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Introduction

Efficient chemotaxis is an essential feature of polymorphonu-
clear neutrophils (PMNs), allowing these important immune 
cells to orient and navigate in chemical gradients that emanate 
from sites of infection and inflammation. The cellular processes 
involved in chemotaxis are triggered by chemoattractant recep-
tors expressed on the cell surface of PMNs. Mathematical mod-
eling suggests that chemotaxis is regulated by local excitatory 
and global inhibitory mechanisms at the front and back of cells 
(Parent and Devreotes, 1999; Jilkine and Edelstein-Keshet, 
2011). Various local excitation and global inhibition (LEGI) 
models of chemotaxis were proposed in an attempt to explain 
how such excitatory and inhibitory feedback mechanisms might 
convert external chemotactic cues into the cellular signaling 
events that regulate cell polarization, gradient sensing, and the 
effective migration of PMNs upstream of chemotactic gradient 
fields (Parent and Devreotes, 1999; Levchenko and Iglesias, 
2002; Wang, 2009; Houk et al., 2012; Ku et al., 2012).

We reported previously that ATP release and autocrine pu-
rinergic signaling regulate PMN chemotaxis (Chen et al., 2006; 
Bao et al., 2013). This inside-out signaling mechanism involves 
several members of the purinergic receptor family that is com-
prised of P1 receptors recognizing adenosine (A1, A2a, A2b, 
and A3), P2X receptors recognizing ATP (P2X1-7), and P2Y 

receptors recognizing ATP and other nucleotides (Burnstock, 
2007; Burnstock et al., 2010). The most prominently expressed 
purinergic receptor subtypes in PMNs are A2a, P2Y2, and A3 
receptors, which have key roles in the regulation of chemotaxis 
(Chen et al., 2006; Bao et al., 2013). Autocrine stimulation of 
P2Y2 and A3 receptors amplifies formyl peptide receptor (FPR) 
signaling by promoting excitatory signals that elicit chemotac-
tic responses at the front of cells (Chen et al., 2006). Autocrine 
stimulation of A2a receptors at the back of cells triggers cAMP/
protein kinase A (PKA) signaling and a global inhibition mech-
anism that maintains cell polarization and promotes uropod re-
traction (Bao et al., 2013).

Carole Parent and coworkers have recently shown that 
metabolic regulation via mTOR complex 2 (mTORC2) contrib-
utes to F-actin polarization at the front of cells, whereas ade-
nylyl cyclase 9 (AC9) stimulates cAMP/PKA/MyoII-mediated 
signaling that contributes to uropod retraction at the back of 
cells (Liu et al., 2010, 2014). Despite these remarkable advances 
in our understanding of the mechanisms that regulate chemo-
taxis, the upstream signaling events that trigger mTORC2 and 
AC9 activation have remained unclear. In the current study, we 
focused on these open questions and on the missing links that 
tie metabolic signaling pathways to the autocrine purinergic 
signaling mechanisms that convert external cues to appropriate 
chemotactic responses at the front and back of PMNs.

Neutrophils use chemotaxis to locate invading bacteria. Adenosine triphosphate (ATP) release and autocrine purinergic 
signaling via P2Y2 receptors at the front and A2a receptors at the back of cells regulate chemotaxis. Here, we examined 
the intracellular mechanisms that control these opposing signaling mechanisms. We found that mitochondria deliver ATP 
that stimulates P2Y2 receptors in response to chemotactic cues, and that P2Y2 receptors promote mTOR signaling, which 
augments mitochondrial activity near the front of cells. Blocking mTOR signaling with rapamycin or PP242 or mitochon-
drial ATP production (e.g., with CCCP) reduced mitochondrial Ca2+ uptake and membrane potential, and impaired 
cellular ATP release and neutrophil chemotaxis. Autocrine stimulation of A2a receptors causes cyclic adenosine mono-
phosphate accumulation at the back of cells, which inhibits mTOR signaling and mitochondrial activity, resulting in 
uropod retraction. We conclude that mitochondrial, purinergic, and mTOR signaling regulates neutrophil chemotaxis 
and may be a pharmacological target in inflammatory diseases.
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We recently discovered that mitochondria in PMNs pro-
duce ATP to fuel the purinergic signaling mechanisms that trig-
ger cell activation (Bao et al., 2014). Because mitochondria can 
be regulated by mTOR signaling (Desai et al., 2002; Ramana-
than and Schreiber, 2009), we hypothesized that mTOR signal-
ing is linked to mitochondrial ATP production and the localized 
ATP release that drives the autocrine purinergic mechanisms 
in PMN chemotaxis. Our results demonstrate that chemotac-
tic stimuli trigger two phases of mTOR signaling that differ-
entially regulate mitochondria and purinergic signaling at the 
front and back of PMNs.

