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Objectives: To determine the effect of severe sepsis on monocyte
tumor necrosis factor-a—converting enzyme baseline and induc-
ible activity profiles.

Design: Observational clinical study.

Setting: Mixed surgical/medical teaching hospital ICU.

Patients: Sixteen patients with severe sepsis, 15 healthy volun-
teers, and eight critically ill patients with noninfectious systemic
inflammatory response syndrome.

Interventions: None.

Measurements and Main Results: Monocyte expression of human
leukocyte antigen-D-related peptide, sol-tumor necrosis factor
production, tumor necrosis factor-a—converting enzyme expres-
sion and catalytic activity, tumor necrosis factor receptor 1 and 2
expression, and shedding at 48-hour intervals from day O to day 4,
as well as p38-mitogen activated protein kinase expression. Com-
pared with healthy volunteers, both sepsis and systemic inflamma-
tory response syndrome patients’ monocytes expressed reduced
levels of human leukocyte antigen-D-related peptide and released
less sol-tumor necrosis factor on in vitro lipopolysaccharide stimu-
lation, consistent with the term monocyte deactivation. However,
patients with sepsis had substantially elevated levels of basal tumor
necrosis factor-a—converting enzyme activity that were refractory to
lipopolysaccharide stimulation and this was accompanied by simi-
lar changes in p38-mitogen activated protein kinase signaling. In
patients with systemic inflammatory response syndrome, monocyte
basal tumor necrosis factor-a—converting enzyme, and its induc-
tion by lipopolysaccharide, appeared similar to healthy controls.
Changes in basal tumor necrosis factor-a—converting enzyme activ-
ity at day O for sepsis patients correlated with Acute Physiology and
Chronic Health Evaluation Il score and the attenuated tumor necro-
sis factor-a—converting enzyme response to lipopolysaccharide
was associated with increased mortality. Similar changes in mono-
cyte tumor necrosis factor-o—converting enzyme activity could be
induced in healthy volunteer monocytes using an in vitro two-hit
inflammation model. Patients with sepsis also displayed reduced
shedding of monocyte tumor necrosis factor receptors upon stimu-
lation with lipopolysaccharide.

www.ccmjournal.org 1

Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.


mailto:anthony.gordon@imperial.ac.uk

O'Callaghan et al

Conclusions: Monocyte tumor necrosis factor-a—converting
enzyme catalytic activity appeared altered by sepsis and may result
in reduced shedding of tumor necrosis factor receptors. Changes
seemed specific to sepsis and correlated with illness severity.
A better understanding of how tumor necrosis factor-a—converting
enzyme function is altered during sepsis will enhance our under-
standing of sepsis pathophysiology, which will help in the assess-
ment of patient inflammatory status and ultimately may provide new
strategies to treat sepsis. (Crit Care Med 2015; XX:00-00)

Key Words: humans; monocytes; sepsis; systemic inflammatory
response syndrome; tumor necrosis factor-a; tumor necrosis
factor-a—converting enzyme

ity. Current treatment options are limited to prompt

source control, appropriate antibiotics, cardiorespiratory
resuscitation, and general organ support (1), with attempts to
develop new immunological therapies proving unsuccessful
(2-6). A better understanding of how sepsis affects leukocyte
function may help identify new therapeutic strategies.

Altered leukocyte function occurs in response to inflamma-
tion. Monocytes in critically ill patients can display a phase of
activation and one of refractoriness. This refractory state has been
termed “deactivation” (7) or “reprogramming” (8) and is thought
to represent immune-suppression (9-12). It is characterized by
reduced expression of human leukocyte antigen-D-related peptide
(HLA-DR) and reduced in vitro release of tumor necrosis factor
(TNF) (7), but its clinical significance is not fully understood.

TNF mediates a considerable degree of pleiotropy (13)
through activation of different receptors; TNF receptor
(TNFR)-1 and TNFR-2 (14, 15). TNF-o—converting enzyme
(TACE) is a trans-membrane protease enzyme that cleaves
membrane-bound (mem)-TNF to soluble (sol)-TNF (16),
a process termed “ectodomain shedding.” TACE is widely
expressed, including on monocytes (17), the largest producers
of systemic TNE. In response to inflammatory stimuli, mono-
cyte TACE activity increases rapidly (18, 19) consistent with
post-translational modification. TACE can shed proinflamma-
tory (sol-TNF) and anti-inflammatory (TNFR-1 and TNFR-2)
substrates (20); hence, modulation of TACE activity may alter
cellular inflammatory balance.

Studies measuring TACE expression or indirectly quantify-
ing activity suggest that it may regulate systemic inflammation
(21, 22) and potentially be a useful surrogate of inflammation
and organ injury in the systemic inflammatory response syn-
drome (SIRS). TACE and other protease enzymes are thought to
form interlinked “networks” that regulate epithelial cell barrier
functions and may display altered functionality in inflamma-
tory conditions, such as sepsis (23), whereas conditional murine
TACE knockout appears protective in endotoxic shock (24).

