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Abstract
Induction of the antiviral cytokine interferon α/β (IFN-α/β) is common in many viral infections. The
impact of ongoing antiviral responses on subsequent bacterial infection is not well understood. In
human disease, bacterial superinfection complicating a viral infection can result in significant
morbidity and mortality. We injected mice with polyinosinic-polycytidylic (PIC) acid, a TLR3 ligand
and known IFN-α/β inducer as well as nuclear factor κB (NF-κB) activator to simulate very early
antiviral pathways. We then challenged mice with an in vivo septic shock model characterized by
slowly evolving bacterial infection to simulate bacterial superinfection early during a viral infection.
Our data demonstrated robust induction of IFN-α in serum within 24 h of PIC injection with IFN-α/
β–dependent major histocompatibility antigen class II up-regulation on peritoneal macrophages. PIC
pretreatment before septic shock resulted in augmented tumor necrosis factor alpha and interleukins
6 and 10 and heightened lethality compared with septic shock alone. Intact IFN-α/β signaling was
necessary for augmentation of the inflammatory response to in vivo septic shock and to both TLR2
and TLR4 agonists in vitro. To assess the NF-κB contribution to PIC-modulated inflammatory
responses to septic shock, we treated with parthenolide an NF-κB inhibitor before PIC and septic
shock. Parthenolide did not inhibit IFN-α induction by PIC. Inhibition of NF-κB by parthenolide did
reduce IFN-α–mediated potentiation of the cytokine response and lethality from septic shock. Our
data demonstrate that pathways activated early during many viral infections can have a detrimental
impact on the outcome of subsequent bacterial infection. These pathways may be critical to
understanding the heightened morbidity and mortality from bacterial superinfection after viral
infection in human disease.
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Viral infections induce a cascade of events, many of which are virus-specific, whereas others
are more generalized. Induction of the antiviral cytokines interferon (IFN) α/β and IFN-γ are
common in the response to most viral infections. The immune potentiating effects of IFN-γ
have been well characterized. IFN-α/β is robustly induced early during most viral infections;
however, its immune potentiating influence is less well characterized. Bacterial superinfection
concurrent with an ongoing antiviral immune response is a relatively common event in human
disease. Important examples of bacterial infections after viral infections resulting in serious
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morbidity are influenza, bacterial pneumonia and varicella, and staphylococcal/streptococcal
toxic shock/necrotizing fasciitis (1–3). Although influenza and varicella disrupt protective
barriers (respiratory epithelial and skin), increasing the risk for secondary bacterial infection,
little is known about the impact of antiviral immune responses on the inflammatory response
to secondary bacterial pathogens.

Some viral infections are known to induce a state of immune hyporesponsiveness such as
measles virus, Epstein-Barr virus, cytomegalovirus, many pox viruses, some influenza strains,
and hepatitis B and C viruses, leading to both disruption of protective mucosa/epithelium and
a permissive state for bacterial infection (4–7). Other viruses such as lymphocytic
choriomeningitis virus (LCMV),coxsackievirus, and other influenza strains have the ability to
potentiate host responsiveness to subsequent inflammatory challenge (8–12). Very recently,
adenovirus has also been shown to potentiate responses to lipopolysaccharide (LPS) without
a precise mechanistic or mediator-based explanation (13).

Previously, we reported exaggerated cytokine responses and lethality in response to LPS in
mice infected with LCMV (15). In that work, LPS was administered when high circulating
levels of IFN-α/β were present in response to LCMV infection. Using mice deficient in
elements of the IFN-α/β or IFN-γ signaling pathways, we demonstrated that enhanced
sensitivity to LPS early during viral infection was IFN-α/β–dependent. Given these
observations, we believe that IFN-α/β induced early during viral infection may play a
significant role in determining the magnitude of inflammatory responses to subsequent
bacterial challenges. High levels of IFN-α/β have been reported in serum from children with
common viral infections such as parainfluenza, influenza, adenovirus, rotavirus, varicella, and
herpes simplex at the time of their clinical diagnosis, indicating that IFN-α/β is a common
event early in the response to ordinary viral infections in children (16,17). Coupled with our
previous data, it is possible that morbidity from bacterial superinfection encountered during
viral infection may also be IFN-α/β–dependent. It is therefore possible that IFN-α/β, although
critical for viral clearance, may predispose individuals, especially children who experience
frequent viral infections, to more serious morbidity from subsequent invasive bacterial
pathogens.

