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. We have recently reported an important role of Connexin 43 (Cx43) hemichannels in the pathogenesis

. of lethal sepsis through facilitating ATP efflux to potentiate the double-stranded RNA-activated protein
. kinase R (PKR)-dependent macrophage activation. Here we further elucidated the possible role of

. Pannexin 1 (Panx1) hemichannel in lethal sepsis by assessing its expression along with the impact of

. aPanx1-specific mimetic inhibitory peptide, 10Panx, on macrophage hemichannel activity in vitro

. and animal sepsis lethality in vivo. Both crude bacterial lipopolysaccharide (LPS) and purified serum

. amyloid A (SAA) effectively induced the expression and extracellular release of Panx1 by macrophages

© or monocytes as judged by Western blotting and immunocytochemistry assays. In animal model of

. lethal sepsis, Panx1 expression levels were significantly elevated in the heart, but reduced in the kidney,
. lung, spleen, and blood. At relatively lower doses (10, 50, and 100 mg/kg), the Panx1 mimetic peptide,

. 10PanXx, reproducibly exacerbated the sepsis-induced animal lethality, reducing survival rates from

: 60-70% to 0-10%. Consistently, 10Panx did not inhibit, but rather promoted, the LPS-induced

. elevation of Lucifer Yellow dye uptake, ATP release, and Nitric Oxide (NO) production. Collectively,

. these findings suggested that elevated macrophage Panx1 expression and hemichannel activation

. contribute to the pathogenesis of lethal sepsis.

. Bacterial infections and sepsis are the most common causes of death in the intensive care unit, annually claiming
© >225,000 victims in the U.S. alone. The pathogenesis of sepsis remains poorly understood, but is partly attrib-
. utable to dys-regulated inflammation propagated by macrophages and monocytes in response to microbial
- infections'. Macrophages and monocytes are equipped with various pattern recognition receptors (such as the
- Toll-like receptor 4, TLR4)? to recognize distinct pathogen-associated molecular patterns [PAMPs, e.g., bacterial
. endotoxin (lipopolysaccharide, LPS)]®. Upon engagement of LPS by TLR4 receptor?, macrophages and mono-
© cytes sequentially release a wide array of “early” (e.g., TNF, IL-13, IFN-~, and CIRP)*”, intermediate (e.g., serum
. amyloid A, SAA)?, and “late” proinflammatory mediators [e.g., nitric oxide (NO) and high mobility group box
: 1 (HMGB1)]*-'2. Like exogenous bacterial endotoxin, some endogenous proinflammatory mediators (such as
© SAA) also use TLR4 to trigger the double-stranded RNA-dependent protein kinase R (PKR)-dependent inflam-
' masome activation'*!, precipitating the subsequent release of late-acting proinflammatory mediators (e.g., NO
- and HMGB1)®.

Although ultrapure LPS can stimulate macrophages to produce early cytokines (e.g., TNF), it completely fails
. to induce NO production and HMGBI secretion unless the LPS priming is accompanied by a second stimu-
* lus, ATP™>"1°. We recently reported that both crude LPS and purified SAA markedly stimulated macrophages
. to upregulate the expression of connexin 43 (Cx43) hemichannels, which provide one temporal mode of ATP
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release?®. However, the expression profile of another class of hemichannel protein, Pannexin 1 (Panx1), during
lethal sepsis remains poorly understood.

Pannexins were first discovered in flatworm by Panchin et al. as a class of innexin-like membrane channels
that form gap junctions in the invertebrate animals. They were named as pannexins (‘pan, meaning ‘all’ in Greek)
to reflect their widespread expression in many vertebrate species?. Unlike their invertebrate counterparts, the
vertebrate pannexins assemble into hexameric hemichannels that allow ATP release from many types of cells?*?°.
The Panx family consists of 3 members: Panx1 is ubiquitously expressed in most tissues [e.g., the eye, thyroid,
prostate, kidney, liver, immune cells, and central nervous system (CNS)]; Panx2 is primarily restricted to the
CNS; and Panx3 is predominantly found in the skin and skeletal tissues®’. Under physiological conditions, Panx1
hemichannels remain largely closed, as its C-terminal tail may physically plug up the hemichannel pore from the
cytoplasmic side. In response to inflammatory stimuli, its C-terminal tail could be cleaved by several caspases,
resulting in a progressive opening of Panx1 hemichannel and extracellular release of larger molecules like ATP%,
which activates P2X7R to trigger inflammasome activation®®, HMGBI release and NO production!”. In micro-
glia, the expression of Panx1 hemichannels is inducible by TNF, IL-1, and IFN-~?*, but its expression in other
innate immune cells (e.g., macrophages) remains poorly elucidated.

In keeping with its broad distribution, Panx1 hemichannel has now been implicated in a wide variety
of pathological conditions by the use of mimetic inhibitory peptides. The 10Panx is a synthetic peptide that
mimics a sequence (WRQAAFVDSY) in the second extracellular loop of Panx1, and can inhibit the Panx1
hemichannel-mediated ATP release and inflammasome activation in astrocytes and macrophages?-*°. In vivo,
pharmacological blockade of Panxl hemichannels with 10Panx peptide attenuated the progression of
acetaminophen-induced hepatotoxicity®!, neuropathic pain® and epilepsy>. Notably, the hemichannel inhibitory
properties of 10Panx was mostly demonstrated at relatively higher concentrations (300-500 uM; or 370-620 ug/ml)**-%,
and less obvious when given at lower concentrations (e.g., 100 uM; or 125ug/ml)*. In addition, the genetic disruption
of Panx1 expression rendered animals less susceptible to lethal endotoxemia® or cerebral ischemic injury®, but surpris-
ingly more susceptible to lethal sepsis induced by a surgical procedure termed cecal ligation and puncture (CLP)%. It
is thus important to assess how 10Panx affects the outcomes of lethal sepsis and macrophage hemichannel activation if
given at relatively lower concentrations. Therefore, here we sought to examine whether Panx1 protein was inducible in
macrophage cultures, and how 10Panx influences macrophage hemichannel activation in vitro and affects the sequelae
of lethal sepsis in vivo.

Results

Exogenous endotoxin and endogenous SAA induced Panx1 expression and release in mac-
rophage and monocyte cultures.  To assess the potential regulatory role of Panx1 hemichannels in innate
immunity, we first characterized Panx1 expression in murine and human macrophage cultures following stim-
ulation with a bacterial endotoxin (LPS) or an inflammatory cytokine (SAA). Although quiescent murine and
human macrophages constitutively expressed Panx1 at relatively low levels (Fig. 1a,b), crude LPS and purified
SAA induced a dramatic elevation of Panx1 protein levels in these innate immune cells. This upregulation of
Panx1 was confirmed in primary murine peritoneal macrophages by immunocytochemistry (Fig. 1d), which
revealed a marked increase in the Panx1-specific punctate immunostaining post LPS or SAA stimulation. Taken
together, these results suggest that both exogenous and endogenous inflammatory stimuli induce similar eleva-
tion of cellular Panx1 protein levels in macrophage cultures.