We have previously described a method to measure TACE
catalytic activity based on TNF cleavage (25) via fluorescence
resonance energy transfer (FRET) assay technology and have
used this to elucidate upstream TACE signaling in human

f ; epsis remains a major cause of morbidity and mortal-
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monocytes. This occurs through reactive oxygen species phos-
phorylating (activating) p38-mitogen activated protein kinase
(MAPK) (18), which activates TACE.

We hypothesized that monocyte TACE activity would be
altered by sepsis and may reflect illness severity and/or cellular
inflammatory balance. We performed an observational clini-
cal study, obtaining monocytes from patients with sepsis and
determining their TACE activity. Activity was determined at
several levels: membrane expression, catalytic activity (basal
and stimulus induced), as well as expression, and stimulus-
induced ectodomain shedding of TNFR-1 and TNFR-2. To
provide a baseline for comparison, data were obtained from
healthy volunteers and a subgroup of patients with noninfec-
tious SIRS.

MATERIALS AND METHODS

Patients and Controls

An independent research ethics committee approved the study
(North London REC 3 reference: 10/H0709/77). Patients were
recruited from Charing Cross Hospital between May 2010 and
April 2012 within 48 hours of ICU admission. Recruitment was
limited to patients who fulfilled two SIRS criteria, in whom sep-
sis was suspected and were expected to remain intubated for a
further 48 hours. Patients with immunosuppression or receiving
granulocyte colony-stimulating factor were excluded. Healthy
volunteers were recruited from Imperial College London staff.
Exclusion criteria for volunteers were immunosuppression,
chronic pathology, or intercurrent illness. We calculated that
to have 80% power to detect 1 sp difference in TACE activity
between two groups (at p < 0.05), 24 participants would be
required (ie, n = 12 in sepsis and volunteer groups). In total, 16
patients with sepsis and 15 healthy volunteers were recruited.
Eight additional patients with noninfectious SIRS were recruited
to ascertain whether changes in sepsis monocyte TACE activity
were present within the wider critical care population.

Data Collection

Baseline demographic data collected included age, sex, Acute
Physiology and Chronic Health Evaluation II (APACHE II)
score (26) and other clinical parameters. Clinical data were
collected daily including Sequential Organ Failure Assessment
(SOFA) scores (27), leukocyte counts, microbiological data,
and organ support requirements. ICU lengths of stay, as well as
ICU and hospital mortality, were also recorded.

Sample Collection and Processing

Patient blood (30mL) was obtained from arterial cannula or
central venous catheter at baseline (D0), day 2 (D2), and day 4
(D4) while in ICU. A single peripheral blood sample (30mL)
was taken from healthy volunteers. All samples were collected
onto ice and processed immediately.

Peripheral Blood Mononuclear Cells
Peripheral blood mononuclear cells (PBMCs) were isolated
from blood using Histopaque-1077 (Sigma) in conjunction
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with Leucosep tubes (Greiner, Stonehouse, United Kingdom).
The concentration of CD14-positive cells was determined using
an anti-CD14 antibody (BD Biosciences, Oxfordshire, United
Kingdom), and PBMCs were resuspended at 5 x 10° CD14-pos-
itive cells/mL. For stimulation, cells were incubated for 1 hour
at 37°C with Escherichia coli ultrapure lipopolysaccharide (LPS;
Invivogen, San Diego, CA) at 1 pg/mL. To determine p38MAPK
activation, PBMCs were fixed, permeated, and stained using anti-
bodies specific for the phosphorylated (phospho)-p38MAPK
(Thr180/Tyr182) isoform (Cell Signaling, Danvers, MA). An
LPS stimulation of 1 pg/mL was used for 15 or 30 minutes. To
measure the response, nonactivated MAPK phosphorylation
levels were subtracted from LPS-activated levels. To determine
sol-TNF production, PBMCs were stimulated for 4 hours at
37°C + LPS (1 pg/mL). Supernatants were collected and sol-
TNF levels measured by enzyme-linked immunosorbent assay
(R&D Systems, Oxfordshire, United Kingdom). Patient interleu-
kin (IL)-6 and sol-TNF levels were both measured by enzyme-
linked immunosorbent assay of diluted heparinized plasma
samples (Ebioscience, San Diego, CA).

Monocyte Isolation

Monocytes were isolated using magnetic-activated cell selec-
tion using a CD14-positive bead selection strategy (Miltenyi
Biotech, Surrey, United Kingdom).

“Two-Hit” LPS Model

For chronic LPS stimulus, monocytes were placed in polytet-
rafluoroethylene inserts (Millipore, Carrigtwohill, Ireland)
within 12-well plates (Becton Dickinson, Franklin Lakes, NJ)
at 3x10° per mL for 16 hours at 37°C + LPS (1 pg/mL). For
acute LPS stimulus, cells were harvested from tissue plates and
stimulated as previously described.

