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ABSTRACT Sepsis is a life-threatening condition that arises from a poorly regulated
inflammatory response to pathogenic organisms. Current treatments are limited to
antibiotics, fluid resuscitation, and other supportive therapies. New targets for moni-
toring disease progression and therapeutic interventions are therefore critically
needed. We previously reported that lipocalin-2 (Lcn2), a bacteriostatic mediator
with potent proapoptotic activities, was robustly induced in sepsis. Other studies
showed that Lcn2 was a predictor of mortality in septic patients. However, how Lcn2
is regulated during sepsis is poorly understood. We evaluated how IkBz , an inducer
of Lcn2, was regulated in sepsis using both the cecal ligation and puncture (CLP)
and endotoxemia (lipopolysaccharide [LPS]) animal models. We show that Nfkbiz, the
gene encoding IkBz , was rapidly stimulated but, unlike Lcn2, whose expression per-
sists during sepsis, mRNA levels of Nfkbiz decline to near basal levels several hours
after its induction. In contrast, we observed that IkBz expression remained highly
elevated in septic animals following CLP but not LPS, indicating the occurrence of a
CLP-specific mechanism that extends IkBz half-life. By using an inhibitor of IkBz , we
determined that the expression of Lcn2 was largely controlled by IkBz . Altogether,
these data indicate that the high IkBz expression in tissues likely contributes to the
elevated expression of Lcn2 in sepsis. Since IkBz is also capable of promoting or
repressing other inflammatory genes, it might exert a central role in sepsis.
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Sepsis is one of the leading causes of death worldwide. In the United States, over 1.6
million patients are treated each year for sepsis representing about 6% of all hospi-

talizations (1, 2). Despite the use of aggressive measures, including antibiotic treat-
ment, fluid resuscitation, and other supportive therapies, the mortality rate for sepsis is
about 16% of septic patients representing more than 250,000 annual deaths (1, 2). In
addition, the cost associated with the treatment of septic patients exceeds $20 billion
per year (3), which represents a tremendous financial burden on the health care sys-
tem. Yet, despite extensive research, there have been no successful therapeutic treat-
ments to improve the survival of septic patients (4).

Sepsis, recently redefined as a life-threatening organ dysfunction caused by a
dysregulated host response to infection (5), progresses from an initial acute hyper-
inflammatory phase to a phase of systemic immunosuppression defined by a failure
of both the innate and adaptive immune systems to eradicate the initial pathogen
or to mount a proper immune response against secondary infections and injuries
(6). Numerous studies have suggested that this immunosuppressive phase substan-
tially contributes to the morbidity and mortality of septic patients (7). Apoptosis of
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various immune cells, such as B and CD41 T lymphocytes, dendritic cells, and mac-
rophages in the spleens of septic patients, as well as in experimental animal models
of sepsis, have been proposed to be significant contributors to the deregulation of
the adaptive and innate immune systems in sepsis (8–11). In addition, the clearance
of these apoptotic cells has been shown to exacerbate immunoparalysis by driving
the inflammatory response toward an immunosuppressive phenotype (12).
Understanding the mechanisms leading to these cellular changes and the subse-
quent systemic immunosuppression is therefore critical to improving the morbidity
and mortality associated with sepsis.

We have found that lipocalin-2 (Lcn2), a bacteriostatic mediator (13–15) with potent
proapoptotic activities (16–32), was rapidly and robustly induced after cecal ligation
and puncture (CLP) in both C57BL/6J and A/J inbred animals, and its expression was
prolonged during the immunosuppressive phase of sepsis, in contrast to most inflam-
matory mediators (33). Moreover, we demonstrated that the capacity to produce Lcn2
in response to lipopolysaccharide (LPS) administration during the immunosuppressive
stage induced after CLP remained unaffected as opposed to the response observed for
other proinflammatory cytokines (33). Studies conducted in septic patients indicated
that plasma levels of Lcn2 were significantly higher in nonsurvivors than in survivors
and therefore may be used as an accurate predictor of in-hospital mortality (34, 35).
Based on these observations, we postulated that the excessive and sustained expres-
sion of Lcn2 during sepsis contributes to the development of the immunosuppressive
phase observed as a result of this condition. This immunosuppressive condition may
be related to the known capacity of Lcn2 to induce apoptosis in various cell types,
including immune cells.

Lcn2 expression is largely controlled by the NF-κB-mediated expression of IkBz , a
member of the atypical nuclear IkB family of proteins (36, 37). IkBz , unlike its cytoplas-
mic counterparts IkBa, IkBb , and IkB« , is fully capable of inducing transcriptional activ-
ity by interacting with κB or C/EBP binding sites via its association with the NF-κB subu-
nits, p50 or p52 (38, 39). Once induced, IkBz either promotes or represses the
expression of a set of NF-κB target genes, including Lcn2 (38, 39). The induction of
IkBz was found to be critical for lipopolysaccharide (LPS)-induced expression of inter-
leukin-10 (IL-10) in macrophages (40). In addition, IkBz can also directly regulate cellu-
lar apoptosis by inhibiting the DNA binding activity of STAT3, a key transcription factor
of the JAK/STAT pathway (41). The mechanisms of Nfkbiz (the gene encoding IkBz )
and IkBz regulation in inflammatory disorders have been mainly studied in keratino-
cytes in the context of psoriasis in which tumor necrosis factor alpha (TNF-a) and IL-
17A were described as the main inducers of this factor (42). More recently, Muller et al.
showed that IL-36 was also a potent inducer of IkBz expression, as observed in biopsy
specimens of psoriasis patients (43).

