CD40 and CD80/86 Act Synergistically to Regulate
Inflammation and Mortality in Polymicrobial Sepsis
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Rationale: Costimulatory molecules, including the CD40-CD154 and
CD80/86-CD28 dyads, play a prominent role in regulating inflam-
mation in the adaptive immune response. Studies from our group
and others suggest a potentially important role for these costimu-
latory cascades in innate immunity as well.

Objectives: To determine the role of CD80/86 alone and in combina-
tion with CD40 in lethal polymicrobial sepsis in mice and humans.
Methods: The murine cecal ligation and puncture (CLP) model was
used to determine the role of CD80/86 alone and in combination
with CD40 using wild-type mice, CD80/86 ~/~ mice, and novel CD40/
80/86 '~ mice. Expression of cell-bound and soluble costimulatory
molecules was assessed in humans via ELISA and flow cytometry.
Measurements and Main Results: Lethal CLP was associated with up-
regulation of CD40 and CD80/86 and their respective ligands CD28
and CD154 on innate effector cells. Blockade or deletion of CD80/86
attenuated mortality and inflammatory cytokine production during
CLP. CD40/80/86 '~ mice exhibited further reductions in mortality,
lung injury, and inflammatory cytokine production compared with
CD80/86~/~ mice. Finally, humans with sepsis had increased mono-
cyte expression of CD40 and CD80 compared with healthy control
subjects; with higher levels in subjects requiring vasopressor sup-
port. Levels of soluble CD28 and CD154 were significantly higher in
patients who died compared with those who lived.

Conclusions: These data demonstrate a central role for CD40 and
CD80/86 in the innate immune response and suggest that combined
inhibition of CD40 and CD80/86 may improve mortality in sepsis.
Expression of costimulatory molecules may serve as biomarkers for
outcome in septic patients.
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Sepsis, defined as the systemic inflammatory response to in-
fection, affects more than 700,000 people per year in the United
States, resulting in 250,000 deaths and a net cost of $17 billion
per year (1, 2). Sepsis is the leading cause of death in the
intensive care unit and the tenth leading cause of death overall.
Despite appropriate antibiotics and advances in therapy, mor-
tality exceeds 25% (1, 2).

The host inflammatory response in sepsis is complex, in-
volving an interplay between pro- and antiinflammatory medi-
ators, both of which have divergent effects on pathogen control,
systemic inflammation, and susceptibility to recurrent infec-
tion. Numerous attempts to alter this balance in sepsis through
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

At present, there is little known about the role of cos-
timulatory molecules in regulating inflammation in severe
sepsis.

What This Study Adds to This Field

This study suggests that costimulatory molecules have an
important role in regulating inflammation and mortality in
lethal sepsis, and provides support for a paradigm in which
costimulatory molecules act synergistically to regulate
severe inflammatory responses to bacterial infection.

modulation of individual cytokines have been unsuccessful (3—
6). This suggests that once the inflammatory cascade has been
initiated, individual cytokines are part of a redundant circuit
that proceeds independently of any single component. As
a consequence, investigators have focused on early receptors/
mediators that may be a first step in innate inflammation. As
macrophages play a critical role for production of inflammatory
cytokines/chemokines in sepsis, a number of studies have
focused on pathways of macrophage activation (7-11).

One potential mechanism for macrophage activation is
through engagement of costimulatory receptors. These include
CD40 and CD80/86 (B7-1/B7-2) with their respective ligands
CD154 and CD28. These interactions are critical for T-cell
activation and inflammation in models of adaptive immunity
in vitro and in vivo (12-14). Data from our laboratory suggest
that neutrophils (PMNs) can activate macrophages in vitro via
engagement of the costimulatory receptors CD40 and CD80/86,
establishing a potential role for these cascades in regulating
inflammation in the innate immune response in vivo (11).

Prior investigations have already begun to define a potential
role for these costimulatory receptors in the innate immune
response in vivo. CD40~/- mice are resistant to hyperoxic and
LPS-induced lung injury and CD40 is up-regulated on peripheral
blood mononuclear cells in septic patients (15-17). Our labora-
tory documented improved survival and attenuations in remote
organ injury and cytokine production, specifically IL-12, in
CD40~~ mice subjected to polymicrobial sepsis (18). Evidence
also suggests an important role for the CD80/86-CD28 system in
innate immunity in vivo. CD28 is integral to abdominal abscess
formation and control of inflammation in superantigen shock in
mice (19-21). Polymicrobial sepsis is associated with altered
CD86 expression on Kupffer cells and peritoneal macrophages,
with CD867/~ mice having attenuated IL-10 production after
cecal ligation and puncture (CLP) (22, 23). Finally, one report
documents overwhelming inflammation and death in humans
treated with an agonistic CD28 monoclonal antibody (mAb) (24).

