y) receptors. Ado exclusively activates G
protein-coupled receptors of the P1 family (A, Apa, Agp, and As). While nucleotides
act as primary messengers in intercellular communication, their actions are greatly ex-
panded by stimulating the release of other extracellular messenger substances, such as
neurotransmitters, hormones, cytokines, lipid mediators, nitric oxide, and reactive oxygen
species [1].

The nucleotide release mechanisms are still debated. ATP, which plays a role as a
stress-responsive signalling molecule, is liberated from cells in response to a variety of
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physical stimuli, especially mechanical stresses such as cell stretch and deformation, shear
stress, and hypoosmotic swelling [2,3]. The release mechanisms may include non-lytic
cell-regulated processes and lytic release due to membrane injury and cell lysis. Among
cell-regulated processes, Ca?*-dependent exocytosis of ATP-containing vesicles/granules
constitutes the most prominent non-conductive ATP release pathway in excitable and
non-excitable cells [3,4]. However, currently, the conductive release mechanism involving
a variety of putative ATP-conducting channels, including Pannexin-1, connexins, volume-
regulated anion channel (VRAC), and calcium homeostasis modulator (CALHM) channels,
attracts the most attention [5-9]. Historically this research area was plagued by several false-
positive observations, as some early claims of conductive ATP release through the cystic
fibrosis transmembrane conductance regulator (CFTR) channel or Gd3*-sensitive stretch-
activated channels were not supported by later studies [10,11]. ATP-conducting properties
have been functionally established for the voltage-dependent anion channel (VDAC) of the
outer mitochondrial membrane by recording single-channel ATP-mediated currents [12],
and much supportive evidence also exists for a porin-like maxi-Cl  -channels [13,14]. It
remains contentious, however, for several other channel candidates where definite evidence
based on patch-clamp electrophysiology is still missing [13,15]. These suppositions may, at
least in part, arise from the often underestimated or neglected “conductive component” of
ATP release due to cell membrane damage and cell lysis. In the early days of purinergic
signalling, before cell-regulated mechanisms were recognized, the lytic release of ATP
was presumed to be the only mechanism of the release. Paradoxically, today it remains
overlooked or not fully accounted for in the majority of studies.

In this review, we present examples of well-documented lytic ATP release that involves
membrane rupture and cell lysis. In Section 2, we present evidence for a small lytic
component of hypotonic shock-induced ATP release in alveolar A549 cells. Its contribution
arises from the presence of fragile cells, especially after serum deprivation. In red blood
cells (RBCs), ATP release appears entirely attributable to hemolysis regardless of the type
of stimuli and will be discussed in Section 3. Lytic ATP release may also have therapeutic
roles by contributing to purinergic signalling-dependent treatments. As an example, in
Section 4, we describe the use of ultrasound and microbubble-induced ATP release for
enhancing cancer immunotherapy.

2. Quantitative Evidence for Hypo-Induced Lytic ATP Release in Serum-Deprived
A549 Cells

Human lung epithelial A549 cells are osmotically resilient and slowly secrete ATP
during swelling without experiencing lysis, as documented in our recent study using a
real-time imaging assay [16]. On the other hand, A549 cells rendered fragile by serum
deprivation (0.1% FBS) become prone to membrane rupture under hypo-osmotic stress.
In ATP imaging experiments, this was seen as striking punctual bursts of ATP secretion
strongly co-localizing with the apparition of propidium iodide (PI)-positive cells [17]. Here,
we are further characterizing the progressive increase in osmotic fragility of A549 under
serum starvation and presenting additional evidence that the huge ATP level attained by
these isolated bursts, which is many folds larger than the “non-lytic” cell secretion, comes
from the discharge of whole cellular ATP content.

2.1. Serum Deprivation and Osmotic Fragility

While not common, an osmotic imbalance is not rare and occurs in pathophysiological
situations such as lung or cerebral edema but also physiologically in the nephron. Hy-
potonically induced cell swelling is a standard stimulus to study cell volume regulation
and a very potent in vitro load to stimulate nucleotide or taurine release and serve as a
model to understand the documented release in vivo. Serum starvation is used here as
a tool to fragilize cells and simulate pathophysiological conditions akin, for instance, to
exposing cells to bacterial LPS. In addition, several transfection protocols or cell cycle
synchronization assays use serum-starvation procedures. It is thus important for correct
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analysis to understand that cells are tremendously fragilized from this serum removal, and
this may affect the outcome of the measurements.

