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Aberrant inflammation has been linked to the development
of a diverse spectrum of human diseases. We now appreciate
that Toll-like receptor (TLR) and Nod-like receptor (NLR)
signaling pathways play an important role in the onset and/or
severity of these pathologies, and targeting of these recep-
tors has shown promise in preclinical studies of infectious
diseases, autoimmune disorders, tissue injury, and cancer.
Recently, clinical trials have been initiated to establish the
efficacy of compounds targeting TLR and NLR pathways
to improve disease outcomes. Despite advancements in the
field, major challenges remain in potential ways to target
these receptors at various stages of disease pathogenesis and
develop effective therapeutics.

The articles contained in this special issue include
reviews, translational studies, and basic science findings that
are focused on characterizing the contribution andmolecular
mechanisms associated with TLR and NLR signaling in
diverse disease processes. Together, these studies serve to
illustrate the essential role that these pattern recognition
receptors play in maintaining immune system homeostasis
in both human disease pathobiology and preclinical animal
models.

In particular, this special issue emphasizes the role of
TLRs and NLRs inmodulating signaling pathways associated
with inflammatory disease processes and cytokine produc-
tion. For example, in the article entitled “Effect of Toll-Like
Receptor 4 on Synovial Injury of Temporomandibular Joint
in Rats Caused by Occlusal Interference” by J. Kong et al.,
the authors show that activation of TLR4 participates in the

initiation and development of synovial membrane inflamma-
tion by regulating the expression of inflammatory mediators
like IL-1𝛽. This inflammation reaction and increased IL-
1𝛽 could be restrained by treatment with a TLR4 signaling
inhibitor. In addition to TLR signaling and synovial injury,
the importance of NLR family members is also explored
in a series of articles evaluating their contribution either
following traumatic brain injury (TBI) or in the context of
parasite infection. There are currently several therapeutics
targetingNLR familymembers under development to treat or
attenuate brain injury following trauma. In this special issue,
T. Brickler and colleagues examine the role of the NLRP1
inflammasome in TBI. In their article entitled “Nonessential
Role for the NLRP1 Inflammasome Complex in a Murine
Model of Traumatic Brain Injury” the authors conclude that
the NLRP1 inflammasome has only a minor role in TBI
using a moderate controlled cortical impact injury model.
While some cytokine expression differences were observed in
Nlrp1−/−mice, these animals showed no significant difference
in motor recovery, cell death, or contusion volume, as
compared towild-type animals. Beyond the canonical NLRP1
inflammasome, the contribution of the recently described
noncanonical NLR inflammasome is also explored in the
context of parasite infection and toxoplasmosis. In the article
entitled “Caspase-11 Modulates Inflammation and Attenuates
Toxoplasma gondii Pathogenesis” by S. L. Coutermarsh-Ott
et al., the authors explore the contribution of this unique
inflammasome signaling pathway. Here, the authors show
that caspase-11 functions to protect the host by enhancing
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systemic inflammation during the early phase of Toxoplasma
gondii infection and subsequently minimizes disease patho-
genesis and brain cyst development during later stages of
toxoplasmosis.

In addition to the preclinical animal studies described
above, a trio of articles are also included in this special
issue evaluating TLR and NLR regulation of inflammation
as potential therapeutic targets in human disease. In the
research article entitled “Maternal VitaminD Level Is Associ-
ated with Viral Toll-Like Receptor Triggered IL-10 Response
but Not the Risk of Infectious Diseases in Infancy” by S.-L.
Liao et al., the authors investigate the role of maternal and
cord blood vitaminD levels in TLR-mediated innate immune
responses and its effect on infectious disease outcomes.
The study concludes that maternal vitamin D, but not cord
vitamin D, is inversely correlated with viral TLR-triggered
IL-10 responses, yet it does not impact the risk of infectious
disease in infancy. In addition to this research article, the
review article by Z. Dong and colleagues, entitled “Holding
the Inflammatory System in Check: TLRs andTheir Targeted
Therapy in Asthma,” focuses on describing the role of TLRs
and NLRs in asthma.While not often consideredmajor com-
ponents of allergic airway inflammation, the authors present
a compelling overview of ways in which these receptors
contribute to disease exacerbation and potential therapeutic
avenues for targeting asthma in human patients. This article
suggests that combination therapies of well-timed corticos-
teroids and TLR agonists may represent a more effective
way to control inflammation in asthmatic patients. Finally,
G. Lopez-Castejon and M. J. Edelmann present a highly
mechanistic perspective on the role of deubiquitinases in TLR
and NLR signaling. In the review article entitled “Deubiqui-
tinases: NovelTherapeutic Targets in Immune Surveillance?”
the authors review the role of deubiquitinases in the NF-
𝜅B pathway and inflammasome activation, two intrinsically
related events triggered by the activation of the membrane
TLRs as well as the cytosolic NLRs. The article also discusses
the advances and challenges of using deubiquitinases as
therapeutic targets during pathological inflammation.

