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Sepsis is a common, life-threatening disease for which there is little treatment. The cysteine protease dipeptidyl peptidase
I (DPPI) activates granule-associated serine proteases, several of which play important roles in host responses to
bacterial infection. To examine DPPI’s role in sepsis, we compared DPPI–/– and DPPI+/+ mice using the cecal ligation and
puncture (CLP) model of septic peritonitis, finding that DPPI–/– mice are far more likely to survive sepsis. Outcomes of
CLP in mice lacking mast cell DPPI reveal that the absence of DPPI in mast cells, rather than in other cell types, is
responsible for the survival advantage. Among several cytokines surveyed in peritoneal fluid and serum, IL-6 is highly and
differentially expressed in DPPI–/– mice compared with DPPI+/+ mice. Remarkably, deleting IL-6 expression in DPPI–/–

mice eliminates the survival advantage. The increase in IL-6 in septic DPPI–/– mice, which appears to protect these mice
from death, may be related to reduced DPPI-mediated activation of mast cell tryptase and other peptidases, which we
show cleave IL-6 in vitro. These results indicate that mast cell DPPI harms the septic host and that DPPI is a novel
potential therapeutic target for treatment of sepsis.
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Introduction
Sepsis syndrome is the consequence of the host’s
response to overwhelming bacterial infection and is
characterized by hypotension, decreased organ perfu-
sion, microvascular thrombosis, and organ ischemia,
which lead to organ dysfunction and death (1). Innate
immune cells recognize the presence of invading bac-
teria and initiate the host response by releasing
cytokines that recruit inflammatory cells, enhance bac-
terial clearance, and activate adaptive immune cells to
generate pathogen-specific antibodies (2). When
cytokines and inflammatory cells are present in judi-
cious amounts, the pathogens are removed without
adverse consequence. Excessive amounts or imbalances
of pro- and anti-inflammatory cytokines lead to sepsis
syndrome and death (1).

Mast cells play a central role in protecting a host
infected with bacteria (3, 4). Following infection, bac-
teria activate mast cells directly via binding of
pathogen-associated molecules (e.g., LPS and peptido-
glycans) (2) to pattern recognition receptors (e.g., toll-

like receptors or CD48) (5, 6) or indirectly via binding
of activated complement components to CD21/CD35
(7). Upon activation, these receptors trigger mast cell
release of TNF-α, which aids in recruiting neutrophils
to the site of infection (3). Recruited neutrophils then
use the serine peptidase neutrophil elastase to kill bac-
teria by cleaving cell wall proteins (8) or destroying vir-
ulence factors (9).

Dipeptidyl peptidase I (DPPI) is a cysteine-class hydro-
lase that removes NH2-terminal dipeptides from a vari-
ety of targets (10). Studies in DPPI–/– mice show that
DPPI is required for propeptide removal and activation
of the granule-associated serine peptidases granzyme A,
granzyme B, neutrophil elastase, cathepsin G, and mast
cell chymases, all of which are inactive in DPPI–/– mice
(11–13). Levels of active proteinase-3 and tryptase are
also reduced, indicating that DPPI regulates these pep-
tidases as well (11, 12). Because the active form of many
of these proteases is important for the host response
(14–17), we used the cecal ligation and puncture (CLP)
model of bacterial peritonitis to study how the absence
of active DPPI and multiple serine proteases affects the
host response to bacterial infection and sepsis.

Methods
Materials. All chemicals were from Sigma-Aldrich (St.
Louis, Missouri, USA) unless otherwise noted.

Experimental animals. We used DPPI–/– mice back-
crossed five generations into a C57BL/6 background,
and DPPI+/+ littermates as controls. C57BL/6
KitWsh/KitWsh mice (18) were provided originally by Peter
Besmer (Memorial Sloan-Kettering Institute, New
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York, New York, USA). C57BL/6 IL-6–/– mice were pur-
chased from The Jackson Laboratory (Bar Harbor,
Maine, USA) and then crossed with our DPPI–/– mice to
generate DPPI–/– and IL-6–/– double-knockout mice
(DPPI–/–/IL-6–/– mice). All experimental procedures
were performed in 8- to 12-week-old mice and were
approved by the University of California San Francisco
Committee on Animal Research.

