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ABSTRACT

Development of endotoxin tolerance in macrophages

during sepsis reprograms Toll-like receptor 4 signaling to

inhibit proinflammatory cytokines without suppressing

anti-inflammatory and antimicrobial mediators and pro-

tects the host from excessive inflammation and tissue

damage. However, endotoxin tolerance renders septic

patients immunocompromised and unable to control

secondary infections. Although previous studies have

revealed the importance of several negative regulators

of Toll-like receptor signaling in endotoxin tolerance, the

role of Pellino proteins has not been addressed. The

present report shows that the induction of endotoxin

tolerance in vivo in mice and in vitro in human monocytes

and THP-1 and MonoMac-6 macrophages increases the

expression of Pellino-3. Overexpression of Pellino-3 in

human embryonic kidney 293/Toll-like receptor 2 or 293/

Toll-like receptor 4/myeloid differentiation factor-2 cells

inhibited Toll-like receptor 2/4-mediated activation of

nuclear factor-kB and induction of CXCL-8 mRNA, and

Pellino-3 ablation increased these responses. Pellino-3-

deficient THP-1 cells had elevated Toll-like receptor

2/4-driven tumor necrosis factor-a, interleukin-6 mRNA,

and Toll-like receptor 4-driven CCL5 gene expression in

response to Toll-like receptor agonists and heat-killed

Escherichia coli and Staphylococcus aureus, cytokines

controlled by the MyD88 and Toll-interleukin-1R domain-

containing protein inducing interferon-b-mediated path-

ways, respectively. In addition, deficiency in Pellino-3

slightly increased phagocytosis of heat-killed bacteria.

Transfected Pellino-3 inhibited nuclear factor-kB activation

driven byoverexpression ofMyD88, TIR domain-containing

adapter inducing interferon-b, interleukin-1R-associated

kinase-1, and tumor necrosis factor receptor activator of

nuclear factor-kB-binding kinase-1, TGF-b-activated

kinase 1, and tumor necrosis factor receptor-associated

factor-6, and inhibited interleukin-1R-associated kinase 1

modifications and tumor necrosis factor receptor acti-

vator of nuclear factor-kB-binding kinase 1 phosphory-

lation. Finally, Pellino-3 ablation in THP-1 decreased the

extent of endotoxin tolerization. Thus, Pellino-3 is in-

volved in endotoxin tolerance and functions as a nega-

tive regulator of Toll-like receptor 2/4 signaling.

J. Leukoc. Biol. 98: 963–974; 2015.

Introduction
Macrophages, dendritic cells, and neutrophils are equipped with
PRRs that activate immediate and early innate host defense
mechanisms and prime adaptive immune responses to protect
the host from microbial infection [1]. PRRs include membrane-
associated TLRs and cytosolic sensors such as nucleotide binding
and oligomerization domain-containing LRR receptors, retinoic
acid-inducible gene I-like receptors, and absent in melanoma
2-like receptors [2]. Thirteen mammalian TLRs share a common
structural organization containing ectodomains with multiple
LRRs involved in ligand recognition and co-R interactions,
transmembrane regions, and intracellular tails with signaling TIR
domains [3]. They are expressed on the cell surface (TLR1,
TLR5, TLR6), in intracellular endosomes (TLR3, TLR7/8, TLR9,
TLR11), or in both compartments (TLR2 and TLR4), and sense
bacterial lipoproteins (TLR2-TLR1 or TLR2-TLR6), gram-
negative bacterial LPS (TLR4), flagellin (TLR5), or microbial
dsRNA (TLR3), ssRNA (TLR7/8), and DNA (TLR9) [4].
Combined with coreceptors (e.g., CD14, MD-2, and CD36),

TLRs recognize microbial ligands and endogenous “alarmins”
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and dimerize, bringing intracellular TIR domains together to
create docking platforms in order to enable recruitment of
downstream signaling adapters and kinases [4]. All TLRs,
except for TLR3, activate a common MyD88-dependent
pathway that involves recruitment of MyD88 to TLRs via
homotypical TIR-TIR domain interactions, forming a scaffold
to recruit IRAK4 proteins that cluster together with MyD88
[2, 3], forming the “myddosome” complex [5]. IRAK4 undergoes
auto-transphosphorylation, which activates its kinase activity
[6], leading to IRAK4-mediated phosphorylation and activa-
tion of IRAK1 and IRAK2 and recruitment and activation of
TRAF6 and TAK1 [3]. TAK1 activates MAPK and the inhibitor
of NF-kB kinase, IKK-b, leading to activation and nuclear
translocation of transcription factors (activator protein-1,
NF-kB), which stimulate transcription of inflammatory cyto-
kine genes [2]. TLR3 exclusively uses TRIF to signal
expression of proinflammatory cytokines and type I IFNs [7].
TLR4 signals from the cell surface via the MyD88-dependent
pathway to induce proinflammatory cytokines and trans-
locates to endosomes, where it engages TRIF to signal type I
IFN production via activation of TBK1 and IKK-e and mediates
delayed activation of MAPK and NF-kB via the RIP1-TAK1
module [8]. Collectively, TLR signaling induces expression of
cytokines, chemokines, and type I IFNs by macrophages, DCs,
and neutrophils and leads to up-regulated expression of MHC
and costimulatory molecules (CD80, CD86) on APCs, priming
adaptive immune responses [3, 4].
Because of its potential to induce tissue damage and