The mechanisms by which Nfkbiz mRNA levels and the expression of its resulting
protein IkBz are modulated during sepsis has not yet been investigated. In the
present study, we compared the kinetic expression of Nfkbiz and IkBz in sepsis eli-
cited by CLP or following endotoxic shock. We found that the expression of Nfkbiz
followed a biphasic kinetic behavior with a rapid increase within the first 3 to 6 h of
CLP or endotoxic challenge and a significant decrease thereafter. In contrast, the
expression IkBz kept increasing during CLP-induced sepsis but not after LPS stimu-
lation, which seems to indicate that the stability of IkBz after CLP is extended by a
mechanism that remains to be clarified. In addition, we showed that tolerized mac-
rophages maintained their capacity to produce Nfkbiz, as well as various genes
known to be regulated by IkBz , upon LPS restimulation. Since IkBz is not only capa-
ble of controlling the expression of Lcn2 but also of a variety of other inflammatory
genes, including IL-10 and IL-6, we propose that IkBz may be a critical, but as-yet-
unidentified, factor in sepsis and more predominantly during the resulting systemic
immunosuppression.
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RESULTS
Kinetic expression of Lcn2 in various tissues of CD-1 outbred animals following

CLP-induced sepsis and endotoxic challenge.We previously found that Lcn2 expres-
sion was strongly upregulated in the liver and lung of C57BL/6J and A/J inbred mice,
detected as early as 3 h after CLP (33). For the present study, we used CD-1 outbred
mice in order to better mimic the genetic variability encountered in the human popu-
lation. In order to determine the expression of Lcn2 mRNA in outbred animals in the
context of polymicrobial sepsis, CD-1 mice were subjected to CLP or sham operation
(sham), and various tissues were perfused and collected at different time points (3, 6,
and 20 h) after surgery. Nonoperated animals were used as baseline controls (time
zero). The levels of Lcn2 mRNA in tissues were then determined by qPCR and normal-
ized by Gapdh levels. The kinetic expression of Lcn2 mRNA was similar in all tissues
tested, presenting an early response (3 h), followed by a constant increase for up to 20
h after CLP (Fig. 1A). The highest induction of Lcn2 mRNA was observed in the liver
(;6,600-fold), followed by the kidney (;85-fold), at 20 h after the initial insult and to a
much lesser extent in the lung and spleen (;25-fold and ;10-fold, respectively) (Fig.
1B). In accordance with our previous data (44), the kinetic expression of several other
inflammatory mediators, such as Tnfa, Il6, and Il10, showed a biphasic pattern with an
early increase within 3 to 6 h after the CLP procedure and a significant decrease there-
after (Fig. 1C). These data clearly indicate that Lcn2 expression robustly and constantly
increases during the course of CLP-induced sepsis, in contrast to the majority of inflam-
matory mediators. Interestingly, we found that the kinetic expression of Lcn2 in CD-1
mice was similar to the one previously observed in C57BL/6J mice after CLP (33), as we
have also recently demonstrated for the survival rate and inflammatory mediator
expression (44, 45).

Next, to compare the kinetic expression of Lcn2 during septic events caused by dif-
ferent challenges, CD-1 mice were treated via the intraperitoneal (i.p.) route, with
15mg/kg of LPS dissolved in phosphate-buffered saline (PBS). Control mice received
an equivalent volume of PBS, and nontreated animals were used as baseline controls
(time zero). Various tissues were perfused and collected at different time points (3, 6,
and 24 h) after the initial endotoxic insult. The levels of Lcn2 mRNA in tissues were
then determined by qPCR and normalized by Gapdh levels. The expression of Lcn2 was
also rapidly induced in all the tissues tested, but, in contrast to the data obtained fol-
lowing CLP, the levels of Lcn2 mRNA significantly decreased after 3 h in the spleen and
6 h in the liver, lung, and kidney (Fig. 2A), which is consistent with the clearance of LPS
in circulation (46). The liver showed the highest induction of Lcn2 expression, whereas
the spleen had the lowest (Fig. 2B), with mRNA levels reaching baseline by 24 h after
LPS injection (Fig. 2A and B). Interestingly, we observed that the expression of Tnfa,
which is mainly controlled via NF-κB activation, was, in contrast, highly induced in the
spleen but more modestly induced in the liver (Fig. 2C). This led us to hypothesize that
since the transcription of the Tnfa gene is rapidly induced via NF-κB activation follow-
ing Toll-like receptor 4 (TLR4) stimulation, the Lcn2 gene may require an additional
step for its induction.

LPS-induced expression of Lcn2 in macrophages is associated with Nfκbiz
activation and IkBf expression. To test how the Lcn2 gene is controlled at the cellular
level, we first stimulated J774A.1 macrophages with LPS (10 ng/ml) for different peri-
ods of time, and the kinetic expression of Tnfa, Il6, Il10, and Lcn2 genes was determined
by qPCR. Control macrophages were left untreated (time zero). The expression of Tnfa
and Il6 rapidly increased after the LPS challenge to reach a maximal expression at 4
and 8 h, respectively, followed by a significant decrease thereafter (Fig. 3A). On the
contrary, the expression of the Il10 and Lcn2 genes constantly increased during the
24 h of LPS challenge (Fig. 3B). Interestingly, we have previously shown that IL-10
potentiates the LPS-induced expression of Lcn2 in macrophages (33). Next, we investi-
gated how the Nfkbiz gene was regulated by LPS stimulation. We found that the kinetic
expression of Nfkbiz was very comparable to that of Tnfa, suggesting a similar activa-
tion process (Fig. 3B). In parallel, we showed that the kinetic expression of Bcl3, another
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member of the atypical nuclear IkB family of proteins, was also following the same pat-
tern of activation (Fig. 3B). The Nfkbiz gene encodes the IkBz protein, which acts as a
transcription factor and promotes the expression of several genes, including Lcn2 (36).
We thus tested the expression of IkBz in J774A.1 cells after LPS stimulation by Western
blotting. We found that the expression of IkBz was rapidly increased but, in contrast to
the Nfkbiz gene, IkBz expression remained elevated after 24 h of LPS challenge (Fig.
3C), while the mRNA levels decreased substantially after 4 h of LPS stimulation, which
seems to indicate that the IkBz protein is rather stable.

To demonstrate the relationship between IkBz expression and Lcn2 gene induction,
we investigate whether dimethyl itaconate (DMI), an inhibitor of the IkBz protein
expression (47, 48), affects the expression of Lcn2 expression induced by LPS stimula-
tion. We treated J774A.1 macrophages with LPS (10 ng/ml) in the presence or not of
250mM DMI for 24 h. We found that the expression of Lcn2 induced by LPS was signifi-
cantly reduced in the presence of DMI (Fig. 4A). This decrease in Lcn2 expression was
accompanied by a significant reduction in Nfkbiz mRNA levels (Fig. 4B). In contrast, lev-
els of Bcl3 were not affected by DMI treatment (Fig. 4B). In addition, we also measured
the levels of Tnfa, Il6, and Il10 after LPS stimulation in the presence or not of DMI. We
observed that DMI treatment induced a significant increase of Tnfa expression com-
pared to LPS alone (Fig. 4C). On the contrary, the expression of Il6 and Il10 was signifi-
cantly inhibited by DMI (Fig. 4C). Interestingly, DMI treatment almost completely abol-
ished the LPS-induced expression of Il10 (Fig. 4C).

