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Abstract

Objective: Immune dysregulation during sepsis is poorly understood, however, lymphocyte apoptosis has been shown to
correlate with poor outcomes in septic patients. The inflammasome, a molecular complex which includes caspase-1, is
essential to the innate immune response to infection and also important in sepsis induced apoptosis. Our group has
recently demonstrated that endotoxin-stimulated monocytes release microvesicles (MVs) containing caspase-1 that are
capable of inducing apoptosis. We sought to determine if MVs containing caspase-1 are being released into the blood
during human sepsis and induce apoptosis..

Design: Single-center cohort study

Measurements: 50 critically ill patients were screened within 24 hours of admission to the intensive care unit and classified
as either a septic or a critically ill control. Circulatory MVs were isolated and analyzed for the presence of caspase-1 and the
ability to induce lymphocyte apoptosis. Patients remaining in the ICU for 48 hours had repeated measurement of caspase-1
activity on ICU day 3.

Main Results: Septic patients had higher microvesicular caspase-1 activity 0.05 (0.04, 0.07) AFU versus 0.0 AFU (0, 0.02)
(p<<0.001) on day 1 and this persisted on day 3, 0.12 (0.1, 0.2) versus 0.02 (0, 0.1) (p<<0.001). MVs isolated from septic
patients on day 1 were able to induce apoptosis in healthy donor lymphocytes compared with critically ill control patients
(17.8£9.2% versus 4.3+2.6% apoptotic cells, p<<0.001) and depletion of MVs greatly diminished this apoptotic signal.
Inhibition of caspase-1 or the disruption of MV integrity abolished the ability to induce apoptosis.

Conclusion: These findings suggest that microvesicular caspase-1 is important in the host response to sepsis, at least in
part, via its ability to induce lymphocyte apoptosis. The ability of microvesicles to induce apoptosis requires active caspase-1

and intact microvesicles.
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Introduction

Over 500,000 people develop sepsis annually in United States
alone, resulting in 175,000 fatalities [1,2]. Despite increased
awareness and investigation, there are few specific therapies for
sepsis and the putative mechanisms of sepsis-related morbidity and
mortality are poorly understood. Sepsis is associated with immune
dysregulation, initially producing numerous pro-inflammatory
mediators which can result in multi-organ dysfunction syndrome
(MODS) [3] and later a hypoimmune phase characterized by
immune cell apoptosis, especially of lymphocytes [4]. Previous
investigations have demonstrated that pharmacologic blockade of
caspase-1 improves organ function, reduces lymphocyte apoptosis
and increases survival in animal models of sepsis [5,6]. Our own
work specifically showed that pharmacologic blockade of caspase-1
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activity reduced splenocyte cell death in murine sepsis [5]. The
precise role of caspase-1 in human sepsis remains to be elucidated.
Caspase-1 was first described as IL-1 converting enzyme (ICE),
the enzyme responsible for processing and activating prolL-1f to
its mature form [7-9]. However, its structural homology to C.
elegans death genes prompted the discovery of a class of proteases
termed caspases, which function in inflammation and apoptotic
cell death [10-12]. In this context, caspase-1 has been associated
with both inflammation and apoptosis in sepsis [5,13-15].
Caspase-1 regulation depends upon the assembly of a protein
complex termed the inflammasome [16,17]. The inflammasome is
a multi-protein platform that assembles in response to either
pathogen-associated molecular patterns (PAMPs) or intrinsic host
factors such as uric acid [18-20]. At its core, the inflammasome
consists of caspase-1, an adaptor protein, apoptosis-associated
speck-like protein containing a CARD (ASC), and a member of
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the NOD-like receptor (NLR) family of pathogen sensing proteins
[17,21,22]. Activation of the inflammasome results in cleavage of
caspase-1 from its precursor form to the active form and
subsequent processing of IL-1 and IL-18 [23-25]. The activation
of caspase-1 has been linked to infection-induced cell death and
apoptosis [15,26-31]. Furthermore, caspase-1 deletion or func-
tional inhibition has been linked to survival in animal models of
endotoxin shock [5,32]. However, the mechanism by which
caspase-1 induces lymphocyte apoptosis in the context of sepsis
remains poorly understood.

Importantly, we have recently documented that caspase-1 can
be released from mononuclear phagocytes in a microvesicular
encapsulated form [31]. For example, MVs from endotoxin
treated monocytes can induce smooth muscle cell death in tissue
culture models. This effect requires active caspase-1 presentation
by intact MVs. The present study was designed to expand upon
this observation by analyzing the role of microvesicular caspase-1
in an ex viwo study of plasma microparticles released during human
sepsis. We hypothesized that MVs may serve to package and
deliver active caspase-1 and other inflammasome components
during human sepsis thereby contributing to the lymphocyte
apoptosis characteristic of sepsis. To test this hypothesis, we
examined septic patients for the presence of MVs containing
caspase-1 and the ability of these M Vs to induce cell death in distal
tissues. In addition, we used an ex-vivzo model of sepsis to better
characterize the ability of these caspase-1 containing MVs to
induce apoptosis.

Materials and Methods

Reagents

Bacterial lipopolysaccharide (LPS) was obtained from Alexis
(Detroit, MI). RPMI 1640 and phosphate buffered saline (PBS)
were purchased from Cellgro, Mediatech, Inc (Manassas, VA),
and fetal bovine serum (FBS) was obtained from Atlas Biological
(Fort Collins, CO). The caspase-1 inhibitor, YVAD-cmk was
purchased from Enzyme Systems, (Irvine, CA). All other reagents
were obtained from Sigma-Aldrich (St. Louis, MO) unless
otherwise specified.

