Inflammasome mRNA Expression in Human Monocytes

during Early Septic Shock
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Rationale: Monocytes are central to the initiation of the inflamma-
tory response in sepsis, with caspase-1 activation playing a key role.
Monocyte deactivation during sepsis has been linked to poor out-
comes.

Objectives: Given the importance of caspase-1 in the immune re-
sponse, we investigated whether monocytes from patients early in
septic shock demonstrate alterations in mRNAs for caspase-1-
related molecules.

Methods: Patients with septic shock (n = 26; age >18 years), critically
ill intensive care unit patients (n = 20), and healthy volunteers (n =
22) were enrolled in a prospective cohort study in a university in-
tensive care unit. Demographic, biological, physiologic, and plasma
cytokine measurements were obtained. Monocytes were assayed for
ex vivo tumor necrosis factor-a production, and fresh monocyte
mRNA was analyzed by quantitative reverse-transcription polymer-
ase chain reaction for Toll-like receptors, NOD-LRR proteins, cyto-
kines, and nuclear factor-xB-related genes.

Measurements and Main Results: Relative copy numbers for the
inflammasome mRNAs for ASC, caspase-1, NALP1, and Pypaf-7 were
significantly lower in patients with septic shock compared with crit-
ically ill control subjects. NALP1T mRNA levels were linked to survival
in patients with sepsis (P = 0.0068) and correlated with SAPS Il scores
(r=-0.63).

Conclusions: These data suggest that monocyte deactivation occurs
during the earliest stages of the systemicinflammatory response and
that changes in inflammasome mRNA expression are part of this
process.

Keywords: inflammasome; monocytes; septic shock; messenger RNA;
NALP1

Sepsis is a leading cause of death in the United States, accounting
for an estimated 215,000 deaths per year (1). Although the precise
cause of death in sepsis is unclear, in patients who die there seems
to be progression from a generalized inflammatory response,
referred to as the systemic inflammatory response syndrome
(SIRS) (2), to progressive organ failure, known as multiorgan
dysfunction syndrome (3).

Of the initial mediators of sepsis, inflammatory cytokines play
a key role (4). There is also evidence for increased antiinflamma-
tory cytokine production including IL-10, IL-1RA, and soluble
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Novel intracellular sensors and regulators of caspase-1
(termed NLRs) modulate innate host responses. These
NLRs assemble in response to bacterial and other exoge-
nous challenges and induce major adaptive responses.

What This Study Adds to the Field

This study in critically ill humans shows that major changes
in caspase-1 regulatory molecules occur in severe septic
shock and correlate with the severity of illness.

tumor necrosis factor (TNF) receptors I and II (5, 6). After
activation of the innate immune response, monocytes play an
important role in initiating the SIRS response. Not only do they
release inflammatory cytokines, but de novo replication in the
bone marrow increases their numbers (7), and with circulation
they can migrate to sites of inflammation in tissue (8).

Recent studies of Toll-like receptors (TLRs) (9) and the
activation of IL-1B (10), a key inflammatory cytokine, have
resulted in new insights into the sepsis response. TLRs enable
cells to identify pathogens such as bacteria, fungi, and viruses
(11). Activation of TLRs promotes recruitment and activation of
adapters and signaling intermediates collectively termed the
“signalosome,” which results in the translocation of nuclear
factor (NF)-«kB protein dimers to the nucleus, where they pro-
mote expression of genes involved in the immune inflammatory
response.

Among these acute reactions, IL-1B secretion, through the
activation of caspase-1, is a pivotal event in the inflammatory
response (12). The post-translational activation of caspase-1 is
tightly regulated by a complex of proteins termed the “inflam-
masome,” the known components of which include caspase-1,
apoptosis-associated speck-like protein containing a CARD
(ASC), NALP1 (NACHT, leucine-rich repeat and pyrin domain
containing 1), and caspase-5 (13). Alternate inflammasome con-
structions have been suggested to contain pyrin (14, 15), NALP3
(14), and other members of the NOD-LRR (NLR) family
(16, 17). ASC facilitates inflammasome assembly, thus triggering
caspase-1 activation and IL-1B processing. ASC can also regu-
late the NF-kB pathway, thus linking the inflammasome to the
signalosome (18).