Inhibition of individual costimulatory cascades has been used
successfully in animals and more recently in humans to partially
control inflammation in autoimmune disease and graft rejection
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(23, 25, 26). However, numerous studies show that simultaneous
inhibition of multiple costimulatory cascades has an additive/
synergistic effect on immunomodulation. Specifically, simulta-
neous blockade of CD154 and CD28 results in additional xeno-
graft tolerance in mice compared with either alone, with similar
results in models of murine lupus and experimental allergic en-
cephalitis (12-14, 27). However, to date, no data exist about the
effect of this strategy on regulating inflammation in models of
innate immunity, such as lethal polymicrobial sepsis.

Because of our observation that simultaneous blockade of
CD40 and CD80/86 can attenuate PMN-mediated activation of
macrophages in vitro (11), we tested whether CD40 and CD80/
86 are induced in murine polymicrobial sepsis after CLP and
whether theses receptors act synergistically to regulate mortal-
ity and inflammation in this model. Finally, we investigated the
relevance of these findings for humans by assessing whether the
expression of these costimulatory molecules could serve as
biomarkers for disease severity and/or outcome in patients with
sepsis. Some of the results of these studies have been reported
in abstract form (28-30).

METHODS
Mice

All studies were approved by the Institutional Animal Care and Use
Committee of Oregon Health and Science University (Portland, OR).
Six- to 10-week-old female C57BL/6 mice (stock no. 00664) and CD80/
86/~ mice (stock no. 003610) were obtained from Jackson Laboratory
(Bar Harbor, ME). CD40~/~ mice (stock no. 002928; Jackson Labora-
tory) and CD80/86 '~ mice were crossbred to create CD40/80/86 '~
mice. CD40/80/86™/~ deletion was confirmed by polymerase chain
reaction and fluorescence-activated flow cytometry. CD40/80/86~"~
mice have a normal lifespan and breeding pattern. Mice were housed
under specific pathogen—free conditions. All experiments were ap-
proved by the Oregon Health and Science University Animal Care and
Use Committee. CLP was performed as previously described (18).
Briefly, mice were anesthetized with 2.5% isoflurane and underwent
CLP with a 19-gauge needle. Mice received 1 ml of 0.9% saline
subcutaneously for resuscitation. At the specified times, plasma,
bronchoalveolar lavage (BAL) fluid, and peritoneal lavage (PL) fluid
samples (3 ml) were collected from the mice as previously described
(18, 31). For survival experiments, mice were monitored for a total of
14 days. For antibody inhibition, 200 pg of anti-CD86 (GL-1; eBio-
science, San Diego, CA) and anti-CD80 (16-10A1; eBioscience) were
injected intraperitoneally 4 hours before surgery.

Cytokines and tissue myeloperoxidase (MPO) were determined with
commercially available immunoassays (R&D Systems [Minneapolis,
MN] and Bender MedSystems [Vienna, Austria] [soluble CD28 only];
Hycult Biotechnology [Uden, The Netherlands] [MPO]) and performed
according to the manufacturer’s specifications. NF-kB DNA binding was
determined by DNA-binding ELISA (Active Motif, Carlsbad, CA).
Pulmonary capillary leakage was determined with Evan’s blue dye as
previously described (18). Quantitative cultures of plasma and peritoneal
lavage samples were performed, using serial dilutions plated onto LB
agar plates. Murine peritoneal PMNs were obtained from wild-type mice
treated intraperitoneally with 1 cm? of 3% thioglycollate (Sigma-Aldrich,
St. Louis, MO) for 4 hours. Mice were lavaged and PMNs were washed
twice in sterile phosphate-buffered saline before use. PMNs (5 X 10°)
were injected into the peritoneal cavity of wild-type or knockout mice for
4 hours, and then mice were killed and PL fluid and plasma were
collected for cytokine analysis.