LPS induces the expression of Nfkbiz in tolerized macrophages. We have previ-
ously shown that tolerized macrophages maintained their capacity to produce Lcn2 af-
ter a second LPS challenge, whereas TNF-a expression was completely abolished by
LPS tolerization (33). If, indeed, Lcn2 expression is regulated by IkBz , tolerized macro-
phages should also maintain their capacity to upregulate Nfkbiz expression following a
second LPS challenge. J774A.1 macrophages were first incubated with either LPS (L;

FIG 1 Kinetic expression of Lcn2 in tissues of CD-1 outbred mice following CLP-induced sepsis. Male CD-1 mice (n= 5 per time point) were subjected to
sham or CLP procedure, and tissues were harvested at different time points. A nonoperated group was used to determine basal levels of Lcn2 and as time
zero for the kinetic experiment. (A) Lcn2 gene expression in the liver, lung, spleen, and kidney was determined by qPCR at each time point by comparison
with a standard curve and expressed as copy numbers. The values were normalized to GADPH mRNA levels. The data are expressed as the means 6 the
standard errors of the mean (SEM). Statistical analysis for the time course of CLP was performed by one-way ANOVA, and the comparison between CLP
and the sham operation was measured by two-way ANOVA. *, P , 0.05; **, P , 0.01; ***, P , 0.001 (CLP versus sham-operated data at each time point).
(B) Comparison of Lcn2 gene expression in the different tissues. The data are expressed as the fold change compared to nonoperated animals, defined as
1. Statistical analysis comparing the expression of Lcn2 between tissues at each time point was performed by two-way ANOVA. *, P , 0.05; ***, P , 0.001
(for liver versus all other tissues). #, P , 0.05 (for kidney versus all other tissues). (C) Kinetic expression of Tnfa, Il6, and Il10 in the livers of CD-1 mice after
CLP (n= 5 per time point). The data are expressed as the fold change compared to nonoperated animals, defined as 1. Arrows indicate the stage of
immunosuppression.
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10 ng/ml) or not (medium, M) for 24 h. The cells were then restimulated with LPS
(10 ng/ml) or not for an additional 4 h. The mRNA levels of Lcn2, Nfkbiz, Bcl3, Il6, Csf2,
and Csf3 were measured by qPCR. Lcn2 expression was induced by the LPS stimulation
of tolerized macrophages (L/L) to levels exceeding the one observed by a single LPS
stimulation (M/L) (Fig. 5A), consistent with previous observations (33). Tolerized macro-
phages also maintained their capacity to produce Nfkbiz upon LPS restimulation,
whereas Bcl3 levels were not increased by the second LPS challenge (Fig. 5B). To con-
firm that IkBz was involved in the increased expression of Lcn2 following the LPS chal-
lenge of tolerized macrophages, the expression of other inflammatory genes that are
regulated by IkBz , such as Il6, Csf2, and Csf3 (37, 43), were also analyzed. We found
that these three inflammatory genes were significantly upregulated by the LPS treat-
ment of tolerized macrophages and, for Il6 and Csf3, to levels exceeding the one
obtained by a single LPS treatment (Fig. 5C).

Kinetic expression of the Nfkbiz gene and IkBf protein in various tissues of
CD-1 outbred animals after CLP-induced sepsis and endotoxic challenge. IkBz acts
as a transcription factor capable of promoting or repressing the expression of a set of
inflammatory genes (38, 39). Also, it could also directly regulate cellular apoptosis (41).
However, the role of IkBz in sepsis has not yet been investigated. Indeed, only limited
information is available concerning the in vivo regulation of the Nfkbiz gene and its
corresponding protein, IkBz . We thus examined how the Nfkbiz gene was regulated af-
ter CLP. CD-1 mice were subjected to CLP or sham operation (sham), and various tis-
sues were perfused and collected at different time points (3, 6, and 20 h) after surgery.
Nonoperated animals were used as baseline controls (time zero). The levels of Nfkbiz
mRNA in tissues were then determined by qPCR and normalized by Gapdh levels. In
addition, we also measured the mRNA levels of Bcl3 at the same time points. We
observed that the kinetic expression of Nfkbiz was following the same pattern in the

FIG 2 Kinetic expression of Lcn2 in tissues of CD-1 outbred mice following endotoxic challenge. Male CD-1 mice (n= 5 per time point) were challenged via
the i.p. route with 15mg/kg of LPS dissolved in PBS. Control mice received an equivalent volume of PBS, and nontreated animals were used as baseline
controls (time zero). Tissues were harvested at different time points. (A) Lcn2 gene expression in the liver, lung, spleen, and kidney was determined by
qPCR at each time point by comparison with a standard curve and expressed as copy numbers. The values were normalized to GADPH mRNA levels. The
data are expressed as the means 6 the SEM. Statistical analysis for the time course of LPS was performed by one-way ANOVA, and comparison between
LPS and PBS treatment was measured by two-way ANOVA. **, P , 0.01; ***, P , 0.001 (for LPS- versus PBS-treated mice at each time point). (B)
Comparison of Lcn2 gene expression in the different tissues. The data are expressed as the fold change compared to nonoperated animals, defined as 1.
Statistical analysis comparing the expression of Lcn2 between tissues at each time point was performed by two-way ANOVA and showed that Lcn2
expression was significantly different between all tissues at 3, 6, and 24 h postchallenge. (C) Kinetic expression of Tnfa in the liver, lung, spleen, and kidney
of CD-1 mice after LPS (n=5 per time point). The data are expressed as the fold change compared to nonoperated animals, defined as 1. Statistical
analysis comparing the expression of Tnfa between tissues at each time point was performed by two-way ANOVA corrected for multiple comparisons by
the Tukey method. ***, P , 0.001 (for spleen versus all other tissues).
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liver, lung, and spleen, with a marked increase following the CLP procedure and a sig-
nificant decrease between 6 and 20 h (Fig. 6A). The expression of Nfkbiz in the kidney
increased rapidly after CLP but, in contrast to the other tissues, remained constant
thereafter (Fig. 6A). As for Lcn2, the induction of Nfkbiz following CLP was the highest
in the liver (Fig. 6B). The same pattern of expression was also observed for Bcl3 but
with a comparable fold of induction in all tissues (Fig. 6C). To corroborate our findings
at the protein levels, we performed Western blot analysis of IkBz in liver samples at dif-
ferent time points. Interestingly, whereas the Nfkbiz mRNA levels significantly
decreased between 6 and 20 h after CLP (Fig. 6A), the protein levels of IkBz continued
to increase during the response (Fig. 6D), which indicates that the IkBz protein remains
quite stable during the development of sepsis.

