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Circulating Cytokine/Inhibitor Profiles Reshape the

Understanding of the SIRS/CARS Continuum in Sepsis and

Predict Mortality1

Marcin F. Osuchowski,* Kathy Welch,† Javed Siddiqui,* and Daniel G. Remick2*

Mortality in sepsis remains unacceptably high and attempts to modulate the inflammatory response failed to improve survival.

Previous reports postulated that the sepsis-triggered immunological cascade is multimodal: initial systemic inflammatory response

syndrome (SIRS; excessive pro-, but no/low anti-inflammatory plasma mediators), intermediate homeostasis with a mixed anti-

inflammatory response syndrome (MARS; both pro- and anti-inflammatory mediators) and final compensatory anti-inflammatory

response syndrome (CARS; excessive anti-, but no/low proinflammatory mediators). To verify this, we examined the evolution of

the inflammatory response during the early phase of murine sepsis by repetitive blood sampling of septic animals. Increased

plasma concentrations of proinflammatory (IL-6, TNF, IL-1�, KC, MIP-2, MCP-1, and eotaxin) and anti-inflammatory (TNF

soluble receptors, IL-10, IL-1 receptor antagonist) cytokines were observed in early deaths (days 1–5). These elevations occurred

simultaneously for both the pro- and anti-inflammatory mediators. Plasma levels of IL-6 (26 ng/ml), TNF-� (12 ng/ml), KC (33

ng/ml), MIP-2 (14 ng/ml), IL-1 receptor antagonist (65 ng/ml), TNF soluble receptor I (3 ng/ml), and TNF soluble receptor II (14

ng/ml) accurately predicted mortality within 24 h. In contrast, these parameters were not elevated in either the late-deaths (day

6–28) or survivors. Surprisingly, either pro- or anti-inflammatory cytokines were also reliable in predicting mortality up to 48 h

before outcome. These data demonstrate that the initial inflammatory response directly correlates to early but not late sepsis

mortality. This multifaceted response questions the use of a simple proinflammatory cytokine measurement for classifying the

inflammatory status during sepsis. The Journal of Immunology, 2006, 177: 1967–1974.

D
espite rapid progress in health care over the past de-

cades, sepsis continues as a major life-threatening con-

dition in acute care patients. Although overall survival

rates improved, between 1979 and 2000, the total sepsis-related

mortality rose from 22 to 44 per 100,000 population (1), account-

ing for �9% of the overall annual mortality in the United States

alone (2, 3). Given this substantial mortality and economic costs,

a better understanding of the basic immune alterations in sepsis

may help to direct therapy.

Modulation of inflammatory signaling during sepsis has been

considered as a possible means to improve survival in sepsis and

prevent septic shock. Despite promising results of anti-

inflammatory interventions in animal models (4–6) and human

phase I and II trials (7, 8), phase III clinical trials generally failed

to show any success (9–11) and in some cases even appeared

detrimental (12). It has been postulated that the immune response

in sepsis represents the interplay of two contrasting phenomena

related to the inflammatory status of the septic patient. The early

systemic inflammatory response syndrome (SIRS)3 is character-

ized by excessive production of proinflammatory mediators (hy-

perinflammatory status). This early response is then progressively

suppressed by the development of the compensatory anti-

inflammatory response (hypoinflammatory status) syndrome

(CARS) (13–15). This hypothesis was further supplemented by

another acronym: the mixed anti-inflammatory response syndrome

(MARS) representing temporary homeostasis between diminishing

SIRS and ascending CARS (15, 16). However, these definitions

are largely nonspecific and although undeniably useful in clinical

and research settings, they require in-depth experimental verifica-

tion before they can be accepted as an accurate portrayal of the

complex immune fluctuations encountered in sepsis.

Retrospective statistical analyses of the unsuccessful phase III

sepsis trials revealed a strong relationship between the treatment

effect and risk of death, and attributed this discrepancy in mortality

risk between preclinical testing and human clinical trials as a po-

tential factor contributing to the failure of anti-inflammatory ther-

apies (10, 17). The benefits of the anti-inflammatory intervention

on survival were apparent in studies conducted with a high risk of

death (18). Because the aggressive anti-inflammatory (or alterna-

tive) therapy would predominantly benefit patients with unfavor-

able outcome, the patient stratification before the implementation

of nonstandard anti-inflammatory treatment is therefore critical.

Despite certain shortcomings (15), plasma remains one of best

sources for measurement of sepsis-related mediators enabling a

rapid characterization of the patient’s inflammatory status. The in-

crease in plasma levels of several inflammatory mediators is pro-

portional to the sepsis severity and correlates with mortality (15).

Using the cecal ligation and puncture (CLP) model of murine sep-

sis, we have previously demonstrated the robust prognostic value
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of IL-6 for determining lethality (19–21). Studies in septic patients

further support such prognostic potential based on IL-6 and other

(e.g., TNF-�, IL-1) cytokines (22–24).

In previous studies, a simple plasma measurement served as the

basis to define the status of the immune response during ongoing

sepsis (25) and patients are considered hyperinflammatory if proin-

flammatory cytokines are found at elevated levels. We now report

that the early phase of lethal sepsis is characterized by the over-

expression of both proinflammatory as well as anti-inflammatory

cytokines. The rapid concurrent release of these pro- and anti-

inflammatory mediators represents a central feature of the inflam-

matory response at the onset of sepsis. Defining the inflammatory

status on the basis of a more complete plasma cytokine profile

yields accurate prognostic information even if these values do not

clearly define subjects into the traditional SIRS or CARS catego-

ries. In the current studies, we show that early mortality predic-

tions based on plasma biomarkers during the early phase (days

1–5) of sepsis can be highly accurate, supporting an individual-

ized, prognostic-based therapy as a potentially new strategy in the

treatment of sepsis.

Materials and Methods
Animals

Female ICR mice (Harlan Sprague Dawley) with an average weight of 22 g
were used. The mice were acclimated to the laboratory environment for at
least 48 h before surgery and housed in a temperature-controlled room with
a 12-h light-12-h dark diurnal cycle after the procedure. All experiments
were in accordance with National Institutes of Health guidelines and the
University of Michigan Animal Care and Use Committee.

Sepsis model

The murine model of CLP used in the study closely emulates polymicrobial
human sepsis and has been extensively used by others to investigate the
immunopathology of sepsis (19–21, 26, 27). The 18-gauge needle size was
used to produce �50% mortality during early sepsis. We followed the
original CLP protocol (28) with previously described modifications (19).