Animal and human studies have highlighted the importance of
the inflammasome pathways in the inflammatory response to
sepsis (19). For example, caspase-1 knock-out mice are protected
from endotoxin and Escherichia coli-induced sepsis (20, 21),
while a naturally occurring polymorphism for human caspase-12,
a putative regulator of caspase-1, has been linked to sepsis (22,
23). Thus, caspase-1 activation seems to be a prerequisite for
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acompetent immune response (24). Similarly, pyrin—the protein
mutated in familial Mediterranean fever—has been shown to
regulate production of mature IL-1B by complexing with pro-
caspase-1 and ASC (14). When mutated, as in the case of familial
Mediterranean fever, excess inflammation results.

Given the relationship of caspase-1 to sepsis, we sought to
determine if there were alterations in the caspase-1 inflamma-
some in human septic shock. We hypothesized that the molecules
involved in IL-1P activation (inflammasome) and NF-«kB activa-
tion (signalosome) would most likely be altered in patients with
the most severe form of sepsis (i.e., septic shock) and that these
alterations may have prognostic significance. Therefore, we
studied patients with septic shock and analyzed whether mRNA
expression of components of the inflammasome, the signalosome,
and cytokines differed significantly between patients with septic
shock, critically ill nonseptic intensive care unit (ICU) patients,
and normal control subjects.

METHODS
Study Design

After institutional review board approval and informed consent was
obtained, patients admitted to the medical ICU who met the following
criteria (modified from the 2001 Society of Critical Care Medicine/
European Society of Intensive Care Medicine/American College of
Chest Physicians/ American Thoracic Society/Surgical Infections Society
consensus statement) for the diagnosis of septic shock (25) were pro-
spectively studied. These included only patients who had confirmed or
suspected infection (bacterial, viral, fungal) at the time of screening
(suspected infection was defined as the presence of SIRS with hypoten-
sion in the absence of obvious causes of the same); who had met three of
the following four sepsis criteria within a 24-hour period: (1) fever (core
temperature >38.3°C) or hypothermia (core temperature <36°C), (2)
heart rate greater than 90 beats per minute or more than 2 SD above the
normal value for age (except patients with conditions known to increase
heart rate or those receiving treatment that would prevent tachycardia),
or (3) tachypnea, defined as a respiratory rate =20 breaths per minute or
a Paco, <32 mm Hg or the use of mechanical ventilation for an acute
respiratory process, or (4) leukocytosis (WBC count >12,000/l) or
leukopenia (WBC count <4,000/wl) or normal WBC count with >10%
immature forms; and who had cardiovascular dysfunction defined as
systolic blood pressure (SBP) <90 mm Hg or mean arterial pressure <60
mm Hg, a decrease of SBP >40 mm Hg from baseline for at least 1 hour
despite adequate fluid resuscitation or adequate intravascular volume
status, or the use of vasopressors to maintain a SBP =90 mm Hg or
a MAP =70 mm Hg. All patients enrolled were required to have had
blood sampled within 24 hours of the diagnosis of septic shock. Exclusion
criteria primarily excluded patients who were immune compromised and
are detailed in the online data supplement (Table E1).

Twenty-two healthy volunteers (age, 46 yr; interquartile range [IQR],
41.5-66.2; male/female ratio, 10/12) and 20 critically ill nonseptic ICU
patients (age, 53 yr; IQR, 43.2-61.7; male/female ratio, 8/12) were studied
for comparison to the sepsis samples. Patients eligible for inclusion in
the critically ill nonseptic arm were patients within 24 hours of ICU
admission without known or suspected infection based on review of
treating physicians’ assessment, lack of antibiotic therapy (except for
prophylactic therapy), and negative microbiologic and radiographic
signs of infection. Admitting diagnoses included gastrointestinal hem-
orrhage (n = 6), cerebral vascular accident (n = 2), seizure disorder (n =
2), altered mental status/substance abuse (n = 3), and miscellaneous (n =
7). All sepsis and control blood samples were obtained between 7 A.M.
and 2 p.m.

Monocyte Purification

Monocytes from patients with septic shock, critically ill ICU control
subjects, and healthy volunteers were isolated from fresh donor blood by
Histopaque-1077 (Sigma-Aldrich, St. Louis, MO) density gradient
centrifugation at 600 X g for 20 minutes at room temperature. The
mononuclear layer was removed and washed twice in RPMI 1640
(BioWhittaker, Walkersville, MD). Monocytes were isolated by positive

selection with anti-CD14-coated magnetic beads (Miltenyi Biotec,
Auburn, CA) according to the manufacturer’s instructions. This method
consistently yields =98% pure population of CD14* cells, confirmed by
flow cytometry analysis. Purified monocytes were used in experiments
immediately after isolation.