We next assessed the kinetic expression of Nfkbiz after an endotoxic challenge by
treating CD-1 mice via the i.p. route with 15mg/kg of LPS dissolved in PBS. Control
mice received an equivalent volume of PBS, and nontreated animals were used as
baseline controls (time zero). Various tissues were perfused and collected at different
time points (3, 6, and 24 h) after the LPS challenge. Levels of Nfkbiz mRNA in tissues were

FIG 3 Kinetic expression of Nfkbiz and IkBz in macrophages. J774A.1 macrophages were stimulated with LPS (10 ng/ml) for different periods of time (n= 4
per time point), and the kinetic expression of various inflammatory genes was determined by qPCR at each time point by comparison with a standard
curve and expressed as copy numbers. Control macrophages were left untreated (time zero). The values were normalized to GADPH mRNA levels. The data
are expressed as the means 6 the SEM. Statistical analysis for the time course was performed by one-way ANOVA. (A) Tnfa, Il6, Il10, and Lcn2 kinetic
expression. (B) Nfκbiz and Bcl3 kinetic expression. (C) J774A.1 macrophages were stimulated with LPS (10 ng/ml) for different periods of time, and the
kinetic expression of IkBz was determined by Western blotting as described in Materials and Methods. A blot representative of three separate experiments
is shown (left panel). Anti-b actin antibodies were used to ensure that equivalent protein amounts were loaded in each lane. Densitometry analysis was
performed using Image Lab software, and data are expressed as the means 6 the SEM (right panel). Statistical analysis was performed by one-way ANOVA
corrected for multiple comparisons by the Tukey method. ***, P , 0.001 (for LPS versus the control [CTL]).
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then determined by qPCR and normalized by Gapdh levels. In all tissues tested, Nfkbiz lev-
els increased rapidly following the CLP procedure to reach a maximum expression at 3h
and then decreased to levels of sham-operated animals (Fig. 7A). As when following CLP,
the highest induction of Nfkbiz expression after the endotoxic challenge was observed in
the liver (Fig. 7B). Surprisingly, the LPS-induced expression of Bcl3 was the highest in the
spleen (Fig. 7C). The kinetic analysis of IkBz expression in the liver revealed that the maxi-
mum IkBz expression was reached after 6h of LPS treatment that was followed by a sharp
decrease, which is in contrast to the observations after CLP (Fig. 7D). This result implies
that the stability of IkBz is quite different between the two insults.

Finally, to establish a relationship between IkBz and Lcn2 expression in vivo, CD-1 mice
were treated via the i.p. route with 20mg of DMI dissolved in 500ml of sterile PBS as previ-
ously described (47) for 16h before receiving 15mg/kg of LPS. Control mice were treated
with PBS for 16h and received LPS. Liver tissue was then collected at 3 and 6h after LPS
treatment, and the Lcn2, Nfkbiz, Bcl3, and Tnfa mRNA levels were determined by qPCR. In
order to ensure that DMI did not modify the cell composition of the peritoneum before LPS
injection, a flow cytometry analysis of peritoneal cells was performed after 16h of DMI treat-
ment (see Fig. S1 in the supplemental material). The levels of NfkbizmRNA were significantly
decreased in the liver of the DMI1LPS-treated group compared to the LPS only group at
both time points (Fig. 8A). The expression of IkBz , monitored by Western blotting, also
showed a significant decrease at both time points (Fig. 8B). The expression of Lcn2 was
reduced by DMI treatment, but this decrease only reached statistical significance at 6h after
LPS challenge (Fig. 8C). Levels of Bcl3 were not affected by DMI, whereas the levels of Tnfa
were increased at 6h after LPS treatment (Fig. 8C). These data indicate that IkBz controlled,
at least partially, the in vivo expression of Lcn2 following a septic challenge.

DISCUSSION

Sepsis progresses from a rapid and acute hyperinflammatory condition in response
to pathogenic microorganisms to a phase of systemic immunosuppression in which
the host immune system loses the capacity to eradicate the initial pathogens or to

FIG 4 Effect of DMI on the macrophage expression of Lcn2, NfκBiz, and other inflammatory mediators. J774A.1 macrophages were treated or not with
250mM DMI and stimulated with LPS (10 ng/ml) for 24 h (n=4). Control macrophages were left untreated (CTL). The expression of Lcn2 (A), Nfκbiz and Bcl3
(B), and TNFa, Il6, and Il10 (C) was determined by qPCR by comparison to a standard curve and is expressed as copy numbers. The values were normalized
to GADPH mRNA levels. The data are expressed as means 6 the SEM and are reported as the fold change compared to nontreated J774A.1 cells, defined
as 1. Statistical analysis for the time course was performed by one-way ANOVA corrected for multiple comparisons by the Tukey method. *,
P , 0.05; **, P , 0.01; ***, P , 0.001 (for LPS or LPS1DMI versus CTL).
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respond against secondary infections (6). As a consequence, numerous deaths occur
during the stage of immunosuppression (49). We have previously shown in an experi-
mental model of sepsis (CLP) that the expression of several critical inflammatory medi-
ators showed a rapid increase after the initial injury that was followed by a drastic
decrease, reaching basal levels at 20 h after CLP, prior to death (50). We also estab-
lished that the response to a secondary external inflammatory stimulus (e.g., LPS)
administered at a late stage (20 h) of the CLP response was compromised, supporting
the concept of immune dysfunction (50). In a subsequent study, we found that the
expression of Lcn2 was rapidly and robustly induced after CLP but, in contrast to most
inflammatory mediators, remained elevated at late stages of the response (33). In addition,
we showed that Lcn2 expression was further increased after a secondary inflammatory
stimulus (33). Here, using an outbred strain of mice to better represent the genetic variabil-
ity encountered in the human population, we found that the expression of Lcn2 constantly
increased during the course of the septic response. Lcn2 expression levels were elevated
in the liver, and to a lesser extent, in the kidney, which may imply that the main source of
circulating Lcn2 levels has a hepatic origin. The prominent circulating levels of Lcn2 sug-
gest that this factor could be used as a possible marker for disease severity. In this regard,
circulating levels of Lcn2 have been proposed as a potential biomarker for acute kidney
injury in septic patients, which is a common complication encountered in sepsis (51). More
importantly, clinical investigations concluded that the plasma levels of Lcn2 were signifi-
cantly more elevated in nonsurvivors versus survivors, suggesting that Lcn2 could be used
as a predictor of in-hospital mortality (34, 35). These observations may indicate that the
higher expression of Lcn2 found in nonsurviving septic patients and in experimental ani-
mal models, particularly at the late stage of development, may produce detrimental
effects. In that regard, numerous previous studies have revealed that in addition to its bac-
teriostatic functions against a number of bacterial species, Lcn2 also exerts potent proa-
poptotic activities in various cells, including immune cells (16–32), which is a hallmark of