Sampling

To collect peripheral blood, the distal tail was clipped (�2 mm) and 20 �l
of blood was drawn into a pipette rinsed with EDTA (169 mM tripotassium
salt). Mice were not sacrificed at the time of sampling. Blood was collected
6 h after CLP and at 24-h intervals for the first 5 days. The last individual
cytokine measurement represents an animal that died within the 24 h after
sampling. Samples were immediately diluted 1/10 in PBS with a 1/50
dilution of EDTA, centrifuged (5 min/1000 � g in 4°C), the plasma was
removed and stored at �20°C until analysis.

Sequential ELISA

We developed a sequential ELISA to allow measurement of multiple cy-
tokines from small volumes (29). The assay dramatically increases the
number of biomarkers which may be measured in one sample by repeatedly
reusing this sample in multiple successive cycles (30). The assay was based
on the standard ELISA previously optimized for cytokine detection (31)
and used commercially available matched Ab pairs (R&D Systems) as
detailed elsewhere (29).

Statistical analysis

The Kaplan-Meier 28 day-survival curve (see Fig. 1) was plotted using
Prism 4 (GraphPad Software). For early deaths (ED; dead by day 5), every
data point shown in Figs. 2–4 represents the average concentration taken
from the animals that died within the next 24 h, indicating a different group
of animals at each time point. For the late death group (LD; dead after day
5) and survivors (SUR, lived to 28 days), the average concentration values
at each time point are based on repetitive measurements taken from the
same animals. The cytokine levels measured for the LD group and SUR
largely overlapped, they were therefore pooled for comparison to the ED
group. To determine whether the data for the LD and SUR groups could be
pooled ( p � 0.1 pooled, p � 0.1 separate) and for comparisons of cytokine
values between the ED and the pooled (or separate) values for LD and
SUR, the nonparametric Wilcoxon rank-sum test (rather than t tests) was
used because neither the original or log-transformed cytokine values were

normally distributed. The values for the LD and SUR groups were pooled
for all cytokines at all time points except: IL-10 at each time point, IL-1�

and IL-1 receptor antagonist (IL-1ra) at 48 and 72 h only. For all figures
(except 4) and tables, n � 90 for IL-6, TNF-�, KC, and IL-1ra and n � 80
for the remaining cytokines. Fig. 4 is based on n � 80. When the ED group
was compared with remaining groups separately (data not pooled), the
higher p value is listed on the graph.

The receiver operating characteristic curve (ROC curve) was used to
evaluate the prognostic accuracy (defined by the area under the curve;
AUC) of the analyzed cytokines and to determine the sensitivity and spec-
ificity (in percent) at selected cutoff values. The 95% confidence intervals
(CI) for the AUC values were estimated using the conservative bootstrap
bias-corrected and accelerated method to obtain more accurate intervals
(32, 33). The accuracy of the ROC-AUC test is: 0.9–1 � excellent, 0.8–
0.9 � good, 0.7–0.8 � fair, 0.6–0.7 � poor and �0.6 � not useful. The
inflammatory cytokines in Fig. 4 were normalized (each mediator individ-
ually) to the cutoff value listed in Table II (24 h cutoff) for each cytokine.
This cutoff value represents the threshold for predicting the survival of the
animal. The normalized values were added for each animal across all pro-
(IL-6, TNF-�, IL-1�, KC, MIP-2, MCP-1, and eotaxin) and anti-
inflammatory (IL-1ra, IL-10, TNF soluble receptors (SR) I and II) cyto-
kines. Because the CLP-dependent activation of IL-6R resulted in its
decrease rather than an increase, these values were excluded from the anti-
inflammatory segment. Data are expressed as the mean � SEMs wherever
applicable. All statistical analyses were performed using SAS release 9.1.2
on Windows.

Results
Mortality after CLP-dependent sepsis

A total of 90 mice were subjected to CLP on day 1 and monitored

for 28 days. The early phase of sepsis was defined as the first 96 h

after CLP, days 1–5. We selected the genetically heterogeneous

ICR outbred strain of mice to generate a more diverse profile of

immune responses, and more closely simulate the human popula-

tion. The mortality at day 5 post-CLP reached 38%, and the overall

mortality at the end of the study (day 28) was 62% (56/90 mice,

dead/total, Fig. 1). It has been postulated that the early, post-CLP

mortality results primarily from SIRS, whereas the late mortality is

predominantly CARS dependent (15, 34). The mortality related to

the acute phase of sepsis (ED, days 1–5) was separated from the

late phase lethality (LD, days 6–28) based on the distribution of

deaths found in our previous studies (19, 21, 35–37). This pattern

was confirmed in the current experiment: 61% of total deaths

(34/56 mice) in the study occurred during the first 5 days, whereas

only 22 mice died between days 6 and 28 (24% mortality rate, Fig.

1). The single day mortality was highest between days 2 and 3

(n � 15).

FIGURE 1. Twenty-eight-day mortality after CLP-dependent sepsis.

CLP was performed with an 18-gauge needle to produce �50% mortality

during the early phase of sepsis. Mortality was monitored for 28 days. The

deaths were separated into two groups: early (days 1–5) or late (days

6–28). Total n � 90.

1968 SIRS/MARS/CARS CONTINUUM IN SEPSIS
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Proinflammatory cytokine profiles in ED, LD, and SUR

It has been reported that mice subjected to CLP display high levels

of proinflammatory cytokines such as IL-6, TNF-�, or MIP-2 (38,

39). We developed a sequential ELISA method (29) which enabled

us to monitor changes of multiple inflammatory mediators from a

single, 20-�l blood sample. The graphs in Figs. 2 and 3 were

generated by averaging the individual cytokine profiles from all

animals. Importantly, mice were not sacrificed for any of the data

in this experiment and each animal was followed separately for 28

days or until death. Based on survival outcome, mice were retro-

spectively divided into three groups: dead by day 5, dead after day

5, and alive at 28 days (SUR). The proinflammatory mediators

profiled in the study (Fig. 2) represent cytokines (IL-6, TNF-�, and

IL-1�), CXC chemokines (KC and MIP-2), and CC chemokines

(MCP-1 and eotaxin). Dividing the mice into the ED, LD, and

SUR provided significant insights into potential mechanisms of

mortality. Mice dying in the early phase of sepsis had significantly

higher plasma cytokine levels for virtually all proinflammatory

mediators (Fig. 2, A–F) when compared with the SUR and LD

groups. The cytokine increase was especially robust for IL-6 (Fig.

2A) such that levels in the ED group were 20-fold higher compared

with the LD and SUR at the 24-h time. In LD group, the post-CLP

cytokine levels were nearly superimposable with those animals

who survived to 28 days. These results indicate that while the ED

are directly correlated to significant production of proinflammatory

cytokines, the late mortality was not correlated with the proinflam-

matory status during the initial phase of sepsis. These experimental

data corroborate the widely held hypothesis that ED are due to an

exuberant, proinflammatory response, but the next set of data show

that these proinflammatory measurements fail to disclose the full

story.