Having identified IFN-α/β as a mediator responsible for potentiating the LPS response, we
sought to examine this effect in a more clinically relevant model of septic shock. The cecal
ligation and puncture (CLP) model of peritonitis, bacteremia, tissue injury, and septic shock
is a well-studied model that closely mimics human disease, making it more relevant to the
study of septic shock compared with a bolus injection of LPS. The types of cytokines induced
by LPS and CLP are quite similar; however, the most significant difference is the time over
which this response progresses, the tissue injury involved, and the polymicrobial nature of the
infection evolving from an initiating nidus (18). The cytokine response to CLP is much slower
to evolve compared with the LPS model. The physiological response to activation of the
inflammatory cascade during CLP is the evolution from a hyperdynamic metabolic state for
approximately the first 12 h, followed by a hypodynamic state thereafter. These events, both
inflammatory and physiological, closely mimic septic shock induced by a focal initiating nidus
of infection, such as pneumonia, urinary tract infection, or intestinal injury such as perforation
with peritonitis, which represent many of the causes of human septic shock (18–22).
Conversely, the response to LPS is rapid and fulminant. Different from the LPS model, in the
CLP model, multiple anti-inflammatory agents such as interleukin (IL) 10, IL-1Ra, or
antitumor necrosis factor alpha antibodies are not always protective and can heighten and
hasten mortality, indicating that CLP serves as a more complex and multifaceted challenge as
is common in human disease (23–29). CLP provides not only a robust inflammatory challenge
and tissue injury but also a live bacterial infection that requires an intact response to eradicate.
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It is therefore important to explore IFN-α/β–mediated effects on a live infection model such
as CLP.

Previously, we used live viral infection followed by LPS challenge to demonstrate the impact
of antiviral responses on a secondary bacterial challenge. We identified IFN-α/β as the critical
cytokine responsible for potentiation of the inflammatory response to LPS. In this report we
further examined the impact of IFN-α/β, which is common to many antiviral responses, by
pretreating with dsRNA (polyinosinic-polycytidylic [PIC] acid), a potent inducer of high
circulating levels of IFN-α/β. dsRNA is structurally similar to viral dsRNA intermediates
released during replication (dsRNA and ssRNA viruses) and transcription (DNA viruses), and
as such, mimics events common to many viral infections (30,32). PIC is a well-described TLR3
agonist capable of activating nuclear factor κB (NF-κB) and inducing IFN-α/β (32–34).

The focus of this work was to further examine the potentiating impact of IFN-α/β specifically
on subsequent inflammatory responses, given that the use of live viral infection with its type-
specific, complex, and evolving immune response, including the production of many other
cytokines, would make focusing on the IFN-α/β pathway very difficult. This is especially true
when superimposing a live bacterial infection after initiation of live and evolving viral infection
using survival as an end point. For instance, mice genetically deficient in key antiviral
mediators/pathways die more readily to viral infection, making assessment of survival from
CLP much less clear (35). PIC provides a short-lived and focused effect (32,36), thereby
providing a more controlled pretreatment. Our goal here was to examine the impact of
preactivation of IFN-α/β and NF-κB signaling pathways on the outcome of a well-studied
bacterial infection/septic shock model. PIC pretreatment allowed focusing on the limited early
response to dsRNA, leading to IFN-α/β induction and NF-κB activation without the continued
evolution of individual virus specific responses.

We hypothesized that PIC would exaggerate the inflammatory response and reduce survival
from bacterial challenge through IFN-α/β–and NF-κB–dependent pathways. We report here
that pretreatment with PIC induced IFN-α, and when CLP was performed concurrent with this
induction, the cytokine response and lethality from CLP was enhanced. An intact IFN-α/β
signaling pathway was required for this effect. In addition, blocking NF-κB abrogated
potentiation by PIC and IFN-α. These data indicate that both the IFN-α/β and NF-κB pathways
are critical for PIC-induced potentiation of the inflammatory response and lethality induced
by CLP.