To understand the mechanism underlying the regulation of Panx1 expression in activated macrophages,
we also tested whether Panx1 was released into the extracellular milieu. Surprisingly, both crude LPS and SAA
induced a marked and parallel release of Panx1 and HMGBI within 16 h of stimulation (Fig. 2b). To determine
whether extracellular Panx1 or HMGBI1 was associated with membrane-containing cell debris or microvesicles,
the macrophage-conditioned culture medium was subjected to differential centrifugations (Fig. 2a), and each
fraction was immunoblotted with Panx1- or HMGBI1-specific antibodies. Like extracellular HMGB1, the released
Panx1 was not found in the cell debris or microvesicle fractions, but was predominantly retained in the superna-
tant of ultracentrifugation (20,000 x g) (Fig. 2b). These data suggest that LPS and SAA induced a parallel Panx1
upregulation and secretion in innate immune cells.

In a sharp contrast to macrophage cultures, quiescent human monocytes expressed Panx1 at relatively
abundant levels (Fig. 1c). In response to LPS or SAA stimulation, there was a similar but marginal (35-40%)
increase of cellular Panx1 content in monocyte cultures (Fig. 1¢). Furthermore, following endotoxin stimulation,
human monocytes also markedly released Panx1 in a time-dependent fashion (Fig. 2¢). The LPS-induced Panx1
release was obvious within 6-16h (Fig. 2¢), but gradually diminished 24 h after stimulation (Fig. 2c). We did not
sequence the 48-kDa band, because it closely matched with the predicted molecular weight of Panx1, and was
specifically recognized by two independent monoclonal and polyclonal antibodies in both macrophage (Figs 1a,b;
and 2b) and monocyte (Figs 1¢ and 2c) cultures.

Notably, the extracellular release of Panx1 was accompanied by the appearance of a smaller molecular weight
(12kDa) band (Fig. 2¢) that was recognized by a specific monoclonal antibody against the C-terminus of human
Panx1. We did not sequence this 12-kDa band, because it was specifically detected by the same monoclonal
antibody only in the monocyte-conditioned culture medium (Fig. 2¢), but not in monocyte whole-cell lysate
(Fig. 1c). Furthermore, the anti-parallel changes of the 48-kDa (Panx1) and 12-kDa (Panx1A) band intensities
(Fig. 2¢,d) supported a possibility that the lower molecular weight band was reminiscent of the C-terminal frag-
ment of Panx1 degradation products. To elucidate the possible role of extracellular Panx1, it might be necessary
to confirm the identity of the 12-kDa band by sequencing analysis particularly following partial enrichment by
immunoprecipitation.
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Figure 1. An exogenous bacterial endotoxin (LPS) and an endogenous inflammatory cytokine (SAA) up-
regulated Panx1 expression in macrophage (M¢) and monocyte (MC) cultures. Murine macrophage-like
RAW264.7 cells (Panel a), differentiated human macrophages (Panel b), human peripheral blood mononuclear
cells (MG, Panel c), or primary murine peritoneal macrophages (Panel d) were stimulated with crude LPS or
SAA at indicated concentrations for indicated time periods, and the cellular Panx1 levels were measured by
Western blotting (Panel a,b,c) or immunocytochemistry (Panel d), respectively. A house-keeping gene product
(-actin was used as a loading control to estimate the relative Panx1/3-actin (P/A) ratio in macrophage or
monocyte cultures.

Altered Panx1 expression in lethal sepsis. To understand the role of Panx1 in lethal sepsis, we exam-
ined the possible change in its expression levels using a clinically relevant animal model of lethal sepsis induced
by a surgical procedure termed cecal ligation and puncture (CLP). Although Panx1 was readily detectable in the
serum of normal healthy female mice (Fig. 3a), its circulating levels were significantly reduced at 24 h post the
onset of sepsis (Fig. 3a,b). To assess Panx1 expression profile in other tissues, we measured its mRNA levels by
real-time RT-PCR technique. Although CLP did not significantly alter Panx] mRNA expression in the intestine
and liver at 24 h post CLP, it significantly reduced Panx1 expression in the kidney, lung and spleen (Fig. 3c). In
a sharp contrast, CLP significantly increased Panx]1 mRNA expression levels in the heart (Fig. 3¢), suggesting a
tissue-specific divergent regulation of Panx1 during lethal sepsis.

Panx1 mimetic peptide 10Panx worsened the outcome of lethal sepsis. To assess the role of
Panxl1 in lethal sepsis, we examined the impact of Panx1 mimetic peptide on the outcome of CLP-induced lethal
sepsis. Unlike the scrambled control peptide (FSVYWAQADR), which did not alter the animal survival rate as
compared with saline controls (65% for the scrambled peptide versus 65% for the saline control, N =20 mice),
the 10Panx (WRQAAFVDSY) reproducibly decreased animal survival rate from 65% to 45% (N =20 mice, sum-
mary of two independent experiments with similar results) when both peptides were given at a relatively higher
dose (120 mg/kg). To verify this deleterious effect, we obtained 10Panx peptide from another commercial source
(GenScript), and further tested it using multiple lower doses. As shown in Fig. 4, at relatively lower doses (10,
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Figure 2. Crude LPS and purified SAA induced Panx1 release in macrophage and monocyte cultures. (a,b)
Extracellular release of Panx1 by murine macrophages. Murine macrophage-like RAW264.7 cells were stimulated
with LPS or SAA at indicated concentrations for 16 h. The macrophage-conditioned culture medium was subjected
to differential centrifugations, and each fraction was assayed for Panx1 by Western blotting analysis. Note Panx1
was found in the LPS- or SAA-stimulated macrophage-conditioned medium (“Cell Medium”), and the supernatant
of the 20,000 x g centrifugation. (c,d) Extracellular release of Panx1 by primary human monocytes. Human
PBMCs were stimulated with crude LPS at indicated concentrations for different time periods, and extracellular
Panxl1 levels were determined by Western blotting analysis. The relative optical intensity of the 48-kDa (Panx1) and
12-kDa (Panx1A) band was measured, and expressed as an arbitrary unit (AU).

50 mg/kg), the 10Panx reproducibly worsened the outcome of lethal sepsis, significantly decreasing animal sur-
vival rates from 60-70% in the control group to 0-10% in the treatment group (Fig. 4a,b).