immunopathology, TLR signaling is fine-tuned by a plethora
of positive and negative regulators [9]. One class of such
regulators, Pellinos, comprise a family of E3 Ub ligases with an
N-terminal forkhead-associated domain responsible for inter-
actions with phospho-Thr-expressing targets, and a C-terminal
really interesting new gene-like domain that mediates Ub
ligase activity [10]. Despite structural similarity, Pellino-1,
Pellino-2, and Pellino-3 (with splice variants 3a and 3b in
humans) exhibit nonredundant multiple regulatory effects on
IL-1R and TLR signaling by exerting degradative, K48-linked
polyubiquitination (e.g., c-Rel degradation in CD4+ T cells) or
signal-promoting K63-linked ubiquitination (e.g., RIP-1 in
myeloid cells) of different members of the TLR signaling
intermediates [10]. Recent reports have uncovered regulatory
functions of different members of the Pellino family (reviewed
in [10]); however, published controversial data and incom-
plete understanding of Pellinos role in TLR signaling [10]
require additional studies.
Sepsis development involves an initial proinflammatory phase

characterized by exuberant production of proinflammatory
cytokines (systemic inflammatory response syndrome) that often

leads to fatal outcomes. Septic patients surviving this “cytokine
storm” develop profound immune suppression and become
immunocompromised and unable to counteract secondary
infections [11–13]. Monocytes from such immunocompromised
septic patients show impaired TLR4-induced production of
proinflammatory cytokines while retaining or increasing expres-
sion of anti-inflammatory and antimicrobial mediators [14, 15],
reminiscent of the endotoxin-tolerant phenotype. Endotoxin
tolerance has been defined as reprogramming of TLR4 re-
sponses to LPS after previous exposure to endotoxin and is
thought to protect the host from damage caused by exuberant
production of proinflammatory mediators and to impair the
abilities of macrophages, neutrophils, and DCs to counteract
secondary infection [16]. Studies by us and others have
uncovered the mechanisms of reprogramming of TLR4 signaling
in LPS-tolerized cells, including deficient LPS-mediated tyrosine
phosphorylation of TLR4 and Mal, impaired activation of IRAK4
and TBK1, and increased expression of negative regulators of
TLR4 signaling, such as A20, SOCS-1, SH2 inositol phosphatase 1,
and IRAK-M [17–28]. However, the involvement of Pellino-3 in
endotoxin tolerance has not been studied, and its role in the
regulation of TLR signaling is incompletely understood. In the
present study, we report new findings indicating that endotoxin
tolerance up-regulates expression of Pellino-3 and provide
several lines of evidence indicating Pellino-3 is a negative
regulator of TLR4 signaling whose ablation attenuates induction
of the LPS-tolerant phenotype.

MATERIALS AND METHODS

Reagents and cell culture
Highly purified LPS from Escherichia coli K12, Pam3Cys, and heat-killed
Staphylococcus aureus were from InvivoGen (San Diego, CA, USA). pHrodo
Red-conjugated, heat-killed E. coli and S. aureus were from Life Technology
(Carlsbad, CA, USA), and heat-killed E. coli have been described previously
[29]. Abs against p-p38, p-p65, p38, p65, IkB-a, and tubulin were from Cell
Signaling Technology (Beverley, MA, USA). Anti-Pellino-1 Ab was a gift from
Dr. Peter Cheung (Nanyang Technological University, Singapore), anti-
Pellino-3 and anti-actin Abs were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), and anti-Flag Ab was from Sigma-Aldrich (St. Louis, MO,
USA). Human THP-1 cells were obtained from American Type Culture
Collection (Manassas, VA, USA), and the MonoMac6 cells [30] were kindly
provided by Dr. Jorge Cervantes (University of Connecticut Health Center,
Farmington, CT, USA). HEK293 cells stably expressing YFP-TLR2
(293/TLR2) or YFP-TLR4 and MD2 (293/TLR4/MD2) have been described
previously [17, 18, 31, 32]. HEK293 cells were maintained in DMEM
supplemented with 10% FBS (HyClone, Logan, UT, USA), 2 mM
L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Life
Technologies) (cDMEM); 293/TLR2 and 293/TLR4/MD2 cells were
cultured in cDMEM containing 5 mg/ml puromycin or 1 mg/ml G418,
respectively [31, 32]. THP-1 and MonoMac6 were cultured in RPMI 1640
medium supplemented with 10% FBS (HyClone), 53 1025 M b-mercaptoethanol,
2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin
(cRPMI). Human monocytes were provided by Dr. Larry Wahl (National
Institute of Dental and Craniofacial Research) as de-identified samples
prepared by counter flow elutriation of blood from healthy human
volunteers or purchased from Lonza (Walkersville, MD, USA). Studies with
human monocytes were approved by the institutional review boards of
the University of Connecticut Health Center and University of Maryland
School of Medicine. THP-1 cells were differentiated for 72 h with 20 ng/ml
PMA to attain macrophage characteristics, as reported previously [33].
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Mice and macrophage isolation
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were
injected intraperitoneally with 3% thioglycollate (REMEL Inc., Lenexa,
KS, USA). After 72 h, the mice were administered PBS (control groups) or
LPS (20 mg per mouse) for in vivo induction of endotoxin tolerance [21].
At 24 h, peritoneal macrophages were obtained by peritoneal lavage and
adherence to plastic. The cells were plated into 6-well plates (4 3 106 cells
per well) and cultured in cRPMI 1640 medium. All animal procedures
were performed with institutional animal care and use committee
approval.