METHODS
Mice

All protocols involving mice were approved by the Institutional Animal Care and Use
Committee. The mice used for most experiments were C57BL6 mice obtained from Taconic,
Germantown, NY. All mice were age- and sex-matched. For all in vivo experiments, only males
were used. The IFN-α/β receptor (R) −/− mice (129SvEv background) were obtained from Dr
Loren Fast (Rhode Island Hospital). 129SvEv control mice were also obtained from Taconic.
C3H/HeJ mice were obtained from Jackson Laboratories (Bar Harbor, ME), and C3H/HeN
[wild-type (WT) background control for the C3H/HeJ] mice were obtained from Charles River
Laboratories, Wilmington, MA.

Cells
J774 mouse macrophage cell line (ATCC, Manassas, Va) was used to confirm the absence of
endotoxin contamination in muramyl dipeptide (MDP) by incubation with polymyxin B at 50
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μg/mL before the addition of MDP or LPS, both at 1 μg/mL, in Dulbecco modified Eagle
medium with 10% fetal bovine serum.

Surgery
Standard CLP was used to create polymicrobial sepsis (18). In brief, animals were anesthetized
with isoflurane and prepared for a sterile laparotomy, including shaving and Betadine
scrubbing of the abdomen. Then, a 1-cm laparotomy was performed, followed by identification
of the cecum and ligating it approximately 0.75 cm proximal from the distal tip. For C57BL6
mice, one 22-gauge puncture was created in the ligated cecum, and in the 129SvEv mice, two
22-gauge punctures were created. The difference between the two strains was because of
increased sensitivity observed in C57BL6 mice in early experiments compared with 129SvEv
mice. Sham-CLP surgery consisted of a 1-cm laparotomy with exposure of the cecum without
ligation and puncture followed by closure of the peritoneal fascia and skin. Serum and
peritoneal fluid (peritoneal lavage with 1 mL sterile phosphate-buffered saline [PBS]) was
harvested either 4 or 24 h after CLP was performed. For experiments involving ex vivo
stimulation of peritoneal cells after priming with PIC or IFN-α in vivo, peritoneal cells were
obtained by lavage with sterile cold PBS (5 mL × 2), then cultured at 5 × 105 cells/well in
Dulbecco modified Eagle medium with 10% fetal bovine serum with increasing concentrations
of LPS Escherichia coli strain 0111:B4 (Sigma ) and incubated overnight with supernatants
harvested for tumor necrosis factor alpha (TNF-α) determination. Modified CLP was used for
peritoneal bacterial culture comparison. Standard cecal exposure and ligation was performed;
however, a standardized inoculum of a stool slurry was infused into the peritoneum before
fascial closure to better control peritoneal bacterial inoculum compared with cecal puncture.

Bacterial culture
Peritoneal fluid was obtained with a sterile 1-mL PBS lavage at 24 h postmodified CLP. The
peritoneal sample was serially diluted on blood agar, and aerobic colony-forming units were
quantified after incubation at 37°C for 24 h.

Reagents
Gamma-irradiated sterile PIC (Sigma) was diluted in PBS administered to each mouse in
vivo at 200 μg s.c (32). Alternatively, mice were injected subcutaneously with 2 × 105 U of
recombinant human IFN-α A/D (IFN-α) active on mouse cells (PBL Biomedical Laboratories,
New Brunswick, NJ). PBS injections of the same volume were used as control injections. IFN-
α was determined by standard sandwich enzyme-linked immunosorbent assay (ELISA) from
Antigenix America (Huntington Station, NY; lower limit of detection, 12.5 pg/mL), and TNF-
α was measured by ELISA with reagents obtained from Endogen (Woburn, Mass) and BD
Pharmingen (San Diego, Calif; lower limit of detection, 10 pg/mL). IL-12p40/70, IL-10, and
IL-6 ELISA reagents were also obtained from BD Pharmingen (lower limit of detection, 40
and 80 pg/mL). For increased sensitivity we used a multiplex bead assay (Upstate
Biotechnology (Charlottesville, Va) and Luminex Corporation (Austin, Tex) to measure
IL-12p70, TNF-α, and IFN-γ after PIC injection. Parthenolide was dosed at 50 μg s.c. 1 h before
PIC and 16 h before CLP for each mouse.