10Panx enhanced the LPS- and SAA-induced hemichannel activation.  Although it was previously
shown that 10Panx could inhibit hemichannels at relatively higher concentrations (300-500 uM; or 370-620 ug/
ml)*=, it is not yet known how 10Panx affects macrophage hemichannel activities when given at lower concen-
trations. As expected, crude LPS caused a marked increase in the percentage of LY-positive cells (Fig. 5a,b), sug-
gesting an elevation of Panx1 hemichannel activities. When given at relatively lower concentrations (200 ug/ml; or
161 uM), 10Panx itself did not significantly affect the LY dye uptake (Fig. 5a,b). Conversely, the pre-incubation of
macrophage cultures with the 10Panx peptide at this concentration (200 pg/ml) resulted in a significant enhance-
ment of the LPS-induced elevation of LY dye uptake (Fig. 5a,b).

Because Panx1 hemichannels also provide a mode of ATP efflux from activated innate immune cells, we exam-
ined how 10Panx peptide affected the endotoxin-induced ATP release. Although 10Panx itself did not affect ATP
release, it dose-dependently elevated the LPS-induced ATP release (Fig. 5¢). It suggests that at relatively lower
concentrations, 10Panx significantly enhanced the LPS-induced hemichannel activation as judged by the parallel
elevation of LY dye uptake and ATP release.
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Figure 3. Altered expression of Panx1 during lethal sepsis. Balb/c mice were subjected to lethal sepsis by a
surgical procedure termed cecal ligation and puncture (CLP), blood and various tissues were harvested at 24 h
post CLP to measure Panx1 protein (Panel a,b) or mRNA levels (Panel c) by Western blotting and real-time
RT-PCR, respectively. Serum Panx1 levels were measured by the optical intensity of the 48-kDa band on the
Western blot, and expressed as the % of the optical band intensity of corresponding total proteins on SDS-PAGE
gels. *P < 0.05 versus normal “—CLP” control.

Divergent impacts of 10Panx on the LPS- and SAA-induced NO production and cytokine release.
Although both crude LPS and purified SAA can stimulate macrophages to release a wide array of proinflam-
matory mediators, the maximal induction of NO is dependent on the availability of extracellular ATP'®!7%, as
well as the resultant activation of PKR***. We thus tested the effects of 10Panx on the crude LPS- and purified
SAA-induced production of NO and other cytokines. Although 10Panx significantly enhanced the LPS- and
SAA-induced NO production (Fig. 6a), it did not markedly affect the LPS- or SAA-induced release of most other
cytokines (e.g., G-CSF, GM-CSE, and IL-6) in macrophage cultures (Fig. 6b). It supports an important role for
Panx1 in LPS- and SAA-induced ATP efflux and resultant iNOS up-regulation and NO production.

Discussion

Monocytes originate from bone marrow hematopoietic stem cells, and continuously circulate in the blood to
search for invading pathogens or damaged tissues. In response to infection or injury, they can infiltrate into
infected/injured tissues, and differentiate into tissue-specific resident macrophages. The pathogenesis of sepsis is
partly attributable to dys-regulated inflammation propagated by both macrophages and monocytes in response
to pathogen-associated molecular patterns (PAMPs, e.g., bacterial endotoxin) or host-derived inflammatory
mediators (such as SAA and NO)®. We previously reported that crude LPS and highly purified SAA could upreg-
ulate the expression of Cx43 hemichannels, which facilitate ATP release to trigger PKR-dependent macrophage
activation®’. In the present study, we demonstrated that LPS and SAA similarly upregulated the expression and
extracellular release of Panx1 in macrophage and monocyte cultures. Although circulating monocytes expressed
Panx1 abundantly, once reached extravascular tissues and terminally differentiated, these tissue-specific resident
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Figure 4. Panx1 mimetic peptide (10Panx) exacerbated lethal sepsis. Male Balb/c mice were subjected to CLP-
induced sepsis, and intraperitoneally administered with control saline (0.2 ml/mouse) or 10Panx peptide at
indicated doses at 42, +-24h post CLP. Animal survival was assessed for up to two weeks, and the Kaplan-Meier
method was used to compare the differences in mortality rates between groups. *P < 0.05 versus “+Saline”
group.

macrophages appeared to markedly down-regulate its expression levels. In response to inflammatory stimuli,
macrophages then effectively upregulate Panx1 expression, thereby facilitating the release of inflammatory signal-
ing molecules (such as ATP) to orchestrate a pronounced inflammatory response. Our findings were in agreement
with a previous report that the expression of Panx1 hemichannels was inducible in brain-resident macrophages
(microglia) by a variety of proinflammatory cytokines such as TNE, IL-1, and IFN-~*,

Differential centrifugation analysis of macrophage-conditioned culture medium revealed that the extracellular
Panx1 was not associated with cell debris or microvesicles. It is currently not known whether extracellular Panx1
exists in other smaller membrane-associated structures, or can be trafficked back to cytoplasmic membranes of
innate immune cells. It will thus be important to verify possible Panx1 extracellular trafficking - detachment from
or re-localization back to, macrophage cytoplasmic membranes, using biotinylation techniques*"*2. For instance,
activated immune cells or Panx1 protein (isolated from the activated macrophage-conditioned culture medium)
can be biotinylated using EZ-link NHS-LC-Biotin or EZ-link Sulfo NHS-LC biotin, and the possible trafficking
of biotinylated Panx1 will be monitored using streptavidin-conjugated fluorescent probes. If biotinylated Panx1
could be detached from and/or re-localized back to the cytoplasmic membrane of innate immune cells, it will
suggest a possible role of extracellular Panx1 in inflammatory diseases.

The expression of Cx43 and Panx1 hemichannel proteins might be differentially regulated in distinct tissues.
For instance, endotoxin reduced Cx43 expression in the liver and heart*’, but increased its expression in the
kidney, lung*, and macrophages***>*¢. Here we demonstrated that during experimental sepsis, Panx] mRNA
expression was significantly elevated in the heart, but decreased in the kidney, lung, and spleen. These findings
have confirmed the broad distribution of Panx1 in various types of tissues, and suggested that different hemichan-
nel proteins (e.g., Cx43 and Panx1) may be divergently regulated during endotoxemia and microbial infections. It
supports a possibility to develop both Cx43- and Panx1-sepcific inhibitors to strategically attenuate compartmen-
talized dysregulated inflammatory responses in lethal systemic inflammation. The parallel reduction of Panx1
protein levels in the circulation and its mRNA levels in several macrophage-rich organs suggested that the lung
and spleen may partly contribute to systemic Panx1 accumulation under physiological conditions. It will thus be
important to definitively determine the cellular source of circulating Panx1 in separate studies.