Anti-inflammatory cytokine profiles in ED, LD, and SUR

Although the proinflammatory mediators correlate with sepsis

mortality, elevations in the levels of anti-inflammatory cytokines

may also indicate a poor outcome (40–42). In our study, changes

in the cytokine inhibitors mirrored those observed with the proin-

flammatory cytokines. Specifically, the temporal change of cyto-

kine inhibitors in the LD and SUR were significantly lower than

those mice dying in early sepsis (Fig. 3). There was an increase in

the plasma levels of IL-1ra, IL-10, and TNF SR I and II (Fig. 3,

FIGURE 2. Temporal profiles of proinflammatory cytokines based on

the outcome. Mice were divided into three groups based on outcome: ED

(dead by day 5), LD (dead after day 5), and SUR (alive at 28 days). Data

are presented as the mean � SEM. For the ED, n varies between time

points: at 6 h n � 9, at 24 h n � 15, at 48 h n � 4, and at 72 h n � 5, for

IL-6, TNF-�, KC, and MCP-1. For MIP-2 and eotaxin, n is lower at 6 h

(n � 7) and 24 h (n � 14) and 73 h (n � 5) time points. For the LD and

SUR groups, the n is consistent at all time points: n � 22 and n � 34,

respectively, for IL-6, TNF-�, KC, and MCP-1; n � 20 and n � 30,

respectively, for MIP-2 and eotaxin. �, p � 0.0001; ��, p � 0.005; #, p �

0.05 comparing ED to the pooled results from the LD and SURs. Bdl,

below detectable limit. A, IL-6; B, TNF-�; C, IL-1�; D, KC; E, MIP-2; F,

MCP-1; G, eotaxin.

FIGURE 3. Temporal profiles of anti-inflammatory cytokines based on

the outcome. The anti-inflammatory cytokines were graphed to demon-

strate the development of the cytokine inhibitor response during the early

phase of sepsis. Mice were divided into three groups based on outcome: ED

(dead by day 5), LD (dead after day 5), and SUR (lived 28 days). Data were

analyzed similar to Fig. 2 and are presented as mean � SEM. For the ED,

n varies between time points: at 6 h n � 7 (n � 9 for IL-1ra), at 24 h n �

14 (n � 15 for IL-1ra), at 48 h n � 4 and at 72 h n � 6 (n � 5 for IL-1ra).

For the LD and SUR, n is consistent at all time points: n � 22 (n � 20 for

IL-1ra) and 34 (n � 30 for IL-1ra), respectively. �, p � 0.0001; ��, p �

0.005; #, p � 0.05 comparing ED to the pooled results from the LD and

SUR. Bdl, below detectable limit. A, IL-1ra; B, IL-10; C, TNF SRI; D, TNF

SRII; E, IL-6R.

1969The Journal of Immunology
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A–D). The concentration of IL-6R showed a unique trend with

lower levels in the ED group (Fig. 3E). As in the case of the

proinflammatory cytokines, these intergroup differences were al-

ready significant at the 6-h time point. The mortality during early

sepsis coincided especially well with the levels of IL-1ra and the

increase at 24 h was �11-fold higher when compared with the

other two groups. The profiles of IL-1ra, TNF SR I and II, and

IL-6R in mice dying after day 5 were virtually identical with the

corresponding proinflammatory cytokine profiles in surviving an-

imals. These results emphasize the tight correlation between the

activation of anti-inflammatory signaling and mortality in the acute

stages of sepsis. The evidence from Figs. 2 and 3 clearly indicates

that the early inflammatory response accurately predicts early mor-

tality but lacks prognostic value for deaths occurring in the late

phase of the disease. This suggests that the late outcome is not

“preprogrammed” during the early phase of sepsis.

Plasma pro- and anti-inflammatory cytokines predict early mortality

Using the murine CLP model, we (21) and others (43) previously

demonstrated that an increase in plasma IL-6 6 h after initiation of

sepsis predicts early phase mortality. We wished to confirm these

findings in the outbred ICR mice and to examine other potential

biomarkers, including proinflammatory cytokines, chemokines,

and anti-inflammatory cytokines (Table I), for their use in predict-

ing outcome. As in our previous results (21), the mortality during

the first 5 days was examined. ROC curves correlated the plasma

Table I. Prediction of early sepsis mortality (day 5) based on cytokine values obtained 6 h after CLP

Cytokine Parameter Valuea

Proinflammatory cytokines
IL-6b AUC-ROC 0.92 (0.81–0.96)

Cutoff (pg/ml) 13,000
Sensitivity (%) 82
Specificity (%) 86

TNF-�b AUC-ROC 0.63 (0.52–0.75)
Cutoff (pg/ml) 850
Sensitivity (%) Not relevant
Specificity (%) Not relevant

IL-1�c AUC-ROC 0.63 (0.42–0.72)
Cutoff (pg/ml) 4,900
Sensitivity (%) Not relevant
Specificity (%) Not relevant

Proinflammatory chemokines
KCb AUC-ROC 0.91 (0.81–0.96)

Cutoff (pg/ml) 36,000
Sensitivity (%) 82
Specificity (%) 95

MIP-2c AUC-ROC 0.88 (0.76–0.94)
Cutoff (pg/ml) 14,000
Sensitivity (%) 72
Specificity (%) 91

MCP-1b AUC-ROC 0.88 (0.78–0.94)
Cutoff (pg/ml) 3,220
Sensitivity (%) 72
Specificity (%) 87

Eotaxinc AUC-ROC 0.50 (0.38–0.59)
Cutoff (pg/ml) 4,400
Sensitivity (%) Not relevant
Specificity (%) Not relevant

Anti-inflammatory cytokines
IL-1rab AUC-ROC 0.87 (0.76–0.93)

Cutoff (pg/ml) 17,000
Sensitivity (%) 71
Specificity (%) 84

IL-10c AUC-ROC 0.85 (0.72–0.93)
Cutoff (pg/ml) 1,950
Sensitivity (%) 84
Specificity (%) 82

TNF SRIc AUC-ROC 0.56 (0.46–0.70)
Cutoff (pg/ml) 3,000
Sensitivity (%) Not relevant
Specificity (%) Not relevant

TNF SRIIc AUC-ROC 0.63 (0.51–0.75)
Cutoff (pg/ml) 14,000
Sensitivity (%) Not relevant
Specificity (%) Not relevant

IL-6Rd AUC-ROC 0.67 (0.55–0.78)
Cutoff (pg/ml) 2,200
Sensitivity (%) 64
Specificity (%) 76

a Sensitivity/specificity were not listed if UAC �0.7 (except IL-6R).
b n � 62 for alive and n � 28 for dead.
c n � 55 for alive and n � 25 for dead.
d A decrease not an increase of IL-6R was correlated with mortality.