Results

Mitochondria regulate PMN chemotaxis
We reported previously that mitochondria are required for 
FPR-induced ATP release and activation of PMNs (Bao et al., 
2014). Here, we studied whether mitochondria regulate PMN 
chemotaxis using live-cell imaging of human PMNs in a chemo-
tactic gradient field generated with a micropipette loaded with 
100 nM fMLP (Fig. 1). Inhibition of mitochondrial ATP produc-
tion with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 
blocked PMN chemotaxis by impairing gradient sensing and 
reducing the speed of migration. CCCP completely abolished 
the ability of cells to recognize and navigate in a chemotactic 
gradient field (Fig. 1, A and B; and Video 1). The addition of 
the nonhydrolyzable ATP analogue ATPγS increased migration 
speed of CCCP-treated PMNs, but it did not restore the gradi-

ent-sensing ability of these cells (Fig. 1, A and B). Using po-
tassium cyanide and rotenone that inhibit other steps involved 
in mitochondrial ATP production also impaired chemotaxis 
(Fig. S1, A and B; and Video  1). Inhibition of mitochondria 
with CCCP also impaired chemotaxis of neutrophils to interleu-
kin-8 (IL-8) and leukotriene B4 (LTB4; Fig. S1, C and D, and 
Video 2). Collectively with our previous work, these findings 
indicate that mitochondria have an important role in PMN che-
motaxis by delivering the ATP that fuels the localized autocrine 
purinergic signaling events at the front and back of cells.

Differential mitochondrial activation in 
polarized cells
Localized ATP release regulates gradient sensing by promoting 
excitatory feedback loops at the front of PMNs (Chen et al., 
2006, 2010). These local excitatory feedback mechanisms at the 
front are accompanied by global inhibitory feedback at the back 
of cells, which is mediated by A2a receptors that translocate 
from the front to the back during cell polarization (Bao et al., 
2013). However, it is unclear how these excitatory and inhib-
itory purinergic signaling systems are fueled at the front and 
back of cells. We hypothesized that one possible mechanism 
could be through differential regulation of mitochondrial acti-
vation at the front versus back of cells. To study the activation 
of mitochondria in PMNs, we used the fluorescent probe Rhod2 
to monitor mitochondrial Ca2+ uptake, which is an essential step 
in the activation of mitochondrial ATP production (Brookes et 
al., 2004). Counterstaining with MitoTracker green was used to 
verify optimal experimental conditions that result in loading of 

Figure 1. Inhibition of mitochondria by 
CCCP impairs PMN chemotaxis. (A) Freshly 
isolated primary human PMNs were exposed 
to a chemotactic gradient using a micropipette 
loaded with 100 nM fMLP, and migration of 
cells was recorded under the microscope. The 
chemotactic behavior of untreated cells and 
of cells pretreated with 1  µM CCCP with or 
without 100 µM ATPγS was compared using 
traces of individual cells (see also Video  1, 
top). Data shown are representative of results 
obtained with cells from at least three differ-
ent healthy individuals. (B) The total length 
each cell traveled over the observation pe-
riod was used to calculate migration speed. 
The effective migration speed was calculated 
from the Euclidean distance each cell traveled. 
Cells were considered to migrate in the cor-
rect direction when their migration paths did 
not deviate by more than 60° from a straight 
line toward the micropipette tip. Cells were 
isolated from at least three different healthy 
individuals, and data are expressed as mean 
± SD (error bars) of n = 20–40 cells from 
each donor. Statistical analysis was done with 
one-way ANO VA; *, P < 0.05.
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Rhod2 primarily in mitochondria (Fig. S2 A). Rhod2 and Mi-
toTracker staining revealed a complex mitochondrial network 
extending from the nucleus throughout the cell (Fig. S2, A–C). 
Stimulation of PMNs in a chemotactic gradient generated with 
a micropipette loaded with 100 nM fMLP triggered rapid mi-
tochondrial Ca2+ uptake (Figs. 2 A and S2 C; and Video  3). 
Immediately after cell stimulation, the Rhod2 signal rose rap-
idly throughout the entire mitochondrial network, followed by 
a condensation in more discrete regions that translocated from 
the back toward the front of polarized cells (Fig. 2 B). As a con-
sequence, the Rhod2 signal was stronger at the front than at the 
back of polarized PMNs (Fig. 2, A–C). These findings demon-
strate that the stimulation of PMNs with fMLP triggers initial 
rapid global mitochondrial activation, which is followed by 
cell polarization, and the differential distribution of active mi-
tochondria at the front versus back of cells. Next, we assessed 
the mitochondrial membrane potential (Δψm) in PMNs during 
cell polarization and chemotaxis. For that purpose, we used the 
mitochondrial probe JC-1, which accumulates in the mitochon-
drial membrane where it emits a red fluorescent signal when 
Δψm is high and a green or no fluorescent signal when Δψm is 
low (Reers et al., 1995; Keil et al., 2011). Human PMNs stained 
with JC-1 were exposed to an fMLP gradient field generated 
with the micropipette system described above, and changes 
in Δψm were monitored with fluorescence microscopy (Figs. 
3 and S2 D). We found distinct subsets of mitochondria that 
separated during cell polarization (Fig. 3 A and Video 4). Al-
though a small population of mitochondria with high Δψm (red 
JC-1 signal) was found near the front of polarized cells, a larger 
portion of mitochondria with low (green JC-1 signal) or with 
potentially no detectable Δψm (no JC-1 signal) accumulated 
at the back of these cells (Fig.  3, A–C). These findings sug-
gest that activated mitochondria deliver the ATP that promotes 
purinergic signaling at the front of polarized PMNs, whereas 
decreased mitochondrial activity at the back may contribute 
to uropod retraction.