The impact of serum deprivation on A549 osmotic fragility is illustrated in Figure 1a,
which shows ATP-dependent luminescence images of hypo-stimulated A549 cells grown
with 10% FBS (72 h) or 0.1% FBS (24 h, 48 h or 72 h). There are two types of ATP release
responses, highly-localized sudden bursts of ATP secretion (lytic events) and slowly-rising
but fainter and widely-spread non-lytic release. It took 48 h of serum starvation for the
increase in the number of observed burst events to become noticeable (11 + 7; 48 h 0.1%
FBS) and 72 h to become significantly higher (50 &+ 10; 72 h 0.1% FBS) than the control
(1.4 = 1; 72 h 10% FBS), summarized in Figure 1b. This was not a result of a larger cell
population per coverslip as low serum stalled cell growth and induced apoptosis resulting
in only ~8% of total cell number compared to control after 72 h. Note also that after growing
72 h in low serum, the average proportion of osmolyzed cells in the whole population
reached ~0.5% (50 bursts/10,715 cells). The sudden apparition of bright “sparks” of
punctual luminescence at high ATP density level within serum-deprived cells population
was remarkable (Figure 1a, T = 5 min) compared to the widespread but fainter non-lytic
secretion (T = 20 min). Although we observed a lower ATP density level from this non-lytic
release originating from serum-deprived cells at T = 20 min (<10 fmol/mm?) compared
to normal 10% FBS (20-50 fmol/mm?, Figure 1a), it was a result of having fewer cells
per coverslip due to impaired growth in serum-deprived conditions, not from alteration
of ATP secretion intensity (see below for details). Contrary to non-lytic release, which
typically started rising after a lag time of ~5 min (see Figure 2a), the bursts occurred
almost immediately after imposing hypo-osmotic shock (Figure 1a, T = 5 min). There
is uncertainty, however, on the magnitude of the observed lag, as its duration could be
smaller in reality. Indeed, intact and progressively swelling cells in these tests likely
struggle to accumulate ATP in the extracellular medium above the detection threshold
because of the comparatively slower release of ATP through non-lytic pathways against
the simultaneous degradation by ecto-ATPase and luciferase, all of these concurring to
produce longer lag. Thus, the early occurrence of ATP release bursts associated with cell
lysis is most likely an indication that cells experience osmotic swelling early after dilution
of the extracellular medium.

2.2. Characteristics of Burst Events

Serum deprivation seemingly speeded the hypo-induced accumulation of extracellular
ATP over control cells, with a more pronounced difference shown in Figure 2a at 72 h. This
faster buildup of ATP in the medium arose from a higher number of cells bursting soon
after the medium dilution took place. Notwithstanding this earlier start and the lower
quantity of accumulated ATP per coverslip due to reduced cell growth, the response pattern
was sensibly similar and showed minimal effect from the low-serum cultivation procedure.

Each individual burst event rapidly reached a peak in <5-10 s (Figure 2b), yielding
a very fast ATP secretion rate attaining ~1-5 fmol/s. Assuming the release came from a
single cell, which was likely the case, this value was several orders of magnitude faster
compared to the average we typically observed from a population of intact cells with
dATP/dt=7 x 107> fmol/s/cell (Figure 2a). Note that this feeble rate was due in part to
the fact that cell volume expansion speed is dependent on diffusion and equilibration of
solution tonicity [18] and that the establishment of osmotic gradient was slow in this non-
perfused experimental set-up hence a much slower ATP secretion. For comparison, the peak
efflux for off-line titrated ATP release with a fast solution replacement perfusion chamber
(37 °C) and A549 cells reached ~5 x 1072 fmol/s/cell [19]. While this observed non-
lytic efflux is comparatively larger (~70-fold) than the ones reported here, it still remains
~1000-fold lower than the burst event. This astonishing difference in rate (bursts vs non-
lytic) further supports the interpretation that these bursts originate from cell lysis. The
frequency of these lytic events was higher at the beginning of medium dilution (Figure 2c),
with 75% of observed events occurring within the first 15 min, and 90% were observed after
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30 min in this representative experiment. Whether serum-deprived or not, the peak of ATP
accumulation was typically within 25-30 min, suggesting that lytic events are taking place
within the same time frame as non-lytic release and most likely during the swelling phase.
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Figure 1. The impact of serum deprivation on osmotic fragility of A549 cells. (a) Representative
ATP imaging of hypo-stimulated A549 cells grown with 10% FBS (72 h) or 0.1% FBS (24 h, 48 h
or 72 h). Cells in 10% FBS 72 h were near confluency (~500 cells/ mm?) but the cell density at
0.1% FBS 72 h declined ~12-fold. The contour of glass coverslips with cells is outlined in white.
Colour-coded images of ATP density, or average [ATP], overlaid on the brightfield-acquired static
image (gray) of the hypotonic chamber are shown in response to an acute diminution of extracellular
fluid tonicity (50%) at 30 °C. Images at T = 5 and 20 min (medium dilution at T = 0 min) are shown
from representative experiments. (b) Accumulated lytic events post-50% hypotonic shock (<55 min).
Number of A549 cells per coverslip (Mean =+ SD): 10% FBS 72 h (128,227 + 24,235), 0.1% FBS: 24 h
(6865 + 1737), 48 h (8554 + 2244) and 72 h (10,715 = 2132).

An important question to address is whether the individual ATP bursts events we
observed were really the product of single-cell lysis. We observed considerable variation
in ATP release per burst (see Figure 2b), which seems to contradict the idea that ATP
is released by a discrete item, such as a single cell. However, this contradiction is only
apparent and rather supports our claim since this kind of data dispersion would actually
be expected solely on the basis of the wide distribution of cell volume in a population. We
collected the peak values of accumulated ATP (normalized to baseline) from all clearly
identified lytic events at 72 h (n = 188) and plotted their distribution (Figure 3).
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Figure 2. Kinetics of hypo-induced ATP release and burst events. (a) Representative accumulated
ATP in the chamber over time from coverslip of A549 cells cultured 72 h in 10% FBS (control, red
trace, left axis) or 0.1% FBS (blue trace, right axis). The peak efflux rate (around 10 min) for the
control trace (72 h, 10% FBS) is d(ATP)/dt = 0.7 pmol/min/coverslip or 7 x 10~> fmol/s/cell and
for serum-starved (72 h, 0.1% FBS) is (ATP)/dt = 0.1 pmol/min/coverslip or 2 x 10~* fmol/s/cell.
(b) ATP level variation over time for individual burst events from a representative 72 h 0.1% FBS test.
Note, the slowly rising background comes from ATP diffusing from cells in the vicinity. (c) The sum
of burst events from the experiment shown in (b).
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Figure 3. The distribution of burst events. Cumulative 50%-hypo-stimulated ATP release for all burst
events in serum-deprived (0.1% FBS, 72 h) A549 cells from 4 independent experiments were ranked.