Cecal ligation and puncture. A 1-cm midline incision was
made in the abdominal wall of anesthetized mice and
the cecum was identified. The distal 50% of exposed
cecum was ligated with 3-0 silk suture and punctured
with one pass of an 18-gauge needle. The cecum was
replaced in the abdomen, the incision was closed with
3-0 suture, and the mouse recovered with a 0.5-ml
intraperitoneal injection of sterile 0.9% NaCl. Mice
were monitored three times daily and survival was
recorded. Moribund mice were euthanized by CO2

inhalation and cervical dislocation.
Measurement of markers of disease severity. Mice were

weighed immediately prior to and 24 hours after CLP.
Serum markers (alanine aminotransferase, blood urea
nitrogen, and CO2) were quantified using a Synchron
LX20 instrument (Beckman Coulter Inc., Fullerton,
California, USA). Osmolality was measured using a
microosmometer (Advanced Instruments Inc., Nor-
wood, Massachusetts, USA) in serum harvested from
blood obtained from mice 24 hours after CLP. As a
measure of lung capillary leak, wet/dry lung weights
were determined as previously described (19).

Peritoneal lavage. Anesthetized mice were euthanized
by cervical dislocation and the abdominal skin was
cleansed with 70% ethanol. Four milliliters of sterile
0.9% NaCl was then instilled into the peritoneum. The
abdomen was massaged gently for 1 minute and then
opened with sterile scissors. Recovered peritoneal
lavage fluid was centrifuged at 2,000 g for 4 minutes at
4°C and the supernatant was recovered for cytokine
analysis. Cell pellets were resuspended in red blood cell
lysis buffer (Sigma-Aldrich) for 15 minutes and recen-
trifuged, and the cell pellet was resuspended in PBS.
Cell numbers were counted with a hemocytometer and
cell differentials were determined on cytospun cells
stained with Diff-Quik (American Scientific Products,
McGaw Park, Illinois, USA).

Culture of mast cells from bone marrow. Mouse bone
marrow mast cells (BMMCs) were cultured in WEHI-
3B–conditioned medium as described (20). Cells were
used after 5 weeks in culture, at which time the cell
populations consisted of more than 95% mast cells
(identified by metachromatic granules in toluidine
blue–stained cells).

Mast cell reconstitution of KitWsh/KitWsh mice. We used
C57BL/6 KitWsh/KitWsh mast cell–deficient mice (21) for
these studies because they have the same genetic back-
ground as the DPPI–/– mice, and at the age used in
these studies, have no mast cells detectable by
metachromatic staining in the spleen, stomach, small
intestine, mesentery, or peritoneum. For reconstitu-

tion experiments, 5 × 106 DPPI+/+ or DPPI–/– BMMCs
suspended in 500 µl of sterile PBS were injected into
the peritoneum of 5-week-old KitWsh/KitWsh mice. After
allowing 5 weeks for mast cells to differentiate within
the peritoneum (3, 22), the reconstituted mice were
used in experiments. This method selectively reconsti-
tutes peritoneal mast cells (PMCs) to similar levels in
the mesentery or peritoneum (4.0 × 105 ± 0.5 × 105 vs.
3.9 × 105 ± 0.7 × 105 mast cells/peritoneum) using
either DPPI+/+ or DPPI–/– BMMCs.

Quantification of bacterial CFUs. Immediately after
recovery, 10 µl of peritoneal lavage fluid or blood was
diluted serially in sterile 0.9% NaCl. Ten microliters of
each dilution was aseptically plated and cultured on
tryptose blood agar plates (Becton, Dickinson and Co.,
Sparks, Maryland, USA) at 37°C. After 72 hours, the
number of bacterial colonies was counted.

Cytokine analysis. Cytokine concentrations were meas-
ured in serum and peritoneal lavage fluid using ELISA
kits for TNF-α (eBioscience, San Diego, California,
USA), IL-1β (R&D Systems Inc., Minneapolis, Min-
nesota, USA), IL-6 (eBioscience), and IL-10 (eBio-
science) according to the manufacturer’s protocol.

IL-6 hydrolysis. Five hundred ng of murine IL-6 (Pepro-
Tech Inc., Rocky Hill, New Jersey, USA) was incubated
for three hours at 37°C in 10 µl of PBS, in PBS con-
taining a 1:200 molar ratio of mMCP-4 (23) or mMCP-
6 (23), and in PBS containing 4 mM DTT and a 1:200
molar ratio of dog DPPI (24). Cleaved fragments were
identified by SDS-PAGE.