Flow Cytometry

Flow cytometry was performed as previously described (18, 32).
Splenocytes, whole blood, and peritoneal lavage fluid were collected
and 1 X 10° cells were incubated with 100 pl of FcBlock (murine cells
only; BD Biosciences, San Jose, CA) for 15 minutes and then labeled
with the following antibodies: CD40, CD154, CD80, CD86, CD4, CDS,
LY6g (murine), CD11b, F4/80 (murine), CD28, and CD14 (human) at

optimal concentration for 45 minutes in the dark. Red blood cells were
lysed with RBC lysis buffer and then the cells were fixed with 0.1%
paraformaldehyde and analyzed on a BD LSR II eight-color analyzer
(BD Biosciences) with FloJo software (Tree Star, Ashland, OR). All
reagents were purchased from BD Biosciences. BD CompBeads (BD
Biosciences) were used to calibrate the instrument before each use.
PMNs were identified by forward scatter/side scatter (FSC/SSC)
characteristics as Ly6G™* (mice only); mononuclear cells were identi-
fied by FSC/SSC as CD11b* and F4/80" (mice) or as CD11b" and
CD14* (human); T cells were identified by FSC/SSC and further
subgrouped by CD4% and CD8" labeling. Isotype antibody-labeled
cells were used to control for nonspecific staining.

Human Studies

All studies were approved by the institutional review boards of New
York University (New York, NY) and Oregon Health and Science
University. All patients meeting American College of Chest Physi-
cians/Society of Critical Care Medicine criteria for sepsis in the first
24 hours of intensive care unit stay were eligible for inclusion (33). Septic
shock was defined as sepsis with a need for treatment with vaso-
pressors. Patients were excluded for the following reasons: the pres-
ence of a Do Not Resuscitate order or decision to institute comfort
care measures, hemoglobin less than 7 g/dl, or the presence of active
bleeding requiring more than 2 units of packed red blood cells. After
obtaining informed consent, 25 cm? of blood was collected into glass
(serum) or ethylenediaminetetraacetic acid-coated tubes (platelet-
poor plasma) on Days 1, 3-5, 7, and 14 or until death or hospital
discharge. After obtaining preliminary data on soluble mediators, and
optimization of labeling protocols, all subsequent subjects had addi-
tional blood collected for flow cytometry. Clinical data including SOFA
(Sequential Organ Failure Assessment) and APACHE (Acute Phys-
iology and Chronic Health Evaluation) scores were recorded at the
time of each blood draw. Patients were monitored for 28 days or until
death or hospital discharge.

Statistics

Survival was analyzed by Kaplan-Meier analysis. All comparisons
between groups were performed by Mann-Whitney or Kruskal-Wallis
analysis of variance, depending on the number of groups analyzed. For
multigroup analysis, intergroup comparisons were performed by
Dunn’s test. Correlations were made by Spearman’s test. All statistics
were done with Prism 4.0 (GraphPad Software, San Diego, CA).

RESULTS

Expression of Costimulatory Molecules in Murine Sepsis

We first determined whether expression of the CD40 and CD80/
86 systems was altered in polymicrobial sepsis induced by CLP.
CD80 was up-regulated on mononuclear cells in PL fluid
(Figure 1A) after CLP with similar results in peripheral blood
and spleen (data not shown). In contrast, CD86 was differen-
tially regulated in the different tissue compartments. Similar to
CD80, CD86 was up-regulated in spleen (47.8 vs. 16.3%; P <
0.01) and peripheral blood (data not shown). However, as in
previous reports (34), CD86 was decreased in PL fluid 18 hours
after CLP (Figure 1B) compared with control subjects. Of note,
there was little alteration in expression of either molecule after
sublethal CLP (30-gauge needle) (data not shown). There was
no difference in CD4*, CD8* lymphocyte or PMN expression
of CD80 or CD86 in any tissue compartment tested (data not
shown). We next investigated the potential cellular sources of
CD28. PMNs (Ly6G*) from control mice showed little expres-
sion of CD28 in any tissue compartment tested, with no PMNs
observed in PL fluid. Sepsis was associated with marked
upregulation of CD28 on PMNs in PL fluid (Figure 1C), with
similar results in peripheral blood and spleen (data not shown).
As expected, CD4* and CD8" cells constitutively expressed
CD28. However, there was no change in either mean fluores-
cence intensity or percent CD28*CD4* or CD28*CD8™ cells in
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the peripheral blood in mice after CLP compared with control
mice (data not shown).