Microvesicle isolation and identification

MVs were isolated from either conditioned medium or plasma
using ultracentrifugation. Conditioned medium or plasma was first
centrifuged at 1000 g for 5 min and then at 15,000 g for 15 min to
remove cells, cell debris and aggregates. The subsequent
supernatant was then centrifuged at 100,000 g for 1 h. Pelleted
vesicles were then washed by resuspending them in PBS and again
spinning at 100,000 g for 1 h [31]. MVs were then subjected to
flow cytometry. Briefly, MVs were sized by comparison to
calibrations of the flow cytometer using beads ranging from
<<0.1-1 micron from Spherotech Inc, IL using the manufacture’s
protocol. The flow cytometry data had previously been validated
by transmission electron microscopy (TEM) as described in our
previous work [26]. Pelleted MVs were then subjected directly to
western blotting, caspase-1 enzymatic assay or added to fresh
lymphocytes.

ELISA

Total caspase-1 was detected using Quantikine Caspase-1
Immunoassay DCA100 (R&D Systems, Minneapolis, MN). Goat
anti-rabbit IgG (H+L)-HRP Conjugate (Bio-Rad, Hercules, CA)
and TMB Microwell Peroxidase Substrate System (Kirkegaard
and Perry, Gaithersburg, MD) was used for quantification.
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Immunoblots

Microvesicles isolated from ex vivo stimulated whole blood were
analyzed for the presence of caspase-1 by immunoblots. Quanti-
fication of protein in the MVs was performed using densitometry
with Quantity ONE. Densitometric analyses of caspase-1 were
referenced to known caspase-1 concentration of 75 pug of THP1
cell lysate.

Caspase-1 activity

For caspase-1 activity assay, monocytes were isolated from buffy
coats and cultured at a concentration of 107 cells/ml. Cells were
then stimulated with LPS (1 pg/ml) and supernatants were
collected from each well. Cells were spun at 1000 g at 4°C for
10 min to collect the supernatant. Supernatants were then
subjected to caspase-1 enzymatic assay [33,34]. 50 ul of sample
were mixed with 50 pl of an assay buffer (50 mM HEPES
(pH 7.4), 100 mM NaCl, 0.1% 3-[(3-cholamidopropyl)dimethy-
lammonio]-1-propanesulfonate, 20% glycerol, 10 mM DTT and
0.1 mM EDTA) and 5 pl of I mM Ac-WEHD-AFC. This mixture
was placed in a well of a Costar 96-well flat bottom plate (Corning
Glass, Corning, NY) and immediately subjected to kinetic
fluorometric assay for 2 h at room temperature using a Cytofluor
4000 fluorometer (Perspective, Framingham, MA) with filters of
360 nm excitation and 460 nm emission. The linear change of the
fluorescence of hydrolyzed free AMC per time and the protein
concentrations of the assayed samples were used for calculating
caspase activity.

Demographics for Septic Patients and Critically Il Non-
septic Patients

Patients admitted to the intensive care unit ICU) were screened
for eligibility. Inclusion criteria included: age =18 years, need for
mechanical ventilation, and all patients were enrolled within 24-
hours of onset of mechanical ventilation and in the case of septic
patients within 24-hours of sepsis recognition. Generally, patients
were SIRS positive at presentation and sepsis onset was
determined as the time from recognition or suspicion of infection
by treating team documented either in written progress notes or by
the order for initiation of antibiotics. Patients were assigned to
groups based on blinded, retrospective review by two critical care
physicians (MCE and BYB). The purpose of retrospective review
was to correctly assign patients that were started on antibiotics at
time of enrollment, but rapidly had antibiotics stopped when
treating team effectively excluded infection or patients that were
not on antibiotics at time of enrollment, but had a subsequent
infections etiology discovered. Those that met consensus criteria
for sepsis [35] (2/4 SIRS criteria and suspected infection) were
eligible for the septic cohort. Patients without known or suspected
infection were eligible for control cohort. Control patients could be
positive for SIRS criteria as long as there was no evidence of
infection. Using a protocol approved by The Ohio State
University Biomedical Institutional Review Board (IRB), patients
or their surrogate decision-maker were informed of study’s risks
and benefits and provided written consent to have blood drawn
within 24 hours of ICU admission and for those remaining in the
ICU a repeat blood draw 48 hours later on study day 3. All
consent documentation was retained by the clinical trials office.
Exclusion criteria included: prisoner status, onset of sepsis more
than 24 hours prior to admission, pregnancy, and declined
participation. Patients’ severity of illness was calculated using the
SAPS II scoring system. Survival is defined as survival to hospital
discharge.
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Statistical analysis

A cohort of 50 patients was chosen a priori based on our previous
work [36] and powered to detect a difference between inflamma-
some constituents in sepsis versus critically ill controls. Data are
represented as the median (interquartile range) for at least three
independent experiments or mean * standard deviation. Signif-
icance determined by Student t-test if normal distribution or
Wilcoxon Rank Sum Test if normality assumption was violated.
Logistic regression was performed to determine if severity illness
significantly altered associations based on unmatched distribution
of the severity of illness in our cohorts.