To modulate the hemichannel activities, various mimetic peptides have been designed to mimic extracellu-
lar or intracellular loops of Cx43 and Panx1. We recently found that two different Cx43 mimetic peptides, the
GAP26 and TAT-GAP19, distinctly affected the LPS-induced hemichannel activation in vitro, and divergently
altered the sequelae of lethal sepsis in vivo’’. Here we demonstrated that a Panx1-specific mimetic inhibitory
peptide, 10Panx, reproducibly exacerbated the CLP-induced animal lethality particularly when given at relatively

SCIENTIFICREPORTS| (2019) 9:160 | DOI:10.1038/s41598-018-37232-z 6



www.nature.com/scientificreports/

a Control + 10Panx + LPS + 10Panx

LY

DAPI

b 127 2 c 50 1 ’r
< 101 5
S 8 * L < 40 * T
g | 2 30| I
© 6 1 ©
° 2 20 |
S5 4 4 o
> o 10
" : -
; < ,/Em
N
S N = O\ © > & & S
N +Q’Q "\’? +Q’Q ,\9 x\g +Q +Q & @
e Nia & o
x'\ x'\ '\Q '\Q ,\QQ ,\QQ
\?6 %x (Ox x X
x KN

Figure 5. Panx1 mimetic peptide 10Panx enhanced LPS-induced macrophage hemichannel activation. (a,b)
10Panx elevated the LPS-induced Lucifer Yellow dye uptake. RAW264.7 cells were stimulated with LPS (1.0 ug/ml)
in the absence or presence of 10Panx at indicated concentrations for 16 h, and subsequently incubated with Lucifer
Yellow (LY, 1.0 mg/ml) for 15 min. Following fixation and three extensive washes, the number of cells with diffused
fluorescent signals was counted under a fluorescence microscope, and expressed as a percentage of total cell
numbers (DAPI-stained nuclei) in six fields. (¢) 10Panx enhanced the LPS-induced ATP release. RAW264.7 cells
were cultured in serum-free DMEM medium, and stimulated with LPS (1.0 ug/ml) in the absence or presence of
Panx1 mimetic peptide at indicated concentrations, and the cell-conditioned culture medium was collected and
subjected to ATP measurement. *P < 0.05 versus “-LPS” Control; *P < 0.05 versus “+LPS” control.

lower doses (10-50 mg/kg; equivalent to 8—40 uM). Because our findings seemingly contradicted with previously
reported protective effects of 10Panx in other animal models of diseases (e.g., brain ischemic injury, liver toxemia
injury, neuropathic pain, and epilepsy)**>%7*, we exhaustively confirmed this finding using 10Panx peptide from
different sources. At a wide range of doses, 10Panx from two independent sources reproducibly worsened the
outcome of lethal sepsis, confirming a deleterious effect of 10Panx in experimental sepsis.

Because the hemichannel inhibitory properties of 10Panx was previously demonstrated at relatively higher
concentrations (300-500 uM; or 370-620 pg/ml)**=3, here we tested the possibility that 10Panx may adversely
promote macrophage hemichannel activation if given at relatively lower concentrations. We employed both LY
dye uptake and ATP release techniques to measure macrophage hemichannel activities. Indeed, at relatively
lower concentrations, 10Panx significantly enhanced the LPS-induced LY uptake and ATP release, although
10Panx itself failed to affect macrophage hemichannel activities in the absence of other inflammatory stimuli.
Under similar experimental conditions, we have confirmed reproducible inhibitory effects of other well-known
hemichannel blockers [e.g., carbenoxolone (CBX), brilliant blue G (BBG), oxidized ATP (0ATP), and GAP26] on
the LPS-induced macrophage hemichannel activation®*’, which provided positive controls for the present exper-
imental setting. Our current finding was also in agreement with a recent report that 10Panx could not inhibit
macrophage hemichannel activities when given at a relatively lower concentration (e.g., 100 pM)?*. It suggested
that the 10Panx’s macrophage hemichannel-enhancing properties in vitro correlated with its deleterious impact
on lethal sepsis in vivo, enforcing the notion that excessive macrophage Panx1 hemichannel activation contrib-
utes to the pathogenesis of lethal systemic inflammation?.

Although Panx1 channels remain largely closed under physiological conditions, the cleavage of its C-terminal
tail by various caspases following inflammatory stimulation enables a progressive opening of Panx1 channel and

SCIENTIFICREPORTS| (2019) 9:160 | DOI:10.1038/s41598-018-37232-z 7



www.nature.com/scientificreports/

a 600 | #

° 500
S %
6 E 400 1
%) (@]
= £ 300 . . #
z 200
100
0
\
o S ) ) ) ) ) N
& ¥ & & F S & &
O * & & * & & & a
’ Q‘b Q’b Q® Q'b Q’b be
N N N N N Q
‘_ox 6x x x X x
N N & o
x x x x
b - Control +LPS + LPS + 10Panx

MCP5 Fractalkine -
TECK  MCSF  IL9 oS | -

. . b ’e N

e . [y - TARC  MCP1 L5  FasL ¢ +

- L o Elu TCAS )
: 5

L2 LTEL b S| Me1 me w10 [omcsd

".'.;. . ““.. ‘e “66. .o MIP-1c I(ngm) Ny AX

STNFRI MP4y IL-12 = IGFBP-3 BLC
+ 10Panx + SAA + SAA + 10Panx | sTNFRI  MIP-2 #.’7103) IGFBP-5 CD30L
P . 8 e 33| ™o wesp ww  icFBPE COSOT

. ?.:‘E *WWee : ﬁ VCAM-1  MP3a  KC CD40
% |:| [sl | VEGF1 PF4  LepinR IL1p  CRG-2
2 A ::“ % ::n & P-Selectin Leptn L2 CTACK
vesiiia L < dnlis el L © - RANTES LX L3  CXCL16
ettt ARl MR an | wac G |e 4 SOF Lsskctn L3R Eotadn

Figure 6. 10Panx specifically enhanced the LPS- and SAA-induced NO production. RAW264.7 cells were
stimulated with LPS (1.0 pg/ml) or SAA (1.0 pg/ml) for 16 h in the absence or presence of 10Panx at indicated
concentrations, and the levels of NO (Panel a) and various cytokines (Panel b) were determined by the Griess
reaction or Cytokine Antibody Array, respectively. *P < 0.05 versus “—LPS” Control; *P < 0.05 versus “+LPS”
or corresponding “+SAA” controls.

flux of larger molecules like ATP?. Consistent with the notion that the enzymatic cleavage of Panx1 is required
for the opening of Panx1 hemichannel®®, we found that the extracellular release of Panx1 was accompanied by
the appearance of a smaller molecular weight product, possibly reminiscent of a Panx1 degradation product. In
agreement with the essential role of ATP in PKR-dependent inflammasome activation®'®? and the resultant NO
synthesis'®”?7%%, we found that 10Panx significantly elevated the LPS- or SAA-induced NO production. Our
findings were consistent with previous observations that extracellular ATP potentiated the LPS-induced iNOS
expression and NO production'®!7?’, and support the notion that hemichannel-dependent ATP release might
enhance the PKR-dependent iNOS production in macrophage cultures.