mTOR signaling regulates mitochondrial 
function and chemotaxis
Previous reports have shown that mTOR activation is involved 
in the regulation of PMN chemotaxis (Liu et al., 2010). Spe-
cifically, mTORC2 was shown to induce pseudopod extension 
and cAMP accumulation in polarized PMNs (Liu et al., 2010). 
Other reports have shown that mTORC1 is also involved in the 
migration of dendritic cells and cancer cells (Delgado-Martín et 
al., 2011; Dillenburg-Pilla et al., 2015). Mitochondrial activa-
tion in human T cells and various other cell types is regulated 
by mTOR signaling (Desai et al., 2002; Ramanathan and Sch-
reiber, 2009; Wang et al., 2010; Colombi et al., 2011; Murata 
et al., 2011; Hagiwara et al., 2012; Yuan et al., 2012; Wu et al., 
2013). Therefore, we hypothesized that mTOR signaling could 
also regulate mitochondrial activity in PMNs and contribute 
to PMN chemotaxis. To test this hypothesis, we first evaluated 
how inhibition of mTOR signaling affects purinergic signaling 
and chemotaxis. We used rapamycin to block mTORC1 sig-
naling and PP242 to block signaling via both mTORC1 and 
mTORC2 (Liu et al., 2012). Pretreatment of PMNs with rapa-
mycin or PP242 reduced FPR- and IL-8–induced chemotaxis 
(Figs. 4 A and S3 A, and Video  5). Both inhibitors reduced 
overall migration speed and the effective migration speed of 
cells toward the chemoattractant source (Figs. 4 B and S3 B). 
Rapamycin and PP242 also inhibited FPR-induced ATP release 

from PMNs (Fig. S4 A). Collectively, these results indicate that 
mTOR signaling contributes to chemotaxis by regulating ATP 
production and purinergic signaling of PMNs. To study the role 
of mTOR signaling in the regulation of mitochondrial activity, 
we loaded PMNs with Rhod2 to assess mitochondrial Ca2+ up-

Figure 2. FPR stimulation activates mitochondria at the front of cells. 
PMNs were plated onto fibronectin-coated glass coverslips and stained 
with 1 µM Rhod2 for 5 min, and mitochondrial Ca2+ uptake was monitored 
in real-time using fluorescence microscopy (DMI6000 B; Leica; objective: 
100× oil, NA 1.30; DFC365 FX camera; Leica). (A) Rhod2 fluorescence 
changes after stimulation with 100 nM fMLP using a micropipette (tip in-
dicated by asterisk) were recorded over time and analyzed using ImageJ 
(inset). The data shown are from a single representative experiment out of 
at least 15 separate experiments with cells from three donors (bar, 5 µm). 
(B and C) Rhod2 signal changes at the front and back of the cells were 
analyzed over time using the sections as shown in A. The distribution of ac-
tivated mitochondria to the front over time (C) is shown as the percentage 
of Rhod2 signal at the front versus the whole cell. Data represent means ± 
SD (error bars) of 15–25 cells (see also Video 3). Statistical analysis was 
done with one-way ANO VA; *, P < 0.05.
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take after the inhibition of mTOR signaling with rapamycin or 
PP242 (1 µM). Both inhibitors markedly impaired mitochon-
drial Ca2+ uptake in response to fMLP stimulation (Fig. 4, C and 
D; and Video 6). We found similar results with human HL-60 
leukemia cells that were differentiated with DMSO to induce 
a PMN-like phenotype capable of chemotaxis in response to 
fMLP (Fig. S4, B and C; and Video 7). Blocking FPR-induced 
ATP release with the gap junction inhibitor carbenoxolone in-
hibited mitochondrial Ca2+ uptake in both PMNs and differen-
tiated HL-60s (Fig. S4, D and E; and Video 8; data on HL-60 
cells not depicted). These results indicate that mTOR signaling, 
mitochondrial activity, ATP release, and autocrine feedback 
via purinergic receptors synergize to regulate chemotaxis of 
human PMNs and HL-60 cells.

FPR-induced purinergic signaling activates 
mTOR and mitochondria
The findings above demonstrate that mTOR signaling is linked 
to the purinergic signaling mechanisms that regulate chemo-
taxis. Cellular ATP release fuels purinergic signaling and trig-
gers functional PMN responses (Bao et al., 2014). Therefore, 
we investigated possible links between P2 receptors and mTOR 
signaling. Stimulation of differentiated HL-60 cells with fMLP 
caused robust phosphorylation of mTOR at positions S2448 
and S2481 (Fig. 5 A). Phosphorylation at these positions is as-
sociated with mTORC1 and mTORC2 signaling, respectively 
(Copp et al., 2009). ATP, the natural ligand of many P2 receptor 
subtypes including P2Y2, and UTP, a specific ligand of P2Y2 
receptors, also triggered robust mTOR phosphorylation on po-
sitions S2448 and S2481 (Fig.  5  A). These effects of fMLP, 
ATP, and UTP were paralleled by phosphorylation of MAPK 
p38 on positions T180 and Y182, which has been previously 
shown to occur as a result of FPR-induced P2Y2 receptor stim-
ulation (Chen et al., 2010). These findings suggest that P2Y2 

receptors facilitate the activation of mTOR and mitochondria in 
response to FPR stimulation. In support of this notion, we found 
that ligands of P2Y2 receptors mimicked the effects of fMLP on 
mitochondrial activation, and that this process was inhibited by 
the P2 receptor antagonist suramin (Fig. 5 B). These findings 
demonstrate that autocrine purinergic signaling via P2 receptors 
is linked to mTOR activation and the stimulation of mitochon-
dria downstream of FPR.