Recombinant plasmids and transfection
pELAM-Luc, p-TK-Renilla-Luc, pEFBOS-Flag-MD2, pcDNA3-AU1-MyD88,
pcDNA3-CD14, pcDNA3-TRIF, pRK5-IRAK1, pcDNA3-FLAG-TRAF6,
pCMV1-FLAG-TAK1, pcDNA3-hemagglutinin-TAB1, pcDNA3-FLAG-p65
were used as published previously [17–21, 29, 31, 32], and pSuper-TBK1
(plasmid no. 26210) was from Addgene (Cambridge, MA, USA). Flag-
Pellino-3b expression vector has been described previously [34] and was
kindly provided by Dr. Xiaoxia Li (Lerner Research Institute, Cleveland
Clinical Foundation, Cleveland, OH, USA). GIPZ expression vectors
encoding scrambled or Pellino-3 shRNA were obtained from GE Health
Care/Dharmacon (Lafayette, CO, USA), packaging vectors pSPAX2
(plasmid no. 12260) and pMD2.G (plasmid no. 12259) were from
Addgene. HEK293T, 293/TLR2, and 293/TLR4/MD2 cells were plated
in 100-mm dishes (for immunoprecipitation), 6-well or 24-well plates
(for gene expression studies and reporter assays, respectively), and
transiently transfected for 3 h with the respective plasmids, using
Lipofectamine 2000 transfection reagent (Life Technologies). To
obtain stable transfectants, 293/TLR4/MD2 cells transfected with the
plasmids encoding scrambled shRNA or Pellino-3 shRNA were selected
in cDMEM with 5 mg/ml puromycin (Sigma-Aldrich), as reported
previously [34].

Lentiviral transduction of THP-1 cells
To generate lentiviral particles, HEK293T cells were plated in 6-well plates
(2 3 106 cells per well) and transfected with GIPZ shRNA (1 mg/well),
pSPAX2 (0.75 mg/well), and pMD2.G (0.25 mg/well) using Lipofectamine
2000, according to the manufacturer’s instruction. After 48 h, medium
containing viral particles was collected, and fresh cDMEM was added, the
cells were cultured for additional 48 h, and viral particle-containing
medium was collected. After filtration through 0.45-mM filters, the
medium was centrifuged (16,000g, 2 h), the pellet was resuspended in
0.25 ml of cRPMI with polybrene (2 mg/ml), and the mixture was added to
the wells of 24-well plates containing THP-1 cells. The plates were centrifuged
for 45 min at 1200g, the medium was replaced with fresh cRPMI
containing 5 mg/ml puromycin, and stable transfectants were selected for
at least 2 wk.

Isolation of RNA and RT-qPCR
Total RNA was isolated using TRIzol (Life Technologies), residual genomic
DNA was digested with DNase, and RNA was repurified, as recommended by
the manufacturer. cDNA was prepared from 1 mg total RNA using the Reverse
Transcription System (Promega, Madison, WI, USA), and examined by qPCR
with primers for the following genes: human hypoxanthine phosphoribosyl-
transferase (HPRT), 59-ACCAGTCAACAGGGGACATAAAAG-39 (forward);
59-GTCTGCATTGTTTTGCCAGTGTC-39 (reverse); human CXCL-8, 59-ACCG-
GAAGGAACCATCTC ACT-39 (forward); 59-TGCACCTTCACACAGAG-
CTGC-39 (reverse), human CCL5, forward: 59-TTTGTCACCCGAAAGAACC-
G-39, reverse: 59-CAAGGACTCTCCATCCTAGCTCAT-39; human IFN-b,
59-ACTGCCTCAAGGACAGGATG-39 (forward), 59-AGCCAGGAGGTTCTC-
AACAA-39 (reverse), human PELLINO-3b, 59-TCGTCCTGGGCTACAATGGT-
TG-39 (forward), 59-TACGAGATGCTGTGCTGACC-39 (reverse); mouse Hprt,
59-ACCAGTCAACAGGGGACATAAAAG-39 (forward), 59-GTCTGCAT-
TGTTTTGCCAGTGTC-39 (reverse); mouse Il-6, 59-TCAGGAAATTTGCCTA-

TTGAAAATTT-39 (forward), 59-GCTTTGTCTTTCTTGTTATCTTTTA-
AGTTGT-3 (reverse); and mouse Pellino-3, 59-ACATGCCAACGGAGTGAAGC-39
(forward), 59-AGCGGCCAATCTGGAACAT-39 (reverse), on a MyIQ RT-
qPCR machine (Bio-Rad, Hercules, CA, USA). The data were analyzed
as reported previously [35].

Nucleofection
Expression vectors encoding scrambled or Pellino-3 shRNA species were
introduced into THP-1 cells by nucleofection, using the Nucleofector I device
(Lonza) and the cell line nucleofection kit V (Lonza), as recommended by the
manufacturer. The cells were differentiated for 48 h with 20 ng/ml PMA,
washed, and treated for 3 h with medium or LPS (100 ng/ml). RNA was
isolated, reverse transcribed, and analyzed by RT-qPCR, using gene-specific
primers.

Coimmunoprecipitation and immunoblotting
Cell lysates were prepared, precleared with protein G-agarose (Roche Applied
Science, Indianapolis, IN, USA) according to [21, 31], and incubated
overnight at 4°C with the respective Abs in lysis buffer containing 20 mMHEPES
(pH 7.4), 0.5% Triton X-100, 150 mM NaCl, 12.5 mM b-glycerophosphate,
50 mM NaF, 1 mM DTT, 1 mM sodium orthovanadate, 2 mM
EDTA, 1 mM PMSF, and protease inhibitor cocktail (Roche Applied Science).
Immune complexes were pulled down by incubation for 4 h with protein
G-agarose (45 ml per sample). Beads were washed 5 times with lysis buffer
and resuspended in Laemmli sample buffer containing 50 mM Tris-C,
(pH 6.8/10% glycerol), 2% SDS, 0.1% bromophenol blue, and 5%
2-mercaptoethanol. Samples were boiled for 10 min, separated by SDS-PAGE
on 4–20% mini-gels (Life Technologies), electrotransferred to Immobilon-P
membranes, blocked, and probed with the respective Abs, as previously
described [17, 20, 21, 31]. Quantification was performed using the NIH
ImageJ software package (Bethesda, MD, USA).