Expression of CD40 and CD154 was also increased on
CD11b*Ly6G™ monocytes in peripheral blood (Figures 1D
and 1E) and spleen (data not shown) after CLP. There was
no change in CD4*, CD8*, or PMN expression of CD154.
Finally, CLP was associated with increased expression of
soluble CD154 in plasma (7,958 vs. 4,658 pg/ml) as compared
with control subjects.

Inhibition of CD40 and CD80/86 Improves Survival in
Polymicrobial Sepsis

We have reported that CD40~/- mice have delayed mortality
and attenuation of IL-6, IL-10, and IL-12 production after CLP
(18). We next tested the role of CD80/86 in controlling lethality
and inflammation in CLP. Because of the significant overlap in
CD80 and CD86 signaling, initial experiments were carried out
in mice with a targeted deletion of both molecules (CD80/
86=-). CD80/86~"~ mice had a 33% reduction in mortality (93
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Red 1-A:: CO4-APC Red 1-A sion on peripheral blood neu-

trophils (PMNs) (Ly6G™); P =
0.05. (D) CD154 expression
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blood mononuclear cells; P =
0.04. (E) CD40 expression
on CD11b*Ly6G* peripheral
blood mononuclear cells; P =
0.04. Data represent three to
five mice per group and were
analyzed by Mann-Whitney
t test.

vs. 60%) and a 2.5-fold improvement in median survival (30 vs.
78 h; P = 0.007) compared with wild-type mice (Figure 2B).
Similar results were obtained with administration of an a-CD80/
86 mADb 4 hours before CLP (Figure 2A). CD80/86~/- mice had
no change in bacterial clearance compared with wild-type mice
(see Figure 4D). Improvement in survival was associated with
attenuation in plasma and BAL fluid IL-6 and IL-10 in the
CD80/86~ mice, with no change in IL-12 as compared with
wild-type mice (Figure 3).

Because of reports of additive or synergistic effects of
combined costimulatory molecule inhibition, we generated
a novel CD40/80/86~/~ mouse to test the hypothesis that CD40
and CD&80/86 act synergistically to regulate inflammation in
sepsis. CD40/80/86~"~ mice had a further improvement in over-
all and median survival after CLP (60%) compared with wild-
type (8%) and CD80/86~"~ (33%) mice (P = 0.001), and prior
data using CD40~"~ mice (10%) (18, 31) (Figure 2B). Improve-
ment in survival of CD40/80/86 '~ mice was associated with
greater attenuations in plasma and BAL fluid IL-6 at 6 hours
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after CLP (see Figures E1A and E1B in the online supplement)
compared with wild-type and CD80/86~~ mice. At 18 hours
after CLP, CD40/80/86~"- mice had attenuations in IL-6 and IL-
10 in BAL fluid (Figure 3), PL fluid (see Figures E1E and E1F),
and plasma (Figure 3) compared with wild-type and CD80/86/~
mice. However, in contrast to CD80/86~/~ mice, CD40/80/86~"~
mice showed a reduction in plasma and BAL fluid IL-12 at
6 hours (see Figure E1D) and 18 hours (Figure 3) after CLP.
We used pulmonary capillary leakage as determined with
Evan’s blue dye as a measure of distant organ injury. CD40/86/
86~ mice had a reduction in pulmonary capillary leakage
compared with CD80/86~/~ or wild-type mice after CLP (Figure
4A). CD40/80/86~- mice also had further attenuation in hepatic

PMN accumulation (determined by MPO) and NF-«kB induc-
tion compared with wild-type and CD80/86~/~ mice (Figures 4B
and 4C). Finally, CD40/80/86 '~ mice demonstrated no significant
difference in circulating bacterial burden after CLP (Figure 4D).

The finding that the regulation of costimulatory molecules
and their receptors is altered on PMNs and monocytes after
CLP suggests that PMN-mononuclear cell interactions may
contribute to the inflammatory response in vivo via CD40/80/86.
To determine whether deletion of costimulatory molecules
affected the ability of resident peritoneal cells to produce
inflammatory cytokines, we injected wild-type PMNs intraper-
itoneally into wild-type, CD80/86~"-, or CD40/80/86~"~ mice.
Administration of wild-type PMNSs resulted in significant IL-6
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production in plasma and PL fluid from wild-type mice 4 hours
postinjection compared with saline-injected control mice (data
not shown). CD80/86 /- mice injected with wild-type PMNs had
less PL fluid IL-6 compared with similarly treated wild-type
mice, with no difference in plasma IL-6 (Figure 5). CD40/80/
86—~ mice injected with wild-type PMNs had a further attenu-
ation in plasma and PL fluid IL-6 compared with the CD80/
86~'~ mice (Figure 5).