P2Y2 receptors trigger mTORC2
The findings above indicate that FPR-induced stimulation of 
P2Y2 receptors regulates mTOR signaling, mitochondrial ac-
tivity, and chemotaxis. To define how FPR and P2Y2 receptors 
are tied to mTOR signaling, we studied the temporal sequence 
of activation of MAPK p38, mTORC1, and mTORC2 in re-
sponse to FPR and P2Y2 receptor stimulation. Stimulation of 
FPR with fMLP triggered the phosphorylation of MAPK p38 
followed by mTOR on positions S2448 and S2481 (Fig. 6 A). 
This suggests sequential activation of MAPK p38, mTORC1, 
and then mTORC2. Suramin inhibited the activation of MAPK 
p38 and mTORC1 and completely abrogated the activation of 
mTORC2 (Fig. 6 A), which indicates that FPR and P2Y2 re-
ceptors synergize in the induction of MAPK p38 and mTORC1 
activation, whereas P2Y2 receptors seem solely responsible 
for triggering mTORC2 signaling. This conclusion is further 
supported by the effects of fMLP and UTP on MAPK p38 and 
mTOR signaling. UTP was more effective than fMLP in trig-
gering mTORC2 signaling (Fig. 6 B). Suramin blocks P2Y2-in-
duced mTOR phosphorylation (Fig. S5 A). Collectively, these 
findings demonstrate that FPR and P2Y2 receptors cooper-
ate in stimulating mTORC1 signaling via autocrine puriner-
gic feedback amplification. However, triggering of mTORC2 
signaling is dependent on P2Y2 receptors and purinergic 
signaling amplification.

Figure 3. Activated mitochondria with higher 
Δψm accumulate at the front of cells. (A) 
PMNs were plated onto fibronectin-coated 
glass coverslips and stained with 100 ng/ml 
JC-1 for 15 min, and the Δψm was recorded 
in real time using fluorescence microscopy 
(DMI6000 B; Leica; objective: 100× oil, NA 
1.30; Spot Boost EMC CD camera, EM 150; 
bar, 5 µm; see also Video 4). (B) The change 
in JC-1 red fluorescence was analyzed sepa-
rately for mitochondria at the front and back 
of cells. (C) The change in the percentage of 
mitochondria with high versus low membrane 
potential at the front of cells is shown at differ-
ent times after fMLP stimulation. Data represent 
means ± SD (error bars) of normalized gray 
values of 15–25 cells. Statistical analysis was 
done with one-way ANO VA; *, P < 0.05.
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Inhibitory autocrine feedback via A2a 
receptors blocks mTOR signaling
The findings above demonstrate that FPR and P2Y2 receptor–
induced mTOR signaling events amplify chemotactic cues by 
activating mitochondria. Mitochondria in turn fuel stimulatory 
feedback mechanisms that provide local excitation at the front 
of polarized cells. Next, we wondered whether related mecha-
nisms could provide global inhibition at the back of cells. Pre-
vious work has shown that A2a receptors translocate from the 
leading edge to the back during the polarization of PMNs, and 
that A2a receptors trigger cAMP accumulation, which facili-
tates uropod retraction at the back of cells (Liu et al., 2010; Bao 
et al., 2013). Therefore, we studied whether A2a receptors con-
tribute to the differential regulation of mTOR and mitochondria 
in stimulated PMNs. We found that the A2a receptor agonist 
CGS21680 dose-dependently blocked mitochondrial activity of 
PMNs by diminishing mitochondrial Ca2+ uptake in response to 
FPR stimulation (Fig. 7, A and B). This inhibitory effect of A2a 
receptors can explain the decrease in mitochondrial activity we 
observed at the back during the polarization of PMNs in a che-
motactic gradient field (Figs. 2 and 3). Pretreatment of PMNs 

with H89, an inhibitor of the cAMP-dependent PKA abolished 
the inhibitory effect of CGS21680 on mitochondrial Ca2+ up-
take (Fig. 7 C). Conversely, the cell-permeable cAMP analogue 
cAMP-AM replicated the inhibitory effect of A2a receptors on 
mitochondria (Fig.  7  D and Video  9). Collectively, these re-
sults indicate that A2a receptors down-regulate mitochondrial 
activity of PMNs and that this process requires A2a receptor–
mediated cAMP/PKA signaling. A2a receptor stimulation with 
CGS21680 completely abolished FPR-induced mTORC2 sig-
naling and partially inhibited the activation of mTORC1 and 
MAPK p38 signaling (Fig.  7  E). In addition, we found that 
stimulation of A2a receptors reduced P2Y2-induced mTOR and 
MAPK signaling (Fig. S5 B). These results demonstrate that au-
tocrine stimulation of A2a receptors blocks mTORC2 signaling 
and the activation of mitochondria at the back of polarized cells.

Defective mitochondrial activation in PMNs 
lacking P2Y2 or A2a receptors
To investigate the role of purinergic signaling in the regulation 
of mitochondrial activity and chemotaxis, we stained PMNs 
from wild-type (WT) mice and P2Y2 or A2a receptor knockout 