Plasma Cytokine Measurements

Heparinized blood from cases and control subjects was spun at 1,200 X g
for 10 minutes at 4°C. The plasma carefully removed and subjected to
cytokine analysis using an Immulite automated chemiluminometer
(Siemens Medical Solutions Diagnostics, Los Angeles, CA).

RNA Isolation

RNA was extracted by Trizol reagent (Invitrogen, Live Technologies,
Carlsbad, CA), and 1 to 2 pg of total RNA was reverse transcribed to
c¢DNA by ThermoScript RNase H- Reverse Transcriptase (Invitrogen
Life Technologies) and diluted to 100 wl. The converted cDNA (20-60
ng) was used for quantitative polymerase chain reaction (PCR) with
SYBR Green PCR Master Mix in the PRISM 7700 sequence detection
system (Applied Biosystems, Foster City, CA). We used relative quan-
tification to evaluate the expression of selected genes linked to endotoxin
signaling, cytokines, receptors, and the recently described NLR family.
Once selected, primer pairs were validated by PCR and high-resolution
gel electrophoresis to have a single band of the desired size dimmers that
were free of primer. Relative copy numbers (RCNs) of selected genes
were determined by normalization to the expression of two housekeep-
ing genes, GAPDH and CAP-1 (cyclic AMP-accessory protein), and
calculated with the following equation:

RCN =E*“ x 100

where E is the efficiency of PCR, and ACt is the Ct target — Ct
reference (average of two housekeeping genes). PCR efficiency was
calculated by the equation

E= 10(71/slope)

as previously reported (26).

Ex Vivo Cytokine Production Assay

Whole blood (50 pl) was added to 500 pl of stimulation solution
containing 500 pg per milliliter lipopolysaccharide (Milenia Biotec,
Bad Nauheim, Germany). This mixture was incubated at 37°C for 4
hours. After centrifugation at 1000 X g for 5 minutes, the supernatant
was assayed for TNF-o using the Immulite automated chemilumin-
ometer (Siemens Medical Solutions Diagnostics).

Statistical Analysis

Comparisons between groups were made on clinical samples collected
within 24 hours of the diagnosis of septic shock. Statistical analysis was
performed using JMP 6.0.0 (SAS Institute, Cary, NC).

Specific mRNA expression parameters between all patient groups in
the inflammasome, signalosome, and inflammatory cytokine groupings
were compared with the Kruskal-Wallis nonparametric test using
Bonferroni correction for multiple tests. A P value of 0.002 was accepted
as statistically significant. Genes meeting significance were analyzed
pairwise between septic shock, critically ill ICU, and healthy control
groups using the Wilcoxon rank-sum test, and P < 0.05 was accepted as
statistically significant. To evaluate the relationship between mRNA
levels and survival, comparisons were made between septic shock
survivors and nonsurvivors using nominal logistic regression. Spearman’s
rank correlations were used to describe associations between continuous
variables. All reported P values are based on two-tailed tests. Mortality
was defined by survival to hospital discharge unless otherwise noted.

RESULTS

Patients

A total of 26 patients with septic shock, 20 critically ill ICU
control subjects, and 22 healthy control subjects were enrolled in
the study. The majority of the study subjects were male. In the
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patients with septic shock, the median age was 51.5 years, in-
hospital mortality was 57%, and a source of infection was
identified in two thirds of patients, similar to previous studies
(27). The median times from sepsis onset and septic shock onset to
blood sampling were 30 hours (IQR, 15-53) and 10.5 hours (IQR,
8-14), respectively. The median Acute Physiology and Chronic
Health Evaluation (APACHE) II score was 34. Critically ill
control subjects had a median age of 53 years, an in-hospital
mortality of 5%, and a median APACHE Il score of 12 (Table 1).

Cytokine Measurements

After enrollment, plasma samples taken from patients within 24
hours of onset of septic shock were measured for selected pro- and
antiinflammatory cytokines. Plasma cytokine levels were signif-
icantly elevated in the patients with septic shock in comparison to
critically ill and normal control subjects (Table 2), consistent with
the presence of systemic inflammation. When septic survivors
were compared with nonsurvivors, plasma IL-6, IL-8, and IL-10
levels were significantly elevated in nonsurvivors (P < 0.0005,
P < 0.0012, and P < 0.0096, respectively).