Note that only uniquely quantifiable events were included in the tally (1 = 188). Bin size: 5 fmol,
mean =+ sd: 21 £ 13 fmol, mode (peak of distribution): 17 fmol.

The asymmetry of the burst events distribution with longer right-tail and the mean
(21 fmol) being higher than the peak of distribution (mode: 17 fmol) is rightly typical of
several reported cell volume population distributions, including NIH-3T3 fibroblasts and
vascular smooth muscle cells A10 [20]. An additional variable parameter to account for is
the intracellular ATP concentration, typically reported to vary between 1-5 mM. The A549
volume distribution is not known precisely, but we have previously measured volumes
ranging between 4-9 pL [21] for a few selected A549 cells (n = 6). Omitting the increase in
volume from the hypotonic shock and its impact on ATP level, we could estimate the follow-
ing brackets for cytosolic ATP content: 4 to 45 fmol per cell (4 pL x 1 mM to 9 pL x 5 mM).
Our measured ATP burst mode of 17 fmol/ cell fall well within these estimated limits and
further reinforces our interpretation of the lytic origin of these ATP bursts. In addition,
note that the above estimation for average intracellular ATP content is not dissimilar to the
limits calculated for the experimentally observed burst events (5 to 60 fmol).

2.3. Non-Lytic ATP Release

We then verified whether serum deprivation affected the level of expelled ATP through
the non-lytic pathways. To that end, we subtracted the sum of accumulated ATP for each
lytic burst event from the coverslip total ATP accumulation. We had to limit our analysis to
48 h, however, since this approach was unsuited after 72 h of serum deprivation. While
lysis concerned only ~0.5% of the cell population during this longer serum deprivation, it
provoked too large nucleotide release to precisely distinguish from a non-lytic component.
This limited view nonetheless revealed a trend of non-lytic nucleotide release nearly dou-
bling after 2 days of low serum growth (Figure 4). Why we observed a larger nucleotide
release in serum-deprived but osmotically resilient cells is unclear but could hint at a more
prominent implication of the plasma membrane in that process. Serum starvation is the
preferred culture treatment for mRNA-based transfection protocols, but its underlying
mechanisms to increase gene expression efficiency are not completely understood. Since flu-
orescence polarization measurement has revealed that transfection efficiency was boosted
18-fold by a lidocaine-induced membrane fluidity increase [22] and since cellular osmotic
fragility also increases with higher membrane fluidity due to lower cholesterol content [23],
we could therefore envision that both the increase in lytic events and the increase in the
ATP-secretion level are a consequence of the increase in membrane fluidity from the serum
starvation. The exact impact of membrane fluidity onto the swelling-induced ATP release
pathways, whether lytic or non-lytic, remains unclear and needs further investigation.

In summary, the prolonged period of growth under serum starvation affects only
moderately the magnitude of non-lytic release. However, as days of culture progress and
as a larger number of A549 cells yield under osmotic stress, the lytic source of ATP release
can surpass the one from intact cells. As a result, without proper assessment of lytic release,
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this could lead to misleading conclusions. Although A549 cells are intrinsically robust
against osmotic shock and needed more than 48 h of serum starvation treatment for lysis to
increase beyond the naturally occurring level, other cells could be more fragile. For example,
ATP imaging of hypotonically challenged mice mammary epithelial cells [24] revealed a
series of ATP secretion spikes lasting several minutes after medium dilution similar to
the ones we observed in fragile A549 cells. Further, HTC rat hepatoma cells subjected
to 30% hypotonic shock presented multiple “point source bursts” when imaged with a
real-time chemiluminescent macroscopic imaging configuration [25], highly reminiscent of
the lytic events we have reported here. Thus, our short study calls for proper control for
the occurrence of cell lysis when exploring osmotically triggered nucleotide release.
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Figure 4. Normalized 50% hypo-stimulated non-lytic ATP release. The sum of ATP secreted by lytic
burst events were subtracted from the maximum ATP accumulation per coverslip then normalized
with the total cell number. Treatment (mean + sd in fmol/cell): 10% FBS 72 h (0.07 + 0.04); 0.1% FBS
24 h (0.09 £ 0.03); 0.1% FBS 48 h (0.12 £ 0.01). ANOVA p =0.14.

3. Hemolytic ATP Release in RBCs

The release of ATP by RBCs has been recognized as an important mechanism to
increase blood flow in response to the reduced tissue oxygen level. Subsequent activation
of vascular endothelial P2Y purinergic receptors stimulates the release of nitric oxide and
other mediators of vasodilation, increasing vessel calibre and enhancing blood flow [26,27].
Elevated ATP levels have been found in vivo in venous effluent from exercising forearm
muscle [28,29], which were further augmented by exercise performed in hypoxia [26,30].
Both effects, the increase in venous effluent ATP level and vessels dilation in response to
low extraluminal O,, were only observed when the vessels were perfused with RBCs [26],
implicating RBCs in sensing low extraluminal O, and contributing to local blood flow
regulation by the release of ATP. Moreover, by modulating the release of ATP, erythrocytes
may participate in thermoregulation. There is evidence that the release of ATP from
human erythrocytes is sensitive to both an increase and a decrease in temperature and
that intravascular infusion of ATP may increase thermal hyperemia in the tissues of the
extremities [31]. Thus, regulation of vascular perfusion in response to tissue hypoxia or
temperature changes is accomplished, at least in part, through the control of intravascular
ATP that is released from RBCs [32,33].