Flow Cytometry

Surface marker expression was determined by flow cytometry
using anti-HLA-DR (clone L243; Biolegend, San Diego, CA),
anti-TNFR-1 (clone 16803), anti-TNFR-2 (clone 22235), and
anti-TACE (clone 111633, all R&D Systems) antibodies in con-
junction with the manufacturer recommended isotype control.
Cells were incubated with fluorophore-conjugated anti-human
antibodies for 30 minutes at 4°C. A Cyan ADP fluorescence-
activated cell sorter (Beckman Coulter, High Wycombe, United
Kingdom) using Summit version 4.3.02 (Beckman Coulter)
was used for acquisition and Flowjo V.7.5 (Tree Star, Ashland,
OR) for analysis. Expression levels are reported as the geomet-
ric mean of the fluorescence intensity (MFI).

FRET Assay

The FRET assay was conducted as previously described (25).
In brief, monocytes were resuspended at 2.5 x 10* cells per well
in 384-well plates and incubated with a peptide containing two
fluorophores conjugated by a TACE-sensitive 13 amino acid
mem-TNF sequence. Cleavage of the peptide results in fluores-
cence due to loss of internal quenching between the donor (flu-
orescein) and acceptor (tetramethylrhodamine) fluorophores.
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Measurement of fluorescent signal over time allows TACE
activity to be determined and quantified in fluorescence units
(FU). For all groups, TACE activity was determined without
stimulation (basal activity) and in response to an LPS stimulus
of 1 pg/mL for 1 hour (LPS-induced activity).

Data Analysis

A Shapiro-Wilkes test was used to determine normality and
appropriate analysis was based on the results of this. For two
variables, a t test or Mann-Whitney U test was used, whereas
for three or more variables, a one-way analysis of variance or
Kruskal-Wallis test was used as appropriate. For categorical data
chi-square analysis was used. Where correlation analysis was
performed using Pearson or Spearman r values are provided.

RESULTS

Details of the 16 patients with sepsis and eight with noninfec-
tious SIRS are in Table 1. Apart from a younger age in the SIRS
cohort, the demographics were similar. Vasopressor use was
confined to the sepsis group (31.3%), and the predominance
of pneumonia as the source of sepsis likely explains the lower
Pao,:Fio, ratio within this cohort.

Although the median length of stay was 9.5 days, seven
patients died and five were discharged earlier than expected
meaning that serial samples were obtained from 14 patients
(58%). Day 0 refers to sampling baseline; 78% of patients were
sampled within 48 hours of admission and 100% within 72
hours. A single sample was obtained from 15 healthy volun-
teers; this group was younger (mean age, 33.3+3.6 yr) and
60% (n=9) were men.

Standard Markers of Inmune Phenotype Produced
Interindividual Variability
We sought to characterize patient inflammatory phenotype and
used a cellular expressed marker (HLA-DR) in combination with
an inducible marker (sol-TNF release in response to LPS stimu-
lation) to determine whether monocytes displayed evidence of
“deactivation” or “reprogramming” as previously described (7).
Human monocytes can be divided into subsets based on their
expression of CD14, CD16, and CD64 (28-30). We attempted
to subdivide monocytes into subsets for analysis; however,
grossly altered expression levels of these surface markers on
sepsis patients’ monocytes, presumably due to inflammatory
modulation of marker expression (31-35) independently of
subset type, precluded this. Instead, for consistency, monocytes
were analyzed as a single population (CD11b+, CD56—-, and
CD14+) throughout. As expected, monocytes from patients
with sepsis and SIRS displayed decreased HLA-DR expression
and sol-TNF release (Fig. 1, A and B). As these markers behaved
similarly across the patient groups, they appear to lack speci-
ficity when distinguishing sepsis from SIRS. Two patients in
the sepsis group received renal replacement therapy, which has
previously been shown to increase monocyte HLA-DR expres-
sion in sepsis (36). However, HLA-DR expression data from
these two patients lay within the range seen in other patients
and their exclusion did not alter the results.

www.ccmjournal.org 3

Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.



O'Callaghan et al

TABLE 1. Demographic, Physiological Variables at Baseline (D0) and Outcomes in the
Sepsis and Systemic Inflammatory Response Syndrome Cohorts

Age (yr), mean % sp

Male sex, n (%)

Surgical admission, n (%)

Acute Physiology and Chronic Health Evaluation Il, median + IOR
Sequential organ failure assessment score, median + IOR
Ventilated, n (%)

Lowest Pao,:Fio, (kPa), median + IOR
Inotropes/vasopressor, n (%)

Heart rate (bpm), median + IOR

Systolic blood pressure (mm Hg), mean + sp
Lactate (mmol/L), median + IQR

Renal replacement therapy, n (%)

Sodium (mmol/L), mean % sp

Creatinine (umol/L), median + IQR

Bilirubin (umol/L), median + IQR
Hemoglobin (g/dL), median + IOR

Platelet count (10°/L), mean * sp
Temperature (°C), median + IOR

Leukocyte count (10%/L), median + IQR
ICU length of stay (d), median + IQR

ICU mortality, n (%)