1970 SIRS/MARS/CARS CONTINUUM IN SEPSIS
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cytokine levels taken 6 h after CLP with the status on day 5 (dead

or alive), to test the prognostic accuracy and to select the optimal

sensitivity/specificity based on the selected cutoff values. The

ROC method is especially useful in the evaluation of patient

diagnosis/prognosis and in the treatment decision making, because

the cutoff guidelines may be adjusted to each therapy (33). In an

aggressive treatment which may harm false-positive subjects, the

separation would be based on a cutoff ensuring 100% specificity.

The complete evaluation for each cytokine including the ROC-

generated AUC with CI and sensitivity/specificity at given cutoff

values, is listed in Table I. The selected cutoffs offer the optimal

balance between sensitivity and specificity and can be modified to

improve either parameter. Based on the 6-h measurement, excel-

lent prognostic accuracy was shown for both IL-6 (AUC � 0.92)

and KC (AUC � 0.91). Slightly lower accuracy was noted for

MIP-2, MCP-1, IL-1ra, and IL-10 (all with AUC �0.85). The

remaining cytokines failed to yield satisfactory predictive values.

These results show that a single measurement of selected cytokines

or inhibitors at the onset of sepsis can accurately predict the short-

term outcome. This rapid diagnostic approach could be especially

helpful during the initial evaluation of the critically ill patient, such

as in the emergency room setting. Concerning the SIRS to CARS

paradigm, 6 h after the onset of sepsis the plasma levels of the

anti-inflammatory mediators (IL-1ra and IL-10) predicted mortal-

ity nearly as well as the prototypically proinflammatory cytokines.

Data failing to support the hypothesized SIRS to CARS

progression in early sepsis

Previous work has postulated that the immunological cascade trig-

gered by sepsis displays a multimodal character (14–16, 44). The

initial hyperinflammatory SIRS gradually recedes into a transient

phase of MARS homeostasis which progresses into the hypoin-

flammatory CARS. Although this is a widely accepted paradigm,

there are few data to support the underlying hypothesis. Measuring

the individual plasma cytokines/inhibitors over time in our study

period did not reveal a typical SIRS to CARS progression. One

would anticipate the presence of proinflammatory cytokines in the

plasma early followed at later time points by elevations in the

anti-inflammatory cytokines. In mice dead by day 5, we noted an

early rise of anti-inflammatory cytokines that occurred at the same

time as the up-regulation of proinflammatory mediators (Fig. 2).

To better illustrate the kinetics of inflammatory mediators, all cy-

tokine and cytokine inhibitor values were normalized and grouped

as pro- or anti-inflammatory. Comparison of the trajectories gen-

erated by either component revealed that the prelethal profiles of

pro- and anti-inflammatory mediators demonstrated a strikingly

similar temporal pattern (Fig. 4). The mediator surge was apparent

as early as 6 h after CLP, spiking at the 24-h time point. These

results show that during the early stage of lethal sepsis, there is a

simultaneous release of both pro- and anti-inflammatory mediators

into the general circulation. If only a single proinflammatory cy-

tokine such as IL-6 were measured, the subject would be consid-

ered hyperinflammatory, while if a single anti-inflammatory inhib-

itor such as IL-1ra were measured, the subject would be classified

as hypoinflammatory. Consequently, the classification of SIRS/

CARS fluctuations during the ongoing peritonitis based only on

the plasma biomarker profiling does not fully reflect the complex

nature of the septic inflammatory response.

Prelethal IL-6 and IL-1ra changes in individual animals

To examine the temporal patterns of IL-6 and IL-1ra activation in

individual moribund mice, the last two values from the consecutive

measurements taken before death (48 and 24 h before death) were

plotted for all individuals dying during the early phase of sepsis

(Fig. 5). Because the animals that died within 24 h of CLP (n � 9)

had only one recorded measurement (at 6 h), they were not in-

cluded in this analysis (but these are displayed in Fig. 2A (IL-6)

and 3A (IL-1ra)). The changes in plasma levels of IL-6 and IL-1ra

are presented in Fig. 5. IL-6 and IL-1ra are characteristic of the

activation trends of the other pro- and anti-inflammatory mediators

and they were selected because they were among the best predic-

tors of early mortality (Table I). In the majority of animals dying

during the early phase of sepsis, there was a robust and simulta-

neous increase (between 48 and 24 h) of IL-6 and IL-1ra before

death. This trend was especially clear in animals dying within the

initial 3 days after CLP. In a few mice, death was not preceded by

a clear increase of IL-6 and IL-1ra and one animal dead by day 4

had a distinct downward trend. Despite the decreasing tendency,

however, both IL-6 and IL-1ra remained highly elevated and cy-

tokine concentration changes followed a similar trajectory in all of

these individuals. Interestingly, there was an opposite pattern of

prelethal cytokine changes in three mice that died by day 5. Their

death was preceded by an extremely low/undetectable cytokine

levels and this trend was again identical for both IL-6 and IL-1ra

(Fig. 5). These results indicate that in each individual animal, the

temporal fluctuations of pro- and anti-inflammatory cytokines in

plasma occur simultaneously and follow the similar activation tra-

jectory during deaths in the early phase of sepsis.

FIGURE 4. Mortality in the early sepsis is preceded by a simultaneous

release of pro- (A) and anti-inflammatory (B) mediators. Combined profiles

of pro- (IL-6, TNF-�, IL-1�, KC, MIP-2, MCP-1, and eotaxin) and B,

anti-inflammatory (IL-1ra, IL-10, TNF SR I, and II) cytokines based on

outcome. Data are presented as mean � SEM. For the ED group, n varies

between time points: at 6 h n � 7, at 24 h n � 14, at 48 h n � 4, and at

72 h n � 5. For the LD and SUR groups, n is consistent at all time points:

n � 20 and n � 30, respectively. �, p � 0.0001 and ��, p � 0.005 com-

paring ED to the pooled results from the LD and SUR.

FIGURE 5. Trajectories of prelethal changes in IL-6 (A) and IL-1ra (B)

concentrations in individual animals. Prelethal (within 48 and 24 h of

death) cytokine values of each individual animal (n � 25 total) are repre-

sented by two points connected by a line: the left end (point) of any given

line indicates the cytokine value measured 48 h before death, whereas the

right end (point) of any given line signifies concentration measured 24 h

before death. Mice that died by 24 h (n � 9) are not graphed, because only

one prelethal (within 24 h) value was obtained. Listed cutoffs are identical

with those used for survival prediction in Table II. For the 6–24 h segment,

n � 15, for 24–48 h n � 4, and for 48–72 h n � 6.
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Outcome based on cytokine/inhibitor profiles before death

All previous data have been reported on the basis of the time after

the onset of sepsis, which helps to define the natural history of the

disease. However, as observed in Fig. 1, animals die at different

time points after the onset of sepsis. In the clinical situation, the

precise onset of sepsis may not be known with certainty. We there-

fore analyzed the cytokine data using the time of death as the

reference point rather than the onset of sepsis. We specifically

evaluated the cytokine profiles of those mice who died by day

3 (highest single day mortality). This analysis was performed

with an attempt to understand whether cytokine values 24 or

48 h before death would predict subsequent mortality. To de-

termine the diagnostic use of the cytokine values, ROC curves

and the total AUC were calculated. Several interesting obser-

vations are found within these data (Table II). With the excep-

tion of IL-10, all the cytokines values 24 h before death are

better predictors of death than those obtained 48 h before death.