Statistics. Survival curves were analyzed using the two-
tailed Fisher exact test. ANOVA followed by two-tailed
t testing was used to compare markers of organ dys-
function, bacterial CFUs, and mean cytokine concen-
trations. All calculations were performed using
StatView 5.0.1 software (SAS Institute Inc., Cary,
North Carolina, USA). Significance was assigned to P
values smaller than 0.05.

Results
DPPI–/– mice are protected from CLP-induced death. Neu-
trophils and mast cells are required for efficient bacte-
rial clearance and survival of CLP-mediated septic peri-
tonitis (3, 25). Survival also depends on the presence of
active granule-associated serine peptidases within these
cells (14, 15, 17). Because DPPI is required for activa-
tion of these enzymes (11–13), we expected to find
decreased survival following CLP in DPPI–/– mice. Sur-
prisingly, we found that survival of DPPI–/– mice was
more than twice that of DPPI+/+ controls 8 days after
CLP (51% vs. 18%; Figure 1). This survival advantage
persists for up to 28 days after CLP as no late deaths
were observed in mice from either group (data not
shown). Thus, while the absence of active neutrophil
elastase and cathepsin G reduces survival following
bacterial infection (14), survival is improved by a more
severe disruption of serine protease activity (an absence
of neutrophil elastase, cathepsin G, chymase, and
granzymes A and B, and diminished proteinase-3 and
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tryptase activity) in addition to DPPI. This suggests
that the survival advantage caused by the genetic dele-
tion of DPPI is not due to the absence of active neu-
trophil elastase or cathepsin G, and more remarkably,
that it overcomes any harm caused by the absence of
these neutral peptidases (14, 15).

Markers of organ dysfunction are similar in DPPI–/– and
DPPI+/+ mice. We next measured markers of disease
severity and organ damage in an attempt to explain the
enhanced survival of DPPI–/– mice. Markers were meas-
ured shortly before the first deaths in this model to
allow us to sample all mice (survivors and future non-
survivors). At the 24-hour timepoint, DPPI–/– mice had
lost more weight than had DPPI+/+ controls (Table 1).
Markers of systemic acidosis (CO2), hypovolemia
(osmolality), and kidney, lung, and liver dysfunction
(blood urea nitrogen, wet/dry lung weight, alanine
aminotransferase) were similar in the two groups of
mice at the 24-hour timepoint (Table 1). Similarly, the
blood urea nitrogen and wet/dry lung weights were
comparable in the two groups of mice 48 hours after
CLP (data not shown). Finally, the number and types of
inflammatory cells did not differ in the peritoneum 4
hours and 24 hours after CLP (Figure 2).

A complete physiologic explanation of death in the
CLP model is lacking, but it appears that mice succumb
from hypotension associated with septic shock (26).
Our findings that markers of organ damage are similar
in DPPI+/+ and DPPI–/– mice demonstrate that the sur-
vival advantage of DPPI–/– mice does not result from
early protection of vital organs. Furthermore, the lack
of a difference in wet/dry lung weights indicates that
the survival advantage of DPPI–/– mice does not stem
from a reduction in the plasma leakage into the lung
that was seen in septic neutrophil elastase–negative and
cathepsin G–negative double-knockout mice (16). Our

findings that the type and magnitude of cellular
inflammation within the peritoneum are similar in
DPPI+/+ and DPPI–/– mice indicate that differences in
cellular inflammation do not explain the survival
advantage of DPPI–/– mice, and that DPPI and the ser-
ine proteases it activates are not required for migration
of neutrophils from the intravascular compartment to
the site of infection within the peritoneum. These find-
ings are consistent with prior reports that DPPI, neu-
trophil elastase, and cathepsin G are not required for
tissue penetration by neutrophils (11, 16).

Bacterial clearance is impaired in DPPI–/– mice. Because
the primary objective of the host response to bacterial
infection is removal of the organisms, we compared bac-
terial numbers in the peritoneum and blood of DPPI–/–

mice with those in DPPI+/+ controls. Four hours after
CLP, the number of peritoneal bacteria CFUs was simi-
lar in DPPI–/– and DPPI+/+ mice (Figure 3a), indicating
similar initial bacterial loads. However, 24 and 48 hours
after CLP, DPPI–/– mice had far more bacteria in the
peritoneum (Figure 3, b and d) and blood (Figure 3c)
than did DPPI+/+ mice, demonstrating that DPPI–/– mice
have impaired bacterial control and clearance.