Hospital mortality, n (%)

Sepsis (n = 16) SIRS (n=38) p
67+16 51+17 0.03
10 (63) 5 (63) 0.73
4 (25) 2 (25) 1.0
19 (16-21) 20 (16-24) 0.62
8 (6-8) 8 (7-11) 054
16 (100) 8 (100) 1.0
209 (178-34.8) 42.7 (38.4-46.0) 0.005
5(31.3) 0 0.08
95 (90-108) 110 (95-130) 0.23
87+13 97+15 0.1
1.45 (1.25-1.9) 1.8 (1.4-2.1) 0.57
2(15.4) 0(0) 0.29
139.4+5.6 13770 0.36
95 (62-215) 75 (61-109) 05
16 (9-36) 18 (8-28) 0.41
99(86-112) 11.8 (8.7-12.7) 0.23
210+107 163+84 03
37.1 (35.8-37.7) 37.1 (36.9-38.0) 0.57
139 (9.4-170) 8.0 (6.7-9.9) 0.01
115 (65-15.8) 8.0 (4.8-13) 0.37
5(31) 2(31) 0.75
5(31) 2(31) 0.75

bpm = beats per minute, IQR = interquartile range.

There were no significant correlations between APACHE II
score and DO HLA-DR expression (sepsis: r=—0.37, p = 0.16;
SIRS: r = —0.29, p = 0.5) or in vitro sol-TNF release (sepsis:
r=-0.25, p=0.35; SIRS: r=—-0.36, p = 0.44) in either group.
Because there was a significant difference in age between the
patient groups, and when compared with healthy volun-
teers, we sought to determine whether age had any associa-
tion with our measured variables. There were no correlations
between age and HLA-DR levels (sepsis: r = =0.18, p = 0.34;
SIRS: r=0.21, p = 0.41) or sol-TNF release (sepsis: r = 0.29,
p = 0.25; SIRS: r = -0.11, p = 0.73) in either group. Among
patients with sepsis, HLA-DR expression levels and SOFA
scores were not correlated (r = 0.06; p = 0.75) and neither
were SOFA scores or in vitro sol-TNF release (r = 0.24;
p = 0.22). HLA-DR levels (MFI, 174.5; interquartile range
[IQR], 34.3-312.1 survivors vs MFI, 57.5; IQR, 31-166 non-
survivors; p = 0.25) and in vitro sol-TNF levels (268 pg/mL;
IQR, 80-523 pg/mL survivors vs 579 pg/mL; IQR, 115-829
pg/mL nonsurvivors; p = 0.14) did not differ between patients
with sepsis who survived and those who died.

4 www.ccmjournal.org

Plasma levels of IL-6 and sol-TNF were measured at DO
within the patient groups. In contrast to the immune-depressed
monocyte phenotype suggested by the HLA-DR and in vitro
sol-TNF data, DO IL-6 levels appeared raised in the sepsis
group, suggesting continued inflammation (Fig. 2A). Sepsis
IL-6 levels were correlated with APACHE II score (r = 0.71;
p = 0.003) (Fig. 2B), but not with SOFA scores (r = 0.38;
p = 0.16) and did not significantly differ between survivors
and nonsurvivors (68 pg/mL; IQR, 3—242 pg/mL survivors vs
85 pg/mL; IQR, 62-433 pg/mL nonsurvivors; p = 0.43). IL-6
levels and HLA-DR expression were not correlated (r = —0.32;
p=0.25).

Plasma sol-TNF levels were elevated in a few sepsis patients
only (Fig. 2C) and did not correlate with APACHE II score
(r=0.17; p= 0.57).

TACE Activity as Determined by FRET Assay

We characterized TACE activity and expression profiles to deter-
mine whether they were altered by sepsis. Basal (no stimulation)
TACE activity was elevated in the patients with sepsis (Fig. 3A), yet

XXX 2015 « Volume XX ¢ Number XXX

Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.



>

HLA-DR expression (MFI)

HLA-DR expression
1500+
L]
L
1000~
. * * * * *
? )
500 .
.. ] A A
[ ]
0=
& %@& 959 %@m @'@q' ‘_939‘, @d

vy}

sol-TNF (pg/ml)

10000+

5000+

S &

Ex-vivo sol-TNF release

9 S
& 9

Figure 1. Monocytes from patients with sepsis and systemic inflammatory response syndrome (SIRS)

appeared phenotypically similar on the basis of human leukocyte antigen (HLA)-DR expression and sol- tumor
necrosis factor (TNF) release. Monocytes were isolated from healthy volunteers (HV; n = 15), patients with
sepsis (Se; n = 16) and patients with SIRS (Si; n = 8). Monocyte HLA-DR expression levels, as determined by
flow cytometry, were attenuated in sepsis and SIRS when compared with values obtained from healthy volun-
teer cells (A). Cells were then incubated with lipopolysaccharide 1 pug/mL for 4 hr and in vitro sol-TNF release
quantified. Sol-TNF release was attenuated across sepsis and SIRS patients when compared with healthy vol-
unteers (B). DO is sampling baseline, D2 is day 2 and D4 is day 4. Data shown as median % interquartile range.
“p < 0.01 versus healthy volunteers.