With the ever-expanding realization of the role that
inflammation plays in disease pathogenesis, we hope that this
special issue will be of interest to the scientific community
involved in studying TLRs and NLRs in the context of
aberrant inflammation. We further hope that these articles
emphasize the diverse function of these pattern recognition
receptors in maintaining immune system homeostasis in a
variety of human diseases.

Eda K. Holl
Irving C. Allen

Jennifer Martinez
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Inflammation is a protective response of the organism to tissue injury or infection. It occurs when the immune system recognizes
Pathogen-Associated Molecular Patterns (PAMPs) or Damage-Associated Molecular Pattern (DAMPs) through the activation of
Pattern Recognition Receptors. This initiates a variety of signalling events that conclude in the upregulation of proinflammatory
molecules, which initiate an appropriate immune response. This response is tightly regulated since any aberrant activation
of immune responses would have severe pathological consequences such as sepsis or chronic inflammatory and autoimmune
diseases. Accumulative evidence shows that the ubiquitin system, and in particular ubiquitin-specific isopeptidases also known
as deubiquitinases (DUBs), plays crucial roles in the control of these immune pathways. In this review we will give an up-to-date
overview on the role of DUBs in the NF-𝜅B pathway and inflammasome activation, two intrinsically related events triggered by
activation of the membrane TLRs as well as the cytosolic NOD and NLR receptors. Modulation of DUB activity by small molecules
has been proposed as a way to control dysregulation or overactivation of these key players of the inflammatory response. We will
also discuss the advances and challenges of a potential use of DUBs as therapeutic targets in inflammatory pathologies.

1. Introduction

Ubiquitination is a posttranslationalmodification (PTM) that
involves the attachment of a ubiquitin molecule (∼9 kDa)
to a target protein. It is now well accepted that most of
the cellular processes required for the maintenance of the
cell homeostasis are regulated by the ubiquitin-proteasome
system (UPS), including the regulation of innate immune sig-
nalling. Ubiquitination is mediated by a set of three enzymes,
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2), and a ubiquitin ligase (E3). Ubiquitin (Ub)
is attached as a monomer or as polyubiquitin (poly-Ub)
chains. This attachment occurs between a lysine group in
the target protein and the carboxy-terminal glycine of Ub.
The formation of Ub chains, however, occurs by formation
of a bond between the carboxy-terminal glycine of Ub and
one of the seven lysines (K6, K11, K27, K29, K33, K48,
and K63) or the methionine (M1) present in the acceptor

Ub molecule [1] allowing the generation of a wide variety
of poly-Ub chains. Each poly-Ub chain type will influence
the fate of the target protein differently. For instance, K48-
conjugated Ub chains are considered a signal for protein
degradation at the proteasome while K63 and M1 chains play
important roles in signalling pathways [1]. Ubiquitination is
a reversible process, and its reversibility is mediated by a
family of proteases called deubiquitinases (deubiquitinating
enzymes, DUBs). Keeping the balance between the addition
and removal of ubiquitin moieties is crucial in maintaining
cellular homeostasis and any disturbances in this balance can
have adverse consequences for the cell.