Four weeks after CLP, all surviving mice had devel-
oped abscesses in the region of the cecum. Yet despite
this mechanical control of the infection, DPPI–/– mice
continued to have more bacteria in the peritoneum and
blood than did DPPI+/+ mice (Figure 3, e and f), albeit at
markedly lower levels than at 48 hours after CLP. This
indicates that the impairment in bacterial clearance
persists throughout the course of the infection. Because
survival from sepsis depends, in part, on efficient
removal of pathogenic bacteria, we were surprised by
our findings that DPPI–/– mice have an impairment in
bacterial control and clearance. These findings indicate
that the improved survival of DPPI–/– mice is inde-
pendent of bacterial clearance and that the survival
advantage is the consequence of altered inflammatory
response to the infection.

To determine whether mast cell DPPI plays a role in
bacterial clearance, we selectively reconstituted the peri-
toneums of mast cell–deficient KitWsh/KitWsh mice with
DPPI–/–-derived BMMCs, i.e., PMC-specific DPPI–/–

mice, and found that PMC-DPPI–/– mice have numbers
of intraperitoneal bacteria similar to DPPI+/+ mice 24
hours after CLP (Figure 3b). This finding clearly shows

Figure 1
DPPI–/– mice are protected from death from septic peritonitis.
DPPI+/+ (39 mice) and DPPI–/– (41 mice) mice were subjected to CLP
(50% ligation and single puncture with an 18-gauge needle), and sur-
vival was monitored for 8 days. Note the markedly improved survival
of DPPI–/– mice. *P = 0.001.

Table 1
Markers of disease severity 24 hours after cecal ligation and puncture

Marker DPPI+/+ DPPI–/– P value
% wt loss 2.6% ± 1.7% 6.6% ± 1.9% 0.007
ALT 150 ± 35 215 ± 110 0.090
BUN 55 ± 25 51 ± 30 0.806
CO2 16.4 ± 2.9 15.8 ± 3.0 0.862
Osmolality 348 ± 10 355 ± 12 0.820
Wet/dry lung wt 3.4 ± 0.2 3.4 ± 0.2 0.958

ALT, alanine aminotransferase; BUN, blood urea nitrogen. n = 5–8 mice per group.
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that the lack of mast cell DPPI is not responsible for the
excessive bacteria in DPPI–/– mice. PMC-DPPI–/– mice
lack DPPI only within their PMCs. All other cells have
normal amounts of DPPI and the proteases it activates.
Thus, impaired bacterial clearance more likely results
from an absence of active neutrophil elastase and
cathepsin G. These proteases play essential roles in bac-
terial killing and clearance (14, 15), as shown in neu-
trophil elastase– and cathepsin G–negative mice, in
which bacterial clearance is impaired in various mouse
models of bacterial infection.

Intraperitoneal and systemic expression of IL-6 is altered in
DPPI–/– mice. Prior work has shown that DPPI influ-
ences the level of inflammatory cytokines in the sub-
cutaneous air pouches of mice injected with zymosan

(11). To determine whether altered cytokine expression
is responsible for the improved survival of DPPI–/– mice,
we next compared local levels of cytokines at the site of
infection within the peritoneum and systemic levels in
the serum of DPPI–/– and DPPI+/+ mice. At multiple
times between 2 hours and 24 hours after CLP, the
intraperitoneal levels of TNF-α, IL-1β, and IL-10 were
comparable in DPPI–/– and DPPI+/+ mice (Figure 4, a, b,
and d). In contrast, intraperitoneal IL-6 was signifi-
cantly higher in DPPI–/– mice than in DPPI+/+ mice 2
hours and 6 hours after CLP (Figure 4c). Similarly, IL-6
serum levels were markedly higher in DPPI–/– mice 24
hours after CLP (Figure 4e). Interestingly, relative lev-
els of IL-6 mRNA (quantified by real-time PCR) were
slightly (1.8-fold) higher in peritoneal lavage cells
obtained from DPPI–/– mice than in those obtained
from DPPI+/+ mice 2 hours after CLP (data not shown).
By 6 hours this small difference disappeared. These
results suggest that the elevated levels of IL-6 do not
result from altered IL-6 gene expression in DPPI–/– mice.