NF-kB reporter assays
293/TLR2 and 293/TLR4/MD2 cells were transfected with plasmids,
using Lipofectamine 2000, recovered for 48 h, and treated for 5 h with
medium or stimuli, as indicated. The cells were lysed in a passive lysis
buffer (Promega), and firefly vs. Renilla luciferase activities were
measured using a dual luciferase reporter assay system (Promega) on
a Berthold LB 9507 luminometer (Berthold Technologies, Oak Ridge,
TN, USA).

Phagocytosis assay and flow cytometry
THP-1 cells were plated in 24-well plates (0.5 3 106 cells per well), incubated
with 20 ng/ml PMA for 72 h, washed, and resuspended in cRPMI with or
without pHrodo-conjugated heat-killed E.coli or S. aureus bioparticles at
bacteria per cell ratio of 50:1. After incubation for 2 h on ice or at 37°C, the
cells were detached, washed in ice-cold PBS containing 3% FBS, stained with
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies), fixed for
15 min in 3.7% formaldehyde, and analyzed by FACS on an LSRII Flow
Cytometer (BD Biosciences, San Diego, CA, USA) to measure pHrodo
fluorescence. The data were analyzed using the FlowJo software (Tree Star,
Ashland, OR, USA).

Statistical analysis
Statistical analysis was performed using the GraphPad Prism 5 program for
Windows (GraphPad Software Inc., San Diego, CA, USA). Statistically
significant differences were evaluated using Student’s t test with the
confidence interval set at the 95% level. The results are expressed as the
mean 6 SD values.

Online supplemental material
These materials include Supplemental Figures 1 and 2 and their legends.
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RESULTS

Endotoxin tolerance leads to increased and sustained
expression of Pellino-3
To analyze the role of Pellino-3 in endotoxin tolerance, we
first examined Pellino-3b mRNA levels in control and LPS-
tolerized human monocytes, THP-1 cells, or MonoMac-6 cells.
THP-1 and MonoMac-6 cells were differentiated with PMA to
attain macrophage characteristics before treatment (CD14
expression, phagocytosis, adhesion) [33]. Figure 1 shows that
previous exposure of monocytes, THP-1 cells, or MonoMac-6
cells to endotoxin reduced LPS-inducible expression of TNF-a
mRNA by 71–89% compared with the responses observed in

medium-pretreated cells (Fig. 1, left), demonstrating endo-
toxin tolerance. LPS tolerization increased the levels of
Pellino-3b mRNA in monocytes, MonoMac-6 cells, and THP-1
cells by 3.9-, 1.9-, and 10-fold, which remained sustained
(monocytes and THP-1 cells; Fig. 1A and B) or increased
(from 1.9- to 6.5-fold in MonoMac-6 cells; Fig. 1C) in response
to LPS challenge (Fig. 1, right). Macrophages from mice
tolerized with endotoxin in vivo [36] had reduced levels of
IL-6 mRNA in response to LPS challenge in vitro by 50–75%
(Fig. 1D, left) but showed 2–5-fold increases in Pellino-3
mRNA (Fig. 1D, right) compared with the responses in the
macrophages from PBS-treated mice.
Next, we studied the effect of endotoxin tolerance on Pellino-

3b protein expression. Previous exposure to LPS imparted the
endotoxin-tolerant phenotype in human monocytes, THP-1 cells,
and MonoMac6 macrophages, as evidenced by impaired LPS-
inducible phosphorylation of p38 and degradation of IkB-a, in
contrast to the robust LPS responses observed in medium-
pretreated cells (Fig. 2A–C; Supplemental Fig. 1). Induction of
endotoxin tolerance in human monocytes and macrophages led
to increased Pellino-3b protein expression by twofold compared
with the control, medium-pretreated cells exposed to medium
(Fig. 2A-C, top; Supplemental Fig. 1). LPS challenge of
endotoxin-tolerized cells further up-regulated Pellino-3b levels
compared with those seen in LPS-treated control cells, resulting
in 2.6–3.1-, 2.8–5.0-, and 3.5–4.0-fold increases for monocytes,
THP-1 cells, and MonoMac-6 cells, respectively (Fig. 2A–C;
Supplemental Fig. 1). Collectively, these results indicate that the
induction of endotoxin tolerance in vitro and in vivo leads to
increased and sustained expression of Pellino-3.

Pellino-3b negatively regulates NF-kB activation and
cytokine gene expression in response to TLR2- or
TLR4 agonists
To examine the regulation of TLR2 and TLR4 signaling by
Pellino-3b, we first examined the effect of Pellino-3b over-
expression in 293/TLR2 and 293/TLR4/MD2 cells on Pam3Cys-
or LPS-mediated NF-kB activation and CXCL-8 gene expression.
Transfection of Pellino-3b decreased Pam3Cys-and LPS-induced
IkB-a degradation (Fig. 3A), p65 phosphorylation (Fig. 3B and
data not shown), NF-kB reporter activation (Fig. 3C and D) and
expression of the NF-kB-dependent CXCL-8 gene [37] (Fig. 3E
and F) compared with the responses seen in pcDNA3-transfected
cells (Fig. 3; Supplemental Fig. 2).
Next, we performed shRNA-based knockdown of Pellino-3 in

293/TLR4/MD2 cells and analyzed LPS-mediated NF-kB
reporter activation and CXCL-8 gene expression. 293/TLR4/MD2
cells expressing Pellino-3 shRNA had significantly reduced levels
of Pellino-3 mRNA (Fig. 4A) and protein (Fig. 4B) compared
with cells expressing scrambled shRNA or unrelated Pellino-1
shRNA. In contrast, Pellino-3b shRNA introduction did not
suppress expression of Pellino-1 and p38 proteins (Fig. 4A and
B), demonstrating the specificity of Pellino-3 knockdown.
293/TLR4/MD2 cells expressing Pellino-3b shRNA responded to
LPS stimulation by 2–2.5-fold increases in the induction of NF-kB
reporter (Fig. 4C) and up-regulated CXCL-8 mRNA expression
by 2.3-fold more (Fig. 4D) compared with cells transfected with
scrambled shRNA. These data show that Pellino-3b negatively