TACE expression and LPS-induced TACE activity appeared unal-
tered (Fig. 3, Band C). No changes in SIRS patient basal and LPS-
induced TACE activity or expression were present (Fig. 3, A—C).

Feature Article

Sepsis monocyte DO basal
TACE activity was strongly
correlated with APACHE 1I
score (r=0.75; p = 0.002) (Fig.
3C). Basal TACE activity and
age were not correlated within
the sepsis cohort (r = 0.13;
p = 0.52). There was no rela-
tionship between sepsis mono-
cyte basal TACE activity and
ICU mortality (85.9+50.1 FU/
min survivors vs 86+38.4 FU/
min nonsurvivors; p = 1.0) or
hospital mortality (88+52.1
FU/min survivors vs 82.8 £36.7
FU nonsurvivors; p = 0.78).

Basal TACE activity in
healthy volunteers was not
correlated with age (r = 0.33;
p=0.24).As expected (18),vol-
unteer monocytes increased

their basal TACE activity when LPS stimulated, whereas, in
contrast, stimulation-induced activity changes were attenu-
ated in sepsis (Fig. 4A4). This attenuated activity negatively
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Figure 2. Plasma interleukin (IL)-6 levels were raised in the sepsis group, and correlated at DO with Acute
Physiology and Chronic Health Evaluation Il (APACHE II) scores. Plasma IL-6 and sol-tumor necrosis fac-
tor (TNF) levels were determined at DO for both sepsis and patients with systemic inflammatory response
syndrome (SIRS). The trend (p = 0.06) toward increased IL-6 levels in the sepsis group (A) is consistent with
continued inflammation and (B) correlated with APACHE Il score (r=0.75; p < 0.01). In contrast, plasma sol-
TNF was elevated among only a few patients with sepsis (C) and did not differ significantly between the groups

(p = 0.65). Data shown as median £ interquartile range.
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correlated with APACHE II
and SOFA scores (Fig. 4, B
and C). Among patients with
sepsis, those who survived had
larger TACE activity increases
on LPS stimulation than
those who died. The median
fold increase was 1.7 (IQR,
1.4-2.4) for survivors versus
1.2 (IQR, 1.1-1.6) for non-
survivors, p = 0.005. Similarly,
the absolute LPS-induced
TACE activity values also dif-
fered between these groups
(146.7%75.3 FU/min survi-
vors vs 98.8 +£28.7 FU/min for
nonsurvivors; p = 0.05).

Similar to healthy vol-
unteers, patients with SIRS
appeared to display a pre-
served response to LPS (Fig.
4A). No relationship between
activity increases and mortal-
ity was present (median fold
increase, 2.0; IQR, 1.7-2.4 ICU
survivors vs 2.4; IQR, 1.7-2.9
ICU nonsurvivors; p = 0.57).
LPS-stimulated TACE activ-
ity values were not correlated
with age within either group
(sepsis: r=-0.1, p=0.61; SIRS:
r=-0.05, p = 0.84).
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Figure 3. Monocyte basal tumor necrosis factor-a—converting enzyme (TACE) activity was elevated in patients
with sepsis compared with healthy volunteers. Monocytes isolated from healthy volunteers (HV), patients with
sepsis (Se), and SIRS (Si) had basal (unstimulated) TACE activity determined. Within the sepsis group, sig-
nificantly increased basal activity was present at DO and D2 (A). Basal TACE activity did not differ in healthy
volunteers and patients with SIRS. In sepsis and patients with SIRS, TACE expression (B) and lipopolysaccha-
ride (LPS)~induced TACE activity (C) were unaltered. Sepsis patient DO basal TACE activity was positively cor-
related with Acute Physiology and Chronic Health Evaluation Il (APACHE I1) score (r=0.75; p < 0.01; D). Data

shown as median + interquartile range. *p < 0.01 compared with HVs.

TNFR Shedding

We examined the behavior of TNFR-1 and TNFR-2 using a sub-
strate-shedding index and this confirmed the results obtained
using the FRET assay. To determine this index, monocytes were
stimulated with LPS and receptor expression measured pre and
post stimulation, allowing percentage shedding of each recep-
tor to be calculated and used as a marker of TACE activity:
(Baseline expression — LPS-induced expression) X 100/base-
line expression.

There were no differences in baseline expression of TNFR-1
or TNFR-2 on patient monocytes (Fig. 5, A and B). LPS-
induced shedding of both TNFRs appeared reduced in sepsis
(Fig. 5, C and D). Shedding of TNFR-1 at DO was negatively
correlated with both APACHE II (r = —0.5; p = 0.06) and SOFA
scores (r = —0.44; p = 0.02). TNFR-1 shedding and age were
not correlated (r=-0.1; p = 0.61), and shedding did not differ
between survivors and nonsurvivors (% shedding 52.2+23.6
survivors vs 49.7 £22.5 nonsurvivors; p = 0.82). There were no
correlations between TNFR-2 shedding (D0) and APACHE II
score (r=-0.26; p = 0.35), SOFA scores (r = —0.20; p = 0.33),
or age (r = —0.28; p = 0.16). TNFR-2 shedding did not differ
between survivors and nonsurvivors (% shedding 65.1+20.2
survivors vs 50.2+29.5 nonsurvivors; p = 0.17).