Results

Active Caspase-1 is released in microvesicles during
sepsis

To analyze the function of caspase-1, a cohort of patients
admitted to the ICU on mechanical ventilation was prospectively
recruited. Fifty patients underwent day 1 plasma collection (34
septic, 16 critically-ill non-infected controls) (Table I). The
control patient admission diagnosis included: seizure (2), stroke
(1), lung cancer (1), drug overdose (1), carbon monoxide poisoning
(1), pulmonary embolism (1), COPD without pneumonia (3),
cirrhosis (1), and cardiovascular disease (5). Caspase-1 was
detectable in the plasma of all patients (Figure 1A). Isolation of
MVs from patient plasma revealed detectable caspase-1 in the
microvesicular fraction and there was good correlation between
caspase-1 in the plasma and the MVs (R?=0.88, p<0.001)
(Figure 1B). There was no significant association between the
diagnosis of sepsis and the plasma or MV caspase-1 concentra-
tions. However, caspase-1 is produced as a pro-enzyme that
requires cleavage to the active form prior to becoming functional.
The caspase-1 concentrations as detected by ELISA represent
both active and inactive caspase-1. To determine the presence of
active caspase-1, MVs were subjected to a caspase-1 enzymatic
assay. There was a strongly significant difference between the
caspase-1 activity of the septic patients 0.05 AFU (0.04, 0.07) and
the critically ill control patients 0 AFU (0, 0.02) (p = <0.001) with
the majority of septic patients showing active caspase-1 in their
MVs and the majority of critically ill control patients showing no
detectable caspase-1 activity (Figure 1C). Not surprisingly due to
the lack of association between total concentration and sepsis,
there was no correlation between total MV caspase-1 concentra-
tions and caspase-1 activity (data not shown). Looking at the
patients that remained in ICU for 48 hours, day 3 MV caspase-1
activity likewise showed elevated levels in septic patients relative to
critically ill controls, 0.12 (0.1,0.2) versus 0.02 (0, 0.1) (p<<0.001)
(Figure 1D).

Review of our patient demographics reveals a statistically
significant difference in the severity of illness between our septic
cohort and our critically ill control patients owing to an increase in
the incidence of shock in the septic cohort. To account for this, we
modeled the predictive ability of the MV caspase-1 activity for
determining sepsis with and without inclusion of the severity of
illness score. The significance of microvesicular caspase-1 activity
persisted adjusting for severity of illness with the change in the
point estimate of <10% indicating that the elevated caspase-1
activity seen was specific to sepsis and not due to the overall
severity of illness of a patient.

Septic Patient Microvesicles Induce Lymphocyte
Apoptosis

To assess the effect that plasma microvesicular inflammasome
constituent caspase-1 might have on lymphocyte cell death, a
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subset of the patients described above (n =11, 6 septic patients and
5 critically ill non-infected patients) had MVs isolated from fresh
plasma and co-cultured for 12 hours with lymphocytes from
healthy donors isolated using positive selection by human CD4
magnetic beads from Miltenyi Biotech (Auburn, CA). MVs
isolated from the healthy lymphocyte donor plasma served as
controls. There was insignificant cell death (by LDH release) at
12 h in the control healthy group 1.0+1.6% and critically ill
group 4.3*2.6% (p =n/s) compared with significant cell death in
the lymphocytes exposed to septic patient MVs 17.8£9.2%
(p<<0.001) (Figure 2A). Depleting MVs from septic patient plasma
greatly reduced the lymphocyte cell death to 7.2%+3.3% indicating
that the MVs are responsible for the cell death signal. To
corroborate the LDH measurements of lymphocyte cell death,
flow cytometry using Annexin/PI was also performed. MVs from
septic patient plasma induced 47%x21% total cell death as
compared to 12+4.3% from critically ill patients and 0.9%£0.2%
from healthy donors (p=0.018) (Figure 2B and C). That this
lymphocyte apoptosis was caspase-1 mediated was confirmed by
inhibition of plasma caspase-1 activity and abrogation of
lymphocyte apoptosis. Inhibition/blocking of active caspase-1 in
microvesicles from septic patients reduce healthy donor lympho-
cyte apoptosis as measured by Annexin/PI by 30% (17.9%6 septic
plasma MV vs. 1142.7 YVAD-cmk treated septic plasma MV).
Plasma microvesicles from healthy donors did not induce any
significant lymphocyte apoptosis and was also not affected by
YVAD treatment.

Consistent with these ex vivo findings, septic patients from this
cohort had significantly lower absolute lymphocyte counts on the
day of the microvesicle isolation when compared to our critically ill
controls 0.3%0.3 K/ml versus 3.3%£4.8 K/ml (p = 0.044). Affirm-
ing our findings above, there was a correlation between measured
microvesicular caspase-1 activity from the patient and the ex vivo
lymphocyte cell death induced by the patients’ MVs R*=0.51
(p=0.014) (Figure 3A) suggesting that caspase-1 activity is
associated with the sepsis-induced lymphocyte apoptosis. Lastly,
in the entire 50 patient cohort there was a significant, albeit weak
association between the MV caspase-1 activity and lymphopenia
as measured by absolute lymphocyte count on day of enrollment
R?=0.09 (p=0.03) and day 3 of ICU stay R*=0.12 (p=0.04)
(Figure 3B&3C).

Microvesicular encapsulation of active caspase-1
essential for its apoptotic property

Microvesicle shedding is a recognized mode of cytokine release,
as described for IL-1B and Fas ligand [37-43]. To demonstrate
that the apoptosis seen with the lymphocytes co-incubated with
septic serum was due to active caspase-1 in M'Vs, peripheral blood
was collected from healthy normal donors using heparin to
prevent coagulation. Heparinized whole blood was then either left
unstimulated or stimulated with LPS (1 pg/ml) for 0.25, 0.5, 1 and
3 h. This blood was then spun at 2000 rpm for 10 min and plasma
was collected. MVs isolated from plasma contained cleaved
caspase-1 by immunoblot (Figure 4A). The presence of caspase-
1 in released vesicles was also confirmed by ELISA (Figure 4B).
Increased amounts of caspase-1 (1.6-3.3 fold) were detected in
MVs from LPS stimulated whole blood as compared to
unstimulated blood. The specificity of caspase-1 in MVs from
stimulated whole blood was further confirmed by complete
inhibition of detection when the antiserum was preincubated with
excess recombinant caspase-1 (Figure 4C).