Figure 1. Induction of endotoxin tolerance in vitro and in vivo leads to
increased and maintained expression of Pellino-3 mRNA. Human
monocytes (A), THP-1 cells (B), and MonoMac-6 cells (C) were
pretreated for 20 h with medium or 100 ng/ml LPS, washed 3 times, and
challenged for 3 h with medium or 100 ng/ml LPS. (D) C57BL/6J mice
were intraperitoneal administered thioglycollate. After 72 h, they were
intraperitoneal injected with PBS or LPS (20 mg per mouse). After 20 h,
peritoneal macrophages were obtained from peritoneal exudate cells by
adherence to plastic and treated for 3 h with medium or 100 ng/ml LPS.
RNA was isolated, reverse transcribed, and analyzed by RT-qPCR analyses
with primers specific for HPRT, TNF-a, and Pellino-3 genes. Shown are the
data (mean 6 SD) of a representative (n = 3) experiment.
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regulates TLR2- and TLR4-mediated NF-kB activation and CXCL-8
gene expression.
To extend our findings obtained in HEK293 transfectants to

cells with macrophage-like phenotype, we used nucleofection-
or lentiviral-based introduction of Pellino-3 or scrambled
shRNA species into THP-1 cells. We then analyzed the responses
of PMA-differentiated THP-1 macrophages to TLR2 and TLR4
agonists. THP-1 cells nucleofected (Fig. 5A, left column) or

lentivirally transduced (Fig. 5B, left columns) with Pellino-3
shRNA had decreased Pellino-3b mRNA levels by 61–65%
compared with scrambled shRNA-transfected cells but exhibited
unaltered Pellino-1 mRNA levels, demonstrating specific abla-
tion of Pellino-3. LPS stimulation of THP-1 cells nucleofected
with scrambled shRNA led to ;100-fold increases in the
expression of TNF-a and IL-6 mRNA, and Pellino-3 knockdown
further increased their expression to 151- and 225-fold,

Figure 2. Endotoxin-tolerized THP-1 and MonoMac-6 cells exhibit increased and sustained expression of Pellino-3 proteins. After 20 h of exposure to
medium or 100 ng/ml LPS, monocytes (A), THP-1 cells (B), and MonoMac-6 cells (C) were washed 3 times and restimulated with 100 ng/ml LPS or
treated with medium for the indicated times. Cell extracts were prepared and subjected to Western blot analyses to examine expression of p-p38, total
p38, IkB-a, Pellino-3, actin, and tubulin proteins. Samples from HEK293T cells transfected with expression vectors encoding Flag-Pellino-3 were
examined side-by-side as positive controls for Pellino-3 expression (left).

Figure 3. Overexpression of Pellino-3 suppresses TLR2- and TLR4-inducible NF-kB activation and CXCL-8 gene expression. 293/TLR2 (A, C, E) and
293/TLR4 (B, D, F) cells were transiently transfected with pcDNA3-CD14, pEFBOS-MD2, and the Flag-Pellino-3-encoding plasmid. For NF-kB reporter
assays (C, D), cells were cotransfected with pELAM-Luc (NF-kB reporter) and pTK-RL (to normalize for transfection efficiency). After recovery for 48 h,
cells were treated with 1 mg/ml Pam3Cys (A, C, E) or 100 ng/ml LPS (B, D, F), as indicated (A, B), for 5 h (C, D), or for 3 h (E, F). Cell lysates were
subjected to Western blotting with Abs for the analyzed proteins (A, B) or used to examine firefly vs. Renilla luciferase activities (C, D). RNA was isolated,
converted to cDNA, and analyzed by RT-qPCR with primers specific for CXCL-8 and HPRT. The results of a representative experiment (n = 3) are shown.
*P , 0.05.
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respectively (Fig. 5A, middle columns). Pellino-3b ablation also
increased the LPS-driven induction of TRIF-dependent CCL5
and showed a trend toward augmented expression of IFN-b
(Fig. 5A, right columns) compared with the responses exhibited
by cells expressing scrambled shRNA. Compared with scram-
bled shRNA-expressing THP-1 cells, lentiviral transduction of
Pellino-3 shRNA led to 40–50% increases in the expression of
TNF-a mRNA in response to LPS and Pam3Cys, respectively
(Fig. 5B, right). These findings indicate that Pellino-3 acts as an
inhibitor of TLR2- and TLR4-mediated activation of NF-kB and
induction of cytokine genes.

Pellino-3b ablation in THP-1 cells increases cytokine
gene expression in response to heat-killed E. coli or
S. aureus but only moderately affects
bacterial phagocytosis
Next, we studied the effect of Pellino-3 deficiency in THP-1
macrophages on the expression of MyD88- and TRIF-dependent
cytokines upon stimulation with heat-inactivated E. coli and
S. aureus. Transduction of Pellino-3 shRNA in THP-1 cells

resulted in the augmented expression of TNF-a mRNA in response
to stimulation with E. coli by 2.8–2.9-fold and increased the levels of
CCL5 mRNA compared with the responses of nontargeting
shRNA-expressing cells (Fig. 6A). Likewise, THP-1 cells lacking
Pellino-3 exhibited up to a 2.4-fold increase in the expression of
TNF-a upon stimulation with heat-killed S. aureus (Fig. 6B).
Because TLR signaling modulates phagocytosis [38–40] and