FIG 5 LPS induces the expression of NFkBiz in tolerized macrophages. J774A.1 cells were preincubated for 24 h with medium (M) or 10 ng/ml LPS (L),
washed, and stimulated with M only or 10 ng/ml LPS for 4 h. The four conditions of stimulation are designated M/M, M/L, L/M, and L/L corresponding to
pretreatment/stimulation. Total RNA was isolated, reversed, and transcribed to cDNA, and the mRNA levels were measured by qPCR for Lcn2 (A), Nfkbiz and
Bcl3 (B), Il6, Csf2, and Csf3 (C). The data are expressed as the mean6 the SEM and are reported as the fold change compared to the M/M-treated group,
defined as 1. Statistical analysis for the comparison between groups was performed by one-way ANOVA.
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the systemic immunosuppression associated with sepsis and a significant risk factor for
secondary infections (8–11). Moreover, other reports indicated that Lcn2 was capable of
affecting neutrophil functions by inducing neutrophil infiltration in inflamed tissues (52, 53).
An increase in neutrophil recruitment within tissues combined with an abnormally high
number of circulating granulocytes and delayed neutrophil apoptosis has been proposed as
a mechanism of organ damage in the late stage of sepsis (52). Based on these previous stud-
ies, we postulated that Lcn2 might indeed play a significant role in sepsis and most particu-
larly during the associated stage of immunosuppression. Therefore, an important question
that emerged was what is the mechanism for the sustained Lcn2 expression during sepsis?

Previous reports have shown that a major contributor to Lcn2 induction is the NF-
κB-regulated expression of IkBz , a member of the atypical nuclear IkB family of pro-
teins (36, 37). We thus examined the expression profile of Nfkbiz and its protein prod-
uct, IkBz , in CLP. Currently, the regulation of IkBz expression in sepsis has not been
investigated. We observed that the kinetic profile of Nfkbiz mRNA levels followed a

FIG 6 Kinetic expression of Nfκbiz and IkBz in tissues of CD-1 outbred mice following CLP-induced sepsis. Male CD-1 mice (n= 5 per time point) were
subjected to sham treatment or the CLP procedure, and tissues were harvested at different time points. A nonoperated group was used to determine basal
levels of Lcn2 and as time zero for the kinetic experiment. (A) Nfκbiz gene expression in the liver, lung, spleen, and kidney was determined by qPCR at
each time point by comparison with a standard curve and expressed as copy numbers. The values were normalized to GADPH mRNA levels. The data are
expressed as the means 6 the SEM. Statistical analysis for the time course of CLP was performed by one-way ANOVA, and comparison between CLP and sham
operation was measured by two-way ANOVA. *, P , 0.05; **, P , 0.01; ***, P , 0.001 (for CLP versus sham-operated mice at each time point). (B and C)
Comparison of Nfκbiz (B) or Bcl3 (C) gene expression in different tissues. The data are expressed as the fold change compared to nonoperated animals, defined
as 1. Statistical analysis comparing the expression of Nfκbiz or Bcl3 between tissues at each time point was performed by two-way ANOVA and showed that Lcn2
expression was significantly different between all tissues at 3, 6, and 24h postchallenge. Arrows indicate the stage of immunosuppression. (D) Male CD-1 mice
(n=3 per time point) were subjected to the CLP procedure, and liver tissue was harvested at different time points. A nonoperated group (NT) was used to
determine basal levels of IkBz . The kinetic expression of IkBz was determined by Western blotting as described in Materials and Methods. A blot representative
of three separate experiments is shown (left panel). Anti-b actin antibodies were used to ensure that equivalent protein amounts were loaded in each lane.
Densitometry analysis was performed using Image Lab software, and the data are expressed as the means 6 the SEM (right panel). Statistical analysis was
performed by one-way ANOVA corrected for multiple comparisons by the Tukey method. *, P , 0.05; ***, P , 0.001 (for LPS versus the control [CTL]).
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biphasic pattern similar to the one previously described for many inflammatory cyto-
kines after CLP (44, 50). Noticeably, Nfkbiz expression in the kidney rapidly reached a
plateau after CLP and remained elevated at 20 h, which could point toward a different
mechanism of Lcn2 regulation in this tissue and may provide an explanation as to why
Lcn2 may be a good predictor of sepsis-induced acute kidney injury (51). Previous
investigations have shown that Nfkbiz mRNA was induced by various TLR agonists, as
well as by IL-1, but not by TNF-a (37). However, subsequent studies found that TLR
agonists, IL-1, and TNF-a were all capable of activating the transcription of Nfkbiz via
several κB sites located in the proximal promoter region of the gene but indicated that
an additional signal, only provided by TLR agonists and IL-1 but not by TNF-a, was nec-
essary for the stabilization of the Nfkbiz mRNA and the subsequent production of IkBz
(54). The proinflammatory IL-17 was identified as one of these secondary signals that
stabilize Nfkbiz mRNA (55). Interestingly, we and others, have reported that IL-17A was