Because monocyte deactivation is considered to be a signifi-
cant contributor to the sepsis response, we measured whole-blood
ex vivo lipopolysaccharide-induced TNF-a production capacity
in healthy control subjects and in patients with septic shock within
our cohort. The median TNF-« release in picograms per milliliter
was 649 (IQR, 479-994) for control subjects, 547 (IQR, 204.5—
1551) for survivors, and 191 (IQR, 79.3-532.5) for nonsurvivors.
Nonsurvivors differed from control subjects (P < 0.008) and
trended different from survivors (P = 0.08).

TABLE 1. CLINICAL PARAMETERS FOR 26 SEPTIC AND
20 CRITICALLY ILL CONTROL PATIENTS

Critically Il
Characteristics Septic Control Subjects
Age, yr 51.5 (41.5 to 66.2)* 53 (43.2t0 61.7)

Sex (M/F) 18/8 8/12
Pao,/Fio,, mm Hg 154 (101 to 154) 355 (209 to 513)

Hospital days 9.5 (5 to 24) 6(4to7)
ICU length of stay, d 6 (2to 14) 2 (2to02.8)
Ventilator days 5(1to12.5) 0@to1)

24-h net fluid balance, L 2.4 (1.2t05.7) 1.2 (0.4 to 2.9)

MAP, mm Hg 59 (52.5 to0 62.5) 59.5 (52.2 to 81.5)
APACHE score 34 (27.7 to 45.2) 12 (8.3t0 18)
SAPS Il score 52 (38.2t0 67.4) 30.5 (21 to 37.5)
SOFA score 13 (8.7 to 15.5) 3(1to6.8)

Hospital mortality 1/20 (5%)
Site of Infection (n = 26)
Abdomen
Pulmonary
Skin/line
Urinary tract
Multiple sites
CSF
Unknown
Microbiology (n = 26)
Gram positive
Gram negative
Mixed
Unknown
Positive cultures (n = 26)
Blood 37%
All sites 66%

15/26 (57%)

A= N WL L N

i
AN 0O

Definition of abbreviations: APACHE = Acute Physiology and Chronic Health
Evaluation; CSF = cerebral spinal fluid; MAP = mean arterial pressure; SAPS =
Simplified Acute Physiology Score; SOFA = Sepsis-related Organ Failure Assess-
ment.

* Median and interquartile range.

mRNA Expression in Patients with Septic Shock versus
Control Groups

The three mRNA groupings (inflammasome, cytokine, and
signalosome) are highlighted in Table 3. mRNA expression
patterns for these groups were compared using the Kruskal-
Wallis nonparametric test with Bonferroni correction for mul-
tiple comparisons between control subjects, critically ill subjects,
and patients with septic shock. Within the inflammasome group,
mRNA levels for caspase-1 and NALP1 were significantly lower
in patients with septic shock versus critically ill control or nor-
mal subjects, consistent with our hypothesis that sepsis induces
substantial alterations in inflammasome components. Septic
ASC and Pypaf-7 levels were significantly suppressed compared
with critically ill subjects. In the cytokine group, IL-1B and TNF-a
mRNA expression were significantly lower in patients with
septic shock compared with normal control subjects, whereas
IL-18 mRNA levels were significantly elevated compared with
critically ill subjects. Within the signalosome grouping, there
were significant differences between patients with septic shock
and normal subjects in IRAK1 and TLR2 and between patients
with septic shock and critically ill control subjects in IRAKI1,
IRAK2, RIP2, and TLR-2.

Comparison of Inflammasome mRNA Expression between
Septic Shock Survivors and Nonsurvivors

To determine the relationship between survival and selected
mRNA levels, comparisons were made between septic shock
survivors and nonsurvivors (Table 4). Of the inflammasome com-
ponents, only NALP1 was significantly different between hospital
survivors and nonsurvivors. NALP1 was higher in patients with
septic shock who survived to Day 7, Day 30, and to hospital
discharge as compared with nonsurvivors. When NALP1 mRNA
copies for the normal subjects, critically ill control, septic
shock hospital survivor, and nonsurvivor groups were compared,
the nonsurvivor group differed from normal control subjects,
critically ill control subjects, and the sepsis survivor groups
(Figure 1).