In summary, here we demonstrated that both LPS and SAA induced a time-dependent production and extra-
cellular release of Panx1 in innate immune cells. In animal model of experimental sepsis, Panx1 expression was
significantly elevated in the heart, and a Panx1-specific mimetic peptide 10Panx reproducibly exacerbated the
outcome of lethal sepsis. The harmful effects of 10Panx correlated to its enhancement of the LPS- or SAA-induced
hemichannel activation, ATP release and NO production, enforcing the notion that excessive macrophage Panx1
hemichannel activation may contribute to the pathogenesis of lethal systemic inflammation. Although we now
propose a regulatory role of macrophage-associated Panx1 in the regulation of ATP release and immune activa-
tion, our present findings will likely stimulate extensive interest in further elucidating the possible role of extra-
cellular Panx1 in inflammatory diseases. In addition, our study suggests that caution should be exercised when
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using various mimetic peptides to interfere with macrophage hemichannel activities at different dose regimens
and experimental conditions.

Material and Methods

Materials. Crude bacterial endotoxin (lipopolysaccharide, LPS, E. coli 0111:B4), paraformaldehyde (PF,
P6148), Lucifer Yellow (L0144), human serum (H3667), mouse anti-3-actin antibodies (A1978) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). A Panx1 mimetic peptide, 10Panx (WRQAAFVDSY, MW = 1242.37;
Cat. No. 3348) and a Scrambled control peptide (FSVYWAQADR, MW = 1242.37; Cat. No. 3708) were pur-
chased from the Tocris (Bio-Techne Corporation, MN, USA). Alternatively, 10Panx was also synthesized at >95%
purity by GenScript (Piscataway, NJ, USA). As previously described*’, recombinant human SAA (also termed
Apo-SAA, Cat. No. 300-13) was purchased from PeproTech (Rocky Hill, NJ). The SAA is almost identical to
human SAAlq, except for the presence of an N-terminal Met, the substitution of Asn for Asp at position 60,
and Arg for His at position 71. Dulbecco’s modified Eagle medium (DMEM, 11995-065) and penicillin/ strep-
tomycin (cat. 15140-122) were from Invitrogen/Life Technologies (Carlsbad, CA, USA). Human macrophage
colony-stimulating factor (M-CSE, Cat. SRP-3110) was purchased from Peprotech (Rocky Hill, NJ, USA). Fetal
bovine serum was obtained from Crystalgen (FBS-500, Commack, NY, USA) and heat-inactivated before use.
OPTI-MEM® I Reduced-Serum Medium (Cat. #31985062) was obtained from the ThermoFisher Scientific
(Springfield Township, NJ, USA). Anti-HMGB1 antibody was antigen-affinity-purified from serum of rat
HMGBI1-immunized rabbits as previously described!. Rabbit monoclonal antibody (Cat. # ab124969) against
the C-terminal region (residue 350 to the C-terminus) of human Panx1 or rabbit polyclonal antibody (Cat. #
ab139715) against N-terminal region of human Panx1 were obtained from Abcam (Cambridge, MA, USA). HRP
conjugated donkey anti-rabbit IgG was from GE Healthcare (NA934; Port Washington, NY, USA). Balb/c male or
female mice with age of 7-8 weeks were obtained from Taconic Biosciences (Hudson, NY, USA). Macrophage cell
line RAW264.7 was obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA).

Cell culture.  Primary peritoneal macrophages were isolated from young male Balb/c (7-8 wks, 20-25g) at
3 days after intraperitoneal injection of 2 ml thioglycollate broth (4%) as previously described***°. Briefly, mice
were sacrificed by CO, asphyxiation, and the abdomen region was immediately cleaned with 70% ethanol before
making a small excision to expose the abdominal wall, and to insert a catheter into viscera-free pocket to wash
out peritoneal macrophages with sucrose solution (11.6%, 7.0 ml). Human blood was purchased from the New
York Blood Center (Long Island City, NY, USA), and human peripheral blood mononuclear cells (HuPBMCs)
were isolated by density gradient centrifugation through Ficoll (Ficoll-Paque PLUS, Pharmacia, Piscataway, NJ,
USA) as previously described* 2. To differentiate human monocytes into macrophages, human PBMCs were
cultured in RPMI 1640 medium with 10% heat- inactivated human serum for two hours to allow cell adhesion.
Afterwards, adherent cells were detached with 10 mM EDTA, re-suspended (10° cells/ml) in medium supple-
mented with human M-CSF (20 ng/mL), and cultured for 6 days. As previously described*’, macrophages and
monocytes (HuBPMCs) were cultured in DMEM supplemented with 1% penicillin/streptomycin and 10% FBS
or 10% human serum. When reaching 70-80% confluence, adherent cells were gently washed with, and imme-
diately cultured in, OPTI-MEM I before stimulating with crude LPS, purified SAA, in the absence or presence of
10Panx mimetic peptide. The cellular levels of Panx1, as well as the parallel extracellular release of HMGB1, NO,
and other cytokines/chemokines were respectively determined by Western blotting analysis, Griess reaction, and
Cytokine Antibody Arrays as previous described®>’. Because murine macrophages, human macrophages, and
human PBMCs (monocytes) differed in their sensitivity to LPS or SAA stimulation, we used different ranges of
optimal LPS and SAA concentrations to stimulate different types of innate immune cells.

Hemichannel permeability assay. Lucifer yellow (LY) is often used to determine hemichannel permeabil-
ity by the rate of tracer entry into the cells. As previously described?’, the LY dye uptake assay relied on the capac-
ity of this dye present in the extracellular space to cross the cytoplasmic membrane and became concentrated
intracellularly, which could be quantified by fluorescence microscopy. To determine the effects of Panx1 mimetic
peptides on hemichannel permeability, RAW?264.7 cells were first subjected to a 16 h treatment with 1.0 ug/ml LPS
before replacing the medium with fresh DMEM containing Panx1 mimetic peptides. Following a brief incubation
(15min), LY dye (1%) was added to the cell culture. Fifteen minutes later, cells were fixed with 2% paraformalde-
hyde, and the number of LY-positive cells was counted. The relative ratio of LY-positive cells to total cell counts
(indicated by the DAPI staining) was used as the measurement of hemichannel permeability.