Both proinflammatory cytokines, chemokines, as well as anti-

inflammatory mediators (Table II) may serve as excellent indi-

cators of impending mortality. In general, those components of

the inflammatory response such as IL-6, KC, and IL-1ra that

predicted mortality when measured at 6 h continue to have ex-

cellent accuracy. TNF had little value for predicting ED when

measured either 6 h after the onset of sepsis or 48 h before

death. However, TNF levels 24 h before death were highly ac-

curate, indicating its dramatic prelethal release.

Table II. Prognostic values based on selected cutoffs for sepsis-related mortality at 48 and 24 h prior to death

Cytokine Parameter Valuea (48 h Prior) Valuea (24 h Prior)

Proinflammatory cytokines
IL-6b AUC-ROC 0.86 (0.69–0.95) 0.97 (0.84–0.99)

Cutoff (pg/ml) 13,000 26,000 (13,000)
Sensitivity (%) 80 93 (93)
Specificity (%) 82 97 (88)

TNF-�b AUC-ROC 0.600 (0.45–0.74) 0.95 (0.86–0.99)
Cutoff (pg/ml) Not relevant 12,000
Sensitivity (%) Not relevant 80
Specificity (%) Not relevant 88

IL-1�c AUC-ROC 0.59 (0.45–0.73) 0.77 (0.56–0.90)
Cutoff (pg/ml) Not relevant 4,900
Sensitivity (%) Not relevant 89
Specificity (%) Not relevant 79

Proinflammatory chemokines
KCb AUC-ROC 0.87 (0.62–0.95) 0.90 (0.79–0.96)

Cutoff (pg/ml) 33,100 33,000
Sensitivity (%) 70 87
Specificity (%) 93 90

MIP-2c AUC-ROC 0.89 (0.76–0.96) 0.98 (0.92–0.99)
Cutoff (pg/ml) 14,000 14,000
Sensitivity (%) 79 93
Specificity (%) 90 95

MCP-1b AUC-ROC 0.79 (0.66–0.89) 0.85 (0.74–0.92)
Cutoff (pg/ml) 3,220 4,400
Sensitivity (%) 73 73
Specificity (%) 56 56

Eotaxinc AUC-ROC 0.55 (0.39–0.70) 0.69 (0.47–0.82)
Cutoff (pg/ml) Not relevant 4,400
Sensitivity (%) Not relevant Not relevant
Specificity (%) Not relevant Not relevant

Anti-inflammatory cytokines
IL-1rab AUC-ROC 0.81 (0.66–0.90) 0.96 (0.90–0.99)

Cutoff (pg/ml) 17,000 65,000 (17,000)
Sensitivity (%) 73 87 (100)
Specificity (%) 83 94 (70)

IL-10c AUC-ROC 0.80 (0.57–0.90) 0.78 (0.59–0.91)
Cutoff (pg/ml) 1,900 3,200 (1,900)
Sensitivity (%) 86 79 (86)
Specificity (%) 76 80 (61)

TNF SRIc AUC-ROC 0.50 (0.37–0.63) 0.80 (0.63–0.90)
Cutoff (pg/ml) Not relevant 3,000
Sensitivity (%) Not relevant 71
Specificity (%) Not relevant 80

TNF SRIIc AUC-ROC 0.64 (0.49–0.78) 0.81 (0.65–0.93)
Cutoff (pg/ml) Not relevant 14,000
Sensitivity (%) Not relevant 64
Specificity (%) Not relevant 91

IL-6Rd AUC-ROC 0.70 (0.43–0.85) 0.67 (0.49–0.83)
Cutoff (pg/ml) 1,700 (2,000) 2,000
Sensitivity (%) 70 (64) 71
Specificity (%) 79 (79) 64

a All values are based on the data from mice dead at the 48 h time point after CLP; sensitivity/specificity were not listed if AUC �0.7 (except IL-6R).
b n � 66 for alive and n � 15 for dead.
c n � 59 for alive and n � 14 for dead.
d A decrease not an increase of IL-6R was correlated with mortality.
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Discussion
Although there are many controversies in the field of sepsis, there

is uniform agreement that the disease process is highly complex.

The septic patient presents with a bewildering array of alterations

in their physiologic and inflammatory response. Animal models

may be used to help provide some of the necessary information

concerning the basic pathophysiologic responses to sepsis (45).

The CLP model recapitulates many of the alterations observed in

human sepsis. One important aspect of the model is the improve-

ment in survival when fluid resuscitation and antibiotic therapy are

provided (35, 43), similar to studies in human septic patients. Sev-

eral interesting observations may be made from the current data.

First, the inflammatory response is dynamic, changing over time.

Second, the inflammatory changes are not rapid spikes in plasma

levels of cytokines such as observed after endotoxin exposure (46,

47). These data indicate that measuring the inflammatory response

every 24 h should be sufficient to profile the inflammatory status of

the patient if a number of biomarkers are evaluated.

A concept has been proposed where septic patients begin with

SIRS, transition to a MARS, and then progress to a CARS (15, 34).

Although our data do not include components of the cellular re-

sponse, the plasma cytokine data do not support such a simple,

linear transition. The inflammatory status of the patient may be

defined by the plasma concentrations of either the proinflammatory

cytokines such as TNF and IL-6 or the anti-inflammatory cyto-

kines such as IL-1ra or IL-10. Several previous studies have dem-

onstrated that proinflammatory cytokines are elevated in septic pa-

tients and predict outcome (25, 48) and other studies have

documented the presence of the anti-inflammatory mediators at the

onset of sepsis (49). Mice dying within the first 5 days may be

considered to have a heightened inflammatory response if this re-

sponse is defined by the ability of the host to generate potent bi-

ological mediators. The determination of whether SIRS is present

may be more accurately determined from the capacity of the host

to respond rather than measurement of the mediators.