Pellinos regulate TLR signal transduction [10], we examined
how Pellino-3 deficiency affects phagocytosis of E. coli and
S. aureus in THP-1 cells. To measure phagocytosis, we used pHrodo
Red-conjugated heat-killed bacteria that exhibit fluorescence of
pH-sensitive pHrodo Red on its localization in phagolysosomes
undergoing acidification but do not emit fluorescence under
basal conditions [41]. Incubation of pHrodo-conjugated E. coli and
S. aureus with THP-1 cells expressing scrambled shRNA for 2 h at
37°C markedly increased MFI values compared with the values
observed in cultures incubated on ice. Pellino-3 knockdown
further augmented MFI values by 22–33% and increased the
number of pHrodo-positive cells by 11–20% (Fig. 6C and D). Thus,
Pellino-3 positively regulates the expression of MyD88- and

Figure 4. Pellino-3 knockdown in 293/TLR4/MD2 cells enhances LPS-mediated activation of NF-kB and expression of CXCL-8 mRNA. 293/TLR4 cells
stably expressing scrambled, Pellino-3 shRNA (A–D) or Pellino-1 shRNA (A, B) were transiently transfected with pEFBOS-MD2 (A–D) alone or
together with pELAM-Luc and pTK-Renilla-Luc (C). The cells were incubated for 3 h with medium (A), medium or 100 ng/ml LPS (B), or treated
for 5 h (C) and 3 h (D) with medium, 10 or 100 ng/ml LPS (C, D). A, D) RNA was isolated, converted to cDNA, and subjected to RT-qPCR with
primers specific for Pellino-1, Pellino-3, CXCL-8, and HPRT to examine expression of the depicted genes normalized to HPRT levels. B) Cell lysates
were examined by Western blot analysis to determine the expression of Pellino-1 and Pellino-3 proteins relative to total p38 levels. (Right panels)
Quantification of the immunoblots shown on left. C) Cell lysates were assayed for firefly vs. Renilla luciferase activities. Shown are the results of
a representative experiment. Similar data were obtained in at least 3 other independent experiments. *P , 0.05.
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TRIF-dependent cytokine genes in response to heat-killed E. coli
and S. aureus and moderately enhances bacterial phagocytosis.

Pellino-3b inhibits NF-kB reporter activation induced by
overexpression of MyD88, TRIF, IRAK1, TBK1, or
TAK1, suppresses IRAK1 modifications and TBK1
phosphorylation but does not affect
p65-inducible responses
To position Pellino-3 within the MyD88- and TRIF-dependent
cascades, we transfected HEK293T cells with a series of adapter
proteins or kinases to activate a co-transfected NF-kB luciferase
reporter in HEK293T cells and examined the effect of overex-
pressed Pellino-3b. Overexpressed TLR pathway components
initiate signaling downstream in a ligand-independent fashion
due to their ability to dimerize, bypassing the requirement for
upstream activators [34, 42, 43]. Ectopic expression of Pellino-3b
markedly down-regulated MyD88- and TRIF-driven NF-kB
reporter activation by 2.5–35-fold (Fig. 7A, top 2 left panels) and
blunted NF-kB transactivation driven by IRAK1, TAK1, and TBK1
(Fig. 7A, bottom panels). Transfected Pellino-3b also markedly
mitigated the ability of overexpressed TRAF6 to mediate
activation of the pELAM-Luc NF-kB luciferase reporter but did

not affect p65-driven NF-kB activation (Fig. 7A, top 2 right
panels). In line with constitutive activation of overexpressed
kinases [18, 19, 42, 44, 45], transfected IRAK1 and TBK1 showed
post-translational modifications (IRAK1) and phosphorylation
(TBK1), and coexpressed Pellino-3b decreased the abundance of
modified species of IRAK1 and phosphorylated TBK1 (Fig. 7B).
These results indicate that Pellino-3b inhibits NF-kB activation
driven by overexpression of MyD88, TRIF, IRAK1, TBK1, TAK1,
and TRAF6 and mitigates modifications of IRAK1 and phos-
phorylation of TBK1 but does not affect p65-induced NF-kB
transactivation.

Pellino-3 ablation attenuates the extent of
endotoxin tolerance
Having established Pellino-3b as a TLR2/4 negative regulator,
it was important to delineate the functional significance of
increased Pellino-3b expression in endotoxin-tolerized cells.
Thus, we sought to mechanistically determine the effect of
Pellino-3 deficiency on the capacity of macrophages to
develop the LPS-tolerant phenotype. THP-1 cells stably
expressing Pellino-3 shRNA had a 68% reduction in the
expression of Pellino-3 mRNA compared with cells transduced

Figure 5. Pellino-3 ablation in THP-1 cells
up-regulates the induction of cytokine genes in
response to stimulation with Pam3Cys and LPS.
THP-1 cells were nucleofected (A) or lentivirally
transduced (B) with scrambled or Pellino-3 shRNA
and either used immediately for differentiation (A)
or selected with puromycin (B). Cells were
differentiated for 72 h with 20 ng/ml PMA, washed,
and treated for 3 h with medium, 100 ng/ml LPS
(A, B) or 1 mg/ml Pam3Cys (B). RNA was isolated,
reverse transcribed, and examined by RT-qPCR
with primers specific for Pellino-1, Pellino-3, HPRT,
TNF-a, IL-6, CCL5, and IFN-b. The data of
a representative (of 3) experiment is presented.
*P , 0.05.
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with scrambled shRNA (Fig. 8A). Pellino-3 ablation did not
affect expression of Pellino-1, and the introduction of
Pellino-1 shRNA had no effect on Pellino-3 mRNA levels (Fig. 8A),
showing the specificity of Pellino-3 targeting. Endotoxin
pretreatment of THP-1 cells expressing scrambled shRNA
mitigated the induction of TNF-a mRNA upon subsequent
LPS challenge by 62% compared with medium-exposed
macrophages, while LPS tolerization of THP-1 cells harboring
Pellino-3 shRNA led to a 31% reduction (Fig. 8B). Thus,
Pellino-3 knockdown ameliorates the extent of endotoxin
tolerization, suggesting Pellino-3 as a critical mediator of
endotoxin tolerance and regulator of TLR signaling.