Logistic regression analysis for the sepsis group revealed that
NALP1 was an independent determinant of mortality at 7 days
(P = 0.0026), in hospital (P = 0.0068), and at 30 days (P =
0.0312). The sensitivity and specificity of NALP1 mRNA to
predict survival, using a cut point of 5.0 RCN, were 69% and
92%, respectively, for 7-day survival and 73% and 87%, re-
spectively, for hospital survival. Stated as an odds ratio, for
every 5-RCN-unit increase in NALPI1, the odds of hospital
survival increases 3.6-fold.

Severity of lliness Scores and Survival

All three severity of illness scoring systems (APACHE II, SAPS
II [Simplified Acute Physiology Score II], and SOFA [Sepsis-
related Organ Failure Assessment]) had predictive power in
identifying 7-day mortality, hospital mortality, and 30-day
mortality (logistic regression) in the septic shock cohort of
patients. Given the association between NALP1 and survival, it
is relevant to note that NALP1 also correlated significantly with
severity of illness scores (APACHE II, P = 0.002; SAPSII, P =
0.0005; and SOFA, P = 0.025), providing biological plausibility
for the NALP1 association with mortality.

DISCUSSION

As part of the innate host defense, monocytes recognize patho-
gens with highly conserved sensors, termed pattern recognition
receptors. TLRs, which are cell-surface sensors, activate signal-
ing cascades that induce an inflammatory response, whereas
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TABLE 2. CYTOKINE MEASUREMENTS FROM SEPTIC SHOCK CASES AND CONTROLS*

VOL 177 2008

Septic Shock

Control Critically 1ll Patients P value

Subjects Control Subjects with Sepsis Survivors Nonsurvivors (Survivors vs.
Cytokine (n=10) (n = 20) (n=24) (n=11) (n=13) Nonsurvivors)
IL-1B8 All <DL All <DL 12.1* (19 <DL, 440) All <DL (5, 5) 12.1* (8 <DL, 440) 0.041
TNF-a 5.9 (3 <DL, 10.3) 10.7 (4 <DL, 37.8) 28.6 (4.6, 437) 28.5 (4.6, 437) 28.7 (6.8, 197) 0.34
IL-6 — (9 <DL, 37.1) 19.9 (2 <DL, 257) 322 (6.5, 52,668) 39.9 (6.5, 1,168) 3,081 (73.4, 52,668) 0.0005
IL-8 — (8 <DL, 6.9) 12 (7 <DL, 52.4) 76.8 (6.1, 3,205) 37.6 (6.1, 108) 76.8 (21.2, 3,205) 0.0012
IL-10 All <DL 9.7 (11 <DL, 33.7) 39.9 (5 <DL, 934) 11.5 (4 <DL, 177) 61.8 (1 <DL, 934) 0.0096

Definition of abbreviations: <DL = less than the detectable limit of 4 pg/ml for TNF-a or 5 pg/ml for rest; TNF-a = tumor necrosis factor-a.

* Displayed are the plasma cytokine determinations quantified by chemiluminescence in picograms per milliliter (median * range) from normal control subjects and

critically ill control patients as compared with the initial blood draw from 24 patients with septic shock.

T Sepsis survivors were compared with nonsurvivors. P values are shown for IL-18 and IL-10 by Fisher exact and for TNF-q, IL-6, and IL-8 by Wilcoxon.

 This value is the median of five detectable values.

intracellular sensors, as exemplified by NLRs, regulate NF-«kB
and caspase-1 activation (28). Both pattern recognition receptors
identify conserved motifs present on many different microorgan-
isms. The TLRs signal the induction of proinflammatory cyto-
kines, including IL-1B, a pivotal cytokine in acute inflammation.
Given IL-1B’s key role in inflammation, its processing and release