It should be noted that the SIRS and CARS syndromes were not

defined only by circulating cytokine concentrations but also by the

expression and/or immune responses of various cellular compo-

nents. Previous work has shown that cells derived from septic pa-

tients have a markedly reduced capacity to produce cytokines fol-

lowing an ex vivo stimulation (50, 51). Experimental sepsis

models demonstrate similar findings. Ayala et al. (52–54) showed

in several reports that 24 h after CLP-induced sepsis, the capacity

of septic mouse splenic/peritoneal macrophages to release cyto-

kines was diminished. Specifically, ex vivo stimulation of these

cells resulted in suppressed production of IL-2, IFN-�, and IL-6

while IL-4 and IL-10 synthesis was enhanced after LPS/con-

canavalin stimulus. Also, CARS-specific decrease of MHC class II

expression was reported early (within 24 h) in both experimental

murine (55) and human (56) sepsis.

Measuring the plasma levels of both the pro and anti-

inflammatory cytokines represents a rapid method for evaluating

function rather than performing ex vivo stimulation. The presence

of the mediators may have significant prognostic implications not

because of their proposed biological function, but rather because

the host is capable of producing them.

There are implications for the clinical treatment of patients from

our studies. The previous approach of measuring simple physio-

logic and immune status parameters such as heart rate or white

blood cell count (57) is almost certainly not sufficient to direct

appropriate therapy to the individual patient. Some patients with

sepsis die from an apparent exuberant inflammatory response

which injures cells, tissues, and organs, resulting in death. These

patients would most likely benefit from a reduction of the inflam-

matory response. As the recent Lenercept trial shows (58), the

6–72 h (postinjection) serum concentrations achieved with recom-

binant soluble TNF SR I (p55) during the treatment for human

sepsis were substantially higher (by 2–3 logs) than the post-CLP

concentration of endogenous TNF SR I observed here and in hu-

man sepsis (59, 60). Hence, it is unlikely that the treatment failure

was due to the inadequate supplementation of the endogenous pool

of TNF SR I with the exogenous TNFR. Given these data, it re-

mains problematic whether attenuation of the early excessive in-

flammatory response can be adequately achieved by targeting only

individual proinflammatory components. We noted a significant

improvement in post-CLP survival when the combined (i.e., TNF

SR I and IL-1ra) immunotherapy was used (36)

In contrast to the hyperinflammatory patients, other subjects

have difficulty defending themselves against the microbial inva-

sion (61). These patients would be unlikely to benefit from ther-

apies directed at blunting the inflammatory response. Similar to

virtually all other human diseases, the response to disease changes

over time such that the therapy appropriate for the patient on Mon-

day may not be appropriate on Tuesday.

Acknowledgments
We thank Jill Granger for her help with the manuscript preparation.

Disclosures
The authors have no financial conflict of interest.

References
1. Martin, G. S., D. M. Mannino, S. Eaton, and M. Moss. 2003. The epidemiology

of sepsis in the United States from 1979 through 2000. N. Engl. J. Med. 348:
1546–1554.

2. Angus, D. C., W. T. Linde-Zwirble, J. Lidicker, G. Clermont, J. Carcillo, and
M. R. Pinsky. 2001. Epidemiology of severe sepsis in the United States: analysis
of incidence, outcome, and associated costs of care. Crit. Care Med. 29:
1303–1310.

3. Sands, K. E., D. W. Bates, P. N. Lanken, P. S. Graman, P. L. Hibberd,
K. L. Kahn, J. Parsonnet, R. Panzer, E. J. Orav, D. R. Snydman, et al. 1997.
Epidemiology of sepsis syndrome in 8 academic medical centers. J. Am. Med.

Assoc. 278: 234–240.
4. Ohlsson, K., P. Bjork, M. Bergenfeldt, R. Hageman, and R. C. Thompson. 1990.

Interleukin-1 receptor antagonist reduces mortality from endotoxin shock. Nature

348: 550–552.
5. Beutler, B., I. W. Milsark, and A. C. Cerami. 1985. Passive immunization against

cachectin/tumor necrosis factor protects mice from lethal effect of endotoxin.
Science 229: 869–871.

6. Haziot, A., G. W. Rong, X. Y. Lin, J. Silver, and S. M. Goyert. 1995. Recom-
binant soluble CD14 prevents mortality in mice treated with endotoxin (lipopoly-
saccharide). J. Immunol. 154: 6529–6532.

7. Ziegler, E. J., J. A. McCutchan, J. Fierer, M. P. Glauser, J. C. Sadoff, H. Douglas,
and A. I. Braude. 1982. Treatment of Gram-negative bacteremia and shock with
human antiserum to a mutant Escherichia coli. N. Engl. J. Med. 307: 1225–1230.

8. Fisher, C. J., Jr., G. J. Slotman, S. M. Opal, J. P. Pribble, R. C. Bone,
G. Emmanuel, D. Ng, D. C. Bloedow, and M. A. Catalano. 1994. Initial evalu-
ation of human recombinant interleukin-1 receptor antagonist in the treatment of
sepsis syndrome: a randomized, open-label, placebo-controlled multicenter trial.
Crit. Care Med. 22: 12–21.

9. Reinhart, K., and W. Karzai. 2001. Anti-tumor necrosis factor therapy in sepsis:
update on clinical trials and lessons learned. Crit. Care Med. 29: 121–125.

10. Deans, K. J., M. Haley, C. Natanson, P. Q. Eichacker, and P. C. Minneci. 2005.
Novel therapies for sepsis: a review. J. Trauma 58: 867–864.

11. Fisher, C. J., Jr., J. F. Dhainaut, S. M. Opal, J. P. Pribble, R. A. Balk,
G. J. Slotman, T. J. Iberti, E. C. Rackow, M. J. Shapiro, R. L. Greenman, et al.
1994. Recombinant human interleukin 1 receptor antagonist in the treatment of
patients with sepsis syndrome: results from a randomized, double-blind, placebo-
controlled trial. Phase III rhIL-1ra Sepsis Syndrome Study Group. J. Am. Med.

Assoc. 271: 1836–1843.
12. Fisher, C. J., Jr., J. M. Agosti, S. M. Opal, S. F. Lowry, R. A. Balk, J. C. Sadoff,

E. Abraham, R. M. Schein, and E. Benjamin. 1996. Treatment of septic shock
with the tumor necrosis factor receptor:Fc fusion protein. The Soluble TNF Re-
ceptor Sepsis Study Group. N. Engl. J. Med. 334: 1697–1702.

13. Keel, M., and O. Trentz. 2005. Pathophysiology of polytrauma. Injury 36:
691–709.

14. Levy, M. M., M. P. Fink, J. C. Marshall, E. Abraham, D. Angus, D. Cook,
J. Cohen, S. M. Opal, J. L. Vincent, and G. Ramsay. 2003. 2001 SCCM/ESICM/
ACCP/ATS/SIS International Sepsis Definitions Conference. Crit. Care Med. 31:
1250–1256.