Western Blotting. The cellular and extracellular levels of Panx1 in murine macrophage and human mono-
cyte cultures were determined by Western blotting analysis using rabbit polyclonal or monoclonal antibodies
against the N- or C-terminus. To normalize samples, an equal amount of cellular proteins or extracellular proteins
in equal volume of culture medium conditioned by equal macrophage cell numbers was subjected to immunob-
lotting analyses. Proteins in equal volume of cell-conditioned culture medium was concentrated by ultrafiltration
(with a MW cutoff of 10kDa), and subsequently normalized to the same volume. Proteins in equal amount of
total cellular protein or equal sample volume were resolved on sodium dodecyl sulfate (SDS)-polyacrylamide
gels, and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% nonfat milk, the
membrane was incubated with respective antibodies (anti-Panx1, 1:1000; anti-3-actin. 1:5,000; anti-HMGBI,
1:1,000) overnight. Subsequently, the membrane was incubated with the appropriate secondary antibody, and
the immune-reactive bands were visualized by chemiluminescence techniques. The relative band intensity was
quantified using the UN-SCAN-IT Gel Analysis Software Version 7.1 (Silk Scientific Inc., Orem, UT, USA).
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Differential centrifugation. To characterize the properties of Panx1-containing structures in the
macrophage-conditioned culture medium, cell supernatant was sequentially centrifuged at various speed
(5000 x g, 10 min; 20,000 x g, 30 min), and proteins in each fractions were assayed for the presence of Panx1 by
Western blotting analysis. Proteins in the initial cell-conditioned medium or the final supernatant of ultracentrif-
ugation (20,000 x g) were concentrated by ultrafiltration using centricon-10 (with a molecular weight cutoff of
10kDa) as previously described™.

Panxlimmunostaining. Primary peritoneal macrophages were isolated from Balb/c mice as previously
described®, stimulated with LPS or SAA for 6 h, and immunostained with rabbit polyclonal anti-Panx1 IgGs
(1:1,000 dilution at 4 °C). Cells were fixed with 2% paraformaldehyde, permeabilized using 0.3% Triton X-100,
and then incubated for 16 h with rabbit anti-Panx1 IgGs. After extensive washing, cells were incubated with don-
key anti-rabbit Alexa 488 (Invitrogen) for 1h at room temperature. The coverslips were then mounted on glass
slides using anti-fade medium and examined under an epi-fluorescence microscope.

ATP release assay. As previously described”, in addition to the LY dye uptake, we also used the ATP release
assay to measure the Panx1 hemichannel activities. Briefly, RAW 264.7 cells were cultured in serum-free DMEM
medium, and stimulated with crude LPS (1.0 pg/ml) in the absence or presence of Panx 1 mimetic peptide (100,
200 pg/ml). The cell-conditioned culture medium was collected and subjected to ATP measurement using the
Molecular Probes® ATP Determination Kit (Cat. #A22066, Life Technologies). As previously described®, this
method was based on luciferase’s absolute requirement for ATP in producing light (emission maximum ~560 nm
at pH 7.8), to measure the extracellular ATP levels in LPS-stimulated RAW 264.7 cells.

Cytokine Antibody Array. As previously described®, murine Cytokine Antibody Arrays (Cat. No.
M0308003, RayBiotech Inc., Norcross, GA, USA), which simultaneously detect 62 cytokines on one membrane,
were used to measure relative cytokine levels in macrophage-conditioned culture medium. Briefly, the mem-
branes were incubated with equal volumes of culture medium, followed by sequential incubation with primary
biotin-conjugated antibodies, and horseradish peroxidase-conjugated streptavidin. After exposing to X-ray film,
the relative signal intensity was determined using the Scion Image software.

Nitric Oxide (NO) Assay. The levels of nitric oxide in the culture medium were determined indirectly by
measuring the NO?~ production with a colorimetric assay based on the Griess reaction as previously described™.
NO?~ concentrations were determined with reference to a standard curve generated with sodium nitrite at vari-
ous dilutions.

Animal model of polymicrobial sepsis. This study was approved and performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the Feinstein Institute for Medical Research,
Manhasset, New York, USA (Animal Protocol #2008-033, Approval date: November 7, 2008). To evaluate the
effect of Panx1 mimetic peptides on sepsis lethality, a clinically relevant animal model of sepsis induced by cecal
ligation and puncture (CLP) was employed as previously described*. Briefly, the cecum of Balb/c mice was
ligated at about 5 mm from the cecal tip, and then punctured once with a 22-gauge needle. 10Panx peptide and a
scrambled control peptide were administered intraperitoneally into mice at indicated doses and time points, and
animal survival rates were monitored for up to 2 wks.

Real-time RT-PCR. Total RNA was isolated from various tissue using the Trizol reagent kit as per the man-
ufacturer’s instructions, and reversely transcribed into the first-strand cDNA using the RevertAid™ First Strand
cDNA Synthesis Kit. Following reverse transcription, a panel of established primers and probe for murine panx1
(Assay ID: Mm00450900_m1, Cat# 4351370, ThermoFisher Scientific), and glyceraldehyde 3-phosphate dehy-
drogenase gene (Assay ID: Mm99999915_g1, Cat.# 4331182, ThermoFisher Scientific) were used to quantify the
Panx1 mRNA expression levels using a ABI 7900HT Fast Real-time PCR system (Applied Biosystems, Foster City,
CA). Amplification was performed using the Tagman® Universal Master Mix IT with UNG Mastermix under the
following conditions: 95°C 10’; followed by 40 cycles of 95°C for 15” and 60 °C for 1’. The relative panx] mRNA
expression was calculated using the following formula:

AAC expression = 2exp(—AACt),

where AACt= ACt (treated group) — ACt (control group), ACt=Ct (target gene) — Ct (GAPDH), and
Ct=cycle at which the threshold was reached. The relative abundance of Panxl mRNA expression in control
group was set as an arbitrary unit of 1, and the gene expression in treated groups was presented as folds of controls
after normalization to GAPDH.

Statistical analysis. One-way analyses of variance (ANOVA) followed by the Tukey test for multiple com-
parisons were used to compare between different groups. Student’s t-test was used for comparison between two
groups. The Kaplan-Meier method was used to compare the differences in mortality rates between groups with
log-rank post hoc test. A P value < 0.05 was considered statistically significant.

References
1. Hotchkiss, R. S., Coopersmith, C. M., McDunn, J. E. & Ferguson, T. A. The sepsis seesaw: tilting toward immunosuppression. Nat.
Med. 15, 496-497 (2009).
2. Poltorak, A. et al. Defective LPS signaling in C3H/He] and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282, 2085-2088
(1998).
3. AKkira, S. & Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 4,499-511 (2004).