2. Mechanisms of Regulation of DUBs

The human genome encodes ∼100 DUBs that fall into five
different families. There are four thiol protease families,
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the ubiquitin-specific proteases (USP), ubiquitin C-terminal
hydrolases (UCH), ovarian tumour domain containing pro-
teases (OTU), and Machado Joseph disease (MJD)/Josephin
domain DUBs, and one zinc-metalloprotease group, the
JAB1/MPN/Mov34 metalloenzyme family [2]. The main
functions of DUBs are (i) generation/release of free ubiquitin
from Ub precursors (de novo Ub synthesis), (ii) subtle
editing of poly-Ub chains, and (iii) removal of the poly-Ub
chains from substrates prior to degradation by proteasome-
bound DUBs. DUBs, similarly to other proteases, are tightly
regulated to avoid aberrant function that could be therefore
detrimental to the cell. This is achieved by a combination of
different layers of regulation at transcriptional and nontran-
scriptional levels.

As many other proteins DUBs are regulated at the tran-
scriptional level. One of the best examples of transcriptional
regulation is A20 (TNFAIP3), which is a member of the OTU
family of DUBs. A20 expression levels are highly upregulated
in a proinflammatory environment (i.e., in response to TLR4
activation) [3], reflecting its important role as a negative
regulator in the inflammatory response, as we will discuss
below.There are other DUBs, which are regulated in response
to cytokines, including DUB1, DUB2, USP17 (DUB3), and
OTUD-6B. DUB1 is specifically induced by IL-3, IL-5, and
GM-CSF, while DUB2 is stimulated by IL-2. USP17 (DUB3)
is involved in the regulation of cell growth and survival and
it is regulated by the cytokines IL-4 and IL-6 [4]. Ovarian
tumour domain containing 6B (OTUD-6B) is a DUB, whose
expression in B lymphocytes is induced by secretion of
IL-3, IL-4, IL-13, or GM-CSF. With prolonged stimulation,
these cytokines have an opposite effect and instead lead to
a decrease in OTUD-6B expression. A higher expression of
OTUD-6B was associated with inhibition of cell growth, an
increase in apoptosis, and arrest of cells in G1 phase [5].

DUBs are also heavily regulated at the activity level
by different mechanisms. DUBs can acquire specificity due
to recruitment factors that guide them towards a specific
substrate. One example is USP10 that requires the protein
MCPIP-1 (monocyte chemotactic protein induced protein
1) to interact with and deubiquitinate its substrate NEMO
inhibiting the NF-𝜅B signalling cascade [6]. In other cases
binding of the substrate actively contributes to DUB catalysis.
For instance, USP7, whose catalytic triad exists in an inactive
configuration, changes towards an active one upon ubiquitin
binding suggesting that USP7 catalytic domain is only fully
active when a ubiquitin molecule is correctly bound [7].
The presence of DUBs in molecular complexes is a common
way to modulate their activity. This mechanism is essential
for USP1, an inefficient enzyme alone, but its activity highly
increases when bound to the WD40-repeat protein UAF-
1 due to conformational changes that increase its catalytic
activity [8]. USP1 is involved in DNA damage response,
mainly in the Fanconi anemia (FA) pathwaywhere itmediates
the deubiquitination of FANCD2 and FANCI, a crucial step
for the correct function of the FA pathway [9, 10].

Additionally DUB activity can be further adjusted by
posttranslational modifications such as phosphorylation or
ubiquitination [11]. For instance, phosphorylation of CYLD
at Ser418 or USP7 at Ser18 led to an increase in the activities

of these two DUBs. In the case of CYLD, this modifica-
tion can be induced by LPS (lipopolysaccharide) or TNF-𝛼
(tumour necrosis factor) treatment and it can suppress its
deubiquitinating activity on TNF receptor-associated factor 2
(TRAF2) [12]. Furthermore, this phosphorylation also occurs
in dendritic cells (DCs) treatedwith LPS/Lex, which leads to a
diminished activity of CYLD but not to its complete loss.This
effect can be reversed by an inhibition of DC-SIGN signalling
and also by depletion of IKK𝜀 [13].

Changes in the cellular microenvironment can also have
an effect on DUB activity. One example is the production of
reactive oxygen species (ROS) generated during mitochon-
drial oxidative metabolism as well as in cellular responses
to cytokines or bacterial invasion, which can inhibit cellular
DUB activity by oxidation of the catalytic cysteine residue
[14, 15].

To summarize, more than one regulatory mechanism
can apply to certain DUBs, which highlights the importance
of a fine and multifaceted control of DUB expression and
activity.