1973The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 5

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


15. Oberholzer, A., C. Oberholzer, and L. L. Moldawer. 2001. Sepsis syndromes:
understanding the role of innate and acquired immunity. Shock 16: 83–96.

16. Bone, R. C. 1996. Sir Isaac Newton, sepsis: SIRS, and CARS. Crit. Care Med.

24: 1125–1128.
17. Knaus, W. A., F. E. Harrell, Jr., J. F. LaBrecque, D. P. Wagner, J. P. Pribble,

E. A. Draper, C. J. Fisher, Jr., and L. Soll. 1996. Use of predicted risk of mortality
to evaluate the efficacy of anticytokine therapy in sepsis. The rhIL-1ra Phase III
Sepsis Syndrome Study Group. Crit. Care Med. 24: 46–56.

18. Eichacker, P. Q., C. Parent, A. Kalil, C. Esposito, X. Cui, S. M. Banks,
E. P. Gerstenberger, Y. Fitz, R. L. Danner, and C. Natanson. 2002. Risk and the
efficacy of antiinflammatory agents: retrospective and confirmatory studies of
sepsis. Am. J. Respir. Crit. Care Med. 166: 1197–1205.

19. Ebong, S., D. Call, J. Nemzek, G. Bolgos, D. Newcomb, and D. Remick. 1999.
Immunopathologic alterations in murine models of sepsis of increasing severity.
Infect. Immun. 67: 6603–6610.

20. Ebong, S. J., D. R. Call, G. Bolgos, D. E. Newcomb, J. I. Granger, M. O’Reilly,
and D. G. Remick. 1999. Immunopathologic responses to non-lethal sepsis.
Shock 12: 118–126.

21. Remick, D. G., G. R. Bolgos, J. Siddiqui, J. Shin, and J. A. Nemzek. 2002. Six
at six: interleukin-6 measured 6 h after the initiation of sepsis predicts mortality
over 3 days. Shock 17: 463–467.

22. Oberholzer, A., S. M. Souza, S. K. Tschoeke, C. Oberholzer, A. Abouhamze,
J. P. Pribble, and L. L. Moldawer. 2005. Plasma cytokine measurements augment
prognostic scores as indicators of outcome in patients with severe sepsis. Shock

23: 488–493.
23. Remick, D. G. 2003. Cytokine therapeutics for the treatment of sepsis: why has

nothing worked? Curr. Pharm. Des. 9: 75–82.
24. Terregino, C. A., B. L. Lopez, D. J. Karras, A. J. Killian, and G. K. Arnold. 2000.

Endogenous mediators in emergency department patients with presumed sepsis:
are levels associated with progression to severe sepsis and death? Ann. Emerg.

Med. 35: 26–34.
25. Mokart, D., M. Merlin, A. Sannini, J. P. Brun, J. R. Delpero, G. Houvenaeghel,

V. Moutardier, and J. L. Blache. 2005. Procalcitonin, interleukin 6 and systemic
inflammatory response syndrome (SIRS): early markers of postoperative sepsis
after major surgery. Br. J. Anaesth. 94: 767–773.

26. Liliensiek, B., M. A. Weigand, A. Bierhaus, W. Nicklas, M. Kasper, S. Hofer,
J. Plachky, H. J. Grone, F. C. Kurschus, A. M. Schmidt, et al. 2004. Receptor for
advanced glycation end products (RAGE) regulates sepsis but not the adaptive
immune response. J. Clin. Invest. 113: 1641–1650.

27. Wesche-Soldato, D. E., C. S. Chung, J. Lomas-Neira, L. A. Doughty,
S. H. Gregory, and A. Ayala. 2005. In vivo delivery of caspase 8 or Fas siRNA
improves the survival of septic mice. Blood 106: 2295–2301.

28. Wichterman, K. A., A. E. Baue, and I. H. Chaudry. 1980. Sepsis and septic
shock–a review of laboratory models and a proposal. J. Surg. Res. 29: 189–201.

29. Osuchowski, M. F., J. Siddiqui, S. Copeland, and D. G. Remick. 2005. Sequential
ELISA to profile multiple cytokines from small volumes. J. Immunol. Methods

302: 172–181.
30. Osuchowski, M. F., and D. G. Remick. 2006. The repetitive use of samples to

measure multiple cytokines: the sequential ELISA. Methods 38: 304–311.
31. Nemzek, J. A., J. Siddiqui, and D. G. Remick. 2001. Development and optimi-

zation of cytokine ELISAs using commercial antibody pairs. J. Immunol. Meth-

ods 255: 149–157.
32. Efron, B., and R. Tibshirani. 1993. An Introduction to the Bootstrap. Chapman &

Hall, New York.
33. Lasko, T. A., J. G. Bhagwat, K. H. Zou, and L. Ohno-Machado. 2005. The use

of receiver operating characteristic curves in biomedical informatics. J. Biomed.

Inform. 38: 404–415.
34. Hotchkiss, R. S., and I. E. Karl. 2003. The pathophysiology and treatment of

sepsis. N. Engl. J. Med. 348: 138–150.
35. Newcomb, D., G. Bolgos, L. Green, and D. G. Remick. 1998. Antibiotic treat-

ment influences outcome in murine sepsis: mediators of increased morbidity.
Shock 10: 110–117.

36. Remick, D. G., D. R. Call, S. J. Ebong, D. E. Newcomb, P. Nybom,
J. A. Nemzek, and G. E. Bolgos. 2001. Combination immunotherapy with soluble
tumor necrosis factor receptors plus interleukin 1 receptor antagonist decreases
sepsis mortality. Crit. Care Med. 29: 473–481.

37. Xiao, H., and D. G. Remick. 2005. Correction of perioperative hypothermia de-
creases experimental sepsis mortality by modulating the inflammatory response.
Crit. Care Med. 33: 161–167.

38. Ertel, W., M. H. Morrison, P. Wang, Z. F. Ba, A. Ayala, and I. H. Chaudry. 1991.
The complex pattern of cytokines in sepsis: association between prostaglandins,
cachectin, and interleukins. Ann. Surg. 214: 141–148.

39. Salkowski, C. A., G. Detore, A. Franks, M. C. Falk, and S. N. Vogel. 1998.
Pulmonary and hepatic gene expression following cecal ligation and puncture:
monophosphoryl lipid A prophylaxis attenuates sepsis-induced cytokine and che-
mokine expression and neutrophil infiltration. Infect. Immun. 66: 3569–3578.

40. Ashare, A., L. S. Powers, N. S. Butler, K. C. Doerschug, M. M. Monick, and
G. W. Hunninghake. 2005. Anti-inflammatory response is associated with mor-
tality and severity of infection in sepsis. Am. J. Physiol. 288: L633–L640.

