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Abstract

Severe sepsis is a life-threatening complication of infection and injury affecting more than
700,000 people in the United States each year. Two thirds of patients with severe sepsis will
survive to be discharged. Survivors have high incidence of cognitive impairment, immune
dysregulation, functional impairments with marked disability, and 5-year mortality rates of 82%.
High-mobility group box 1 (HMGB1) is necessary and sufficient mediator of sepsis pathogenesis
in experimental models of this syndrome. The spleen is a crucial organ in the immune response to
severe infection, and splenocyte dysfunction occurs in sepsis survivors. We hypothesized that
HMGB1 plays a key role in mediating the immune dysfunction of splenocytes in sepsis survivors.
Mice that survived cecal ligation and puncture—induced sepsis develop persistent splenomegaly;
furthermore, splenocytes derived from sepsis survivors had enhanced responses to
lipopolysaccharide ex vivo. Administration of neutralizing anti-HMGBL1 antibody to sepsis
survivors attenuated development of splenomegaly and reversed splenocyte priming. Splenocytes
exposed to HMGB1 and subsequently challenged with cognate ligands to Toll-like receptor 2
(TLR2,) TLR4, TLR9, and RAGE (receptor for advanced glycation end product) receptors had
enhanced cytokine release as compared with splenocytes not previously exposed to HMGBL1.
Exposure of TLR27~, TLR9™~, or RAGE ™~ splenocytes to HMGB1 enhanced responses to other
TLR receptor ligands; in contrast, HMGBL failed to prime TLR4™~ splenocytes. These findings
indicate that exposure to HMGB1 enhances splenocyte responses to secondary inflammatory
challenges, a priming effect dependent on TLR4, and that anti-HMGB1 monoclonal antibody may
be beneficial in sepsis survivors.
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INTRODUCTION

Severe sepsis is a potentially lethal syndrome of organ dysfunction that occurs following
infection or injury. At least 700,000 people will develop severe sepsis in the United States;
more than 500,000 of these patients will survive (1-3). Severe sepsis survivors have
worsened quality of life (4) and increased morbidity and mortality (5, 6). Recent population-
based studies have estimated a 5-year mortality of 82% among survivors (7). The
pathogenesis of the late-occurring events underlying high morbidity and mortality in severe
sepsis survivors is incompletely understood.

We recently observed that circulating high-mobility group box 1 (HMGBL1) increases after
onset of sepsis and remains elevated for at least 8 weeks in murine sepsis induced by cecal
ligation and puncture (CLP). High-mobility group box 1 levels are directly related to the
development of splenomegaly and an expansion of splenic granulocytes, B cells, and
inflammatory (CD11b*, Ly-6CHi3") monocytes. Splenocytes derived from murine sepsis
survivors are sensitized in response to HMGB1, showing an enhanced responses to
lipopolysaccharide (LPS) and other inflammatory stimuli when challenged ex vivo.
Neutralizing HMGBL1 reverses several features of the proinflammatory state, including a
reduction in splenomegaly, and improvement of proinflammatory sensitization of
splenocytes. Furthermore, in vivo exposure to recombinant HMGBL in the absence of other
inflammatory stimulating agents is sufficient to induce sensitization of splenocytes (8).

High-mobility group box 1 activates monocytes and macrophages by binding to a family of
receptors, including Toll-like receptor 2 (TLR2), TLR4, and TLR9, as well as the receptor
for advanced glycation end products (RAGE) (9-11). Little is known about the mechanism
underlying HMGBL1 proinflammatory sensitization of splenocytes in sepsis survivors. Here,
we studied HMGBL priming of splenocytes leading to downstream activation of tumor
necrosis factor (TNF) release.

METHODS

Mice

Adult BALB/c male 20 to 25 g mice from Charles River (Wilmington, Mass) were used for
CLP experiments. Adult C57BL/6 male mice 20 to 25 g were used for the isolated
splenocyte responses. Animals were housed in standard conditions (room temperature 22°C
with a 12-h light-dark cycle) and had free access to standard chow and water. Animals were
allowed to acclimate for at least 8 days before experiments. All animal experiments were
performed in accordance with the National Institutes of Health Guidelines under protocols
approved by the Institutional Animal Care and Use Committee of the Feinstein Institute for
Medical Research.
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Cecal Ligation and Puncture

Severe polymicrobial abdominal sepsis was induced by modified CLP as previously
described (12, 13). In brief, the cecum was isolated and ligated below the ileocecal valve
and then punctured once with a 22-gauge needle. Stool (approximately 1 mm) was extruded,
the cecum returned to the abdominal cavity, and the wound closed with surgical clips. One
dose of antibiotic (imipenemcilastatin, 0.5 mg/kg diluted in a 0.9% saline solution) was
administered immediately after CLP as part of the 1 mL resuscitation fluid. We have
established that this model has an expected 50% mortality by day 7 and little or no mortality
thereafter (13). Sham-operated animals had the cecum exposed and then returned to the
peritoneal cavity without further manipulation. Sham animals also received an antibiotic
treatment and resuscitative fluid as described above. At the a priori established weekly time
points, survivors were killed with CO,. Blood was collected by cardiac puncture and
transferred to EDTA-coated tubes. Spleens were harvested in an aseptic environment and
kept on ice until splenocyte isolation.