To investigate the possibility of lymphocyte cell death induced
by caspase-1, MVs isolated from stimulated and unstimulated
whole blood (as described above), were then co-cultured overnight
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Table 1. Demographics Patient Cohort.

Control Septic p-value
Patients 16 34
Age (yrs.) 59 (50, 74) 55 (46, 71) ns
Male Sex (%) 9 (56%) 21 (62%) ns
Shock (%) 6 (37%) 27 (79%) <0.01
Acute Renal Failure (%) 4 (25%) 15 (44%) ns
Lactate (mmol/L) 1.7 (1.4, 2.8) 2.2 (1.0, 3.3) ns
Pa02/Fi02 110 (78, 218) 100 (63, 155) ns
SAPS I 54 (40, 70) 74 (57, 81) 0.03
Survival* 15 (94%) 21 (62%) 0.02
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Demographics of patients enrolled within 24 hours of initiation of mechanical
ventilation and/or sepsis onset. Groups were compared by Wilcoxon Rank Sum
for continuous variables or Pearson X2 for dichotomous variables. Septic
patients had a higher incidence of shock and subsequently higher SAPS II
scores on the first hospital day. Control patient diagnosis included: seizure (2),
stroke (1), lung cancer (1), drug overdose (1), carbon monoxide poisoning (1),
pulmonary embolism (1), COPD without pneumonia (3), cirrhosis (1), and
cardiovascular disease (5).
doi:10.1371/journal.pone.0090968.t001
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with fresh lymphocytes harvested from healthy donors and
analyzed for cell death. Compared with unstimulated MVs
(CMV), MVs from LPS-stimulated whole blood (LMYV) induced
lymphocyte cell death as measured by LDH release (43.5%7)
(Figure 5A). Apoptotic cell death was confirmed by Annexin-V
assay (Figure 5B—-C). Lymphocytes incubated in the presence of
MVs isolated from whole blood incubated with LPS and caspase-1
inhibitor, YVAD-cmk, showed significantly less apoptosis than
lymphocytes incubated with LPS-stimulated MVs without inhib-
itor (88 vs. 423 Annexin/PI positive), suggesting the role of
microvesicle encapsulated caspase-1 in induction of lymphocyte
apoptosis. Likewise, rupture of the MVs prior to incubation
dramatically reduced lymphocyte cell death, suggesting the need
for intact MVs for active caspase-1 to target the lymphocyte.
Lymphocytes incubated with and without LPS showed apoptotic
levels similar to the CMV sample indicating that cell death was
due to caspase-1 containing MVs rather than residual contami-
nation of the MVs with LPS.

Discussion

Sepsis is a disease of both inflammation and cell death. Since
caspase-1 has a role in both inflammatory cytokine processing and
apoptosis, understanding its regulation is essential to understand-
ing sepsis. The present study confirms our previous findings that in
addition to the IL-1P found present by other groups [37,40,42,43],
MVs shed from monocytes in endotoxin stimulated whole blood
contain inflammasome components, principally caspase-1. Impor-

Day 1

Crit lll Control

Sepsis

p<0.001

Day 3

Crit lll Ctrl

Sepsis

Figure 1. Active caspase-1 is released in plasma microvesicles during sepsis. Plasma samples caspase-1 concentrations between critically ill
control patients (n=16) and septic patients (n=34) (A). Microvesicles isolated on day 1 show a good correlation between plasma caspase-1 and MV
caspase-1 (p<<0.001) (B) There was no significant difference between caspase-1 concentrations in plasma and MVs between control patients and
septic patients. However, when analyzed for caspase-1 activity there was significantly higher caspase-1 activity on day 1 (C) and on day 3 (D)
between the septic patients and those that were critically ill (p<<0.001 for both days).

doi:10.1371/journal.pone.0090968.g001
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Figure 2. Septic patient microvesicles induce lymphocyte cell death. Plasma was collected from healthy donors (n=10), critically ill non-
septic patients (n=6), and septic patients (n=5) and microvesicles were harvested as previously described. Lymphocytes from healthy donors were
then incubated overnight with MVs from these respective donors. Cell death was measured by LDH (A) and Annexin V/PI assays (B). Representative
Annexin V/Pl assay using flow cytometry exemplified in (C). Wilcoxon rank sum test between three groups was significant (p<<0.01) for both LDH and
Annexin assays and subsequent between group pair-wise comparison via Wilcoxon test are shown. There was no significant difference in cell death
or apoptosis between the healthy controls or critically ill control patients, however septic patients had significantly more cell death and apoptosis

compared to both healthy controls and critically ill control patients.
doi:10.1371/journal.pone.0090968.g002

tantly, these inflammasome containing vesicles are capable of
inducing apoptotic cell death in healthy donor human lympho-
cytes. Though caspase-1 is the prime member of the inflammatory
caspase family which functions to activate prolL-1f and prolL-18,
the current findings reinforce that caspase-1 can also be a
significant mediator of apoptotic cell death. This cell death
function of caspase-l1 has been described for macrophages
responding to intracellular pathogens in pyroptosis [26] and as
we have shown for splenic B lymphocyte apoptosis in response to
sepsis and smooth muscle cell apoptosis in a model of atheroscle-
rosis [5,31].