41. Gogos, C. A., E. Drosou, H. P. Bassaris, and A. Skoutelis. 2000. Pro- versus
anti-inflammatory cytokine profile in patients with severe sepsis: a marker for
prognosis and future therapeutic options. J. Infect. Dis. 181: 176–180.

42. Neidhardt, R., M. Keel, U. Steckholzer, A. Safret, U. Ungethuem, O. Trentz, and
W. Ertel. 1997. Relationship of interleukin-10 plasma levels to severity of injury
and clinical outcome in injured patients. J. Trauma 42: 863–870.

43. Turnbull, I. R., P. Javadi, T. G. Buchman, R. S. Hotchkiss, I. E. Karl, and
C. M. Coopersmith. 2004. Antibiotics improve survival in sepsis independent of
injury severity but do not change mortality in mice with markedly elevated in-
terleukin 6 levels. Shock 21: 121–125.

44. Bone, R. C., R. A. Balk, F. B. Cerra, R. P. Dellinger, A. M. Fein, W. A. Knaus,
R. M. Schein, and W. J. Sibbald. 1992. Definitions for sepsis and organ failure
and guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM
Consensus Conference Committee. American College of Chest Physicians/Soci-
ety of Critical Care Medicine. Chest 101: 1644–1655.

45. Wichterman, K. A., A. E. Baue, and I. H. Chaudry. 1980. Sepsis and septic
shock–a review of laboratory models and a proposal. J. Surg. Res. 29: 189–201.

46. Copeland, S., H. S. Warren, S. F. Lowry, S. E. Calvano, and D. Remick. 2005.
Acute inflammatory response to endotoxin in mice and humans. Clin. Diagn. Lab.

Immunol. 12: 60–67.
47. Remick, D. G., D. E. Newcomb, G. L. Bolgos, and D. R. Call. 2000. Comparison

of the mortality and inflammatory response of two models of sepsis: lipopoly-
saccharide vs. cecal ligation and puncture. Shock 13: 110–116.

48. Harbarth, S., K. Holeckova, C. Froidevaux, D. Pittet, B. Ricou, G. E. Grau,
L. Vadas, J. Pugin, and Geneva Sepsis Network. 2001. Diagnostic value of pro-
calcitonin, interleukin-6, and interleukin-8 in critically ill patients admitted with
suspected sepsis. Am. J. Respir. Crit. Care Med. 164: 396–402.

49. Bonville, D. A., T. S. Parker, D. M. Levine, B. R. Gordon, L. J. Hydo,
S. R. Eachempati, and P. S. Barie. 2004. The relationships of hypocholesterol-
emia to cytokine concentrations and mortality in critically ill patients with sys-
temic inflammatory response syndrome. Surg. Infect. 5: 39–49.

50. Ertel, W., J. P. Kremer, J. Kenney, U. Steckholzer, D. Jarrar, O. Trentz, and
F. W. Schildberg. 1995. Downregulation of proinflammatory cytokine release in
whole blood from septic patients. Blood 85: 1341–1347.

51. Heagy, W., K. Nieman, C. Hansen, M. Cohen, D. Danielson, and M. A. West.
2003. Lower levels of whole blood LPS-stimulated cytokine release are associ-
ated with poorer clinical outcomes in surgical ICU patients. Surg. Infect. 4:
171–180.

52. Ayala, A., Z. K. Deol, D. L. Lehman, C. D. Herdon, and I. H. Chaudry. 1994.
Polymicrobial sepsis but not low-dose endotoxin infusion causes decreased
splenocyte IL-2/IFN-� release while increasing IL-4/IL-10 production. J. Surg.

Res. 56: 579–585.
53. Ayala, A., P. J. O’Neill, S. A. Uebele, C. D. Herdon, and I. H. Chaudry. 1997.

Mechanism of splenic immunosuppression during sepsis: key role of Kupffer cell
mediators. J. Trauma 42: 882–888.

54. Ayala, A., M. A. Urbanich, C. D. Herdon, and I. H. Chaudry. 1996. Is sepsis-
induced apoptosis associated with macrophage dysfunction? J. Trauma 40:
568–573.

55. Newton, S., Y. Ding, C. S. Chung, Y. Chen, J. L. Lomas-Neira, and A. Ayala.
2004. Sepsis-induced changes in macrophage co-stimulatory molecule expres-
sion: CD86 as a regulator of anti-inflammatory IL-10 response. Surg. Infect. 5:
375–383.

56. Tschaikowsky, K., M. Hedwig-Geissing, A. Schiele, F. Bremer, M. Schywalsky,
and J. Schuttler. 2002. Coincidence of pro- and anti-inflammatory responses in
the early phase of severe sepsis: longitudinal study of mononuclear histocom-
patibility leukocyte antigen-DR expression, procalcitonin: C-reactive protein, and
changes in T-cell subsets in septic and postoperative patients. Crit. Care Med. 30:
1015–1023.

57. Levy, M. M., M. P. Fink, J. C. Marshall, E. Abraham, D. Angus, D. Cook,
J. Cohen, S. M. Opal, J. L. Vincent, and G. Ramsay. 2003. 2001 SCCM/ESICM/
ACCP/ATS/SIS International Sepsis Definitions Conference. Crit. Care Med. 31:
1250–1256.

58. Abraham, E., P. F. Laterre, J. Garbino, S. Pingleton, T. Butler, T. Dugernier,
B. Margolis, K. Kudsk, W. Zimmerli, P. Anderson, et al. 2001. Lenercept (p55
tumor necrosis factor receptor fusion protein) in severe sepsis and early septic
shock: a randomized, double-blind, placebo-controlled, multicenter phase III trial
with 1,342 patients. Crit. Care Med. 29: 503–510.

59. Dollner, H., L. Vatten, and R. Austgulen. 2001. Early diagnostic markers for
neonatal sepsis: comparing C-reactive protein, interleukin-6, soluble tumour ne-
crosis factor receptors and soluble adhesion molecules. J. Clin. Epidemiol. 54:
1251–1257.

60. Pilz, G., P. Fraunberger, R. Appel, E. Kreuzer, K. Werdan, A. Walli, and
D. Seidel. 1996. Early prediction of outcome in score-identified, postcardiac sur-
gical patients at high risk for sepsis, using soluble tumor necrosis factor receptor-
p55 concentrations. Crit. Care Med. 24: 596–600.

61. Lekkou, A., M. Karakantza, A. Mouzaki, F. Kalfarentzos, and C. A. Gogos. 2004.
Cytokine production and monocyte HLA-DR expression as predictors of outcome
for patients with community-acquired severe infections. Clin. Diagn. Lab. Im-

munol. 11: 161–167.

1974 SIRS/MARS/CARS CONTINUUM IN SEPSIS

 b
y
 g

u
est o

n
 A

u
g
u
st 5

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/