Flow cytometry was performed using 1 × 106 peritoneal macrophages obtained from mice
pretreated with PIC (200 μg s.c.) 16 h prior. The cells were blocked (FcBlock, Pharmigen, San
Diego, Calif) then labeled with fluorochrome-conjugated monoclonal antibodies to IAb (strain-
specific major histocompatibility antigen class II [MHCII] for C57BL6 mice) (Pharmigen) and
either F480 (Serotec, Raleigh, NC) or CD204 (Pharmigen), which are both specific for antigens
expressed on mouse macrophages.
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Statistics
All cytokine measurements are reported as mean ± SEM. Statistical difference between
treatment groups (i.e., PIC versus PBS) was determined using the Student t test. Survival data
were assessed for significant differences using Fisher exact analysis. We considered P < 0.05
to be statistically significant.

RESULTS
Cytokine induction by PIC

To delineate the nature of the cytokine milieu 24 h after PIC injection, we measured several
inflammatory cytokines commonly induced early during many viral infections. At 16 and 24
h after PIC injection, a robust IFN-α response was seen (Fig. 1A). PIC induced a modest and
transient increase in serum TNF-α at 6 h, which resolved by 16 h. No change in the baseline
serum levels of IFN-γ or IL-12p70 was seen (Fig. 1B).

Peritoneal leukocyte content after PIC and CLP
We sought to examine the peritoneal cellular content after PIC injection and after PIC + CLP
to determine whether PIC alters the cellular content primarily or after CLP compared with PBS
pretreatment. PIC did not alter the number of peritoneal macrophages present before CLP (>
95%) but significantly activated them as evidenced by grossly increased spreading and
vacuolization (data not shown). The cellular content of the peritoneal exudate 24 h after CLP
was also not significantly different between PIC- and PBS-pretreated mice with 22% to 24%
macrophages and 75% neutrophils by Giemsa staining.

MHCII EXPRESSION ON PERITONEAL MACROPHAGES
Expression of MHCII on macrophages is a marker of activation (37). To confirm the activated
state of these peritoneal macrophages they were harvested 16 h after treatment with PIC and
assessed for MHCII (I-Ab) expression on F480+ peritoneal macrophages. Approximately 95%
of the cells from the PBS- and PIC-pretreated mice were macrophages as defined by F480+
staining, roughly confirming the gross histological assessment above (data not shown).
Treatment of WT mice with PIC resulted in higher numbers of F480+/I-Ab + macrophages by
flow cytometry. In contrast, peritoneal cells from IFN-α/β R−/− mice did not show an increase
in I-Ab+ cells, indicating that up-regulation in MHCII in the WT mice was dependent on PIC-
induced v. The density per cell as indicated by mean fluorescence intensity did not change after
PIC treatment in either group (Fig. 2, A and B).

Time course of PIC potentiation of the TNF- α response to LPS
To confirm that PIC would potentiate the TNF-α response to an inflammatory challenge and
to assess the peak and duration of this potentiation, we treated mice with PIC 8, 16, 24, 48, 96,
or 192 h before injection of LPS. We used serum TNF-α levels obtained 2 h after LPS injection
as a marker of the impact of PIC on the response to LPS. PIC potentiated the TNF-α response
to LPS with peak effect seen when LPS was administered 24 to 48 h after PIC injection (Fig.
3). Given the above data, we decided to administer PIC 16 h before CLP for all subsequent
experiments. Although this time point is before peak potentiating activity as determined above,
our goal was to induce sepsis from CLP, which requires several hours to evolve, simultaneous
with the continuous presence of high levels of IFN-α, which occurred through the 16- to 24-h
interval (Fig. 1A).
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PIC enhances the inflammatory response to CLP and reduces survival
To explore the impact of PIC on the cytokine response to and survival from a live infection
model of septic shock, we performed CLP 16 h after PIC treatment. Pretreatment with PIC
before CLP resulted in potentiation of both serum and peritoneal proinflammatory and anti-
inflammatory cytokine responses when harvested at 24 h postsurgery (Fig. 4A). In addition,
PIC pretreatment diminished survival from CLP compared with controls (Fig. 4B).