This study is, to our knowledge, the first to demonstrate the
presence of circulating caspase-1 in the blood of critically ill
patients. Though many investigations have shown lymphocyte
apoptosis during sepsis, the mechanisms of this apoptotic process
are still unclear [13,44-49]. Previous work has demonstrated that
serum from patients with septic shock contain circulating factors
that can induce cellular apoptosis. However, the source and
composition of these factors have yet to be fully elucidated [50-
53]. Our work implicates caspase-1 as one of the potential
apoptotic signaling factors during sepsis.

The fact that caspase-1 circulates in MVs during sepsis is also
novel. How sepsis induces a systemic apoptosis of tissue and
circulating lymphocytes is unknown. Our finding that the
inflammasome is packaged and released in MVs provides a
mechanism by which this apoptotic message could be systemically
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targeted to other cells, though how these MVs find their target
tissue still needs to be elucidated. Furthermore, our results
demonstrate that MVs isolated from the blood of septic patients
can induce apoptosis in healthy lymphocytes and that the degree
of apoptotic cell death is directly related to the concentration of
active caspase-1 in the microvesicle. Additionally, our i vitro work
showed that this effect is blocked by inhibition of caspase-1, further
implicating caspase-1 as a signal of sepsis-induced apoptosis and
confirming previous observations by multiple investigators in
animal models [5,6,54-56].

Microvesicles have been known to be shed by cells during
activation or apoptosis and to carry different factors and proteins
[31,37-43,51,53]. Monocyte/macrophage derived MVs have
been reported to transport biologically significant amounts of
phosphatidylserine and tissue factor [37,38,41]. Members of the
caspase-related protease family have been shown to play an
important role in apoptosis [5,31,57]. However, the specific role of
caspase-1 in apoptosis is controversial. Caspase-1 knockout
animals are born healthy without detectable morphological
abnormalities, whereas caspase-3 deficient animals have major
birth defects, particularly neurological defects which imply a role
for caspase-3 in developmental apoptosis. Furthermore, we have
previously documented that spontaneous monocyte apoptosis is
not dependent upon caspase-1 but upon caspase-3 activity [33].
On the other hand, over expression of caspase-1, in a rat fibroblast
cell line induces an apoptosis which is blocked by crmA, a cowpox

March 2014 | Volume 9 | Issue 3 | 90968



A
40
p=0.01 ¢
30
S
o
a
-
0 0.05 0.1 0.15
B
5
»
[=}
s 4 p=0.03
(]
< 3
[*]
2
s 2]
E .
ey .
g 1 o 0 .
< e I
0 P ) [
0 0.05 0.1 0.15
c Caspase-1 Activity (AFU)
5
3 -
S 4 p=0.04
e
@ [ ]
s 3
(%3
[=]
s 2
E o
j * .o
(7] 1 )
g ®e o .
0 ‘. l:- °
0 01 02 03 04 05

Caspase-1 Activity (AFU)

Figure 3. Caspase-1 activity and lymphocyte apoptosis.
Caspase-1 activity measured from patient MVs correlated with the
ability to induce ex-vivo lymphocyte cell death shown in Figure 2 (A).
Microvesicles isolated from all 50 patients showed a correlation
between degree of lymphopenia and microvesicular caspase-1 activity
on day 1 (B) and day 3 (C).

doi:10.1371/journal.pone.0090968.g003

virus protein that inhibits caspase-1 [58]. The involvement of
caspase-1 in neuronal cell apoptosis is also well established.
Gagliardini ez al, 1994, observed the ability of a caspase-1 inhibitor
to prevent apoptosis induced by nerve growth factor deprivation
[59]. Furthermore, caspase-1 has been implicated in the death of
Salmonella infected dendritic cells and monocyte derived macro-
phages [15,60]. Work from our own laboratory has shown the
unique role of caspase-1 in regulating sepsis survival by regulating
splenic lymphocyte apoptosis [5]. Thus, the present work lends
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Figure 4. Release of caspase-1 in microvesicles from endotoxin
stimulated whole blood. Whole blood was stimulated with LPS for
different times (0, 0.25, 0.5, 1 and 3 h) and microvesicles were isolated
from the plasma of the stimulated blood. Caspase-1 was detected in the
microvesicles by immunoblot (A) and ELISA (B). To show specificity,
caspase-1 detection was also performed after blocking the antisera with
excess recombinant caspase-1 before immunoblot (C).
doi:10.1371/journal.pone.0090968.g004

support to the notion that caspase-1 is important in at least
selected forms of programmed cell death. Our findings suggest that
microvesicular caspase-1 can directly regulate the apoptosis of
lymphocytes and that encapsulation of this active caspase-1 in
MVs is critical for its function.

There are several limitations to our study that must be
mentioned. Overall, this is a small study with only 50 total
patients enrolled and due to the prospective nature of our
enrollment there was not an even distribution of sepsis and
critically ill control patients. We did see a difference in caspase-1
activity in septic patients versus critically ill control patients,
however this was not true for all patients examined and there was
some heterogeneity in the patient population. This may be due to
the fact that sepsis is a clinical syndrome rather than a specific
diagnosis. Often, patients admitted to the ICU are started on
empiric antibiotics thus meeting criteria for a suspected infection,
while it is difficult to confirm the presence of a true infection. This
is a limitation of all sepsis research that attempts to use other
critically ill patients as a control. Secondarily, though we were able
to demonstrate that MVs from septic patient serum induced
apoptosis in healthy lymphocytes, we did not demonstrate that the
MVs specifically target lymphocytes in vivo. Though the correlation
between absolute lymphocyte counts and caspase-1 activity
suggests this may be true. Our previous work has shown that
caspase-1 does not kill native peripheral blood monocytes or
macrophages and that lymphocytes are particularly susceptible to
sepsis-induced apoptosis compared with other tissues, thus
supporting the likelihood of lymphocyte specific targeting.