TABLE 3. RELATIVE COPY NUMBERS OF MONOCYTE mRNA

FOR GROUPS
Control Subjects Critically 1ll Septic Shock
Inflammasome
ASC 16 (10, 26) 39.9 (35.6, 45.6) 19 (13, 29)°
Caspase-1 52 (40, 65) 33.9 (28.6, 39.9) 20 (12, 39)*
Caspase-5 20 (17, 28) 13.8(12.2, 16.4) 18 (11, 25)
IPAF 7.8 (6, 10) 9.4 (8.1,12.2) 10 (6.6, 17)
NALP1 11.6 (8,17) 8.2 (6.9, 14.8) 4.0 (2.4, 9.2)*"
NALP3 6.4 (4.7, 8.6) 5.6 (3.6, 6.5) 5.2(2.2,12)
Pypaf-7 3.6 (2.8, 5.2) 5.2 (4.8, 6.0) 2.8 (1.7, 4.3)
Pyrin 10.8 (7.7, 16) 8.6 (4.4,11.6) 5.0(2.1,12)
Cytokine
IL-18 7.5 (6, 14) 4.1 (1.5, 5.6) 1.9 (1.1, 5.5)*
IL-6 0.008 0.001 0.004
(0.002, 0.02) (0.0001,0.01) (0.0002, 0.01)
TNF-a 2.0(1.3,3.8) 0.6 (0.3, 0.6) 0.6 (0.2, 0.9)*
IL-10 0.8 (0.3, 1.2) 0.1 (0.07, 0.2) 1.4 (0.5, 2.7)
IL-Tra 2.8 (1.9, 4.4) 2.1 (1.7,3.2) 1.5(0.7, 4.2)
IL-18 1.3(0.8,1.7) 0.09 (0.002, 0.15) 1.0 (0.03, 2.0)"
Signalosome
Ik-Baw 82 (55, 115) 40 (28, 88) 82 (42, 135)
IRAK-1 3.8 (1.9, 6.0) 6.2 (3.9,7.4) 1.3 (0.6, 4.3)*'
IRAK-2 0.68 (0.4, 1.2) 0.09 (0.06, 0.11) 0.62 (0.1, 1.4)"
IRAK-M 8.4 (4.4,11) 3.6 (2.1, 5.2) 10 (2.8, 15.0)
MAIL 5.7 (4,11) 8.7 (4.8, 14.8) 5.9(4.0,9.4)
NF-kB p50 7.3(3.2,9.4) 1.6 (1.3, 2.1) 3.0 (0.8, 8.0)
NF-kB p65 4.0 (1.3, 6.2) 1.6 (1.2,2.2) 1.6 (0.3, 3.3)
NOD-1 0.4 (0.2, 0.5) 0.3 (0.2, 0.4) 0.2 (0.05, 0.8)
NOD-2 4.0 (3.4, 5.7) 3.8(1.8,4.2) 2.5 (1.0, 5.3)
RIP-2 21 (13, 32) 3.6 (3.2, 4.2) 11 (4.8, 26)
TLR-2 54 (34, 63) 30 (23, 36) 70 (59, 91)*
TLR-4 11 (6.3, 15) 15 (11, 21) 9.4 (6.0, 14)

Definition of abbreviations: NF-kB = nuclear factor-«B; TLR = Toll-like receptor;
TNF-a = tumor necrosis factor-a.

Shown are monocyte mRNA expression levels, expressed as relative copy
numbers median, 25th and 75th quartiles in parentheses, from 26 patients with
septic shock within 24 h of onset of diagnosis, 20 critically ill control subjects, and
22 normal individuals. Significance was determined by comparing the three
groups by Kruskal-Wallis test after Bonferroni correction for multiple testing
within mRNA expression groups. Subsequent subject group pairwise compar-
isons were made by individual Wilcoxon tests, with P values as listed below.
Alternate gene names are listed in Table E2.

* P < 0.05 septic shock vs. control subjects.

TP < 0.05 septic shock vs. critically ill.

is highly regulated. Synthesized in an inactive pro-form, IL-18
requires cleavage by caspase-1 (12). Caspase-1 activity is highly
regulated by a complex of proteins termed the inflammasomes
(29). The relation of the inflammasome to sepsis may be predicted
given the finding that caspase-1-deficient mice are protected
when exposed to lethal doses of endotoxin (20) and to lethal
peritoneal E. coli infection (21).

The finding that monocyte gene expression for caspase-1,
ASC, and NALP1 (major components of the inflammasome) is
significantly lower in patients with septic shock than in critically
ill control subjects is novel. Indeed, monocyte ex vivo TNF-a
release was suppressed in sepsis nonsurvivors as well. This
sepsis-induced monocyte deactivation was evident when plasma
cytokines were significantly elevated and patients were clini-
cally in septic shock. The source of plasma cytokines was not
addressed in this study.

Whether this monocyte inflammasome down-regulation
reflects the normal response to infection in general or is specific
to septic shock remains to be determined. Further studies of
patients with less severe infections may be informative. Also,
because it is likely that the earliest sepsis response is immune
activation, studying monocyte activation levels even earlier in the
course of the response may be informative and relevant to the role
of antiinflammatory therapy in sepsis. Analyzing mRNA patterns
over time in patients who resolve their sepsis may provide useful
information as to how long patient monocytes remain deactivated.