PIC-mediated potentiation of the response to CLP requires IFN- α/β
In a previous report, we demonstrated that IFN-α/β was essential to viral potentiation of the
inflammatory response to LPS. Here, we sought to determine whether the PIC-mediated
amplification of the inflammatory response was IFN-α/β–dependent in the CLP model of live
infection. Because CLP consists of several stimuli, including tissue injury from laparotomy
and cecal ligation as well as polymicrobial peritonitis and septic shock from cecal puncture, it
was important to determine if IFN-α/β was required for potentiating the CLP response and to
rule out a requirement for other cytokines induced by PIC such as IL-12, TNF-α, or IFN-γ
(Fig. 1). PIC pretreatment of IFN-α/β R−/− mice followed by CLP failed to increase serum or
peritoneal TNF-α compared with PIC pretreated WT mice (Fig. 5A). Survival was also
improved in PIC-pretreated IFN-α/β R−/− mice compared with WT mice (Fig. 5B).

PIC potentiates the TNF- α response to TLR2 and TLR4 agonists
Having demonstrated that PIC can potentiate the response to LPS and CLP, we sought to
determine whether this effect was specific to the TLR4 pathway or whether the response to
other stimuli such as TLR2 agonists could also be potentiated. We used mice naturally LPS-
resistant via TLR4 mutation (C3H/HeJ) to determine whether potentiation occurs by
facilitation of TLR4 signaling only or by broader mechanisms. Although CLP elicits a much
reduced TNF-α response in serum and peritoneal fluid in the C3H/HeJ mice compared with
WT mice, PIC did potentiate this response in C3H/HeJ mice when compared with the C3H/
HeJ PBS control group (Fig. 6A).

The J774 macrophage cell line was incubated with 5000 U of IFN-α and exhibited an up-
regulated TNF-α response to both LPS and MDP, which is a synthetic Gram-positive cell
membrane component and TLR2 agonist. To verify that the response to MDP was not because
of LPS contamination, we incubated cells with polymyxin B before the addition of MDP or
LPS. The concentration of polymyxin B used eliminated most of the LPS effect but did not
significantly affect signaling by MDP (Fig. 6B).

Peritoneal macrophages were harvested 16 h after PIC injection and exposed ex vivo to either
LPS or MDP. PIC pretreatment also potentiated the TNF-α response to both TLR4 and TLR2
agonists in WT mice. Potentiation of the response to TLR2 and TLR4 agonists was blunted in
IFN-α/β R−/− mice compared with WT. These data indicate that signaling through both TLR4
and TLR2 pathways in this model is altered by IFN-α/β (Fig. 6C).

PIC pretreatment effects on CLP can be interrupted by NF-κB inhibition
Another effect of PIC is activation of the NF-κB pathway (34). We sought to determine the
contribution from NF-κB activation in PIC-mediated potentiation of the response to CLP.
Parthenolide, a sesquiterpene lactone known to inhibit I kappa B kinase (IKK) α, thereby
inhibiting NF-κB, was used to inhibit this pathway. Pretreatment with parthenolide 60 min
before PIC abrogated PIC-mediated increased lethality from CLP (Fig. 7A.) The parthenolide
dose used here was then optimized by selecting a dose that would inhibit PIC-mediated priming
without significantly inhibiting cytokine/lethality from CLP alone.
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To determine whether parthenolide reduced IFN-α induced by PIC, possibly resulting in
decreased lethality, we measured serum IFN-α levels 24 h after parthenolide + PIC injection.
IFN-α levels were not reduced by pretreatment with parthenolide before PIC (657 ± 0 pg/mL
in parthenolide + PIC vs. 522 ± 41 pg/mL in PIC alone). We also pretreated mice with
parthenolide 1 h before treatment with recombinant IFN-α followed by CLP 16 h later. Figure
7, B and C, demonstrates that parthenolide blocked potentiation of TNF-α induced by CLP in
both PIC and IFN-α pretreated mice. These data would suggest that IFN-α induced by PIC or
injected directly could impact subsequent inflammatory responsiveness in apn NF-κB-
dependent fashion.