Since mature mammalian RBCs are lacking intracellular organelles, the proposed
mechanisms of ATP release included non-exocytotic processes [4], such as conductive
release by putative ATP channels CFIR [34], VDAC [35], and Pannexin-1 [36]. However,
several earlier studies have found that RBCs hemolysis also contributes to plasma ATP
and intravascular hemolysis occurs in vivo under hypoxia and mechanical trauma to
RBCs [37-39]. Its actual contribution, however, has not been assessed systematically, and
several studies attributed the majority of ATP release to cell-regulated processes involving
ATP-conducting channels.
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3.1. Contribution of Hemolysis to ATP Release

To determine the contribution of hemolysis to stimulated ATP release from RBCs,
we have systematically examined various experimental approaches used by different
research groups to measure ATP release and to quantify hemolysis of RBCs [40]. Paired
measurements of ATP and free hemoglobin (Hb) in each sample of RBC supernatants were
chosen as the most reliable and reproducible approach. With this method, we have shown
that basal and hypotonic shock-stimulated ATP release correlated tightly with extracellular
Hb from lysed cells, as shown in Figure 5a (black circles). To verify if the observed ATP
release matched the levels expected exclusively from cell lysis, the intracellular ATP content
was measured independently in cell lysates prepared by Triton-X treatment of the same
batch of blood. The expected ATP release was then calculated from corresponding numbers
of lysed cells under isotonic (Iso) and hypotonic conditions (red triangles). They matched
perfectly with the observed release, demonstrating that hypo-induced ATP release in RBCs
is entirely attributable to cell lysis, as shown in Figure 5a. The same tight relationship was
observed for blood batches obtained from different donors, as shown in Figure 5b. The
figure also shows that cell batches of higher osmotic fragility (higher % of hemolysis vs
released ATP) are the ones that have lower intracellular ATP content, consistent with RBCs
fragility dependence on their metabolic status [41].
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Figure 5. Hypotonic shock-induced ATP release in RBCs. (a) Example of paired measurements of hypotonic shock-induced

ATP release versus extracellular Hb (expressed as the number of lysed cells/uL) obtained from a single blood donor
(O). The solid line is a least square linear fit to ATP release data with 95% confidence bands indicated by dashed lines
and correlation coefficient R = 0.988. Red triangles indicate the expected ATP release for a given level of cell lysis and

independently determined intracellular ATP concentration of 1.42 mM. (b) Relationship between extent of hemolysis

(shown as absorbance—left axis, or % hemolysis—right axis) and ATP release induced by hypotonic shock. Paired values of

extracellular ATP and free Hb in the supernatant samples were obtained using blood from 3 different donors, indicated by

different symbols. In each experiment, RBC suspensions were incubated in either isotonic or hypotonic (20%, 25%, 30%,

35%, or 40%) solution. The slopes of the fitted lines correspond to the intracellular ATP concentration and are indicated on

the graph (from [40]).

3.2. Luminescence Imaging Demonstrates ATP Release Exclusively from Lysing Cells

The primary role of hemolysis in hypotonic shock-induced ATP release was confirmed
more directly by real-time simultaneous ATP-imaging and infrared (IR) differential inter-
ference contrast (DIC) imaging of substrate-attached RBCs. With luciferin-luciferase (LL)
present in the extracellular solution, these experiments identified single ATP-releasing
cells and revealed that only lysing cells contributed to the release. This is illustrated in
Figure 6a,b, which shows that following osmotic stimulation, the ATP release was seen as
a flash of ATP-dependent LL luminescence around the cells that subsequently disappeared
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from the image due to leakage of their Hb content (cell ghosting). Ghosting occurred
within up to 120-s after the peak of the ATP release, indicating that Hb release proceeds
significantly slower compared to ATP release. This is demonstrated in Figure 6¢, which
shows examples of single-cell ATP release spikes and their decay time (t), while Figure 6d
shows a plot of T vs. duration of Hb release (time to ghosting). Cell ghosting due to
Hb leakage takes, on average, ~3-times longer than ATP release, which is similar to the
ratio of diffusion coefficients for ATP compared to that of Hb in water (Darp /Dy, = 3.8),
supporting the view that release of Hb and ATP proceeds through the common pathway.
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Figure 6. Luminescence imaging of ATP release from RBCs. (a) IR-DIC image of RBCs attached to
the glass substrate with lysed cells visible as white spots acquired 25 min after 20% hypotonic shock.
(b) Overlay of image (a) and cumulative ATP-dependent luminescence (in red) observed during
the entire experiment. Note that regions of ATP release coincide with lysed cells (marked by stars).
(c) Two examples of luminescence time-course responses due to lysis of single RBCs in the same
experiment. The characteristic time of ATP release () was determined by exponential fitting of the
decaying phase of the luminescence signal (red line). (d) A plot of the single-cell ATP release time T
and the corresponding duration of Hb release (time delay to hemolysis) for the same experiment.
Red line—linear fit to the data, and the red square represents the Average + SD of the release time
for ATP (17.6 2.1 s) and Hb (47.6 +10.6 s). (Adapted from [40]).