Spleen isolation and splenocyte treatment

Spleens from healthy C57BL/6 mice were collected under aseptic conditions. Splenocytes
were harvested into a single cell suspension by infusing them with 500 pL of cold PBE
(phosphate-buffered saline + 1% bovine serum albumin and 2 mM of EDTA) and
transferred to a 40-um cell strainer, where cells were mechanically detached and then
washed with ice-cold PBE. Cell pellets were washed with 5 mL of PBE and pellets
resuspended in 10 mL of lysis buffer (5PRIME, Hamburg, Germany) for 10 min and washed
twice with cold PBE. Cells, 2 x 10°, were transferred to U-bottom 96-well plates and diluted
in 200 uL of RPMI supplemented with 10% fetal calf serum, penicillin 100 U/mL, and
streptomycin (100 pg/mL; Gibco, Grand Island, NY), with or without rHMGB1 (10pg/mL),
and incubated for 24 h, or 8 days, at 37°C, 5% CO,. Cells were then washed with warm PBE
and resuspended in 200 uL of medium enriched with agonists to TLR2 (Pam2CSK4;
InvivoGen, San Diego, Calif), TLR4 (LPS 25 ng/mL 0111.B4; Sigma-Aldrich, St Louis,
Mo), TLR9 (CpG: ODN 1668 sequence 5’-tccatgacgttcctgatget-3’ (20 mer); InvivoGen), or
RAGE (S100A12; CircuLex, Nagano, Japan) for an extra 24 h. Supernatants were then
collected and frozen at —20°C until analysis was done. Three to five mice were included at
each time point.

Splenocytes were isolated fromTLR2™~, TLR4™/~, TLR9™~, and RAGE ™~ mice on
C57BL/6 background or matching wild-type (WT) mice and conditioned with or without
HMGBL1 for 24 h, as described above; splenocytes were then washed and exposed for 24 h
to LPS.

Cytokine measurement

Mouse interleukin 2 (IL-2), IL-4, IL-6, interferon v, TNF, IL-17a, and IL-10 were measured
by flow cytometry—assisted bead assays (CBA; BD Biosciences, San Jose, Calif using a
FACSArray instrument (BD Biosciences). All measurements were made in duplicate.
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Statistical analysis

Data are expressed as mean + SEM. Differences between means were determined using two-
tailed Student t test. Survival analysis was performed using log-rank test. P < 0.05 was
considered significant.

RESULTS

Splenocytes from sepsis survivors develop sustained proinflammatory priming

Splenocytes obtained from mice surviving sham surgery or CLP released constitutively low
levels of TNF and IL-6. Although splenocytes collected 4 weeks after CLP showed a
significant increase in TNF and IL-6 release, the levels were low throughout studied time
points (Fig. 1, A and C). Ex vivo challenge of CLP-derived splenocytes with LPS
significantly increased the release of TNF (Fig. 1B) and IL-6 (Fig. 1D). The priming effect
peaked between weeks 2 and 3 post-CLP and persisted for at least 4 weeks after CLP. In
contrast to TNF and IL-6 levels, release of IL-10, IL-2, IL4, IL-17, and interferon vy by
splenocytes from sepsis survivors was not increased in the nonstimulated state and failed to
increase after incubation with LPS (data not shown).

Sustained exposure to HMGB1 enhances splenocyte response to secondary inflammatory
challenges

We and others have observed that, unlike other inflammatory cytokines that are released in
the early hours after onset of sepsis, circulating HMGB1 increases later and remains
elevated for several weeks after sepsis (7, 14). We hypothesized that HMGB1 mediates
sensitization of splenocytes to secondary inflammatory challenges. Splenocytes from
healthy mice were incubated for 8 days in medium with or without HMGB1 (10 ug/mL),
washed, and then incubated with LPS (25 ng/mL) for 24 h. Tumor necrosis factor
concentration in the supernatants of splenocytes that had been incubated with HMGB1 was
increased 6.5-fold (Fig. 2A).