Bacterial clearance
Peritoneal aerobic bacterial cultures were obtained 24 h after modified CLP. Although bacterial
load was very high 24 h after modified CLP, PIC pretreatment resulted in 3-fold higher bacterial
counts after 24 h (Fig. 8).

DISCUSSION
Previously, we demonstrated that mice were sensitized to LPS when administered early during
LCMV infection and that this effect was IFN-α/β–dependent (15). A major difference in this
work is that the effects of PIC, a dsRNA synthetic viral mimetic, was used to activate many
early antiviral pathways common to most viral infections, including IFN-α/β induction and
NF-κB activation. In addition, rather than LPS, the secondary bacterial challenge used here
was CLP, a live infection model that includes tissue injury to assess the impact of PIC on a
complex, multifaceted, and slowly evolving challenge, which is more typical of human septic
shock.

Here, we demonstrated that PIC induces a cytokine response that is similar to LCMV with the
induction of primarily IFN-α/β within the first 24 h with very little TNF-α, IFN-γ, or IL-12p70
at that time. In fact, LCMV induced much higher IFN-α/β levels in serum compared with those
induced by PIC in this report. In our previous work, we demonstrated the same potentiation
with LCMV as we report here with PIC, indicating that the observed amount of IFN-α was
sufficient to modulate inflammatory responsiveness to septic models (14,32,38). PIC induced
a small amount of TNF-α but no significant IL-12p70 or IFN-γ. All 3 cytokines are important
immunostimulants and antiviral cytokines. However, in this model, none seems to have a
causative role in potentiation of the septic response after PIC treatment because their levels
were minimal, and essentially all of the potentiation effects of PIC were abrogated in IFN-α/
β R−/− mice. Our data further demonstrate that immune cross talk occurs between early events
in the antiviral response and the response to bacterial infection.

PIC pretreatment did not change the number of macrophages and neutrophils in the peritoneum
before or after CLP. In addition, when controlled numbers of peritoneal cells obtained from
PIC-pretreated mice were stimulated with LPS ex vivo, potentiation was also seen, indicating
that the quantity of cells responding to the bacterial stimulation was not a factor responsible
for potentiation. These data also suggest that macrophage and neutrophil chemoattraction was
not grossly altered in a significant way. Up-regulated MHCII expression is a marker of
activation in antigen-presenting cells such as macrophages. We demonstrated up-regulated
MHCII expression in peritoneal macrophages after PIC treatment, corroborating our
microscopic observations of macrophage activation. These data suggest that PIC alters the
phenotype of macrophages, potentially contributing to its potentiating effects.

PIC heightened the cytokine response and lethality from subsequent live bacterial challenge.
PIC induces IFN-α/β, and these data demonstrate that intact IFN-α/β signaling is critical for
augmentation of the inflammatory response to CLP. Unlike our previous work using LPS, these
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data show that augmentation of inflammatory responsiveness and lethality can occur when
caused by a slowly evolving polymicrobial infection complicated by tissue injury—a common
scenario in human septic shock.

We demonstrated that PIC-mediated potentiation occurs in LPS-resistant mice and that PIC
potentiates the TNF-α response to both TLR2 and TLR4 agonists, indicating that this effect is
not TLR4-specific. IFN-γ has been shown to induce TLR4 transcription, suggesting a possible
mechanism for potentiation. It is not known whether IFN-α/β shares this property. Although
we did not examine TLR4 gene activation, our data suggest that potentiation by PIC affects
signaling through the TLR4 pathway and other pathways such as TLR2. TLR2 agonists can
signal through NOD 2 to activate inflammatory responses. It is possible that this occurs in our
model; however, identification of the elements in both the TLR4 and TLR2 pathways affected
by IFN-α/β will require further investigation.

Pretreatment with PIC augments both the proinflammatory and anti-inflammatory cytokine
responses to CLP. In this live infection model, augmenting the inflammatory response did not
provide any survival benefit, suggesting that lethality may be because of the host inflammatory
response to septic shock occurring in both the CLP and LPS models.