To test whether elevated levels of IL-6 mediate the
survival advantage in DPPI–/– mice, we compared sur-
vival of DPPI–/– mice to that of mice lacking expression
of both DPPI and IL-6 (DPPI–/–/IL-6–/– mice) and found
that survival of DPPI–/–/IL-6–/– mice is significantly
worse than survival of DPPI–/– mice and identical to
that of DPPI+/+ and IL-6–/– mice 4 days after CLP (Figure
5). This indicates that the survival advantage in DPPI–/–

mice depends on IL-6 expression.
The marked elevation in IL-6 levels and the observa-

tion that removal of IL-6 expression eliminates the
survival advantage in DPPI–/– mice strongly suggests
that the survival benefit in DPPI–/– mice is dependent
on IL-6. This is consistent with prior studies showing
that administration of recombinant IL-6 protects mice
from death following LPS-mediated (27) or staphylo-
coccal enterotoxin–mediated septic shock (28), and
that IL-6–/– mice have greater mortality when infected
with Escherichia coli (25) or Streptococcus pneumonia (29),
and following injection with endotoxin (30). Thus,

Figure 2
Intraperitoneal inflammatory cell recruitment after CLP is similar in
DPPI+/+ and DPPI–/– mice. DPPI+/+ and DPPI–/– mice (7–9 mice per
group) were euthanized 4 hours (a) and 24 hours (b) after CLP, and
intraperitoneal inflammatory cells were recovered by peritoneal
lavage. Total cells were counted using a hemocytometer and the cell
differentials were determined on cytospun cells stained with Diff-
Quik. Monos, mononuclear cells; neuts, neutrophils.

Figure 3
Bacterial clearance is impaired
in DPPI–/– mice. Dilutions of
peritoneal lavage fluid obtained
from DPPI+/+, DPPI–/–, and
KitWsh/KitWsh mice selectively
reconstituted with DPPI–/–

BMMCs (PMC-DPPI–/– mice) 4
hours (a), 24 hours (b), 48
hours (d), or 4 weeks (e) after
CLP, and blood obtained 24
hours (c) or 4 weeks (f) after
CLP were cultured on tryptose
blood agar plates, and the
number of bacterial colonies
was counted. n = 6–9 mice per
group. *P < 0.05.
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while it has been observed previously that IL-6 is
important for host survival of sepsis, our discovery of
higher IL-6 levels in DPPI–/– mice suggests a novel role
for DPPI in regulating IL-6 and survival in septic mice.

A lack of mast cell DPPI accounts for the survival advantage
of septic DPPI–/– mice. Because DPPI is expressed in sever-
al types of innate immune cells, we next tested whether
the selective absence of DPPI in one of these cells, the
mast cell, contributes to the survival benefit. To accom-
plish this, we compared the survival of PMC-DPPI–/–

mice to that of mast cell–deficient KitWsh/KitWsh mice and
KitWsh/KitWsh mice selectively reconstituted with DPPI+/+

BMMCs (PMC-DPPI+/+ mice). We found that survival in
KitWsh/KitWsh mice was worse than in PMC-DPPI+/+ mice
(10% vs. 26%, Figure 6a), and that survival in PMC-
DPPI–/– mice was markedly better than in PMC-DPPI+/+

mice (47.5% vs. 26%) and was nearly identical (47.5% vs.
50%) to that in DPPI–/– mice (Figure 6a and Figure 1).

The observation that survival in mast cell–deficient
KitWsh/KitWsh mice is worse than in DPPI+/+ mice and PMC-
DPPI+/+ mice is consistent with prior studies reporting
that survival of KitW/KitWv mast cell–deficient mice is
worse than in mast cell–sufficient littermate controls
and that intraperitoneal reconstitution of KitW/KitWv

mice with mast cells restores survival to near that of con-
trols (3, 31). More importantly, by showing that survival
in PMC-DPPI–/– mice is significantly better than in PMC-
DPPI+/+ mice and almost identical to that of DPPI–/–

mice, we prove that the DPPI–/– survival advantage is due
to the absence of mast cell DPPI. This observation dif-
fers from previous studies reporting a protective role for
mast cells in septic peritonitis (3, 31), and shows for the

first time that at least one mast cell product (DPPI) has
the opposite effect and enhances mortality from sepsis.