FIG 7 Kinetic expression of Nfκbiz and IkBz in tissues of CD-1 outbred mice after LPS-induced endotoxic shock. Male CD-1 mice (n= 5 per time point) were
challenged via the i.p. route with 15mg/kg of LPS dissolved in PBS. Control mice received an equivalent volume of PBS, and nontreated animals were used
as baseline controls (time zero). Tissues were harvested at different time points. (A) Nfκbiz gene expression in the liver, lung, spleen, and kidney was
determined by qPCR at each time point by comparison with a standard curve and is expressed as copy numbers. The values were normalized to GADPH
mRNA levels. The data are expressed as the means 6 the SEM. Statistical analysis for the time course of CLP was performed by one-way ANOVA, and
comparison between CLP and sham operation was measured by two-way ANOVA. **, P , 0.01; ***, P , 0.001 (for LPS- versus PBS-treated mice at each
time point). (B and C) Comparison of Nfκbiz (B) or Bcl3 (C) gene expression in different tissues. The data are expressed as the fold change compared to
nonoperated animals, defined as 1. Statistical analysis comparing the expression of Nfκbiz or Bcl3 between tissues at each time point was by two-way
ANOVA and showed that Lcn2 expression was significantly different between all tissues at 3, 6, and 24 h postchallenge. (D) Male CD-1 mice (n= 3 per time
point) were subjected to the CLP procedure, and liver tissue was harvested at different time points. A nonoperated group (NT) was used to determine the
basal levels of IkBz . The kinetic expression of IkBz was determined by Western blotting as described in Materials and Methods. A blot representative of three
separate experiments is shown (left panel). Anti-b actin antibodies were used to ensure that equivalent protein amounts were loaded in each lane.
Densitometry analysis was performed using Image Lab software, and data are expressed as the means 6 the SEM (right panel). Statistical analysis was
performed by one-way ANOVA corrected for multiple comparisons by the Tukey method. *, P , 0.05; **, P , 0.01; ***, P , 0.001 (for LPS versus control [CTL]).
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critical for the severity of sepsis in animal models (54, 56) and targeting IL-17A has
been previously shown to significantly improve sepsis mortality after CLP (57). In con-
trast to our observations for Nfkbiz mRNA levels, we found that the expression of IkBz
in the liver (the tissue showing the most Nfkbiz induction) increased over time after
CLP suggesting that this protein accumulates in tissues during sepsis. These data indi-
cate that, as for Lcn2, the expression of IkBz remained elevated at 20 h after CLP, which
corresponds to the period of immune dysfunction that we have previously observed in
this animal model (50) and thus suggests a potential implication of IkBz in the immu-
nosuppressive phase of sepsis. Interestingly, whereas the kinetic of Nfkbiz mRNA levels
in CLP-induced sepsis and after endotoxic challenge behaved in a similar manner, the
IkBz expression profile differed quite significantly between the two treatments since
LPS exposure did not lead to the accumulation of IkBz in the liver over time, which
may be related to the short half-life of this molecule in circulation (46). These data could
also suggest that additional factors may be responsible for the prolonged presence of this
transcriptional factor after CLP. However, we cannot discard the possibility that changes in
posttranslational modifications may affect the degradation of IkBz , extending its half-life
and its accumulation. Recently, Kimura et al. reported that IkBz degradation was mediated
by its association with the NAD(P)H: quinone oxidoreductase 1 (NQO1) and the PDZ and
LIM domain protein-2 (PDLIM2) in a ubiquitin-dependent process (58). It is possible that
this ubiquitin-mediated degradation process of IkBz is inhibited in CLP-induced sepsis but
not following the LPS challenge. Dysregulation of the ubiquitin/proteasome activity in sep-
sis has been previously reported in skeletal muscle (59), and blocking proteasome degra-
dation by specific inhibitors has been proposed as a treatment in septic patients (60, 61).

FIG 8 DMI inhibits the in vivo expression of IkBz and Lcn2 in the liver of CD-1 mice after LPS exposure. Male CD-1 mice were administered via the i.p.
route with 20mg of DMI dissolved in 500ml of sterile PBS or with 500ml of sterile PBS (n= 8 per treatment). After 16 h, mice were all challenged via the i.p.
route with 15mg/kg of LPS dissolved in PBS. Liver tissue was harvested at 3 and 6 h after LPS challenge (n= 4 per time point). (A) Nfκbiz gene expression
in the liver was determined by qPCR at each time point by comparison with a standard curve and is expressed as copy numbers. The values were
normalized to GADPH mRNA levels. The data are expressed as the means 6 the SEM, and statistical analysis was performed by using an unpaired t test
corrected for multiple comparisons according to the Holm-Sidak method. *, P , 0.05 (for PBS1LPS- versus DMI1LPS-treated mice at each time point). (B)
Expression of IkBz was determined in PBS1LPS and DMI1LPS-treated mice at 3 and 6 h after LPS challenge by Western blotting as described in Materials
and Methods. A blot representative of three separate experiments is shown (left panel). Anti-b actin antibodies were used to ensure that equivalent
protein amounts were loaded in each lane. Densitometry analysis was performed using Image Lab software, and data are expressed as the means 6 the
SEM (right panel). Statistical analysis was performed by one-way ANOVA corrected for multiple comparisons by the Tukey method. (C) Lcn2, Bcl3, and TNFa
gene expression in the liver of PBS1LPS and DMI1LPS-treated mice at 3 and 6 h after LPS challenge was determined by qPCR at each time point by
comparison with a standard curve and is expressed as copy numbers. The data are expressed as the means 6 the SEM, and statistical analysis was
performed by using an unpaired t test corrected for multiple comparisons according to the Holm-Sidak method. *, P , 0.05 (for PBS1LPS- versus
DMI1LPS-treated mice at each time point).
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In addition, changes in proteasome-mediated protein degradation were also observed in
the platelets of septic patients (62).