Our work does not delve into the mechanism by which caspase-
1 is killing the lymphocytes. Previous studies from our laboratory
have demonstrated that caspase-1 does induce apoptosis during
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Figure 5. Lymphocyte cell death requires encapsulation of
active caspase-1 with intact microvesicles. Whole blood was
stimulated with LPS (1 ug/ml) for 1 h and microvesicles were isolated.
Lymphocytes from healthy donors were then incubated overnight with
microvesicles isolated from unstimulated blood, i.e. control microves-
icles (CMV), or LPS (LMV), and LPS + YVAD (YVAD-LMV) treated whole
blood. Intact microvesicles from LPS treated whole blood were also
disrupted by mild homogenization (Ruptd. LMV) and analyzed for
induction of lymphocyte apoptosis. Lymphocytes were also either left
unstimulated (-LPS) or subjected to LPS directly and analyzed for cell
death. Cell death was measured by LDH (A) and Annexin V/PI assays
using flow cytometry (B) (n=3). Representative data of apoptosis of
lymphocytes by flow cytometry using Annexin V/PI assay (C).
doi:10.1371/journal.pone.0090968.g005

murine models of sepsis and that the apoptotic function is
independent of its IL-1p and IL-18 processing function [5].
However, the mechanism by which exogenous caspase-1 induces
cell death is poorly understood in general. Does it activate the
apoptosome directly or does it act via an intermediary? This will
have to be elucidated in future research.

Our analysis of the MVs was incomplete in that we did not
evaluate for genetic material such as mRNA which can be
encapsulated in MVs nor did we exclude that other cellular death

References

1. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, et al. (2001)
Epidemiology of severe sepsis in the United States: analysis of incidence,
outcome, and associated costs of care. Crit Care Med 29: 1303-1310.

2. Martin GS, Mannino DM, Eaton S, Moss M (2003) The epidemiology of sepsis
in the United States from 1979 through 2000. N Engl J Med 348: 1546-1554.

3. Hotchkiss RS, Karl IE (2003) The pathophysiology and treatment of sepsis.
N Engl J] Med 348: 138-150.

4. Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, et al. (1999)
Apoptotic cell death in patients with sepsis, shock, and multiple organ
dysfunction. Crit Care Med 27: 1230-1251.

5. Sarkar A, Hall MW, Exline M, Hart J, Knatz N, et al. (2006) Caspase-1

Regulates Escherichia coli Sepsis and Splenic B Cell Apoptosis Independently of

Interleukin-1beta and Interleukin-18. Am J Respir Crit Care Med 174: 1003
1010.

6. Hotchkiss RS, Tinsley KW, Swanson PE, Chang KC, Cobb JP, et al. (1999)
Prevention of lymphocyte cell death in sepsis improves survival in mice. Proc
Natl Acad Sci U S A 96: 14541-14546.

7. Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, et al. (1992)
Molecular cloning of the interleukin-1 beta converting enzyme. Science 256: 97
100.

PLOS ONE | www.plosone.org

Microvesicular Caspase-1 and Sepsis

signals were not present in the MVs. Our demonstration that
caspase-1 inhibition ameliorated the cell death caused by MVs
suggests at the least that caspase-1 is a significant inducer of
lymphocyte cell death. We also are unable to characterize whether
septic patients had more MVs in circulation or if their MV
concentration was similar to critically ill control patients, but that
their MVs had a higher concentration of active caspase-1. This
will need to be further evaluated in future studies likely in pre-
clinical studies.

The final limitation is that our septic patients were considerably
more ill than our critically ill patients. This was entirely due to a
higher incidence of shock in the septic patients. We adjusted our
model to control for this increased severity of illness, and still found
a significant relationship between sepsis and elevated MV
encapsulated caspase-1, but there is still the possibility that
caspase-1 may play less of a role in less severely ill septic patients.

In light of the failure of anti-inflammatory therapy for the
majority of septic patients [61], understanding the phenotype of
pro-inflammatory and pro-apoptotic sepsis is crucial to develop
new therapeutic avenues. Indeed, there was a great deal of
heterogeneity in both our septic and critically ill patients that may
represent either patient-specific or pathogen-specific factors that
influence caspase-1 release. Larger future trials may be needed to
further describe these relationships.

In summary, our results demonstrate that caspase-1 plays a
central role in the regulation of apoptosis in an ex vivo model. This
novel apoptotic event is dependent upon encapsulation of
exogenous caspase-1 into released MVs that allow targeting of
the active enzyme to the cytosol of different cells, in this study
lymphocytes. Our work provides an opportunity to further
describe a specific mechanism in human sepsis by which apoptosis
can be induced. The exact mechanism by which these MVs
recognize and target lymphocytes remains to be elucidated.

Acknowledgments

The authors wish to acknowledge the invaluable assistance of the Division
of Pulmonary, Allergy, Critical Care, and Sleep Clinical Research Office
especially Ms. Anita Kapil.

Author Contributions

Conceived and designed the experiments: MCE BYB MDW AS.
Performed the experiments: MCE SJ JLH FB SD AS. Analyzed the data:
MCE BYB MDW AS. Contributed reagents/materials/analysis tools:
MCE MDW AS. Wrote the paper: MCE AS.

8. Howard AD, Kostura MJ, Thornberry N, Ding GJ, Limjuco G, et al. (1991) IL-
1-converting enzyme requires aspartic acid residues for processing of the IL-1
beta precursor at two distinct sites and does not cleave 31-kDa IL-1 alpha.
J Immunol 147: 2964-2969.

9. Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, et al.
(1992) A novel heterodimeric cysteine protease is required for interleukin-1 beta
processing in monocytes. Nature 356: 768-774.

10. Scott AM, Saleh M (2006) The inflammatory caspases: guardians against
infections and sepsis. Cell Death Differ.

11. Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, et al.
(1996) Human ICE/CED-3 protease nomenclature. Cell 87: 171.

12. Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR (1993) The C. elegans cell
death gene ced-3 encodes a protein similar to mammalian interleukin-1 beta-
converting enzyme. Cell 75: 641-652.

13. Hotchkiss RS, Chang KC, Swanson PE, Tinsley KW, Hui JJ, et al. (2000)
Caspase inhibitors improve survival in sepsis: a critical role of the lymphocyte.
Nat Immunol 1: 496-501.

14. Boudreau N, Sympson CJ, Werb Z, Bissell MJ (1995) Suppression of ICE and
apoptosis in mammary epithelial cells by extracellular matrix. Science (New

York, N'Y) 267: 891-893.

March 2014 | Volume 9 | Issue 3 | 90968



20.

21.

33.

34.

36.

37.

38.

. Brennan MA, Cookson BT (2000) Salmonella induces macrophage death by

caspase-1-dependent necrosis. Molecular microbiology 38: 31-40.

. Martinon F, Burns K, Tschopp J (2002) The inflammasome: a molecular

platform triggering activation of inflammatory caspases and processing of prolL-
beta. Mol Cell 10: 417-426.

. Martinon F, Mayor A, Tschopp J (2009) The inflammasomes: guardians of the

body. Annual review of immunology 27: 229-265.

. Martinon F, Tschopp J (2006) Inflammatory caspases and inflammasomes:

master switches of inflammation. Cell Death Differ.

. Mariathasan S, Monack DM (2007) Inflammasome adaptors and sensors:

intracellular regulators of infection and inflammation. Nature reviews Immu-
nology 7: 31-40.

Shaw MH, Reimer T, Kim Y-G, Nunez G (2008) NOD-like receptors (NLRs):
bona fide intracellular microbial sensors. Current opinion in immunology 20:
377-382.

Tschopp J, Martinon F, Burns K (2003) NALPs: a novel protein family involved
in inflammation. Nat Rev Mol Cell Biol 4: 95-104.

. Taniguchi S, Sagara J (2007) Regulatory molecules involved in inflammasome

formation with special reference to a key mediator protein, ASC. Seminars in
immunopathology 29: 231-238.

. Elliott JM, Rouge L, Wiesmann C, Scheer JM (2009) Crystal structure of

procaspase-1 zymogen domain reveals insight into inflammatory caspase
autoactivation. The Journal of biological chemistry 284: 6546-6553.

Salvesen GS, Dixit VM (1999) Caspase activation: the induced-proximity model.
Proceedings of the National Academy of Sciences of the United States of
America 96: 10964-10967.

. Yamin TT, Ayala JM, Miller DK (1996) Activation of the native 45-kDa

precursor form of interleukin-1-converting enzyme. The Journal of biological
chemistry 271: 13273-13282.

. Fink SL, Bergsbaken T, Cookson BT (2008) Anthrax lethal toxin and Salmonella

elicit the common cell death pathway of caspase-1-dependent pyroptosis via
distinct mechanisms. Proc Natl Acad Sci U S A 105: 4312-4317.

. Cookson BT, Brennan MA (2001) Pro-inflammatory programmed cell death.

Trends in microbiology 9: 113-114.

. Fink SL, Cookson BT (2006) Caspase-1-dependent pore formation during

pyroptosis leads to osmotic lysis of infected host macrophages. Cellular

microbiology 8: 1812-1825.

. Joshi VD, Kalvakolanu DV, Hebel JR, Hasday JD, Cross AS (2002) Role of

caspase 1 in murine antibacterial host defenses and lethal endotoxemia. Infection
and immunity 70: 6896-6903.

. Monick MM, Hunninghake GW (2003) Second messenger pathways in

pulmonary host defense. Annual review of physiology 65: 643-667.

Sarkar A, Mitra S, Mehta S, Raices R, Wewers MD (2009) Monocyte derived
microvesicles deliver a cell death message via encapsulated caspase-1. PloS one
4: e7140.

. Zong WX, Ditsworth D, Bauer DE, Wang ZQ), Thompson CB (2004) Alkylating

DNA damage stimulates a regulated form of necrotic cell death. Genes Dev 18:
1272-1282.

Fahy R]J, Doseff AI, Wewers MD (1999) Spontaneous human monocyte
apoptosis utilizes a caspase-3-dependent pathway that is blocked by endotoxin
and is independent of caspase-1. ] Immunol 163: 1755-1762.

Kim H-J, Hart J, Knatz N, Hall MW, Wewers MD (2004) Janus kinase 3 down-
regulates lipopolysaccharide-induced IL-1 beta-converting enzyme activation by
autocrine IL-10. Journal of immunology (Baltimore, Md: 1950) 172: 4948-4955.

. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, et al. (2003) 2001

SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference.
Crit Care Med 31: 1250-1256.

Fahy RJ, Exline MC, Gavrilin MA, Bhatt NY, Besecker BY, et al. (2008)
Inflammasome mRNA expression in human monocytes during early septic
shock. Am J Respir Crit Care Med 177: 983-988.

Distler JHW, Huber LC, Gay S, Distler O, Pisetsky DS (2006) Microparticles as
mediators of cellular cross-talk in inflammatory disease. Autoimmunity 39: 683—
690.