Figure 4. Inhibition of mTOR impairs FPR-in-
duced PMN chemotaxis and blocks mitochon-
drial activity. (A and B) Freshly isolated primary 
human PMNs were exposed to a chemotactic 
gradient using 100 nM fMLP in a micropipette, 
and cell migration was monitored. The chemo-
tactic behavior of untreated cells and of cells 
pretreated for 30 min with 1 µM rapamycin or 
1 µM PP242 was recorded (see also Video 5, 
top). Data shown are representative of results 
obtained with cells from at least three different 
healthy individuals. (B) Migration speed, ef-
fective migration speed, and correct direction 
were calculated as described for Fig. 1. Data 
shown are expressed as mean ± SD, and ac-
cumulated results are from using cells from at 
least three different individuals; n = 20–40 
cells in each experiment. Statistical analysis 
was done with one-way ANO VA; *, P < 0.05. 
(C and D) Mitochondrial Ca2+ uptake in PMNs 
was assessed with 1 µM Rhod2 as described 
in Fig. 2 by using a fluorescence microscope 
(DMI6000 B; Leica; objective: 100× oil, NA 
1.30; DFC365 FX camera; Leica). Cells were 
stimulated with 1 nM fMLP in the absence or 
presence of 1 µM rapamycin or 1 µM PP242. 
Data shown are means ± SD (error bars) of 
normalized gray values of 15–25 cells (bar, 
10 µm; see also Video 6).
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(KO) mice with JC-1. PMNs from WT mice showed differential 
mitochondrial responses similar to those seen in human PMNs 
(Fig. 8 and Video 10). In cells from P2Y2 receptor KO mice, 
however, the Δψm was greatly reduced and chemotaxis was 
severely impaired. PMNs from A2a receptor KO mice showed 
a Δψm that was markedly higher than that of P2Y2 KO and 
WT mice. Stimulation of these cells in a chemotactic gradient 
field did not reduce the proportion of the mitochondrial mass 
with high membrane potential, and the ability of these cells to 
polarize and undergo chemotaxis was clearly impaired (Fig. 8 
and Video 10). These results further support our conclusion that 
chemotaxis requires a LEGI mechanism that involves differen-
tial activation of mitochondria, localized ATP release, and au-
tocrine stimulation of P2Y2 and A2a receptors at the front and 
back of polarized cells.

Discussion

Chemotaxis, the coordinated response of cells to chemical stim-
uli, is critical for many physiological processes including devel-

opment, embryogenesis, angiogenesis, wound healing, and host 
immune defense (Devreotes and Janetopoulos, 2003). PMNs 
rely on chemotaxis to locate sites of infection and inflammation. 
Neutrophil chemotaxis comprises several separate processes: 
(a) gradient sensing allows cells to recognize microbial and 
inflammatory products through specialized receptors such as 
FPR; (b) cell polarization results in elongated cell shapes with 
defined front and back sections that align within a chemotactic 
gradient field; and (c) cell migration or locomotion, the actual 
movement of polarized cells along a chemotactic gradient field. 
Collectively, these processes allow PMNs to rapidly reach sites 
of infection. These chemotactic processes are fine-tuned by a 
sensory system that provides PMNs with real-time information 
about chemoattractant cues in their extracellular environment. 
Although it is widely accepted that PMNs must have such a sen-
sory system, its molecular components are still not fully defined 
(Liu et al., 2010; Junger, 2011; Graziano and Weiner, 2014).

Our previous work has revealed that PMNs use puriner-
gic signaling systems to amplify chemotactic gradient cues. 
These purinergic signaling systems are triggered by pannexin 
1 (panx1)-mediated ATP release from the cell surface closest 

Figure 5. FPR and P2Y2 trigger mTOR phosphorylation and mitochondrial 
activation. (A) Differentiated HL-60 cells were stimulated for 30 s with 1 µM 
fMLP, 100 µM ATP, or 100 µM UTP, and mTOR and MAPK p38 activation 
was determined by immunoblotting with phosphospecific anti-mTOR and 
anti–MAPK p38 antibodies. Antibodies recognizing total MAPK p38 were 
used to verify equal protein loading. (B) Freshly isolated PMNs were loaded 
with 1 µM Rhod2 for 5 min, pretreated or not (control) with 100 µM suramin, 
and stimulated with fMLP, ATP, or UTP for 1 min, and mitochondrial Ca2+ 
uptake was estimated with flow cytometry. Results are expressed as means ± 
SD (error bars) and are representative of at least three independent experi-
ments; one-way ANO VA; *, P < 0.05.
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to the chemotactic source. The released ATP stimulates nearby 
P2Y2 receptors, which amplify chemotactic cues via intracel-
lular signaling pathways that promote actin polymerization and 
cell polarization (Chen et al., 2010; Bao et al., 2013). During 
cell polarization, panx1, ectonucleotidases (e.g., CD39), and A3 
receptors translocate to the leading edge, whereas A2a receptors 
move to the back of cells (Chen et al., 2006; Corriden et al., 
2008; Junger, 2011; Bao et al., 2013). These translocation pro-
cesses result in purinergic signaling systems that heighten the 
sensitivity of the front and lessen chemotactic responsiveness at 
the back of cells (Bao et al., 2013).