To demonstrate the relationship between IkBz expression and Lcn2 gene induction, we
used an in vitro system in which we stimulated macrophages with LPS for up to 24h. While
Lcn2 and Il10 expression showed a constant increase during these 24h, the expression of
other inflammatory cytokines such as Tnfa and Il6 rapidly increased but then significantly
decreased thereafter. The same kinetic behaviors were detected for two other atypical nu-
clear IkB proteins, Nfkbiz and Bcl3. Interestingly, the IkBz expression was still quite elevated
at 24h after LPS challenge, which most likely explains the kinetic of Lcn2 expression.
However, our data differed from previous reports, which showed a more transient expres-
sion of IkBz in macrophages stimulated by LPS (47, 55). This discrepancy may be a result of
the type of macrophages, the culture conditions, or the amount or type of LPS used in the
experiments. Our results were confirmed by the use of dimethyl itaconate (DMI), an inhibitor
of the IkBz protein expression. Importantly, previous studies showed that the use of DMI at
250mM (this study) or at lower concentrations does not compromise the first wave of NF-κB
activation induced by LPS (63). In good accordance with previously published data (47, 48),
DMI treatment significantly inhibited Lcn2 and Il6 expressions but concomitantly induced an
increase in Tnfa expression. Similar observations were made in vivo in the livers of CD-1 mice
exposed to LPS or LPS1DMI treatment for 6h. However, under our conditions, we found
that the DMI treatment was inhibiting both the expression of IkBz and the mRNA levels of
Nfkbiz, which contrasts with previous findings that showed only inhibition of IkBz expression
but not Nfkbiz levels (47). The expression of TNF-a is mainly induced by NF-κB activation fol-
lowing TLR agonist stimulation, and the anti-inflammatory IL-10 has been shown to inhibit
the transcription of TNF-a (64). Here, we found that DMI treatment completely abolished
the expression of Il10, which may thus explain the DMI-induced increase in Tnfa expression.
In addition, Horber et al. showed that IkBz controls the expression of IL-10 in macrophages
and proposed that this regulatory effect of IkBz explains the chronic inflammatory pheno-
type observed in IkBz -deficient mice (40). Our previous study also demonstrated that IL-10
synergistically increases the LPS-induced expression of Lcn2 (33). Collectively these data
clearly indicate a relationship between IkBz , IL-10, and Lcn2 expression during TLR-mediated
inflammatory events. From these observations, we postulated that IkBz might play dual
roles during sepsis. A beneficial role would be to control the initial hyperinflammatory stage
of sepsis (via the anti-inflammatory activity of IL-10) and the replication of certain pathogenic
bacteria (via the bacteriostatic effect of Lcn2). A detrimental role would be to contribute to
the immunosuppressive phase by sustaining the expression of IL-10 (immunosuppressive
function, (6) and Lcn2 (as a potent proapoptotic mediator). This hypothesis is corroborated
by our current and previous data showing that septic animals, during the period of immune
dysfunction, or tolerized macrophages exposed to a secondary inflammatory insult were still
capable of producing high levels of IL-10 and Lcn2, but not TNF-a (33, 50). Here, we found
that Nfkbiz was also induced in LPS-tolerized macrophages by a second LPS stimulation.
Several other genes, known to be controlled by Nfkbiz/IkBz , such as IL-6 (37), Csf-2, and Csf-
3 (43), were also readily stimulated in tolerized macrophages by a second LPS exposure. In
contrast, the Bcl3 gene, as it was observed for Tnfa, was not induced by LPS in tolerized mac-
rophages. This potential dual role of Nfkbiz/IkBz in sepsis may prove that the use of Nfkbiz
knockout mice to demonstrate how this gene influences the immunosuppressive phase of
sepsis is rather challenging, since it would certainly also affect the initial phase of hyperin-
flammation. The use of DMI could, therefore, be of great interest, and further studies are
warranted to better define the conditions of its utilization.

Altogether, these observations indicate that, in CLP-induced sepsis, the high IkBz
expression found in tissues during the phase of immune dysfunction is likely the result
of several mechanisms, including the induction of the Nfkbiz gene by TLR agonists via
NF-κB activation, the Nfkbiz mRNA stabilization by inflammatory mediators such as IL-
17A, and extended IkBz protein stability by a process that still needs to be identified.
This elevated expression of IkBz certainly participates in the sustained expression of
Lcn2 observed in various tissues during the phase of immunosuppression, and could
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thus be a significant mediator of the exaggerated apoptosis occurring in septic
patients, contributing to the poor immune response to secondary infections. Finally,
since IkBz has been shown to either promote or repress the expression of numerous
other inflammatory genes, additional studies are needed to better define the role of
this atypical nuclear IkB protein in sepsis. Targeting IkBz expression may therefore be
envisioned as an attractive therapeutic intervention in sepsis.

MATERIALS ANDMETHODS
Animals. Male CD-1 IGS mice (CD-1) were obtained from Charles River Laboratories (San Diego, CA)

and maintained in pathogen-free conditions at the University of California—San Diego (UCSD) Animal
Facility (La Jolla, CA). Experiments were conducted on 8- to 10-week-old animals and approved by the
UCSD Institutional Animal Care and Use Committee.

Cecal ligation and puncture. Male CD-1 mice were fasted for 16 h prior to the procedure. Animals
were anesthetized with isoflurane under sterile conditions, a 2-cm incision was made in the lower ab-
dominal region, and the cecum was exposed. The distal portion of the cecum was ligated 1.5 cm from
the end with a 4-0 silk suture and punctured once with a 16-gauge needle. The cecum was mobilized
back into the peritoneal cavity and squeezed to place a small portion of its contents (bacteria and feces)
into the peritoneum. Then, the peritoneal wall and skin were closed in two layers with silk sutures. Mice
were resuscitated with a 1-ml subcutaneous injection of sterile saline (0.9%). After the procedure, mice
had access to water and food ad libitum. As a control, mice were sham operated as described above
except that the cecum was neither ligated nor perforated. Nonoperated mice were also used as a second
control and used as time zero in the kinetic studies. Liver, lung, kidney, and spleen tissues were perfused
to minimize polymorphonuclear leukocyte contamination and harvested at different time points after
sham or CLP procedures, flash-frozen in liquid nitrogen, and then stored at 280°C for subsequent
processing.

Endotoxic challenge.Male CD-1 mice were injected via the i.p. route with 15mg/kg LPS (Escherichia
coli O26:B6; Sigma-Aldrich, St. Louis, MO) diluted in sterile PBS. Control animals received sterile PBS only.
Nontreated mice were also used as a second control and used as time zero in the kinetic studies. Liver,
lung, kidney, and spleen tissues were perfused to minimize polymorphonuclear leukocyte contamina-
tion and harvested at different time points after sham or CLP procedures, flash-frozen in liquid nitrogen,
and then stored at 280°C for subsequent processing. In some experiments, CD-1 mice were adminis-
tered i.p. 16 h prior to the LPS injection with 20mg of dimethyl itaconate (DMI) dissolved in 500ml of
sterile PBS or with 500ml of sterile PBS, an inhibitor of the IkBz protein expression, as previously
described (47). Liver tissue was perfused to minimize polymorphonuclear leukocyte contamination and
harvested at 3 and 6 h after LPS injection, flash-frozen in liquid nitrogen, and then stored at –80°C for
subsequent processing.