HMGB1 sensitizes splenocytes to pathogen-associated molecular patterns acting through
TLR4 and RAGE

Previous studies have indicated that HMGBL1 signals though TLR2, TLR4, TLR9, and
RAGE. To examine the role of previous exposure to HMGBL as a sufficient step to amplify
the inflammatory response of splenocytes, we first isolated splenocytes from healthy mice.
Splenocytes were preincubated for 24 h in the presence of HMGB1 (10 pg/mL) and then
washed. Fresh medium containing either TLR2 ligand (Pam2CSK4, 10 ng/mL), a TLR4
ligand (LPS, 25 ng/mL), a TLR9 ligand (CpG, 5 pM/mL), or a RAGE ligand (S100A1210
ng/mL) was added, and cells incubated for an additional 24 h. Preincubation with HMGB1
significantly increased the release of TNF in response to TLR4 and RAGE agonists (Fig.
2B).

HMGBL1 sensitization is reduced by anti-HMGB1 antibodies

Splenocytes from healthy mice were incubated for 24 h in the presence of HMGB1 or
HMGB1 and the anti-HMGB1-neutralizing monoclonal antibody 2G7. Splenocytes were
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then washed and incubated for an additional 24 h with cognate ligands to TLR2, TLR4,
TLR9, and RAGE. As expected from the experiments shown above, in splenocytes
preincubated with HMGB1, we observed enhancement of immune activation to all
pathogen-associated molecular patterns (PAMPs) studied. Nonetheless, when cells were
coincubated with HMGB1 and 2G7, we observed a significant reduction in the inflammatory
response to TLR4 and RAGE ligands in comparison to the group that had been pretreated
with HMGB1 without antibody (Fig. 3). A trend was also found for a reduced response to a
TLR2 ligand. In this 24-h-incubation-24-h-challenge model, no difference was found in the
response to a TLR9 ligand across the three groups (Fig. 3).

We then collected splenocytes derived from healthy C57BL/ 6 WT mice or splenocytes
derived from TLR27/~, TLR4™~, TLR9™~, or RAGE ™~ mice on the C57BL/6 background.
Splenocytes (2 x 10°) were incubated for 8 days in the presence of HMGB1 (10 pg/mL),
then washed and incubated for an additional 24 h with TLR2, TLR4, and TLR9 cognate
ligands. Preincubation with HMGBL1 did not enhance the baseline release of TNF in cells
that were not secondarily challenged with PAMPs (Fig. 4). As expected, genetically
manipulated splenocytes preincubated with HMGBL1 failed to respond to the cognate ligands
to the deleted TLRs. In contrast, TLR27/~ and TLR9™/~ splenocytes displayed an enhanced
response to ligands targeting other receptors. TLR2™/~ splenocytes displayed an expanded
response to ligands of TLR4 (2-fold) or TLR9 (9-fold) as compared with the response on
WT cells to the same stimuli. TLR9™~ splenocytes had an increased response to TLR2 and
TLR4 ligands (3-fold increase vs. WT). In contrast to our findings on TLR2™/~ and TLR9™/~
splenocytes, not only did TLR4™~ splenocytes fail to respond to a TLR4 ligand, but when
challenged with a TLR2 or TLR9 ligand they also had a response inferior or similar to WT
cells (Fig. 4).

DISCUSSION

Severe sepsis is a life-threatening complication of infection and injury, and HMGBL is an
important inflammatory mediator in pathogenesis. High-mobility group box 1 levels are
increased in patients with community-acquired pneumonia (14), severe burns (15, 16),
sepsis (17), or pancreatitis (18). Recently, we reported that persistent HMGBL. elevation
after CLP is sufficient to induce immune dysregulation (splenomegaly, leukocytosis, and
splenocyte priming) lasting for at least 8 weeks after onset of sepsis (8). Suppressing
HMGB1 levels in murine models of acute sepsis by pharmacological intervention reduces
sepsis mortality (8, 19, 20). During murine endotoxemia, the spleen is the main organ source
of systemic TNF, and splenic monocytes/ macrophages are the major producers of TNF
(21).