Thus, the study demonstrated that hemolysis is likely the only mechanism of ATP
release induced by hypotonic shock in RBCs. Unexpectedly, the same tight relationship
between ATP release and % hemolysis was seen with other stimuli tested (shear stress,
hypoxia), with no evidence of regulated release from intact cells [40]. This finding has
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important consequences regarding the physiological roles of intravascular hemolytic ATP
release. RBCs form a non-homogenous population, which contains cells at different stages
of their life cycle, including senescent cells that are in a prolytic state before removal from
circulation [42]. Ageing RBCs show the accumulation of membrane microdefects, the
reduced level of the cell membrane stomatin and sialoglycoproteins, the translocation of
phosphatidylserine to the outer leaflet of the cell membrane, which all contribute to altered
membrane mechanical and electrical properties and increased cell fragility. Therefore,
senescent RBCs constitute an easily accessible pool of ATP for local purinergic signalling.
Importantly, besides natural ageing, other processes that control RBC susceptibility to lysis
under stress and hypoxia will modulate ATP release, discussed in [33,42].

4. Ultrasound and Microbubble-Induced ATP Release for Enhancing
Cancer Immunotherapy

Immunotherapy is now successfully complementing radiotherapy, surgery and
chemotherapy in our arsenal against cancer [43]. Immune checkpoint blockade ther-
apy with antibodies targeting CTLA-4 and PD-1 have provided durable clinical benefits,
including complete tumour rejection [44]. However, these treatments can be associated
with severe toxicities and, unfortunately, are curative only in subsets of patients [45]. It is
becoming apparent that the presence of non-redundant immunosuppressive pathways, as
well as physico-chemical characteristics of the tumour microenvironment (TME), limit the
activity of cancer immunotherapies. Novel strategies and approaches that address these
barriers could help increase the efficacy of cancer immunotherapy. Understanding the role
and targeting the therapeutic potential of purinergic signalling for cancer immunotherapy
is an active and promising area of research. ATP and its downstream metabolite Ado
are important immunomodulators in the TME, and their effects on antitumor immune
responses have been recently and extensively reviewed [46-49]. For instance, targeting
CD39 and CD73, two key rate-limiting enzymes that, respectively, degrade ATP into
ADP and AMP and AMP into Ado with antibodies or pharmacological inhibitors, have
been shown to cause robust anticancer immune responses in rodents and are currently
undergoing clinical trials [50,51]. Small molecule drug candidates inhibiting P1 and P2
purinergic receptors are also showing therapeutic promise [47]. However, the systemic
administration of these powerful inhibitors can lead to harsh side effects [51], which could
be alleviated by a local potentiation of these active compounds. Interestingly, ultrasound
(US)-targeted microbubble (MB) cavitation (UTMC) offers an externally triggered, spatially
controlled and image-guided approach that is promising for local drug release [52,53]
and for improving antibody extravasation and efficacy [54-57]. However, these exciting
results overshadow the fact that the biological effects and signalling pathways stimulated
by MB—cell interactions are still poorly understood. In particular, the prominent role of
purinergic signalling following UTMC was only recently discovered [58] and has been
studied by a single team of investigators. In this section, we will briefly review the current
knowledge on MB—cell interactions and more specifically describe in vitro and in vivo ATP
release kinetics following UTMC therapy. Our recent data support the therapeutic potential
of UTMC for enhancing cancer immunotherapy in solid tumours.

4.1. Microbubbles for Imaging and Therapy

MBs are micron-sized gas-filled spheres stabilized by a shell (lipid, polymer or pro-
teins) that can be injected intravenously as blood tracers and act as a contrast agent for
clinical US imaging. As they travel in the bloodstream, MBs are imaged using dedicated
contrast-mode pulsing sequences that cancel out tissue background, thus allowing quan-
tification of tissue perfusion. MB cavitation is generally harmless when excited with low
energy US pulses. Indeed, MBs have been used clinically for decades in diagnostic applica-
tions, and their safety has been clearly established in this context [59]. When stimulated
by higher amplitudes and/or longer US pressure wave durations, MBs undergo stronger
oscillations that locally amplify the thermal and mechanical effects of the US. In this sce-
nario, MBs become theranostic agents that act simultaneously as imaging and therapeutic
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agents, in which US imaging is used to guide the positioning of the therapeutic US beam
and to track MB replenishment between therapeutic pulses. For very high levels of energy,
which can be obtained with high power dedicated equipment (High Intensity Focused
Ultrasound), thermal effects can be achieved and even lead to the generation of light [60].
On the other hand, mechanical effects can be generated with lower energy requirements
(shorter pulse lengths < hundreds of ps; low duty cycle ~0.1%) and intermediate pressure
ranges (mechanical index < 1.9). For instance, vasodilation can be stimulated by clini-
cal scanners with repeated stimulations at diagnostic pressures [58,61]. Several drugs,
plasmid DNA and miRNA delivery have been successfully implemented using clinical
scanners [62-65]. However, many therapeutic applications of UTMC seem to benefit from
longer pulse durations, which sustain the cavitation activity [66—-69]. Exhaustive reviews
of therapeutic applications being investigated for MB cavitation can be found in [70,71].