RNA extraction, cDNA production, and quantitative real-time PCR. The levels of mRNA were
measured by quantitative real-time PCR (qPCR). The liver, lung, kidney, and spleen tissues were homoge-
nized in TRIzol reagent (Invitrogen, Carlsbad, CA) using an Ultra-Turrax T25 (IKA, Wilmington, NC). RNA
was purified according to the manufacturer’s protocol and treated with DNase I (DNA-free kit; Ambion,
Austin, TX) to remove any DNA contamination. DNA-free RNA was then reverse transcribed to cDNA
using a high-capacity reverse transcription kit (Applied Biosystems, Foster City, CA). Newly synthesized
cDNA was further diluted and stored at220°C. The cDNA levels of genes were measured by quantitative
real-time PCR using the QuantiTect SYBR green PCR kit (Qiagen, Valencia, CA) with QuantiTect validated
primer sets (Tnfa, QT00104006; Il6, QT00098875; Il10, QT00106169; Nfkbiz, QT00143934; Lcn2,
QT00113407; Bcl3, QT00247583; Csf2, QT00251286; Csf3, QT00105140 [all from Qiagen]). All PCRs were
performed using the StepOnePlus real-time PCR system (Thermo Fisher Scientific). Melting curve analysis
was performed for each primer set to ensure amplification specificity. Corresponding standard curves
were added in each PCR. The housekeeping gene Gapdh (QT01658692; Qiagen) was used to normalize
data to cDNA inputs. The results are expressed either as copy numbers of target gene per copy numbers
of Gapdh or as the fold change over control as defined in each experiment.

Macrophage J774A.1 cell line treatment. J774A.1 cells were obtained from the American Type
Culture Collection (TIB-67; ATCC, Manassas, VA). J774A.1 cells were treated with 10 ng/ml LPS
(Escherichia coli O26:B6) for different periods of time, as indicated in each figure. Control cells received
only PBS. For endotoxin tolerance experiments, J774A.1 cells were preincubated for 24 h with medium
(M) or 10 ng/ml LPS (L), washed, and stimulated with medium only or 10 ng/ml LPS for an additional 4 h.
The four conditions of stimulation are designated M/M, M/L, L/M, and L/L corresponding to pretreat-
ment/stimulation. In some experiments, J774A.1 cells were treated at the time of the LPS exposure with
250 mM DMI dissolved in sterile PBS or with 500ml of sterile PBS. At the end of the different treatments,
cells were either harvested in TRIzol for qPCR analysis of cDNA levels as described above or lysed in RIPA
buffer for IkBz expression analysis by immunoblotting as described below.

Immunoblot analysis. Liver samples were lysed and homogenized for 30 s in radioimmunoprecipi-
tation assay (RIPA) lysis buffer (Abcam, Cambridge, MA) containing protease inhibitor mixture (Roche,
Indianapolis, IN) using a tissue homogenizer. J774 cells were lysed in the RIPA lysis buffer and vortexed
for 30 s. Liver and cell homogenates were incubated for 30min at 4°C and sonicated for 10 s at power 15
using an ultrasonic cell disruptor. Samples were then centrifuged at 10,000� g for 8min at 4°C. The su-
pernatant was collected, and a 10-ml aliquot was used to determine protein concentration using a BCA
protein assay (Pierce Biotechnology, Rockford, IL). Tissue and cell homogenates were mixed with
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NuPAGE LDS sample buffer (Life Technologies, Carlsbad, CA), and 60mg of total protein was resolved by
SDS-PAGE using NuPAGE 4–12% Bis-Tris gels (Life Technologies, Carlsbad, CA). Proteins were then trans-
ferred to nitrocellulose membranes and blocked with 5% nonfat dry milk (NFDM) diluted in Tris-buffered
saline (TBS) for 1 h at 23°C. Blots were probed with a rabbit anti-IkBz polyclonal antibodies (1:1,000; Cell
Signaling Technology, Beverly, MA) in 5% NFDM-TBS and incubated overnight at 4°C, followed by three
15-min washes with TBS supplemented with 0.1% Tween 20 (TBST) at 23°C. Blots were then incubated
with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibodies (1:2,000; Santa Cruz
Biotechnology, Dallas, TX) in 5% NFDM-TBS for 1 h at 23°C. After three 15-min washes in TBST, bands
were detected by chemiluminescence using SuperSignal reagents (Pierce Biotechnology). As a loading
control, blots were probed with mouse anti-b-actin monoclonal antibodies (1:3,000; Thermo Scientific,
Waltham, MA) in 5% NFDM-TBS for 16 h at 4°C. Goat anti-mouse HRP-conjugated IgG secondary anti-
body (1:3,000; Thermo Scientific) was used for 1 h at 23°C, followed by chemiluminescence detection.
Chemiluminescence data were acquired using the ChemiDoc MP system (Bio-Rad, Hercules, CA), and
densitometry analyses were performed using the Image Lab software (Bio-Rad).

Flow cytometry analysis of peritoneal cells. Peritoneal cells were obtained by lavage of the perito-
neum by injecting 5ml of serum-free phenol-red-free RPMI 1640 into the peritoneal cavity of CD-1 mice.
After a gentle massage of the peritoneum to dislodge any loosely attached cells, fluid was collected.
Cells were centrifuged for 10min at 300� g, resuspended in PBS without Ca21/Mg21 supplemented
with 0.5% BSA (FACS staining buffer [FSB]), and counted. Peritoneal cells (5� 105 cells/tube) were then
incubated for 15min with 0.5mg of FcgR blocking antibodies (Fc block; BD Biosciences, San Jose, CA), fol-
lowed by antibody staining for 30min in the dark at 4°C. The cells were then washed, centrifuged, and resus-
pended in FSB for analysis. Each anti-mouse antibody was added at 0.5mg/tube and included fluorescein iso-
thiocyanate-conjugated anti-Ly6G (clone 1A8; BioLegend, San Diego, CA), phycoerythrin (PE)-conjugated
anti-CD11b (clone M1/70; eBioscience), PE-conjugated anti-CD19 (clone 1D3; BD Bioscience), and allophyco-
cyanin-conjugated anti-F4/80 (clone BM8; eBioscience). Propidium iodide was also used to assess cell viabil-
ity. Flow cytometry was performed using a FACSCanto II flow cytometer with FACSDiva software (BD
Biosciences, San Jose, CA). The data were analyzed using FlowJo software v.10.1 (Tree Star, Ashland, OR).

Statistical analysis. All data were analyzed using Prism software (GraphPad, San Diego, CA).
Depending on the experiment, significance was analyzed using a Student t test and one- or two-way
analysis of variance (ANOVA) corrected by Tukey’s multiple-comparison test. A P value of,0.05 was con-
sidered statistically significant.
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