To establish that mast cell DPPI modulates levels of
peritoneal IL-6, we first measured IL-6 levels in the peri-
toneums of PMC-DPPI–/– and PMC-DPPI+/+ mice and
found that they were higher in the peritoneums of mice
lacking only mast cell DPPI (PMC-DPPI–/–) 2 hours
after CLP (Figure 6b). This demonstrates that mast cell
DPPI regulates peritoneal IL-6 levels following CLP.
Finally, we tested whether the elevated IL-6 levels in
DPPI–/– mice could result from diminished activity of
IL-6–destroying mast cell proteases. Following incuba-
tion of murine IL-6 with chymase (mMCP-4), DPPI, or
tryptase (mMCP-6), we found that tryptase (Figure 6c,
lane 4) selectively cleaves IL-6, as demonstrated by the
appearance of a new 23-kDa band. Chymase (Figure 6c,
lane 2) and DPPI (Figure 6c, lane 3) also hydrolyze IL-6,
but to a lesser degree. These results show that higher
IL-6 levels in septic DPPI–/– mice are due to reduced
quantities of active mast cell proteases, especially
tryptase, expressed in these animals (12).

Discussion
In summary, these studies show that mast cell DPPI crit-
ically regulates survival from sepsis. Our discovery that
DPPI–/– mice are protected from death due to sepsis pre-

Figure 5
Removal of IL-6 expression in DPPI–/– mice abolishes the survival
advantage. DPPI–/– mice (n = 46), DPPI–/–/IL-6–/– double-knockout
mice (n = 45), DPPI+/+ mice (n = 40), and IL-6–/– mice (n = 27) were
subjected to CLP, and survival was monitored for 5 days. Note that
survival of DPPI–/–/IL-6–/– mice is significantly worse than that of
DPPI–/– mice. *P = 0.001 for DPPI–/– vs. DPPI–/–/IL-6–/– mice, and
P = 0.008 for DPPI–/– vs. DPPI+/+ mice.

Figure 4
IL-6 levels are elevated in the peritoneum and serum of DPPI–/– mice.
Concentrations of TNF-α (a), IL-1β (b), IL-6 (c), and IL-10 (d) were
measured by ELISA in peritoneal lavage fluid (a–d) and IL-6 in serum
(e) that was obtained at various time points after CLP. n = 7–9 mice
per timepoint. *P < 0.05, **P = 0.006.

 



The Journal of Clinical Investigation | February 2004 | Volume 113 | Number 4 633

dicts that mast cell DPPI enhances the likelihood of
death from sepsis in WT mice, notwithstanding the net
protective role of mast cells suggested here and in prior
studies in mast cell–deficient mice. Our findings are sig-
nificant because they are the first to show that mast cell
products can contribute to death of the septic host. Fur-
thermore, because mast cells are one of the first cells to
recognize the presence of an infection (32), mast cell
DPPI may determine host survival at the time of mast
cell activation shortly after the onset of infection.

Two key determinants of sepsis survival are bacterial
clearance and the inflammatory response to the infec-
tion. Neutrophil elastase and cathepsin G are inactive
in DPPI–/– mice (11). These proteases play essential
roles in the killing and clearance of bacteria. This has
been demonstrated in studies on elastase- and cathep-
sin G–negative mice, which have higher bacterial loads
and mortality when infected with gram-negative or
gram-positive bacteria, respectively (14, 15). The
absence of active forms of these enzymes in DPPI–/–

mice impairs bacterial clearance and substantially rais-
es the bacterial load 24 hours after CLP. Remarkably,
DPPI–/– mice are far more likely to survive despite this
defect in bacterial clearance. Thus, enhancing bacteri-
al clearance is not required for improving sepsis sur-
vival in this model. However, modifying the timing of
release, cellular expression, and levels of inflammatory
cytokines is also important. Furthermore, if the sur-
vival advantage produced by altered cytokine expres-
sion is sufficiently great, it can even overcome high bac-
terial loads, as is the case for DPPI–/– mice.