In contrast, in response to LPS stimulation, healthy vol-
unteer and SIRS monocytes shed the majority of membrane

6 www.ccmjournal.org

sepsis stimulus), cells remained
capable of acute TACE activa-
tion on LPS stimulation (Fig.
6A). After chronic primary,
LPS stimulus volunteer cells
displayed increased basal TACE
activity (Fig. 6A) and unaltered
TACE expression (Fig. 6B) but
were refractory to acute secondary LPS stimulus (Fig. 6A).
In addition, shedding of TNFR-1 and TNFR-2 in response
to the acute secondary LPS stimulus was also reduced by the
chronic primary LPS stimulus (Fig. 6, C and D). Such changes
may indicate that a ceiling of maximal TACE activity has been
reached in these cells, with similar behavior observed in sepsis
patient monocytes. However, it is important to recognize that
substrate shedding will also be affected by TACE-independent
factors, such as substrate expression and availability.

To determine whether these altered profiles mirrored the
overall changes in monocyte responsiveness, sol-TNF release
was determined in the model. After untreated 16-hour culture
(no chronic primary sepsis stimulus), monocytes remained
capable of releasing sol-TNF on secondary acute LPS stimulus
(Fig. 6, E and F). In contrast, this release following acute sec-
ondary LPS stimulus was undetectable after chronic primary
LPS stimulus (Fig. 6F) and was similar to the attenuated sol-
TNF release in sepsis and SIRS monocytes.

P38-MAPK Signaling in Patients With Sepsis

We previously demonstrated that upstream LPS-induced
TACE activation is dependent on p38-MAPK phosphoryla-
tion (18). To investigate the mechanisms responsible for the
altered TACE activity seen in patients with sepsis, we mea-
sured the p38MAPK response to LPS in the last seven patients
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the observed changes in TACE
activity profiles and, by exam-
ining upstream signaling, we
found alterations in sepsis
patients’ p38-MAPK signal-
ing that were characterized
by a reduced response to LPS.
It is plausible that prolonged
exposure to inflammatory
stimuli result in increased basal

TACE activity and an attenu-
ated TACE response to fur-

Figure 4. Monocytes isolated from patients with sepsis displayed an attenuated response to lipopolysaccharide
(LPS). Monocytes from healthy volunteers and patients were stimulated with LPS 1 pg/mL at 37°C for an hour
and their tumor necrosis factor-a—converting enzyme (TACE) activity increase determined. Sepsis patients (Se)
displayed an attenuated TACE response to LPS (A) when compared with healthy volunteers (HV) and systemic
inflammatory response syndrome (Si) patients. The attenuated TACE response to LPS seen in patients with sep-
sis was negatively correlated with APACHE Il (r=—0.34; p = 0.07; B) and Sequential Organ Failure Assessment
(SOFA) scores (r=-0.48; p = 0.09; C). Median + interquartile range. *p < 0.01 compared with HVs.

with sepsis recruited, and found it to be attenuated (Fig. 7).
As expected, elevated levels of phospho-p38MAPK were pres-
ent in healthy volunteer monocytes after LPS stimulation
(Fig. 7). The attenuated response in sepsis suggests a direct link
between regulation of this pathway and the observed reduction
of TACE activation. However, unlike TACE basal activity in
sepsis, unstimulated basal (¢ = 0) levels of phospho-p38MAPK
were not significantly elevated in the sepsis group compared
with healthy volunteers. This difference suggests that TACE
can be maintained in an activated state without the need for
prolonged up-regulation of phospho-p38MAPK levels.

DISCUSSION

We hypothesized that TACE activity profiles would be altered
by severe sepsis and may reflect illness severity and/or cellular
inflammatory balance. In this observational study, compar-
ing and contrasting patients with sepsis with healthy volun-
teers and a small cohort of noninfected critically ill patients,
we found that basal TACE activity was increased and LPS-
induced TACE activity changes appeared attenuated among
patients with sepsis. Although patient numbers were limited,
the increase in basal activity was correlated with illness severity
and was associated with attenuated TNFR shedding within our
cohort. A two-hit inflammatory in vitro model could reproduce
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ther LPS stimulation, through
altered p38MAPK signaling.
By demonstrating that TACE
is in a higher activation state
but refractory to further stim-
ulation, these results suggest
a resetting of the monocyte
phenotype rather than simple
deactivation as part of the
response to sepsis.