These opposing purinergic signaling arrangements are 
consistent with mathematical models proposing LEGI mecha-
nisms at the front and back of neutrophils (Parent and Devreotes, 
1999; Xu et al., 2003; Wang, 2009; Jilkine and Edelstein-Keshet, 
2011; Bao et al., 2013). In a series of recent reports, mTORC2 
and cAMP signaling has been shown to contribute to LEGI by 
regulating F-actin polarization at the front and myosin II phos-
phorylation and uropod retraction at the back of cells (Liu et 
al., 2010, 2014). These mechanisms involve PKCβII, AC9, and 
cAMP/PKA and are thought to be elicited by various heterotri-
meric G proteins. However, the G protein–coupled receptors as-
sociated with these heterotrimeric G proteins and the upstream 
signaling mechanisms that initiate mTORC2 and cAMP/PKA 
signaling have remained unknown. Our current study sheds light 
on these open questions (Fig. 9). We found that FPR-induced 
mTORC1 signaling and mitochondrial activation are involved 

in PMN chemotaxis, triggering an initial burst of ATP release 
that promotes autocrine purinergic signaling by stimulation of 
P2Y2 receptors, which results in the initiation of mTORC2 sig-
naling and enhanced mitochondrial ATP production. The latter 
mechanism further increases ATP release and maintains a state 
of sustained PMN stimulation at the front of migrating cells 
(Fig. 9). Concomitant cell polarization, hydrolysis of released 
ATP to adenosine, and stimulation of A2a receptors at the back 
of cells results in cAMP accumulation. This inhibitory mech-
anism blocks P2Y2 receptor–induced mTORC2 signaling and 
mitochondrial activity, and represents an inhibitory mechanism 
consistent with that reported to promote uropod retraction at the 
back of cells (Liu et al., 2010, 2014). Thus, our findings are in 
agreement with other reports that place mTORC2 at the center 
of the signaling network that regulates chemotaxis. Moreover, 
our study identified P2Y2 and A2a receptors as the G protein–
coupled receptors to integrate mTORC2 and cAMP signaling at 
the front and back of cells (Fig. 9). In contrast to reports by oth-
ers, we found that mTORC1 is also involved in the regulation of 
chemotaxis, namely by acting upstream of mTORC2 signaling 
(Liu et al., 2010). Differences in the fMLP concentrations used 
in both studies may explain this discrepancy. We used compar-
atively low fMLP concentrations (100 nM or less) because in 
our hands, higher fMLP concentrations cause degranulation of 
PMN and the release of ATP through mechanisms that are in-
dependent of mitochondria and thus trigger mTORC2 signaling 
without the need for mTORC1 activation (Bao et al., 2014).

Figure 6. P2Y2 receptors trigger mTORC2 
signaling. Differentiated HL-60 cells were pre-
treated with or without 100 µM suramin (A) for 
5 min and stimulated with (B) 100 nM fMLP 
or 10  µM UTP for the indicated periods of 
time, and activation of MAPK p38, mTORC1, 
and mTORC2 signaling was determined by 
immunoblotting as described in Fig.  5.  Total 
MAPK p38 antibodies were used as a protein 
loading control. Error bars represent means ± 
SD (error bars) of at least three independent 
experiments; *, P < 0.05, compared with cor-
responding control; Student’s t test.
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ATP is widely known for its function as energy carrier 
that fuels most cellular processes, whereas the role of ATP as 
an intercellular messenger and autocrine regulator of cell func-
tions is less well characterized (Ralevic and Burnstock, 1998; 
Burnstock, 2007; Burnstock et al., 2010; Junger, 2011). We 
have recently been able to show that mitochondria generate the 
ATP that is required for FPR-induced PMN activation (Bao et 
al., 2014). In the current study, we demonstrate that differential 
activation of mitochondria within polarized cells serves to fine-
tune local ATP release and activation processes involved in PMN 
chemotaxis. Thus, mitochondria have a key role in host defense 
by guiding PMNs to sites of infection. Consequently, conditions 
that impair mitochondrial function should weaken host defense, 
a notion that is supported by studies that have demonstrated an 
increased risk of sepsis in patients with hypoxia and mitochon-
drial dysfunction (van den Berghe et al., 2001; Kozlov et al., 
2011; Asfar et al., 2012; Waisman et al., 2012). Mitochondria 
generate ATP by oxidative phosphorylation, which requires an 
energy source and O2 as electron acceptor. Thus, it is likely that 
hypoxic conditions impair PMN chemotaxis by disrupting mito-
chondrial function, resulting in increased morbidity and mortal-
ity in critical care patients (van den Berghe et al., 2001).

Several studies have shown that mTOR signaling can 
directly regulate mitochondrial function (Desai et al., 2002; 

Ramanathan and Schreiber, 2009; Liu et al., 2010, 2014). In 
agreement with those reports, we found that FPR stimulation 
triggers mTORC1 signaling, which is followed by mTORC2 
and cAMP signaling that differentially regulate mitochondrial 
activity in polarized cells. These findings suggest that mTOR 
and associated signaling events are potential novel therapeutic 
targets to modulate chemotaxis of PMNs in inflammatory dis-
eases. Recent studies of mTOR inhibitors in mouse models of 
acute lung injury and metastasis support this notion (Lorne et 
al., 2009; Dillenburg-Pilla et al., 2015).

Materials and methods

Human PMN isolation
The institutional review board of the Beth Israel Deaconess Medical 
Center approved all studies involving human subjects. PMNs were 
isolated from the peripheral blood of healthy volunteers as described 
previously, using dextran sedimentation followed by Percoll gradient 
centrifugation (Chen et al., 2006, 2010; Bao et al., 2013, 2014). In 
brief, 10 ml of heparinized blood was mixed with 3 ml of a 5% (wt/
vol) Dextran 500 (Pharmacosmos) solution in infusion-grade normal 
saline (Baxter). White blood cells enriched in the supernatants were 
washed with HBSS containing Ca2+ and Mg2+, and PMNs were sepa-