In relation to monocyte cytokine mRNA, the trend was also
one of down-regulation, with TNF-a and IL-1 being significantly
reduced, whereas IL-10 mRNA levels trended higher in patients
with septic shock. Under normal circumstances, the initial proin-
flammatory monocyte response may be transient, followed by
a normal down-regulation of monocyte responsiveness once the
inflammatory signal is transferred to other immune cells. This

TABLE 4. MONOCYTE mRNA EXPRESSION* IN HOSPITAL
SURVIVORS AND NONSURVIVORS

mRNA Coding for Survivors Nonsurvivors P value
ASC 17.4 (13.0, 58.8) 20.2 (9.4, 23.1) 0.3
Caspase-1 18.2 (4.9, 44.1) 22.1 (15.9, 38.5) 0.3
Caspase-5 19.0 (13.4, 37.3) 15.5 (9.8, 24.4) 0.22
IPAF 11.6 (6.6, 28.6) 8.8 (6.6,17.2) 0.3
NALP1 7.8 (4.0, 15.8) 3.1 (1.6, 4.2) 0.0064
Pyrin 3.5(1.2,11.2) 5.6 (3.1,13.2) 0.28
NALP3 9.1 (4.6, 11.8) 3.5(2.0,12.1) 0.15
Pypaf-7 3.1 (1.6, 5.3) 2.6 (1.9, 3.1) 0.5

* mRNA expressed as relative copy numbers showing the median, 25th and
75th quartiles in parentheses, and the P value from Wilcoxon test.
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Figure 1. NALP1 (NACHT, leucine-rich repeat and pyrin domain
containing 1) and hospital survival. Plot of NALPT mRNA levels from
monocytes of normal subjects (open circles; n = 22), critically ill control
subjects (open squares; n = 20), and patients with septic shock who
survived to hospital discharge (half-closed squares; n = 11) or died in
hospital (closed squares; n = 15). Monocytes were collected within 24
hours of septic shock and subjected to quantitative polymerase chain
reaction. Individual points and medians are shown. Post hoc P values for
pairwise comparisons based on Wilcoxon test demonstrated that there
was no statistical difference between the normal subjects, the critically
ill control subjects, and sepsis survivors; however, the NALP1 levels for
sepsis nonsurvivors was less than for sepsis survivors (P = 0.0064).

could be due, in part, to the simultaneous release of antiinflam-
matory signals such as IL-10, which also down-regulates caspase-1
(30). As first suggested over a decade ago, this decreased mono-
cyte inflammatory response in the setting of severe sepsis may be
maladaptive, predisposing to opportunistic infections (31, 32).
Our data suggest that altered expression of inflammasome com-
ponents may play an important role in this phenomenon.

In this context, it is important to point out a caveat of our study.
We do not have the mechanism to study monocytes that may have
been sequestered intravascularly or into sites of infection or
organ injury. Therefore, the monocyte deactivation phenomenon
that we have described can only be attributed to cells still in
circulation. Future studies addressing tissue monocytes in com-
parison to circulating cells will be important.

Regarding mortality, increased severity of illness scores in our
sepsis population were a determinant of hospital mortality, with
the SAPS II being most closely linked. Inflammasome compo-
nents also correlated with disease severity scores, with NALP1
showing the highest correlation, suggesting that regulation of the
inflammasome within 24 hours of onset of shock may reflect the
severity of illness.

Within the sepsis group, of the inflammasome components
that were significantly altered, NALP1 alone was an independent
determinant of mortality at 7 days, hospital survival, and 30-day
mortality and was more specific than SAPS II in determining
7-day survival. In this context, a recent report demonstrated that
NALP1 gene polymorphisms in inbred mouse strains correlate
with macrophage lethality to anthrax lethal toxin (33). Further-
more, a human NALP1 polymorphism was recently linked to the
immunodeficiency state associated with familial vitiligo (34).
Thus, the sepsis-induced suppression of NALP1 may induce
a transient immunosuppressive phenotype to monocytes.

In conclusion, deactivation of monocytes appears within 24
hours of onset of human septic shock and is reflected by a decrease

in mRNA levels of inflammasome components and proinflam-
matory cytokine message. Studies regarding role of the inflam-
masome in the sepsis response may affect future therapeutic
interventions.
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