Monocytes obtained from
both patient groups showed
reduced HLA-DR  expres-
sion and sol-TNF release as
expected. Consistent  with
previous work (37, 38), there
appeared to be no differences
in the magnitude and kinetics
of these changes between sepsis
and SIRS. We found no associ-
ation between HLA-DR expression and patient outcomes, but
it should be noted that our study was not powered to detect
such an association. Relating HLA-DR expression to patient
outcomes has produced conflicting results, and a review
of studies in this area failed to find a threshold in HLA-DR
expression that successfully predicted unfavorable outcomes in
sepsis (12). There is no accepted consensus around threshold
levels or in its measurement and thus the clinical significance
of HLA-DR expression remains uncertain.

Plasma IL-6 levels were elevated among the patients with
sepsisat DO in a manner that correlated with APACHE I scores.
Given that the half-life of IL-6 is under 6 hours (39), elevated
levels indicate continued inflammation at the same time that
other markers (HLA-DR and sol-TNF) suggest immune-sup-
pression. It should be noted that IL-6 levels represent responses
from a number of different cells, hence may be different from a
monocyte-only response. Therefore, the relationship between
pro- and anti-inflammatory processes appears complex, with
both potentially occurring concurrently, and not necessarily
consecutively, as has been suggested (40, 41). Given this com-
plex picture, it may be beneficial to assess inflammatory balance
at a cellular level, comparing basal and inducible responses in
the same individual. Such an approach may help resolve some
of the intrinsic interindividual variability when other markers
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Figure 5. Attenuation of tumor necrosis factor receptor (TNFR)-1 and TNFR-2 shedding in patients with
sepsis. Monocyte expression of TNFR-1 and TNFR-2 was determined for healthy volunteers (HV), sepsis (Se),
and systemic inflammatory response syndrome (SIRS [Si]) patients (A and B). No significant alterations were
detected in expression across the two patient groups. Percentage shedding of each substrate (in response to
lipopolysaccharide 1 pg/ml for an hour) was then determined. In patients with sepsis, shedding was attenuated
at DO for TNFR-1 and TNFR-2, but did not appear altered by noninfectious SIRS (C and D). Data shown as

median * interquartile range. "p < 0.05 compared with HVs.

such as HLA-DR, in vitro sol-TNEF, and plasma IL-6 levels are
used in conjunction with each other.

TACE activity has not previously been directly measured
in critical illness. Our data provide the first direct functional
insight into monocyte inflammatory function in this con-
text. Within the sepsis group, basal TACE activity appeared
increased and correlated with APACHE II score. Combined
with this increase in basal activity, LPS-induced up-regulation
of enzyme activity decreased and these changes were not seen
in patients with SIRS. The refractoriness to LPS seen in sep-
sis may represent tolerance in a specific pathway, or a general
inability to respond to PAMPs (cross-pathway tolerance), and
a state of apparent cellular immune-suppression.

It is interesting to note that in vitro sol-TNF release was
attenuated across both groups, whereas TACE activity pro-
files appeared altered only by sepsis. This may reflect a lack of
substrate availability as, if mem-TNF expression was reduced
equally in both groups, but the shedding mechanism sup-
pressed only in the sepsis group, it would explain these results.

We examined expression levels and shedding profiles of
both TNFRs to assess for any relationship with TACE behav-
ior changes and association with clinical status. Because the
FRET assay uses a TNF-specific cleavage sequence peptide,
extrapolating TACE catalytic activity values from this assay
directly to proteolytic cleavage of alternate substrates is not

8 www.ccmjournal.org

ated in patients with sepsis,
but not in patients with SIRS,
indicating a similar pattern to
LPS-induced TNF cleavage.
The TACE activity and shed-
ding profiles obtained from
the two patients who received
renal replacement therapy were comparable with data from
other patients within the sepsis group.

Because we found no alterations in the surface expression
of either TNFR-1 or TNFR-2, it is difficult to draw firm con-
clusions on the implications of this reduced shedding, but it
is likely that this will affect paracrine signaling. Together with
the TACE activity changes, altered shedding provides further
information that TACE-mediated functions are altered in sep-
sis. It has been shown that plasma membrane microdomains
regulate TNFR-1 shedding in human endothelial cells by colo-
calizing TACE to membrane expressed TNFR-1 (45), and this
process may be altered in sepsis. Altered colocalization of pro-
tease enzymes and substrates may be of importance in the reg-
ulation of protease networks. Alternatively, it is plausible that
the reduced shedding of TNFR-1 may result from the mito-
chondrial dysfunction seen in sepsis (46) because some inves-
tigators have implicated mitochondria in TNFR-1 ectodomain
shedding (47).