Figure 7. A2a receptors block mTORC2 and 
mitochondrial activation. (A and B) Freshly 
isolated PMNs were loaded with Rhod2 as 
described in Fig. 2 and stimulated simultane-
ously with 10 nM fMLP and 1 µM of the A2a 
receptor agonist CGS21680 at t = 0  s, and 
mitochondrial Ca2+ uptake was assessed by 
flow cytometry. (B) Mitochondrial Ca2+ uptake 
in cells treated with the indicated concentra-
tions of CGS21680. (C) PMNs loaded with 
Rhod2 were incubated with or without 10 µM 
H89 for 30 min and stimulated with 10 nM 
fMLP ± 1 µM CGS21680, and mitochondrial 
Ca2+ uptake was assessed with flow cytometry. 
(D) PMNs loaded with Rhod2 were incubated 
for 30 min with or without 1 µM cAMP-AM, 
and mitochondrial Ca2+ uptake in response to 
fMLP stimulation (1 nM) was monitored with 
fluorescence microscopy (see also Video  9). 
(E) Differentiated HL-60 cells were pretreated 
with 1 µM cAMP-AM and stimulated with 100 
nM fMLP, or exposed to the indicated concen-
trations of CGS21680 and simultaneously 
stimulated with 100 nM fMLP. After 5 min, 
mTOR and MAPK p38 activation was deter-
mined with immunoblotting as described in 
Fig. 5. Results are expressed as means ± SD 
(error bars) of at least three independent ex-
periments; *, P < 0.05; Student’s t test.
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rated by Percoll density gradient centrifugation using 55 and 73% (vol/
vol) sterile and pyrogen-free Percoll solutions (GE Healthcare) in nor-
mal saline. Purified PMNs were washed twice and suspended in HBSS 
with Ca2+ and Mg2+ until further use for ∼6 h. All reagents and supplies 
were strictly pyrogen-free, and osmotic or excessive mechanical stimu-
lation was carefully avoided.

PMN isolation from mice
All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the Beth Israel Deaconess Medical Center 
and performed according to the guidelines of the National Institutes of 
Health (NIH). C57BL/6 WT mice were obtained from Charles River. 
P2Y2 receptor KO mice were provided by R. Boucher (University of 
North Carolina, Chapel Hill, NC), and A2a receptor KO mice were 
provided by J.-F.  Chen (Boston University, Boston, MA) and main-
tained in our laboratory. Mice were injected intraperitoneally with 1 ml 
of zymosan A solution (1 mg/ml in PBS; Sigma-Aldrich). Mice were 
sacrificed 12–15 h later, and peritoneal lavage fluid was collected in 
HBSS containing 0.1% bovine serum albumin.

Cell culture
HL-60 cells were maintained as described previously (Bao et al., 2014). 
To obtain cells with a PMN-like phenotype, HL-60 cells were differ-
entiated by treatment with 1.3% DMSO for 3 d. Cells were washed, 
and all chemotaxis and cellular signaling events were studied with dif-
ferentiated HL-60 cells.

Chemotaxis assays
Chemotaxis was assessed using a live-cell imaging system described 
previously (Chen et al., 2006; Bao et al., 2013). In brief, freshly iso-
lated human PMNs (2 × 106/ml in HBSS) were plated onto 25-mm 
glass coverslips (Thermo Fisher Scientific) coated with 40 µg/ml 
human fibronectin and placed into a temperature-controlled stage incu-
bator (Harvard Apparatus) at 37°C. Cells were treated with or without 
reagents as described in each individual experiment and exposed to a 
chemoattractant gradient field generated with a micropipette loaded 
with 100 nM fMLP, 10 µg/ml IL-8, or 1 µM LTB4. The tip of the mi-
cropipette was placed in the proximity of cells to be studied, and cell 
migration was tracked by time-lapse microscopy with a DMI6000 B 

Figure 8. Impaired neutrophil chemotaxis in 
P2Y2 or A2a KO mice is caused by disturbed 
mitochondrial distribution. Mice were injected 
intraperitoneally with 1  ml zymosan A solu-
tion (1 mg/ml in PBS) and sacrificed 12–15 h 
later. Peritoneal lavage fluid was collected in 
HBSS plus 0.1% BSA and cultured in fibronec-
tin-coated dishes. (A) Cells were loaded with 
200 ng/ml JC-1 for 20 min, washed with 
HBSS, and exposed to a chemotactic gradient 
using a micropipette loaded with 1 µM w-pep-
tide (WKY MVM), and Δψm was recorded in 
real time by using a fluorescence microscope 
(DMI6000 B; Leica; objective: 100× oil, NA 
1.30; DFC365 FX camera; Leica; bar, 10 µm; 
see also Video 10). (B and C) The distribution 
of JC-1 red or green signal (B) or change in 
JC-1 red signal at the front or back of cells over 
time (C) was analyzed by ImageJ software. Re-
sults are representative for experiments done 
with three to four mice/group (data shown are 
means ± SD [error bars]).
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microscope (Leica) equipped with a Spot Boost EMC CD camera (Di-
agnostic Instruments Inc.) or a DFC365 FX camera (Leica) using 20 
sequential images at 20-s intervals (20×, air, NA 0.40; three frames 
min−1). Imaging was done using IP Lab imaging software (BD) or LAS 
AF software (Leica). From these images, the migration paths of indi-
vidual cells toward the point source of fMLP were calculated using 
ImageJ software (NIH). Each trace shown in the associated figures 
corresponds to the path of a single cell, with the origin of each path 
assigned the coordinate x = y = 0 µm, and the location of the tip of the 
micropipette assigned the coordinate x = 0 µm, y = 200 µm. The total 
length each cell traveled over the observation period was used to cal-
culate migration speed. Cells were considered to migrate in the correct 
direction when their migration paths did not deviate by more than 60° 
from a straight line toward the micropipette tip. The effective migration 
speed was calculated from the Euclidean distance each cell traveled.