4.2. Sonoporation

One interesting type of MB—cell interaction is the mechanical rupture of membrane
integrity by an oscillating MB, causing the formation of membrane pores, a process termed
“sonoporation”. Both stable and inertial cavitation can cause the formation of current-
conducting pores detectable by the patch-clamp technique [72]. During membrane poration,
membrane-impermeable molecules (such as propidium iodide, often used as a model drug)
have been observed to gain access to the cell cytoplasm [73,74]. In vitro, pores may or may
not reseal, the latter leading to cell death [75]. Pore resealing has been observed to occur
within 1 min, depending on the pore size and is calcium-dependent [76]. If calcium ions are
present in the extracellular medium, sonoporation can lead to a calcium influx and generate
a calcium wave in adjacent cells [77]. Sonoporation has been shown to be related to the
mechanical shear stress generated by the MB oscillations. For an MB positioned next to
the membrane, the MB excursion radius provides a threshold quantity beyond which pore
formation will occur (~0.7 pm, but frequency-dependent) [73,74]. Porating cell membranes
with UTMC in vitro is relatively straightforward, as the US can be pulsed repeatedly, and
new MBs can be introduced as cavitation nuclei. However, finding the balance to generate
pores that reseal and maintain high cell viability remains challenging. For cultured cells, a
recent study reported that most sonoporated cells did not survive sonoporation [78]. On
the other hand, there are reports of a combination of US parameters that allow reaching a
high sonoporation rate while maintaining cell viability for plated [79] and suspended [75]
cells. Dosing of MB activity will be an important factor to consider in the clinical translation
of these techniques, especially in sensitive organs such as the brain. Indeed, petechiae [80]
and hemolysis [81] can be cited as examples of overt membrane rupture and can occur
with harsh and sustained UTMC therapy. These effects need to be weighted in the risk-
benefit analysis for each therapeutic application. Cavitation detectors have been developed
to mitigate and control MB activity [82]. The reader can find additional information on
sonoporation here [71].

4.3. Beyond Sonoporation

MB—cell interactions and cell signalling beyond the biophysical creation of a pore are
not well understood to date, and further studies will be needed to unravel the complexities
of cell signalling and cell interactions following UTMC. Within the sonoporated cell, the
downstream effects of sonoporation are being unravelled: calcium influx [83], membrane
depolarization [84], F-actin remodelling [85], cell blebbing [86], and the activation of heat
shock protein 70 [87], leading to late apoptosis even in cell initially surviving sonoporation.
MB oscillations have been shown to enhance endocytosis and pinocytosis in vitro [88] and
in vivo [89]. The long-term fate of sonoporated cells has been evaluated and is suggesting
that sonoporation is very stressful for cells in vitro and may jeopardize their long-term
survival [87]. However, successful cellular transfections have been described in vitro and
in vivo [63,65,90], suggesting that cells can survive a sonoporation event. It seems logical
to postulate that the understanding of intercellular signalling following sonoporation



Life 2021, 11, 700

12 of 21

will be a key in future developments in this field. Our understanding of intercellular
signalling has evolved from that related mostly to vascular biology to other pathways,
including inflammatory signalling. We now have evidence that UTMC: (1) can cause eNOS
phosphorylation and nitric oxide generation in endothelial cells, leading to smooth muscle
cell relaxation causing vasodilation [58,68]; (2) can affect endothelial cell-cell contact
through yet unidentified signalling mechanisms [74]; (3) can enhance the expression
of vascular inflammation markers (ICAM) in the brain within 1 h post sonication and
elevations in heat shock protein 70, interleukin-1, interleukin-18, and tumour necrosis
factor-« indicative of a sterile inflammatory response in the brain [91].

4.4. Microbubble-Driven ATP Release

The ability of MB oscillation to release ATP is a relatively recent observation [58]. It
was shown that UTMC with a clinical scanner (1.3 MHz, 1.3 MI, SONOS) for 10 min caused
a 10-fold increase in muscle blood flow in a mouse model and the local release of nitric
oxide [68,92]. This provascular response was found to be mediated by a local release of ATP,
which was still detectable by bioluminescence imaging 24 h post-treatment [58]. In separate
in vitro experiments, ATP was found to originate from endothelial cells and red blood cells,
which are known ATP reservoirs in the vasculature. Fluorescent dyes added during or
after UTMC demonstrated that sonoporation had occurred. Most interestingly, endothe-
lial cells continued to release ATP 20 min after sonoporation, indicative of delayed cell
death/apoptosis contributing to the sustained release observed in vivo. Whether Pannexin-
1is also involved, as suggested in [93], requires further study. Thus, UTMC-mediated ATP
release could involve multiple mechanisms and reservoirs, including acute and delayed
release resulting from sonoporation with distinct released amounts and kinetics.

4.5. Kinetics of ATP Release In Vitro

We investigated the effect of the number (#) of cycles and US pressure on ATP release
kinetics in vitro to better understand the ATP release mechanisms. Mammary carcinoma
4T1 cells were cultured in custom PDMS chips (see Methods) and incubated with MB by
inverting the chip upside down to allow MB to float into contact with the cells. Different US
pressures and #cycles were delivered using a single element US probe at 1 MHz (Figure 7a).

ATP release kinetics were recorded using a bioluminescence imaging system [16]
(Figure 7a—d). We found that ATP release was triggered by US delivery in an area delimited
by the probe beam (Figure 7a). Across all pulses, ATP release varied between 0.03 pmol
and 2.7 pmol. This is similar to ATP released by a strain of 5% to 9% [16]. ATP release rate
varied between undetectable levels and up to 0.24 pmol/s. Both pressure and #cycles had
an effect on ATP release amount (Figure 8a) and ATP release rate (Figure 8b) (all p < 0.001,
one-way ANOVA). Increasing pressure and # cycles caused significant increases in ATP
release amount and rate that were significant based on multiple comparisons between
groups. These observations are consistent with an increase in cavitation efficiency/activity
increasing pulse length and pressure. In separate experiments, propidium iodide and
calcein-AM were added 5 min after US exposure to assess cell viability. Percent of dead
cells also increased with pressure and #cycles (Figure 8c).