The p38MAPK pathway appears altered in sepsis and the
attenuated signaling we report is temporally related to changes
in TACE activity. Therefore, TACE and/or p38MAPK may be of
benefit when determining any evolving inflammatory response
in longitudinal patient studies. MAPK signaling has been
implicated in TNFR-1 and TNFR-2 downstream signaling
in humans (48) and murine TNFR-2 shedding is p38MAPK
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Figure 6. The tumor necrosis factor (TNF)-a—converting enzyme (TACE) profiles seen in the patients with sepsis could be induced in healthy volunteer
monocytes through the use of a two-hit inflammatory model. A two-hit inflammatory model was used to induce changes in TACE activity profiles in healthy
volunteer cells. Monocytes were cultured with lipopolysaccharide (LPS) for 16 hours (primary chronic LPS stimulus) and then further stimulated with LPS
(secondary acute LPS stimulus) and their TACE activity profiles determined. Changes elicited were consistent with those seen in sepsis patients: basal
activity was increased and refractory to further LPS stimulus (A). No differences in TACE expression after primary LPS stimulus were present (B). Shedding
of the TNF receptors (TNFRs)-1 (C) and TNFR-2 (D) were attenuated by LPS exposure. Sol-TNF was released after primary chronic LPS stimulus with

no secondary acute stimulus (E), but not after secondary acute stimulus in cells exposed to both primary and secondary LPS stimuli (F). n =8 (A and B),

n =4 (C-F), data shown as mean + sp."p < 0.05, *p < 0.01, **p < 0.001. E, Control refers to monocytes cultured without primary chronic LPS stimulus.

F, Control refers to monocytes cultured without primary chronic LPS stimulus subsequently exposed to secondary acute LPS stimulus.

dependent (49). Hence, the reduced TNEFR shedding in sepsis
monocytes is likely related to the attenuated p38MAPK activa-
tion that we observed.

Our data would suggest that sepsis may “reprogram” cells,
altering their response state. As we could reproduce sepsis

Critical Care Medicine

TACE behavior in vitro using an LPS model, it is possible that
reprogramming may be mediated through exposure to PAMPs.
The fact that these changes are not seen within the SIRS cohort
may reflect an absence of PAMPs and suggest a lack of single-
or cross-pathway tolerance therein. In our septic cohort, both
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Figure 7. Alterations in basal and lipopolysaccharide (LPS)—-induced
p38-mitogen activated protein kinase (MAPK) signaling were seen in sep-
sis. Cells from a subgroup of patients with sepsis (n = 7) were LPS stimu-
lated (1 ng/mL) and had levels of phospho-p38MAPK determined at
baseline (t=0) min, 15 (t= 15) min, and 30 (¢= 30) min. Levels of phos-
pho-p38MAPK were not significantly elevated at 15 or 30 min after LPS
stimulation. In contrast, when cells taken from healthy volunteers (HVs)
were exposed to the same protocol, LPS-induced phospho-p38MAPK
levels were significantly increased at t= 15 (*p <0.01 vs HV t=0). Data
shown as mean + sb.

basal TACE activity and TNFR-1 shedding correlated with
APACHE 1II scores. Data from a larger patient population may
help delineate whether TACE (and/or other protease) enzyme
behavior better reflects illness severity than HLA-DR or in vitro
sol-TNF release in sepsis. Although TACE knockout mice are
nonviable (50, 51), mice with myeloid cell-inactivated TACE
have a survival benefit in endotoxic shock (24), and knock-
outs of other protease enzymes also confer a survival benefit in
murine models of sepsis (52). Thus, an enhanced understand-
ing of how enzyme function is altered in sepsis may ultimately
lead to new therapeutic strategies.

There are some limitations of this observational study
that should be considered. There is considerable heteroge-
neity within the sepsis group, with patients presenting with
infection in different tissues and with different organisms. In
future, it may be more appropriate to try and study a more
homogenous population by concentrating on specific pathol-
ogies/organisms. Also the groups differ in their demographic
data and therefore potential confounding effects cannot be
excluded. Despite performing a power calculation and tar-
geting patient recruitment based on this, numbers are low
(especially within the SIRS subgroup) and some nonsignifi-
cant correlations may reflect this limited power. As patients
improved and were discharged, or deteriorated and died, they
were lost from the study with consequent reduction in our
sample size over time. Although not the major focus of the
study, we attempted to analyze individual monocyte subsets
but were unable to clearly identify distinct populations in
all patients with the markers we used. The lack of follow-up
to determine whether TACE basal activity changes indicate
resolution or chronic low-grade inflammation should also be
considered a limitation.

10 www.ccmjournal.org

CONCLUSIONS

Monocyte TACE activity appeared altered by sepsis in a man-
ner that reflects illness severity, could be reproduced in vitro
through exposure to LPS, and may be mediated through
attenuated p38MAPK signaling. These data support the
reprogrammed monocyte concept and future work should
focus on determining the functional capacity (ie, migratory
and phagocytic capability) of this inflammatory phenotype
in a larger patient cohort. Real-time measurements of enzy-
matic function, or other dynamic responses involving post-
transcriptional protein modification, may provide a more
immediate and complete determination of monocyte immune
phenotype, revealing both the underlying inflammatory status
and the response to further stimulation. This approach would
allow a more sophisticated determination of cell signaling,
differentiating sepsis from sterile inflammation, potentially
identifying therapeutic targets and stratifying patients for
immune-modulating therapies.
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