Expression of Costimulatory Molecules Serves as a Biomarker
for Outcome in Human Sepsis

Finally, we investigated whether the mouse model accurately
reflects alteration of costimulatory molecule expression in
human sepsis. Thirty-five subjects who met the American
College of Chest Physicians/Society of Critical Care Medicine
consensus definition of sepsis and 11 healthy control subjects
provided blood for analysis of soluble mediator analysis, and 14
consecutive septic subjects and 6 healthy control subjects pro-
vided whole blood for flow cytometry (33). The clinical charac-
teristics of the septic subjects are presented in Table 1. Overall,
the healthy control subjects were younger (37 vs. 57 yr) than
septic patients, with no difference in sex distribution (data not
shown). Thirteen of 14 subjects in whom flow cytometry was
performed survived and had blood drawn on Days 1, 3, 7, and 14
or until death or hospital discharge. As in prior reports, sepsis
was associated with marked upregulation of plasma IL-6 (1,056
+ 563 vs. 2.1 = 1.3 pg/ml; P < 0.001), and IL-12 (7.9 = 3.5 vs.
0.42 = 0.17 pg/ml; P = 0.01) (35). CD40 and CD80 expression
was up-regulated on the circulating monocytes (CD14%) of
septic subjects on Day 1 compared with healthy control subjects
(Figures 6A and 6B; and see the representative dot plot in
Figure E2). At the time of final blood collection, expression
levels of CD40 were significantly lower than those at admission
(6.1 vs. 25.2%; P = 0.004) and were not different from those of
healthy control subjects (6.1 vs. 2.5%; P = not significant). A

TABLE 1. CLINICAL CHARACTERISTICS OF SUBJECTS
ON ENROLLMENT

All Septic Septic Subjects Selected
Subjects for Flow Cytometry
(n = 35) (n=14)
Age, yr 54.5 57.8
Sex, % female 45.7 50
APACHE Il score 16.8 18.6
Mechanical ventilation, % 43 47
Vasopressors, % 54 64
Bacteremia, % 34 35.7
28-Day mortality, % 171 7.1

Definition of abbreviation: APACHE = Acute Physiology and Chronic Health
Evaluation.

305

Figure 5. Neutrophils (PMNs) induce IL-6 production
in vivo via CD40 and CD80/86. PMNs (5 X 10°) from
wild-type (WT) mice were injected intraperitoneally into
WT, CD80/86~/-, or CD40/80/86~/~ mice for 4 hours, at
which point (A) plasma and (B) peritoneal lavage (PL) fluid
were collected and analyzed for IL-6 via ELISA. There were
five to eight mice per group. Data were analyzed by
nonparametric analysis of variance, with P values shown at
the bottom of each graph. Statistically significant group

p=0.08 comparisons are bracketed.

similar trend was seen for CD80 expression (9.3 vs. 3.2%; P =
0.1). The decrease in CD40 and CD80 expression correlated
tightly with reduced APACHE II (see Figure E2) and Simpli-
fied Acute Physiology Score II (SAPS II) scores (data not
shown). In addition, expression levels of CD40 (Figure 6C) and
CD80 (13.64% [septic shock] vs. 1.64% [sepsis] vs. 0.74%
[healthy control subjects]; P = 0.002 by analysis of variance)
on Day 1 were significantly higher in subjects with septic shock
(defined as the need for vasopressors), compared with sepsis.
There was no association between the monocyte expression
levels of CD40 or CD&0 and the need for mechanical ventila-
tion, ventilator-free days, or the presence of bacteremia. CD86
was constitutively expressed on circulating monocytes in
healthy individuals and levels were decreased in septic subjects
on Day 1 compared with healthy control subjects, with levels
returning to those of healthy control subjects at the time of the
last blood collection (Figure 6D). As expected, CD28 was
expressed at high levels on CD4* and CD8* cells, with no
significant difference between septic and healthy subjects in
either mean fluorescence intensity or percent positive cells (data
not shown). However, in contrast to our observations in mice,
there were only low levels of PMN surface CD28 expression in
septic patients. Finally, similar to our observations in mice,
CD154 was present on circulating monocytes with a trend
toward higher levels in septic patients compared with healthy
control subjects (3.9 vs. 1.2%; P = 0.08).