Huber LC, Jungel A, Distler JHW, Moritz I, Gay RE, et al. (2007) The role of
membrane lipids in the induction of macrophage apoptosis by microparticles.
Apoptosis: an international journal on programmed cell death 12: 363-374.

. Hugel B, Martinez MC, Kunzelmann C, Freyssinet J-M (2005) Membrane

microparticles: two sides of the coin. Physiology (Bethesda, Md) 20: 22-27.

PLOS ONE | www.plosone.org

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

54.

o
=

59.

60.

61.

Microvesicular Caspase-1 and Sepsis

MacKenzie A, Wilson HL, Kiss-Toth E, Dower SK, North RA, et al. (2001)
Rapid secretion of interleukin-1beta by microvesicle shedding. Immunity 15:
825-835.

McKechnie NM, King BCR, Fletcher E, Braun G (2006) Fas-ligand is stored in
secretory lysosomes of ocular barrier epithelia and released with microvesicles.
Experimental eye research 83: 304-314.

Qu Y, Franchi L, Nunez G, Dubyak GR (2007) Nonclassical IL-1 beta secretion
stimulated by P2X7 receptors is dependent on inflammasome activation and
correlated with exosome release in murine macrophages. Journal of immunology
(Baltimore, Md: 1950) 179: 1913-1925.

Wewers MD (2004) IL-1beta: an endosomal exit. Proceedings of the National
Academy of Sciences of the United States of America 101: 10241-10242.
Vaki I, Kranidioti H, Karagianni V, Spyridaki A, Kotsaki A, et al. An early
circulating factor in severe sepsis modulates apoptosis of monocytes and
lymphocytes. J Leukoc Biol 89: 343-349.

. Brabant D, Michael P, Bleiblo F, Saleh M, Narain R, et al. (2011) Septic sera

induces apoptosis and DNA fragmentation factor 40 activation in fibroblasts.
Biochemical and biophysical research communications 412: 260-265.

Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, et al. (1998)
Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine mechanisms involving TGF-
beta, PGE2, and PAF. The Journal of clinical investigation 101: 890-898.
Fantuzzi G, Zheng H, Faggioni R, Benigni F, Ghezzi P, et al. (1996) Effect of
endotoxin in IL-1 beta-deficient mice. Journal of immunology (Baltimore, Md:
1950) 157: 291-296.

Hotchkiss RS, Swanson PE, Knudson CM, Chang KC, Cobb JP, et al. (1999)
Overexpression of Bel-2 in transgenic mice decreases apoptosis and improves
survival in sepsis. Journal of immunology (Baltimore, Md: 1950) 162: 4148—
4156.

Li P, Allen H, Banerjee S, Franklin S, Herzog L, et al. (1995) Mice deficient in
IL-1 beta-converting enzyme are defective in production of mature IL-1 beta
and resistant to endotoxic shock. Cell 80: 401-411.

Kumar A, Kumar A, Michael P, Brabant D, Parissenti AM, et al. (2005) Human
serum from patients with septic shock activates transcription factors STATI,
IRF1, and NF-kappaB and induces apoptosis in human cardiac myocytes. ] Biol
Chem 280: 42619-42626.

Martinez MC, Tesse A, Zobairi F, Andriantsitohaina R (2005) Shed membrane
microparticles from circulating and vascular cells in regulating vascular function.
American journal of physiology Heart and circulatory physiology 288: H1004—
1009.

Vaki I, Kranidioti H, Karagianni V, Spyridaki A, Kotsaki A, et al. (2011) An
carly circulating factor in severe sepsis modulates apoptosis of monocytes and
lymphocytes. ] Leukoc Biol 89: 343-349.

. Watanabe J, Marathe GK, Neilsen PO, Weyrich AS, Harrison KA, et al. (2003)

Endotoxins stimulate neutrophil adhesion followed by synthesis and release of
platelet-activating factor in microparticles. The Journal of biological chemistry
278: 33161-33168.

Grobmyer SR, Armstrong RC, Nicholson SC, Gabay C, Arend WP, et al. (1999)
Peptidomimetic fluoromethylketone rescues mice from lethal endotoxic shock.
Mol Med 5: 585-594.

. Li P, Allen H, Banerjee S, Seshadri T (1997) Characterization of mice deficient

in interleukin-1 beta converting enzyme. J Cell Biochem 64: 27-32.

. Wang W, Faubel S, Ljubanovic D, Mitra A, Falk SA, et al. (2005) Endotoxemic

acute renal failure is attenuated in caspase-1-deficient mice. Am J Physiol Renal

Physiol 288: 1'997-1004.

. Hotchkiss RS, Nicholson DW (2006) Apoptosis and caspases regulate death and

inflammation in sepsis. Nat Rev Immunol 6: 813-822.

. Miura M, Zhu H, Rotello R, Hartwieg EA, Yuan J (1993) Induction of apoptosis

in fibroblasts by IL-1 beta-converting enzyme, a mammalian homolog of the C.
elegans cell death gene ced-3. Cell 75: 653-660.

Gagliardini V, Fernandez PA, Lee RK, Drexler HC, Rotello R]J, et al. (1994)
Prevention of vertebrate neuronal death by the crmA gene. Science (New
York, N'Y) 263: 826-828.

van der Velden AWM, Velasquez M, Starnbach MN (2003) Salmonella rapidly
kill dendritic cells via a caspase-1-dependent mechanism. Journal of immunology
(Baltimore, Md: 1950) 171: 6742-6749.

Riedemann NC, Guo RF, Ward PA (2003) The enigma of sepsis. J Clin Invest
112: 460-467.

March 2014 | Volume 9 | Issue 3 | 90968