When plotting ATP release against % dead cells, we could identify two regions
(Figure 9): (1) a region with lower ATP release (~1 pmol) and a low percentage of dead cells
(2% increase compared to control), corresponding to lower energy pulses (blue line); (2) a
region with a marked increase in ATP release (up to 2.5 pmol) but with a higher percentage
of dead cells (6% increase compared to control), corresponding to higher energy pulses
(red line). Interestingly, these two regions had different slopes of ATP release as a function
of % dead cells, which differed by a factor of 6, suggesting different release mechanisms,
respectively, non-lethal (pores that reseal, in blue) and lethal (permanent poration, in red).
Similar observations were found for ATP release rate against the percentage of dead cells
in which two regions also appeared: (1) a region with slower release speed (<0.14 pmol/s),
associated with a lower percentage of dead cells and corresponding to lower energy pulses
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(blue line); (2) a region with higher release speeds (>0.14 pmol/s), associated with a higher
percentage of dead cells and corresponding to high energy pulses. These observations seem
consistent with an increase in the pore size and number with increasing US cavitation.
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Figure 7. UTMC-induced ATP release in mammary carcinoma 4T1 cells. (a) An overlay of the peak
ATP signal (green) on top of a brightfield image showing the US probe in the background. The
image shows four microfluidic flow channels on the PDMS chip with plated cells. (b) Typical ATP
release kinetics in a region of interest (ROI) and signal processing with the signal coloured in red, the
linear fit for the ATP release in orange, and the exponential fit in yellow; ATP image (c) before and
(d) after the US pulse in the 4 ROIs analyzed; (e) ATP release kinetics with analyzed values for the
ATP released, ATP release peak rate, and release time constant.

4.6. ATP Release In Vivo in Muscle and in Tumors

We then tested if ATP could be released in muscle using UTMC using whole-body
luminescence imaging. We first performed a positive control experiment in which a
20 uL bolus of ATP (250 uM) was directly injected intramuscularly (Figure 10a). The
ATP-dependent bioluminescence signal peaked at 4 min (28.8 = 4.3 photons) but was not
different from the baseline value at 8 min post-injection (~20 photons). We then exposed
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the right hindlimb of shaved mice to UTMC (1 MHz, 5000 cycles, 800 kPa), repeated
every 5 s for 10 min. The therapeutic transducer was positioned perpendicularly to an
imaging clinical scanner (15L8 probe, Acuson Sequoia, Siemens) used in CPS mode (7 MHz,
MI = 0.2) to guide therapy. MBs (Definity) were infused at a constant rate of 4 uL./mL using
a syringe pump. The contralateral side was used as a control (Figure 10b). After UTMC, a
high level of extracellular ATP (eATP) signal was detected in the muscle. The signal was
5.5 folds greater in the treated side (64.2 & 48.6 photons) compared to the non-treated side
(11.6 £ 1.2 photons) at 15 min, and it persisted up to 75 min post-treatment. This data
supported that UTMC can release high amounts of ATP in vivo at concentrations higher
than 250 uM, as supported by the amplitude and duration of the bioluminescence signal
compared to direct intramuscular injection. This ATP release was triggered and restricted
by the US beam since there was no signal in the contralateral hindlimb.
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Figure 8. The effect of US pressure and # cycles on the ATP release and % dead cells in 4T1 cells.
(a) ATP release amount, (b) ATP release rate (peak), and (c) % dead cells following UTMC therapy.
Boxplots are represented as median, 25th—75th percentiles, and range (excluding outliers > 1.5 x
interquartile range); n = 20 (5 repeats, 4 channels per chip). * p < 0.05; ** p < 0.01 (Tukey HSD post
hoc test).
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Figure 9. The relationship between % dead cells and ATP release in 4T1 cells. Graphs show ATP
release amount (a) and rate (b), data are the Average + SE. Both parameters increased with % dead
cells, indicating that permanent sonoporation causing cell death was a major ATP release mechanism
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Figure 10. Extracellular ATP signal quantification in mice muscle tissue using in vivo biolumines-
cence imaging. (a) ATP-dependent bioluminescence signal (T = 4 min) following intramuscular
injection of bolus ATP (20 pL bolus, 250 uM, at T = 0 min); (b) eATP kinetics following injection
shown in (a) (n = 3, * p < 0.05 vs T = 0 min, Dunn’s test); (c) eATP signal measured by optical
imaging 15 min post-UTMC. (d) eATP signal in treated (UTMC) and contralateral side at T = 15 min
(n =6,*p <0.05, Wilcoxon test); (e) eATP kinetics after UTMC treatment (n =6, * p < 0.05, ** p < 0.01,
*** p < 0.001 vs T = 0 min, Dunnett post hoc test). Data represented as (Average + SD).

Finally, in 4T1 xenografted bilateral tumours in mice, bioluminescence imaging re-
vealed an eATP signal in the tumour after UTMC treatment (Figure 11a). The mean photon
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count was 2.2 times greater in the treated side (27.5 £ 13.5 photons) compared to the
non-treated side (12.8 & 1.2 photons) at 15 min, and the signal persisted up to 75 min
post-US + MB (21.5 £ 7.6 photons) (Figure 11b). Based on our data in muscle, the ATP
release was also higher than 250 pM in the tumours. To the authors” knowledge, this is the
first report of in-vivo ATP release kinetics following UTMC therapy in tumours.
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Figure 11. The eATP signal after UTMC in 4T1 xenografted tumors in mice. (a) eATP signal measured
by optical imaging 15 min post-treatment; (b) time course of eATP signal (photon count) after UTMC
therapy in treated side versus non-treated side (n =7, * p < 0.05, ** p < 0.01, *** p < 0.001, Sidak test).
Data represented as the Average + SD.