Finally, we determined the concentrations of the soluble
isoforms of CD154 and CD28 in sepsis. Soluble CD154
(sCD154) is a well-established biomarker for diseases regulated
by adaptive immunity and is a potent CD40 agonist, resulting in
macrophage activation and systemic inflammation (32, 36-39).
In a similar fashion, soluble CD28 (sCD28) acts as an activator
of dendritic cells via CD80/86 (40). We demonstrate that
sCD28:Fc results in similar upregulation of IL-6 in murine
peritoneal macrophages compared with Fc-treated control sub-
jects (340 vs. 5 pg/ml). Whereas the levels of sCD28 and sCD154
were no different in septic subjects compared with healthy
control subjects, the plasma concentrations of both were higher
in nonsurvivors compared with either survivors or healthy
control subjects (Figure 7). In contrast, there was no difference
in the plasma concentration of IL-6 between survivors and
nonsurvivors (1,200 = 916 vs. 861 = 507 pg/ml; P = 0.83). There
was no correlation between sCD28 or sCD154 and the concen-
trations of IL-6 and IL-12, the APACHE II score on admission,
the need for mechanical ventilation, the presence of septic
shock, or the presence of bacteremia.

DISCUSSION

One of the major findings of this study is that deletion of the
costimulatory molecules, CD40 and CD80/86, alone and in
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Figure 6. Humans with sepsis present alterations in
costimulatory molecules. Healthy control subjects
and 14 septic subjects underwent flow cytometric
analysis for CD40 (A), CD80 (B), and CD86 (D) on
circulating monocytes. Monocytes were identified
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combination, markedly improves survival in the murine CLP
model of lethal polymicrobial sepsis. Improved survival in
CD80/86~~ mice firmly establishes a role for this receptor
complex in regulating inflammation in overwhelming sepsis.
The similar result in mice treated with an anti-CD80/86 mAb
confirms the observation in the knockout mice, although further
experiments with post—-CLP treatment would be required to
establish the potential of inhibiting CD80/86 as a therapeutic
strategy. These data are consistent with the observation that
stimulation of CD28 with an agonistic mAb in humans can
result in a fulminant shocklike state with high lethality (24). The
attenuation of circulating IL-6 and IL-10 in CD80/86 "~ mice is
consistent with one study suggesting that CD86 is a major
regulator of IL-10 during CLP, and with other studies docu-
menting CD28-mediated IL-6 production from dendritic cells in
a CD80/86-dependent manner (34, 40). In contrast, CD80/86 /-
mice had no change in circulating IL-12 after CLP. We have
previously reported a critical role for CD40 in regulating IL-12
in sepsis, which suggested persistent activity of the CD40 system
in CD80/86~~ mice and a potential role for combined inhibition
of these cascades (18, 31).

The beneficial effect of combined blockade of multiple
costimulatory pathways in inhibiting inflammation has been
observed in many disease states governed by cellular immunity,
including allograft rejection and autoimmunity (12-14, 27). The
twofold improvement in survival of CD40/80/86~/~ mice com-

Sepsis

pared with wild-type, CD80/86-, and CD40~/~ mice, suggests
a similar synergistic interaction for these costimulatory mole-
cules in sepsis, which is regulated by innate immunity. This
improvement in survival was associated with attenuations in IL-
6, IL-10, and IL-12 in multiple tissue compartments. Specifi-
cally, the reduction in IL-12 further implicates a specific role for
CD40 in the regulation of IL-12 and helper T-cell type 1
cytokine production in sepsis (18). Reductions in inflammatory
mediators were associated with a reduction in hepatic NF-kB
activation, pulmonary capillary leakage, and hepatic PMN
accumulation. These findings, combined with the lack of
alteration in bacterial clearance, suggest that inhibiting multiple
costimulatory receptors can prevent remote organ damage
without compromising innate host defenses against bacterial
pathogens. The marked effect of deleting both CD40 and CD8&0/
86 suggests these molecules are an important early step in the
inflammatory response to overwhelming infection.