IL-6 is a pleiotropic cytokine whose actions can be
either pro- or anti-inflammatory (30, 33, 34). Whether
its role in sepsis, on balance, is protective or harmful

has not yet been fully resolved. This conflict is exem-
plified by studies reporting that exogenously adminis-
tered IL-6 improves survival in mouse models of sepsis
and that mortality of IL-6–/– mice is high following bac-
terial infections compared with that of WT mice (25,
27–29). Conversely, treatment of mice with an IL-6–
blocking antibody improves survival from septic peri-
tonitis, apparently by reducing expression of C5a recep-
tor (35). However, this survival benefit occurs only in
mice pretreated with the IL-6–blocking antibody and
not in mice treated after initiation of peritonitis. Our
finding that IL-6 levels are high in DPPI–/– mice and
that deletion of IL-6 expression eliminates the survival
advantage in DPPI–/– mice is consistent with a protec-
tive effect of IL-6 on the host from death during sepsis.
How IL-6 protects the host is unknown, but our obser-
vations, combined with those of past studies, suggest
that its actions may be related to the timing and mag-
nitude of IL-6 peaks in specific tissue compartments.

The studies using PMC-DPPI–/– mice show that the
survival advantage in DPPI–/– mice is due to the absence
of mast cell DPPI. Prior studies have reported that mast
cells protect mice from CLP-mediated sepsis (3). Our
results show for the first time that in addition to pro-
viding protection, mast cells also contribute to sepsis
mortality by producing a product (DPPI) that harms
the host. The observations that the survival advantage
in DPPI–/– mice is associated with elevated IL-6 levels
and that the mast cell tryptase mMCP-6 hydrolyzes
IL-6 raise the intriguing possibility that mast cell DPPI
controls levels of IL-6 by regulating production of
tryptase and possibly other IL-6–destroying peptidas-
es. A direct effect of DPPI on IL-6 is unlikely given the
observed slow rate of hydrolysis by DPPI in vitro. The

Figure 6
Selective absence of mast cell DPPI improves survival from sepsis. (a) Survival of mast cell–deficient KitWsh/KitWsh mice selectively reconsti-
tuted with DPPI–/– BMMCs (PMC-DPPI–/– mice, n = 40) were compared with KitWsh/KitWsh mice selectively reconstituted with DPPI+/+ BMMCs
(PMC-DPPI+/+ mice, n = 65), and with KitWsh/KitWsh (n = 20) mice for 8 days following CLP. Note that survival of mice lacking DPPI solely in
mast cells (PMC-DPPI–/– mice) is significantly better than that of PMC-DPPI+/+ mice. *P = 0.026 for PMC-DPPI–/– vs. PMC-DPPI+/+ mice.
**P = 0.22 for KitWsh/KitWsh vs. PMC-DPPI+/+ mice. (b) IL-6 levels are higher in the peritoneal lavage of PMC-DPPI–/– mice. Concentrations
of IL-6 were measured by ELISA in lavage fluid obtained from PMC-DPPI+/+ and PMC-DPPI–/– mice 2 hours after CLP. *P = 0.05 for PMC-
DPPI–/– mice vs. PMC-DPPI+/+ mice. (c) Mast cell proteases cleave IL-6. IL-6 was incubated alone (lane 1) or with mMCP-4 (lane 2), DPPI
(lane 3), or mMCP-6 (lane 4) for 3 hours at 37°C. Note the appearance of a new 23-kDa band in the mMCP-6–treated sample (black
arrow), and new, faint bands in the DPPI-treated sample (arrowheads).
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hypothesized importance of mMCP-6 (and possibly
other tryptases) is attractive not only because of this
study’s observation that it hydrolyzes IL-6 in vitro but
because levels of active mMCP-6 are sharply reduced in
mast cells of DPPI–/– mice (12). Thus, we propose that
the following sequence of events occurs in the setting
of an infection: Bacteria activate mast cells, stimulating
secretion of cytokines such as TNF-α and IL-6 (5, 36).
Secreted TNF-α aids in recruiting neutrophils to the
site of infection. At the same time, activated mast cells
release tryptases, which reduce IL-6 levels via prote-
olytic inactivation. Because IL-6 is beneficial at certain
times during the septic response, inactivation by
tryptase is harmful, and if levels drop below a critical
threshold, the animal dies. For the individual host, the
net harm or benefit of mast cell products depends on
the balance of these opposing processes. Whether sim-
ilar processes occur for other mediators untested in
this model is unknown.

In summary, the data presented here show that mast
cell DPPI is a key regulator of survival from septic peri-
tonitis. These findings change the prevailing view that
mast cells protect the host and demonstrate that mast
cells can mediate septic death. It is intriguing to specu-
late that by inhibiting the activity of mast cell DPPI we
may be able to improve outcomes from sepsis.
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