In summary, in this section, we presented a general overview of the ability of MB cavi-
tation to cause ATP release in the form of an image-guided, spatially targeted theranostic
approach in cell culture, in muscle and in xenografted tumours. The mechanisms involved
and therapeutic applications (vasodilation, damage-associated molecular pattern (DAMP)
signalling) are only starting to be understood. It is likely that ATP is released from cells
near the cavitating MB (likely RBC and endothelial cells) and that a mechanism allows
sustaining this release in time. We are currently testing the potential of this approach for
immune stimulation, which will possibly require strategies to capitalize on the local ATP
release and prevent its conversion into immunosuppressive adenosine.

5. Concluding Remarks

Investigating ATP release due to cell lysis might be warranted. As quantified in
Section 2, the level of lytic-induced ATP release, while resulting in the death of one cell,
totalizes the nucleotide release of several hundreds of intact cells and, as such, possesses a
potent purinergic signalling capability to target a wide range of cells. This is well illustrated
by intravascular hemolytic ATP release from RBCs, where lysis of a single erythrocyte will
result in ATP concentration of ~1 uM sulfficient for triggering purinergic control of blood
flow within 2-10 mm long segment of a microcapillary with a diameter comparable to RBC
size (7 um) [33]. In certain pathophysiological conditions associated with prominent cells
fragilization, the lytic sources of ATP and their downstream signalling molecules (adeno-
sine) could be the most abundant and principal effectors. Potent purinergic effects due to
lytic nucleotide release could be utilized therapeutically, as illustrated in Section 4, where
we quantified ATP release kinetics in vitro and in vivo following ultrasound-mediated
microbubble cavitation. Understanding the mechanisms and reservoirs of ATP release
using an image-guided approach could lead to novel therapeutic opportunities such as
immunomodulation in the tumoral microenvironment.

6. Methods
6.1. Methods for Section 2

Human lung carcinoma A549 were seeded with High Glucose DMEM supplemented
with 10% FBS or 0.1% FBS, 2 mM L-glutamine, 50 U/mL penicillin-G and 50 ug/mL
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streptomycin sulphate at 37 °C and 5% CO; on 15-mm diameter glass coverslips for 24
to 72 h. On the day of the experiment, cells on the coverslip were placed in a glass-
bottomed chamber and bathed at 30 °C in 500 uL of LL-DMEM (Luciferin-Luciferase ATP
detection reagents in phenol red-free DMEM). Before the experiment, the chamber with
cells seeded on a coverslip was left in an incubator at 37 °C and 5% CO; for 15-20 min.
This allowed for a reduction of the ATP level induced by mechanical stimulation during
coverslip transfer. During the experiment, the ATP release was stimulated by adding
500 pL of LL-H;O (including 1 mM of MgCl, and CaCly), yielding ~50% hypo final. ATP-
derived luminescence was collected with a custom wide FOV imaging system using an
EMCCD camera and a 3:1 reducing optical system. The ATP calibration technique and
more experimental details can be found in [16]. To minimize fluid perturbation, LL-H,O
solution was slowly added in the chamber over an area free of cells. Series of 5-s duration
images were recorded during 60 min.

6.2. Methods for Section 4

PDMS cell culture chips. Microfluidic chips were manufactured using Polydimethyl-
siloxane (PDMS) (Sylgard 184, Dow). PDMS was mixed at a 10:1 ratio of PMDS to curing
agent, poured onto the moulds and degassed in a vacuum. The degassed PMDS in the
moulds was then cured at 70 °C for 90 min. The two halves of the chips were bonded
together by exposing the faces to atmospheric plasma for 30 s.

In vitro experiments. Mammary carcinoma 4T1 cells were seeded in custom PDMS
chips (10° cells/chip, each flow channel 700 um x 700 pm x 17 mm) to reach 90% con-
fluency overnight and incubated upside down with microbubbles (Definity) to allow MB
floating up to the cells (5 min) at a concentration of 6 MB/cell. Three different US pres-
sures (200, 300, and 500 kPa) and three number of cycles (10, 100, and 1000 cycles) were
tested using single US pulses, delivered using a single element US probe (1 MHz, A303S,
0.5 Inch, Olympus). These experiments were conducted under static conditions (no flow).
A bioluminescent imaging system (Evolve 512, Photometrics) and a LL assay (FLAAM
Sigma-Aldrich, see methods in [16]) were used to quantify ATP release kinetics after US
treatment. ATP image sequences were analyzed using a custom MATLAB script. Four
rectangular ROIs of equal area were drawn in flow channels subjected to an US. To obtain
the amount of ATP in each frame, the noise was first subtracted from the image. Then,
the signal was integrated over the ROI and multiplied by a calibration factor determined
in [16]. The total ATP release was calculated as the peak ATP signal minus the average
pre-US value. The ATP release increased with pressure and # cycles, which is consistent
with an increase in cavitation activity. In separate experiments, Calcein-AM (4 ug/mL
Thermo Fisher) and propidium iodide (PI, 25 pg/mL Thermo Fisher) were, respectively,
added 5 and 30 min after UTMC to assess cell viability after US exposure.

In vivo protocols. Wild-type BALB/c mice (6 weeks age, Charles Rivers Laboratories,
Senneville, Canada) were anesthetized using 2% isoflurane and depilated. Luciferase
and microbubbles were injected using a polyethylene catheter inserted in the jugular
vein. 4T1 cells were used as a tumour model for both in vitro and in vivo studies. The
treatment was performed when tumours reached a size between 300-400 mm3. Whole-
body bioluminescence assays were performed using a small animal imager (OptixMX2,
General Electric) at a resolution of 2 mm with an integration time of 5 s. Luciferin (3 mg)
was administered intraperitoneally (IP) and luciferase (270 pg) intravenously (jugular vein)
before UTMC treatment.
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