DISCUSSION

The development of sepsis-associated immunosuppression
and the TLR-tolerant phenotype in macrophages of septic
patients represents a serious challenge to therapeutic inter-
ventions [11, 12, 14, 15]. Recent findings have revealed the
altered balance of several positive and negative regulators of
TLR signaling as an important molecular mechanism of
reprogramming of TLR4 signaling in endotoxin tolerance
[16, 19, 20, 22, 24, 26–28]. Although these results uncovered
A20 and SOCS-1 as important E3 Ub ligases that negatively
regulate K63-linked polyubiquitination of IRAK1, TRAF6, and

Figure 6. Pellino-3 deficiency enhances cytokine gene expression in response to heat-killed E. coli or S. aureus but only moderately affects bacterial
phagocytosis. THP-1 cells stably expressing scrambled or Pellino-3 shRNA after lentiviral transduction and puromycin selection were differentiated with
PMA and incubated for 3 h with heat-killed E. coli (A) or S. aureus (B) or were treated for 2 h with pHrodo-conjugated E. coli or S. aureus bioparticles
(C, D) (bacteria per macrophage ratio, 10:1). (A, B) RNA was isolated, reverse transcribed, and subjected to RT-qPCR analyses of the indicated cytokine
genes. (C) After incubation with pHrodo-labeled heat-killed bacteria, the cells were washed, fixed, and examined by FACS to detect changes in pHrodo
fluorescence. (D) Quantification of the results from triplicate wells of a representative (n = 3) experiment based on MFI values and percentages of
pHrodo-positive cells. The data of a representative experiment (n = 3) are shown (A–D).
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IKK-g (A20) [20, 46–48] or induce K48-linked ubiquitination
and degradation of MyD88-adapter-like (SOCS-1) [49], the
role of the Pellino family of E3 Ub ligases has not been
addressed. The present study has uncovered the critical role

of Pellino-3b as a negative regulator of TLR2 and TLR4
signaling acting within the MyD88-IRAK1-TAK1 and TRIF-
TBK1 signaling axis and indicates Pellino-3b as an important
mediator of endotoxin tolerance.

Figure 7. Pellino-3b acts within the MyD88-IRAK1-TRAF6-TAK1 and TRIF-TBK1 signaling axes but does not affect p65-induced NF-kB reporter
activation. (A) HEK293T cells were transfected with pELAM-Luc (0.4 mg/well) and pTK-RL (20 ng/well) plus the indicated amounts of pcDNA3-AU1-
MyD88 or pcDNA3-TRIF or expression vectors encoding IRAK1, TBK1, TRAF6, TAK1, or p65 (10 ng/well each), with or without p-Super-Flag-Pellino-3b (0.2
and 0.8 mg/well; 2 left panels in the first row of A; 0.8 mg/well for all other panels of A). After recovery for 48 h, cell lysates were assayed for firefly vs. Renilla
luciferase activities. Relative luciferase units of firefly Luc were normalized to those for Renilla Luc, and the data were presented as the fold induction
compared with the values in cells transfected with pcDNA3, pELAM-Luc, and pTK-RL taken as 1. (B) HEK293T cells were plated in 6-well plates and
transfected with pcDNA3, pRK5-IRAK1, or pSuper-TBK1 (1 mg/well), along with pcDNA3 or Flag-Pellino-3b (1 mg/well). After recovery for 48 h, cell lysates
were analyzed by Western blotting with anti-IRAK1, anti-p-TBK1, anti-TBK1 and anti-Flag Abs. The data of a representative (n = 3) experiment are shown.

Figure 8. Ablation of Pellino-3 significantly attenuates
endotoxin tolerance induction. THP-1 cells stably
expressing scrambled, Pellino-1 or Pellino-3 shRNA
were differentiated for 72 h with PMA, washed, and
pretreated for 20 h with medium or 100 ng/ml LPS.
After washing, the cells were treated for 3 h with
medium or 100 ng/ml LPS, RNA was prepared,
reverse-transcribed, and subjected to RT-qPCR analy-
ses to examine the expression of Pellino-3 (A), TNF-a
(B), and HPRT mRNA, using the corresponding gene-
specific primers. The data of a representative exper-
iment (n = 3) are depicted. *P , 0.05.
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The present report has demonstrated that the induction of
endotoxin tolerance in vitro in primary human monocytes,
THP-1 and MonoMac-6 macrophages leads to increased and
sustained expression of Pellino-3b mRNA and protein. Likewise,
endotoxin tolerization of mice in vivo after intraperitoneal
endotoxin administration also increased Pellino-3 mRNA basal
and LPS-inducible expression in peritoneal macrophages.
Pellino-3 ablation in THP-1 cells led to a marked reduction in the
extent of endotoxin tolerization, indicating its important role in
TLR4 tolerance. To the best of our knowledge, this is the first
demonstration of the role of Pellino-3 in endotoxin tolerance,
adding Pellino-3b to A20 [20, 21, 26] and SOCS-1 [28] as critical
E3 Ub ligases mediating TLR4 tolerance. The mechanism
responsible for increased expression of Pellino-3b in endotoxin-
tolerized macrophages is yet to be determined and very little is
known about the transcriptional regulation of Pellino-3b
expression. It is tempting to speculate that the preponderance of
p50, p100, and RelB NF-kB subunits in the nucleus of endotoxin-
tolerized macrophages [50–54] and the selective recruitment of
other transcription factors (e.g., heat shock factor-1 [55]) to the
promoter of the Pellino-3 gene could promote increased
expression of Pellino-3.
Negative regulators of TLR signaling, including E3 Ub ligases