SCIENTIFICREPORTS| (2019) 9:160 | DOI:10.1038/s41598-018-37232-z 10



www.nature.com/scientificreports/

o

14.
15.

16.

24.
25.
26.
27.
28.
29.
30.
31.

32.
. Dossi, E. et al. Pannexin-1 channels contribute to seizure generation in human epileptic brain tissue and in a mouse model of

34.
35.
36.
37.
38.
39.
40.
41.
42.

43.
44,

45.

46.

47.

48.

. Wang, H., Czura, C. J. & Tracey, K. J. TNE In The Cytokine Handbook (eds Thomson, A. & Lotze, M. T.) 837-860 (Academic Press,

Oxford, 2003).

. Dinarello, C. A. Biologic basis for interleukin-1 in disease. Blood 87, 2095-2147 (1996).
. Heinzel, F. P. The role of IFN-gamma in the pathology of experimental endotoxemia. ] Immunol 145, 2920-2924 (1990).
. Qiang, X. et al. Cold-inducible RNA-binding protein (CIRP) triggers inflammatory responses in hemorrhagic shock and sepsis. Nat.

Med. 19, 1489-1495 (2013).

. Li, W. et al. Serum Amyloid A Stimulates PKR Expression and HMGB1 Release Possibly through TLR4/RAGE Receptors. Mol. Med.

21, 515-525 (2015).

. Han, X, Fink, M. P, Uchiyama, T., Yang, R. & Delude, R. L. Increased iNOS activity is essential for hepatic epithelial tight junction

dysfunction in endotoxemic mice. Am. J. Physiol Gastrointest. Liver Physiol. 286, G126-G136 (2004).

. Lowenstein, C. J., Dinerman, J. L. & Snyder, S. H. Nitric oxide: a physiologic messenger. Ann. Intern. Med. 120, 227-237 (1994).
. Wang, H. et al. HMG-1 as a late mediator of endotoxin lethality in mice. Science 285, 248-251 (1999).
. Yang, H. et al. Reversing established sepsis with antagonists of endogenous high-mobility group box 1. Proc Natl Acad Sci USA 101,

296-301 (2004).

. Niemi, K. ef al. Serum amyloid A activates the NLRP3 inflammasome via P2X7 receptor and a cathepsin B-sensitive pathway. J.

Immunol. 186,6119-6128 (2011).

Ather, J. L. et al. Serum amyloid A activates the NLRP3 inflammasome and promotes Th17 allergic asthma in mice. J. Immunol. 187,
64-73 (2011).

Cauwels,A. et al. Nitric oxide production by endotoxin preparations in TLR4-deficient mice. Nitric. Oxide. 36:36-43, https://doi.
org/10.1016/j.ni0x.2013.11.001. Epub;%2013 Nov 21., 36-43 (2014).

Eun, S. Y. et al. LPS potentiates nucleotide-induced inflammatory gene expression in macrophages via the upregulation of P2Y2
receptor. Int. Immunopharmacol. 18, 270-276 (2014).

. Tonetti, M., Sturla, L., Giovine, M., Benatti, U. & De, F. A. Extracellular ATP enhances mRNA levels of nitric oxide synthase and

TNF-alpha in lipopolysaccharide-treated RAW 264.7 murine macrophages. Biochem. Biophys. Res. Commun. 214, 125-130 (1995).

. Lu, B. et al. Novel role of PKR in inflammasome activation and HMGBI release. Nature. 488, 670-674 (2012).

. Lamkanfi, M. et al. Inflammasome-dependent release of the alarmin HMGBI in endotoxemia. J. Immunol. 185, 4385-4392 (2010).
. Kang, J. et al. Connexin 43 hemichannels are permeable to ATP. J. Neurosci. 28, 4702-4711 (2008).

. Panchin, Y. et al. A ubiquitous family of putative gap junction molecules. Curr. Biol. 10, R473-R474 (2000).

. Chiu, Y. H,, Schappe, M. S., Desai, B. N. & Bayliss, D. A. Revisiting multimodal activation and channel properties of Pannexin 1. J.

Gen. Physiol. 150, 19-39 (2018).

. Valdebenito, S., Barreto, A. & Eugenin, E. A. The role of connexin and pannexin containing channels in the innate and acquired

immune response. Biochim. Biophys. Acta. 1860, 154-165 (2018).

Boyce, A. K. ], Epp, A. L., Nagarajan, A. & Swayne, L. A. Transcriptional and post-translational regulation of pannexins. Biochim.
Biophys. Acta. 1860, 72-82 (2018).

Chekeni, E B. et al. Pannexin 1 channels mediate ‘find-me’ signal release and membrane permeability during apoptosis. Nature. 467,
863-867 (2010).

Yang, D., He, Y., Munoz-Planillo, R,, Liu, Q. & Nunez, G. Caspase-11 Requires the Pannexin-1 Channel and the Purinergic P2X7
Pore to Mediate Pyroptosis and Endotoxic Shock. Immunity. 43, 923-932 (2015).

Sperlagh, B., Hasko, G., Nemeth, Z. & Vizi, E. S. ATP released by LPS increases nitric oxide production in raw 264.7 macrophage cell
line via P2Z/P2X7 receptors. Neurochem. Int. 33, 209-215 (1998).

Pelegrin, P. & Surprenant, A. Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7
receptor. EMBO J. 25, 5071-5082 (2006).

Thompson, R. J. et al. Activation of pannexin-1 hemichannels augments aberrant bursting in the hippocampus. Science. 322,
1555-1559 (2008).

Lamkanfi, M., Malireddi, R. K. & Kanneganti, T. D. Fungal zymosan and mannan activate the cryopyrin inflammasome. J. Biol.
Chem. 284, 20574-20581 (2009).

Maes, M. et al. Inhibition of pannexinl channels alleviates acetaminophen-induced hepatotoxicity. Arch. Toxicol. 91, 2245-2261
(2017).

Bravo, D. et al. Pannexin 1: a novel participant in neuropathic pain signaling in the rat spinal cord. Pain. 155, 2108-2115 (2014).

epilepsy. Sci. Transl. Med. 10, 10-443 (2018).

Freitas-Andrade, M., Bechberger, J. E, MacVicar, B. A., Viau, V. & Naus, C. C. Pannexinl knockout and blockade reduces ischemic
stroke injury in female, but not in male mice. Oncotarget. 8, 36973-36983 (2017).

Sorge, R. E. et al. Genetically determined P2X7 receptor pore formation regulates variability in chronic pain sensitivity. Nat. Med.
18, 595-599 (2012).

Wang, X. et al. Endotoxin-induced autocrine ATP signaling inhibits neutrophil chemotaxis through enhancing myosin light chain
phosphorylation. Proc. Natl. Acad. Sci. USA 114, 4483-4488 (2017).