Our current results show that HMGBL is sufficient for the development of a magnified
inflammatory response by splenocytes, mediating the response to systemic infections and
sepsis. Our data suggest that prolonged exposure to HMGB1 induces functional changes
facilitating a response to secondary immune stimuli. Furthermore, the priming effect
depends on competent TLR4, as splenocytes derived from mice lacking these receptors
failed to show priming when incubated for a prolonged period with HMGBL1.
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The immune response in sepsis survivors can be a continuum from enhanced inflammation
to profound suppression (22—24). The role of anti-inflammatory cytokines in the
inflammatory continuum is still unclear, although recent evidence suggests that IL-10 and
soluble CD25 may be increased in nonsurvivors to severe sepsis during the first 7 days after
onset of sepsis (25, 26). In murine sepsis survivors, we failed to detect increased serum
IL-10. In addition, splenocytes isolated from these mice and stimulated ex vivo with LPS did
not secrete measurable 1L-10 (8). In the present study, IL-10 release was not different in vivo
in mice surviving sepsis, or when cells were analyzed ex vivo. This suggests that HMGB1
priming has no effect on IL-10 production. It is possible that in survivors of severe sepsis
HMGB1 may be a mediator of the initial overreactivity of the immune response, but later
leading to late immunosuppression in sepsis survivors.

The present study identifies HMGBL as a cytokine that is potentially relevant to
understanding the pathophysiology of sepsis survivors. One of the conundrums of sepsis is
that the cascade of events beyond the first hours after the triggering insult is poorly
understood. Here, we correlate sustained exposure to HMGB1 with a sustained
proinflammatory state. Moreover, blocking HMGB1 reduces splenocyte overt response to
secondary challenges with PAMPs. Targeting HMGB1 may decrease the sustained
proinflammatory state of splenocytes, a major source for inflammatory cytokines, and
improve immune function in sepsis survivors.
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Fig. 1. Lipopolysaccharide-induced release of TNF and IL-6 issignificantly increased in
splenocytes derived from sepsis survivors

Splenocytes, 2 x 10°, from BALB/c sepsis survivors were incubated for 24 h with or without
LPS (25 ng/mL). Supernatants were collected, and TNF and IL-6 concentrations measured
by CBA. A, Nonstimulated levels of TNF were similar between sham and CLP survivors. B,
In response to LPS stimulation, splenocytes derived from CLP mice had an highly
significant increase of TNF for at least 4 weeks, in comparison to the sham group (n =5
group). C, Similarly, levels of IL-6 remained low in nonstimulated splenocytes, whereas the
concentration of IL-6 in supernatants from splenocytes stimulated with LPS was
significantly increased (D). Data shown as mean = SEM (n = 5 mice/group). *P < 0.05 vs.
sham.
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Fig. 2. Sustained exposureto HM GB1 enhances the response to secondary inflammatory
challenges of splenocytesthrough TLR4 and RAGE

A, Splenocytes, 2 x 10°, from healthy BALB/c mice were incubated for 8 days in the
presence or not of HMGBL1 (10 pug/mL) in U-bottom 96-well plates. Cells were washed after
8 days and reincubated for 24 h with LPS (25 ng/mL). Supernatants were collected and
concentration of TNF measured by CBA. Preincubation with HMGB.1 did not change the
TNF released in comparison to control cells. In contrast, TNF increased more than 6-fold in
response to LPS in cells that had been preincubated with HMGBL1. Broken line represents
100% of LPS concentration in LPS stimulated control cells. B, Splenocytes, 2 x 10, from
healthy mice were incubated overnight in the presence or not of HMGB1 (10 pg/mL). After
24 h, cells were washed and stimulated with Pam2CSK4 (TLR2), LPS (TLR4), CpG
(TLR9), or S100A12 (RAGE) for an additional 24 h. Tumor necrosis factor was measured in
supernatants by CBA. Data shown as mean = SEM (n = 5 mice/group). ***P < 0.001 vs.
control. Other P values as expressed.
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Fig. 3. Anti-HM GB1 monoclonal antibody 2G7 reduces HM GB1 sensitization to TLR4 and
RAGE agonists

Splenocytes, 2 x 10°, from healthy C57BL-6 mice were incubated in medium, in medium
enriched with HMGBL, or with HMGB1+2G7. After 24 h, cells were washed and stimulated
with Pam2CSK4 (TLR2), LPS (TLR4), CpG (TLR9), or SI00A12 (RAGE) for an additional
24 h. Tumor necrosis factor was measured in supernatants by CBA. Data shown as mean +
SEM (sum of two experiments, each n = 3-4 mice/ group). *P < 0.05; **P < 0.01.
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Fig. 4. The priming effect of HMGB1 is TL R4-dependent

For each experiment, 2 x 10° splenocytes from healthy C57BL/6 mice were incubated in the
presence or absence of HMGBL for 8 days. Cells were washed and subsequently incubated
with Pam2CSK4 (TLR2), LPS (TLR4), CpG (TLR9), or S100A12 (RAGE) for an additional
24 h. Tumor necrosis factor was measured in supernatants by CBA. Broken line represents
100% of response in WT cell concentration in LPS-stimulated control cells (n = 6 mice/

group). *P < 0.05; **P < 0.01.
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