A20 and SOCS-1 [20, 21, 25, 26, 28, 47], exhibit increased and
sustained expression in LPS-tolerant macrophages, similar to
Pellino-3b, and Pellino-3b exerts suppression of IL-1R signaling
[34]. Therefore, we sought to determine a possible role of
Pellino-3b in the regulation of TLR4-driven MyD88 and TRIF
signaling cascades. We found that Pellino-3b overexpression
decreased and Pellino-3b knockdown increased TLR2- and
TLR4-mediated degradation of IkB-a, NF-kB reporter activation,
and induction of CXCL-8 gene expression in HEK293 cells
expressing the corresponding TLRs. These data extend previous
results on the negative regulatory role of Pellino-3b in IL-1R
signaling [34]. Ablation of Pellino-3b in THP-1 macrophages
revealed its ability to affect both MyD88-dependent (TNF-a, IL-6)
[56] and TRIF-dependent (IFN-b, CCL5) [7] cytokine gene
expression. Our overexpression studies support this conclusion,
showing Pellino-3b-mediated suppression of NF-kB activation
caused by overexpression of MyD88, IRAK1, TAK1 or TRIF, and
TBK1. Consistent with these results, we report that transfected
Pellino-3b markedly decreased post-translational modifications of
IRAK1 and phosphorylation of TBK1 in HEK293 cells over-
expressing IRAK1 or TBK1 and blocked the ability of overex-
pressed IRAK1 and TBK1 to drive NF-kB reporter activation. To
the best of our knowledge, this is the first demonstration of the
ability of Pellino-3b to inhibit TBK1 phosphorylation and
suppress TRIF-mediated signaling outcomes in the context of
TLR4 signaling. Our data on Pellino-3b-mediated suppression of
IRAK1 modifications and functions correspond with a similar
effect of Pellino-3b on IL-1b-mediated IRAK1 modifications and
activation [34] and the capacity of Pellino-3 to mitigate TLR3-
mediated IRF7-mediated activation of type I IFN expression by
ubiquitination of TRAF6 [57].
The mechanisms by which Pellino-3b deactivates IRAK1, TBK1,

and MyD88- and TRIF-dependent signaling cascades in endo-
toxin tolerance are unknown. Pellino-3b could directly interact
with IRAK1 [10, 58, 59] and, possibly, TBK1 [57] and mediate

attachment of K48- or K63-linked polyUb moieties. In vitro
ubiquitination assays showed the capacity of Pellinos to activate
both types of ubiquitination [10, 34, 44]. However, experiments
in cells demonstrated primarily K63-linked ubiquitination of
Pellino substrates [34, 44], with a notable exception of Pellino-1-
mediated K48-linked polyubiquitination of c-Rel in T cells [60].
Similar to a suggested role for Pellino-3b in IL-1R signaling [34],
K63-linked polyubiquitination of IRAK1 by Pellino-3b might
prevent IRAK1 interactions with the Skp1-Cullin1-F-box-b-TrCP1
E3 Ub ligase complex mediating K48-linked ubiquitination [61].
This has been proposed to stabilize IRAK1 expression and
prevent dissociation of TRAF6 and TAK1 from the TLR/MyD88
signaling complex (resulting from IRAK1 degradation) to
activate downstream signaling [34]. However, we consider this
unlikely, because endotoxin-tolerant macrophages exhibit im-
paired TLR-mediated K63-linked polyubiquitination of IRAK1,
TRAF6, and TAK1 [20, 21], and because K63-linked polyubiqui-
tination has been generally accepted to promote protein-protein
interactions and signaling [9, 62]. It is tempting to speculate that
Pellino-3b mediates its effects via recruitment of other negative
regulators of TLR signaling (e.g., A20, IRAK-M, and SOCS-1). In
this scenario, activated Pellino-3b could interact and mediate
K63-linked ubiquitination of such negative regulators, co-opting
them into the TLR signaling complexes and inducing their
activity (e.g., activating the ability of A20 to remove K63-linked
polyUb moieties from IRAK1 or attach K48-linked polyUb to its
targets). Additional studies are required to delineate the exact
molecular mechanisms by which Pellino-3 suppresses MyD88-
and TRIF-dependent signaling.
Because Pellino-3 inhibits TLR2/4-mediated functional out-

comes and because TLR signaling regulates phagocytosis [38,
39], we were interested in studying the relationships between
Pellino-3 and phagocytosis of bacteria engaging TLR2 (S. aureus
[56, 63]) and TLR4 (E. coli [64]). We have demonstrated that
Pellino-3 ablation moderately potentiates phagocytosis of
pHrodo-conjugated inactive S. aureus and E. coli by THP-1 cells,
judged by the fluorescence of bacteria-conjugated, pH-sensitive
fluorophore in acidified phagolysosomes. Thus, the ability of
Pellino-3 to potently inhibit TLR2- and TLR4-induced NF-kB
activation and expression of MyD88- and TRIF-dependent
cytokines does not translate into its equal capacity to influence
phagocytosis of heat-killed bacteria. These results might suggest
that the primary regulatory effect of Pellino-3 during bacterial
infection is to regulate the production of MyD88- and TRIF-
dependent inflammatory cytokines, with a secondary possible
effect on macrophage phagocytosis.
In conclusion, we have uncovered a previously unappreciated

role for Pellino-3b as an important mediator of endotoxin
tolerance and a critical negative regulator of TLR2 and TLR4
signaling operating within the MyD88-IRAK1-TAK1-TRAF6 and
TRIF-TBK1 signaling axes. Despite its ability to suppress MyD88-
and TRIF-dependent signaling in response to defined TLR2 and
TLR4 agonists and whole heat-killed E. coli and S. aureus,
Pellino-3b was found to only moderately affect the phagocytosis
of inactivated bacteria. From these results, it is plausible that cell-
permeating peptide or small molecule inhibitors of Pellino-3b
could represent a novel modality for the treatment of sepsis-
associated immune suppression by targeting Pellino-3 in
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macrophages and other myeloid cells exhibiting the endotoxin-
tolerant phenotype.
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