PIC signals through TLR3 with subsequent activation of TIR domain–containing adaptor
protein–inducing interferon (TRIF), which activates IRF3, leading to the induction of IFN-β,
followed by induction of multiple IFN-α subtypes. Signaling through TLR3 also activates NF-
κB (34,39,40). The anti-inflammatory sesquiterpene lactones have been shown to inhibit NF-
κB activation by a variety of mechanisms. The molecular target for the effects of parthenolide
is inhibition of the IKK complex (subtypes α and β), which prevents IKK degradation and NF-
κB activation. Parthenolide has been shown to inhibit the IKK complex without impacting
TNF-α–mediated generation of reactive oxygen species or activation of JNK and p38,
indicating specificity for the NF-κB pathway (41,42). We demonstrated that pretreatment with
parthenolide blocked PIC-mediated potentiation of the inflammatory response to CLP. NF-
κB activation is important for IRF3 activation and subsequent IFN-β induction via
noncanonical IKK-related kinases (and Tank-binding kinase 1) (43,44). IFN-β is responsible
for triggering and amplifying IFN-α release. Despite this, we did not find that parthenolide
altered IFN-α serum levels induced by PIC. Because parthenolide abrogated the potentiating
effects of IFN-α directly, our data suggest that IFN-α can impact regulation of NF-κB
activation.

Viral components, including surface glycoproteins and intracellular viral proteins, are known
to activate elements of the antiviral response. By limiting our pretreatment to PIC only, rather
than an evolving viral infection, our data suggest that dsRNA, commonly released during viral
replication, may also have direct immune modulating effects by induction of IFN-α/β.

These data expand the understanding of the important role of IFN-α/β in the inflammatory
response to bacterial challenge. TLR4 activation leads to activation of the TRIF pathway, which
leads to induction of an IFN-β, followed by subtypes of IFN-α (34,39). In TRIF−/− mice, the
TNF-α response and lethality from LPS were significantly diminished. Tyk2, a JAK family
member, is necessary for LPS-induced IFN-α/β and lethality. Tyk2-deficient mice were also
resistant to LPS significantly diminished IFN-α/β induction (45). These data demonstrate a
central role for IFN-α/β in endotoxin-induced toxicity. The impact of IFN-α/β induced before
challenge with TLR4 and TLR2 agonists or CLP has not been well defined. Our data suggest
that elevated levels of IFN-α/β may have a role in determining the magnitude of the response
to subsequent inflammatory challenge quite similar to bacterial superinfection during viral
infection in human beings. In addition to modifying the inflammatory response, this model of
early viral infection suggests that bacterial clearance may also be negatively affected by prior

Doughty et al. Page 8

Shock. Author manuscript; available in PMC 2006 August 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exposure to PIC. The impact on mortality of higher bacterial counts in PIC-pretreated mice is
unclear at this point, and the mechanisms responsible for diminished bactericidal function after
PIC pretreatment will require further investigation.