Our results also suggest that monocytes/macrophages and
PMNs play an important role in the inflammatory responses
mediated by costimulatory molecules in sepsis. This is sup-
ported by the increase in CD40, CD154, and CD80 expression
on peripheral blood monocytes and peritoneal macrophages
after CLP and is in agreement with one report showing
upregulation of CD80 on peritoneal dendritic cells after CLP
(34). CD86, however, was differentially regulated after CLP in
our study, with increased expression in spleen and reduced
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expression on peritoneal macrophages. The latter is consistent
with other reports and our human observations (34). The
significance of the compartment-specific changes in CD86
expression remains unclear and further studies are required to
determine whether this represents tissue-specific differentiation,
or selective transmigration of peripheral monocytes. The finding
of increased CD28 expression on PMNs in peripheral blood and
PL fluid after CLP, with little alteration in T-cell expression,
suggests an important role for PMNs in costimulatory mole-
cule-mediated inflammation as well. The ability of PMNs to
induce IL-6 production in a CD40/80/86-dependent manner
in vivo provides direct evidence of the ability of costimulatory
cascades to regulate inflammation via innate immune effector
cells, and supports in vitro data from our laboratory suggesting
that PMNs activate macrophages via engagement of CDA40,
CD80/86, and intercellular adhesion molecules on the macro-
phage surface (11).

However, we cannot exclude other cellular sources for
costimulatory molecule-mediated inflammation in our model.
Costimulatory molecules are widely expressed and other po-
tential sources include platelets (CD154), endothelial cells,
natural Killer cells, and T cells, all of which have been described
to have important roles in the innate immune response (41-43).
T-cell-expressed costimulatory ligands have been implicated in
the immunoparalysis observed in the recovery phase of sepsis
(44). This may in part explain the differences between our
results and those in one study by Schwulst and coworkers (44).
In that study, CD40 activation, via an agonistic monoclonal
antibody, improved survival in mice subjected to a dual-hit
model of nonlethal CLP followed by a secondary lethal
bacterial pneumonia. This raises the possibility that there is
a biphasic response to costimulatory receptor expression and
cell type involved, depending on the severity and timing of the
initial insult. Furthermore, unlike our study, in which peritoneal
sepsis was the cause of death, death in their study was induced
by secondary pneumonia, raising the possibility for differential,
compartment-specific effects for CD40. Finally, their study as-
sessed the role of CD40 via an agonist antibody, thus eliminating
any effect of CD40 activation of CD154-expressing cells. This
may be an important factor given the ability of CD154 ligation
to activate platelets and T cells (43, 45, 46).

An eventual goal is to translate these findings to human
sepsis. The up-regulation of costimulatory receptors on circu-
lating monocytes and expressed costimulatory ligands on PMNs
in septic patients lends further support to a pathophysiologic
role for costimulatory molecules in the acute phases of sepsis.
The increased expression of CD80 and CD40 on Day 1 on
circulating monocytes in septic subjects, with the highest levels
found in subjects with circulatory failure, suggests an important
role for these cascades in early septic shock. The subsequent
decrease in CD40 and CD80 expression levels as the severity of
illness decreased lends further support for a causal role of these
molecules in regulating inflammation in human sepsis.

We found that increased levels of soluble CD28 and CD154
identify a subset of patients with lethal sepsis. Prior studies
showed that sCD28 and sCD154 can act as stimulatory ligands
for their respective receptors and serve as biomarkers for
disease presence and/or activity in acute coronary syndromes,
tuberculosis, and autoimmune disease (32, 36-40). We have
found a similar role for these molecules as biomarkers in sepsis.
The lack of correlation between sCD28 or sCD154 and
APACHE II or SOFA scores suggests that these costimulatory
ligands may be more specific markers for mortality than
traditional biomarkers such as IL-6 (47). Although suggestive,
because of the relatively small number of nonsurvivors, and the
marked heterogeneity known to exist in human sepsis, larger
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numbers of patients will need to be studied in order to draw
definitive conclusions. Furthermore, the source of these soluble
costimulatory ligands and the mechanism of solubilization are
not clear. There are many potential sources for both ligands as
activated platelets are a large reservoir of sCD154, and sCD28
is produced by alternative splicing of CD28 mRNA in T cells
(37, 48)

In conclusion, these data support an important and novel
role for costimulatory molecules alone and in combination in
regulating inflammation in the innate immune response in
overwhelming polymicrobial sepsis. These data support the
rationale for blockade of these pathways in humans and suggest
a new potential therapeutic modality for septic shock.
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