Mitochondrial Ca2+ uptake and Dcm
The fluorescent indicator Rhod2 (Molecular Probes) was used to mea-
sure mitochondrial Ca2+ influx, and JC-1 (Molecular Probes) was used 
to monitor Δψm during cell stimulation and migration. Fluo4 (Mo-
lecular Probes) was used as an indicator for Ca2+ influx into the cyto-
sol. MitoTracker green (Molecular Probes) was used as a dye to stain 
the total mitochondrial content of cells. Freshly isolated human PMNs 
or differentiated HL-60 cells (2 × 106/ml in HBSS) were placed into 
25-mm glass-bottom dishes as described above and kept at 37°C using 
a stage incubator. Then Rhod2, Fluo4, JC-1, or MitoTracker green was 
added at a final concentration of 1 µM for 5 min, 5 µM for 20 min, 
100 ng/ml for 20 min, or 100 nM for 20 min, respectively. Next, cells 
were stimulated by global addition of 1 nM fMLP or by applying an 
fMLP gradient using the micropipette method described above. Flu-
orescence changes were recorded using a microscope (DMI6000 B; 
Leica) equipped with a CARV II confocal unit (BD) and BrightLine fil-

ter sets FF593 and FF495 from Semrock for imaging of Texas red (for 
JC-1 red or Rhod2) and EGFP (for JC-1 green, Fluo4 or MitoTracker 
green) or FITC and TRI TC filter sets (Leica), by using a 100× objec-
tive lens (oil, NA 1.30) and a Spot Boost EMC CD camera (Diagnos-
tic Instruments Inc.) or a DFC365 FX camera (Leica). The acquisition 
was done with IP Lab imaging software (BD) or acquisition software 
(LAS AF; Leica). Image analysis was done with ImageJ software. In 
some experiments, PMNs were loaded with 1 µM Rhod2 for 5 min, and 
Rhod2 fluorescence signal changes were monitored with flow cytome-
try after cell stimulation.

Measurement of ATP release
Freshly isolated PMNs (4 × 106/ml) were treated for 30 min with 
1  µM rapamycin or 1  µM PP242, stimulated with 10 nM fMLP for 
15 s, placed on ice to stop reactions, and centrifuged for 5 min at 325 g 
and 0°C.  The supernatants were collected and the amount of ATP 
released was determined using a commercially available luciferase 
assay kit (Invitrogen).

Measurement of mTOR and MAPK p38 phosphorylation
MAPK p38 and mTORC1 and mTORC2 activation was assessed by 
immunoblotting with phosphospecific antibodies that recognize the 
phosphorylated and thus activated forms of MAPK p38 (T180/Y182) 
and mTOR (S2448, as an indicator of mTORC1, and S2481, as an 
indicator of mTORC2) using reagents from Cell Signaling Technol-
ogy. Total MAPK p38 antibodies (Santa Cruz Biotechnology, Inc.) 
were used as a loading control. All antibodies used were raised in 
rabbit to human antigens.

Statistical analyses
Data are shown as means ± SD unless otherwise stated. Statisti-
cal analyses were done with Student’s t test or one-way ANO VA, 

Figure 9. Regulation of chemotaxis by mi-
tochondria, mTOR, and purinergic signaling. 
Phase 1, trigger: FPR stimulation induces 
mTORC1 signaling and mitochondrial activa-
tion and ATP formation. Phase 2, warm up: 
ATP release through panx1 triggers P2Y2 re-
ceptors that stimulate mTORC2 and enhance 
mitochondrial activity and ATP production. 
This promotes actin polymerization and pseu-
dopod protrusion at the front of cells. Phase 
3, shut-down: ATP is hydrolyzed to adenos-
ine by ectonucleotidases (ENT PD) on the cell 
surface, resulting in the stimulation of A2a 
adenosine receptors at the back of cells. This 
results in cAMP accumulation and the inhibi-
tion of FPR/P2Y2-mediated mTORC signal-
ing and mitochondrial activation, leading to 
uropod retraction at the back. We propose a 
purinergic LEGI model, with phases 1 and 2 
representing local excitation and phase 3 rep-
resenting global inhibition.
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followed by Newman–Keuls test, and differences were considered 
significant at P < 0.05.

Online supplemental material
Fig. S1 and Videos 1 and 2 show that mitochondria are required for 
chemotaxis in response to FPR, IL-8, and LTB4. Fig. S2 (A–C) and 
Video  3 show that mitochondrial calcium influx is increased at the 
front and decreased at the back of polarized neutrophils. Fig. S2 D and 
Video  4 show that mitochondria at the front have a high membrane 
potential, whereas the membrane potential of mitochondria decreases 
at the back. Fig. S3 and Video 5 show that inhibition of mTOR reduces 
neutrophil chemotaxis in response to fMLP and IL-8. Fig. S4 and Vid-
eos 6–9 demonstrate links between mTOR signaling, mitochondrial 
activity, and purinergic signaling. Fig. S5 shows that P2Y2 and A2a 
receptor signaling is linked to mTOR activation. Video 10 demonstrates 
that P2Y2 or A2a receptor signaling regulates mitochondrial activity 
and neutrophil chemotaxis. The online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.201503066/DC1.
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