The morbidity and mortality from septic shock and consequent multiple organ failure have
been related to the magnitude of the inflammatory response elicited early in the disease (46–
48). Regulation of the magnitude of this response is poorly understood. There are many factors
associated with suppressed inflammatory responsiveness leading to enhanced susceptibility
and compromised pathogen clearance, including extremes of age, poor nutrition, severe
systemic stress, trauma/surgery, genetic immunodeficiency syndromes, and a multitude of
medications (49–54). However, very little is known about factors capable of potentiating the
inflammatory response. The data presented here support the possibility that sources of IFN-α/
β induction such as underlying antiviral responses can modulate the magnitude of the host
inflammatory response to bacterial infection, possibly contributing to morbidity and mortality.
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Fig. 1. C57BL6 mice were injected with PIC or PBS (both 200 μg s.c.), and serum IFN-α levels were
assayed 16 and 24 h later
Serum was also collected at many time points and assayed for TNF-α, IFN-γ, and IL-12p70 (n
= 3 mice/group). *P < 0.05 for IFN-α (A) or TNF-α (B) serum levels compared with baseline
values (time 0).
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Fig. 2. Peritoneal macrophages were obtained 24 h after injection with PIC (200 μg s.c.)
By flow cytometry, the number F480+ peritoneal macrophages also expressing MHCII (I-
Ab) (percent gated), and the density of expression of MHCII (I-Ab) per cell (MFI) was
determined (n = 3 mice/group). *P < 0.05 for WT PBS versus WT PIC groups.
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Fig. 3. C57BL6 mice were injected with PIC or PBS (both 200 μg s.c.), followed by 100 μg of LPS
8, 16, 24, 48, 96, and 192 h after PIC to determine the optimal interval between PIC and secondary
inflammatory challenge
Serum was collected 2 h after LPS injection and assayed for TNF-α (n = 2 –3 mice/group).
*P ≤ 0.05 for PBS-LPS versus PIC-LPS.
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Fig. 4. C57BL6 mice were injected with PIC or PBS (both 200 μg s.c.), followed by 22-gauge single-
puncture CLP 16 h later
Twenty-four hours later serum and peritoneal fluid were collected for cytokine measurement
(n = 3 – 4 mice/group). *P ≤ 0.05 for PIC versus PBS (A). Survival was followed for 7 days
after CLP (n = 12 mice/group). *P ≤ 0.05 for PBS versus PIC pretreatment (B).
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Fig. 5. WT and IFN-α/β R−/− mice were injected with PIC or PBS (both 200 μg s.c.), followed by
22-gauge two-puncture CLP or sham-CLP 16 h later
Serum and peritoneal fluid were collected 4 h after CLP for TNF-α determination (n = 3 – 4
mice/group). *P ≤ 0.05 for WT-PIC versus WT-PBS (A). Survival was followed for 7 days
after CLP (n = 10 mice/group). *P ≤ 0.05 for PIC-WT versus PIC-IFN-α/β R−/− (B).
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Fig. 6. C3H/HeJ mice were injected with PIC or PBS (both 200 μg s.c.), followed by 22-gauge single-
puncture CLP 16 h later
Serum and peritoneal fluid were collected 4 h later and assayed for TNF-α. WT mice treated
in the same manner are displayed for comparison (n = 3 – 4 mice/group). *P ≤ 0.05 comparing
PIC- versus PBS-pretreated C3H/HeJ mice; **P ≤ 0.05 comparing PIC- versus PBS-pretreated
WT mice (A). J774 cells were incubated with or without IFN-α at 5000 U/mL for 16 h. Cells
treated with ±IFN-α were then treated with either LPS (1 μg/mL) ± polymyxin B or MDP (1
μg/mL) ± polymyxin B. *P < 0.05 for IFN-α + LPS versus PBS + LPS and for IFN-α + MDP
versus PBS + MDP. **P < 0.05 for PBS versus PBS polymyxin B and PIC versus PIC +
polymyxin B (B). WT and IFN-α/β R−/− mice (129SvEv background) were injected with PIC
or PBS (both 200 μg s.c.), followed by peritoneal cell collection 16 h later. Cells were cultured
in the presence of 10 μg/mL LPS or 10 μg/mL MDP for 16 h with supernatants assayed for
TNF-α (n = 3 – 4 mice/group). *P ≤ 0.05 comparing WT-PIC with IFN-α/β R−/− PIC (C).
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Fig. 7. C57BL6 mice were injected with parthenolide (50 μg s.c.) 1 h before PIC followed by CLP
16 h later for survival assessment over 6 days (n = 10 – 12 mice/group)
*P < 0.05 for PIC-parthenolide versus PIC (A). C57BL6 mice were injected with parthenolide
(50 μg s.c.) 1 h before injection with either PIC (B) or IFN-α (C) followed by CLP 16 h later.
Serum and peritoneal fluid were collected 24 h after CLP and assayed for TNF-α (n = 3 – 4
mice/group). *P < 0.05 for PIC versus parthenolide + PIC (B) or IFN-α versus parthenolide +
IFN-α (C).
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Fig. 8. C57BL6 mice injected with PIC (200 mg) or PBS were subjected to modified CLP 16 h later
Aerobic bacterial colony-forming units (CFU) from peritoneal fluid were obtained 24 h post-
CLP. *P < 0.05 for PIC versus PBS pretreatments.
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