Bhaskaracharya, A. et al. Probenecid blocks human P2X7 receptor-induced dye uptake via a pannexin-1 independent mechanism.
PLo0S. One. 9,€93058 (2014).

Li, X. et al. Systemic Adenosine Triphosphate Impairs Neutrophil Chemotaxis and Host Defense in Sepsis. Crit Care Med. 45,
€97-e104 (2017).

He, Y., Franchi, L. & Nunez, G. The protein kinase PKR is critical for LPS-induced iNOS production but dispensable for
inflammasome activation in macrophages. Eur. J. Immunol. 43, 1147-1152 (2013).

Li, W. et al. Connexin 43 Hemichannel as a Novel Mediator of Sterile and Infectious Inflammatory Diseases. Sci. Rep. 8, 166-18452
(2018).

Gehi, R, Shao, Q. & Laird, D. W. Pathways regulating the trafficking and turnover of pannexinl protein and the role of the
C-terminal domain. J. Biol. Chem. 286, 27639-27653 (2011).

Boassa, D. et al. Pannexinl channels contain a glycosylation site that targets the hexamer to the plasma membrane. J. Biol. Chem.
282, 31733-31743 (2007).

Eugenin, E. A. Role of connexin/pannexin containing channels in infectious diseases. FEBS Lett. 588, 1389-1395 (2014).
Fernandez-Cobo, M., Gingalewski, C. & De Maio, A. Expression of the connexin 43 gene is increased in the kidneys and the lungs
of rats injected with bacterial lipopolysaccharide. Shock. 10, 97-102 (1998).

Jara, P. I, Boric, M. P. & Saez, J. C. Leukocytes express connexin 43 after activation with lipopolysaccharide and appear to form gap
junctions with endothelial cells after ischemia-reperfusion. Proc. Natl. Acad. Sci. USA 92,7011-7015 (1995).

Eugenin, E. A, Branes, M. C., Berman, . W. & Saez, J. C. TNF-alpha plus IFN-gamma induce connexin43 expression and formation
of gap junctions between human monocytes/macrophages that enhance physiological responses. J. Immunol. 170, 1320-1328
(2003).

Cisneros-Mejorado, A. et al. Blockade of P2X7 receptors or pannexin-1 channels similarly attenuates postischemic damage. J. Cereb.
Blood Flow Metab. 35, 843-850 (2015).

Li, W. et al. A Major Ingredient of Green Tea Rescues Mice from Lethal Sepsis Partly by Inhibiting HMGB1. PLoS ONE 2, e1153
(2007).

SCIENTIFICREPORTS| (2019) 9:160 | DOI:10.1038/s41598-018-37232-z 11


http://dx.doi.org/10.1016/j.niox.2013.11.001.
http://dx.doi.org/10.1016/j.niox.2013.11.001.

www.nature.com/scientificreports/

49. Zhang, Y. et al. Tanshinone IIA sodium sulfonate facilitates endocytic HMGB1 uptake. Biochem. Pharmacol. 84, 1492-1500 (2012).

50. Chen, G. et al. Bacterial endotoxin stimulates macrophages to release HMGB1 partly through CD14- and TNF-dependent
mechanisms. ] Leukoc. Biol 76, 994-1001 (2004).

51. Li, W. et al. A cardiovascular drug rescues mice from lethal sepsis by selectively attenuating a late-acting proinflammatory mediator,
high mobility group box 1. J. Immunol. 178, 3856-3864 (2007).

52. Rendon-Mitchell, B. et al. IFN-gamma Induces High Mobility Group Box 1 Protein Release Partly Through a TNF-Dependent
Mechanism. ] Immunol 170, 3890-3897 (2003).

53. Zhu, S. et al. High-Density Lipoprotein (HDL) Counter-Regulates Serum Amyloid A (SAA)-Induced sPLA2-IIE and sPLA2-V
Expression in Macrophages. PLoS. One. 11, 0167468 (2016).

54. Wang, H. et al. The aqueous extract of a popular herbal nutrient supplement, Angelica sinensis, protects mice against lethal
endotoxemia and sepsis. J. Nutr. 136, 360-365 (2006).

Acknowledgements

This work was supported by the US National Institute of General Medical Sciences (NIGMS, R01GM063075
and 1R41GM123858) and the US National Center of Complementary and Alternative Medicine (NCCAM,
RO1AT005076). We thank former colleagues Drs W. Li and G. Bao for excellent technical assistance to some
experiments in this manuscript.

Author Contributions

W.C. generated the first rough draft of the manuscript. H.W. supervised the study, interpreted the results and
significantly revised and finalized the manuscript; W.C., S.Z., Y.W,, J.L. and X.Q. performed the experiments;
X.Z,HY,].D., LB, K]J.T. and PW. provided important input to the experimental design and preparation of the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37232-z.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

SEm ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:160 | DOI:10.1038/s41598-018-37232-z 12


http://dx.doi.org/10.1038/s41598-018-37232-z
http://creativecommons.org/licenses/by/4.0/

	Enhanced Macrophage Pannexin 1 Expression and Hemichannel Activation Exacerbates Lethal Experimental Sepsis

	Results

	Exogenous endotoxin and endogenous SAA induced Panx1 expression and release in macrophage and monocyte cultures. 
	Altered Panx1 expression in lethal sepsis. 
	Panx1 mimetic peptide 10Panx worsened the outcome of lethal sepsis. 
	10Panx enhanced the LPS- and SAA-induced hemichannel activation. 
	Divergent impacts of 10Panx on the LPS- and SAA-induced NO production and cytokine release. 

	Discussion

	Material and Methods

	Materials. 
	Cell culture. 
	Hemichannel permeability assay. 
	Western Blotting. 
	Differential centrifugation. 
	Panx1 immunostaining. 
	ATP release assay. 
	Cytokine Antibody Array. 
	Nitric Oxide (NO) Assay. 
	Animal model of polymicrobial sepsis. 
	Real-time RT-PCR. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 An exogenous bacterial endotoxin (LPS) and an endogenous inflammatory cytokine (SAA) up-regulated Panx1 expression in macrophage (Mφ) and monocyte (MC) cultures.
	Figure 2 Crude LPS and purified SAA induced Panx1 release in macrophage and monocyte cultures.
	Figure 3 Altered expression of Panx1 during lethal sepsis.
	Figure 4 Panx1 mimetic peptide (10Panx) exacerbated lethal sepsis.
	Figure 5 Panx1 mimetic peptide 10Panx enhanced LPS-induced macrophage hemichannel activation.
	Figure 6 10Panx specifically enhanced the LPS- and SAA-induced NO production.