3. Deubiquitination in TLR- and
NLR-Mediated Immune Signalling

Innate immunity is triggered in response to either PAMPs,
which are derived frommicrobial pathogens, or DAMPs such
as ATP, cholesterol, or monosodium urate crystals. These
danger signals are recognized by Pattern Recognition Recep-
tors either at the cell membranes by Toll-Like Receptors
(TLRs) or at the cytosol by receptors such as the NOD-
like receptors (NLRs) [16]. Activation of these PRR receptors
results in a variety of immune signalling cascades which lead
to the induction of immune mediators and proinflammatory
cytokines, such as TNF𝛼 or IL-1𝛽, capable of triggering
appropriate immune responses. These cytokines lead to the
recruitment of immune cells to the site of infection or tissue
damage, which initiates an inflammatory response. TLR-
and NLR-mediated signalling is heavily controlled by the
ubiquitin system, which plays an essential role inmaintaining
the appropriate regulation of these cellular pathways [1].
AlthoughDUBs can be involved inmany other inflammatory
aspects, here we will discuss how DUBs contribute to TLR
andNLR-induced pathways, focusing on the activation of two
very important and related processes, NF-𝜅B pathway and
inflammasome activation.

3.1. TLR Signalling. TLRs are transmembrane glycoproteins,
which play a key role in the immune response against
microbes. Ten human TLRs have been identified to date and
they either localize to the cell surface (TLRs 1, 2, 4, 5, 6, and
10) or have endosomal localization (TLRs 3, 7, 8, and 9 [17]).

There are two distinguishable pathways of TLR sig-
nalling, one via theMyD88 (myeloid differentiation primary-
response protein 88) and the second one via TRIF (TIR
domain containing adaptor protein inducing interferon 𝛼/𝛽)
and apart from TLR3, most other TLRs are associated
with the MyD88 pathway [18]. Ubiquitination is critically
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Figure 1: Regulation of TLR4 signalling by the ubiquitin-proteasome system. InMyD88-dependent signalling, TRAF6 and cIAP1/2s mediate
K48 polyubiquitination and consequent degradation of TRAF3 by the proteasome. TRAF6 synthesizes K63 poly-Ub chains, which act as a
scaffold for TAK1 and IKK complexes, TAB2/3 and NEMO. This occurs with the help of LUBAC, which leads to the linear ubiquitination
of NEMO required for the recruitment of the IKK complex (IKK𝛼 and IKK𝛽). As a result, TAK1 phosphorylates IKK𝛽, which in turn
phosphorylates I𝜅B and subsequently undergoes ubiquitination and proteasomal degradation.This event freesNF-𝜅B (p50/p65) to translocate
to the nucleus and initiate transcription. Several DUBs (in blue) remove ubiquitin chains from TRAF6, NEMO, or NF-𝜅B, negatively
regulating this signalling pathway. USP7 can also prevent NF-𝜅B degradation hence positively regulating transcription. MyD88-independent
signalling occurs through TRAM/TRIF. In this case K63 poly-Ub chains are added to TRAF3, which consequently recruits the TBK1/IKK𝜀
kinase complex.This phosphorylates IRF3 allowing nuclear translocation and initiation of transcription.TheDUBMYSM1 can deubiquitinate
TRAF3, controlling the extent of this signalling.

involved in optimal TLR-triggered MyD88 and TRIF sig-
nalling (Figure 1). TLR3 engagement induces the recruit-
ment of TRIF and modification of TRAF3 with K63 poly-
Ub, which consequently recruits the TBK1 (TRAF family
member-associated NF-𝜅B activator-binding kinase)/IKK𝜀

kinase complex. Finally, this cascade of events causes IRF3
activation and INF𝛾 production. In contrast, TLR4 or TLR2
activation leads to the assembly of theMyD88 signalling com-
plex, recruiting TRAF6, cIAP1, and cIAP2. These ubiquitin
ligases mediate K48-linked poly-Ub of TRAF3, and TRAF3
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is consequently degraded by the proteasome [19]. TRAF6
ubiquitin ligase activity is essential for the synthesis of K63-
linked poly-Ub chains, which act as a scaffold to recruit other
proteins required for signalling. TRAF6K63-linked poly-Ub
chains recruit both the TAK1 and IKK complexes through
their respective ubiquitin-binding subunits, TAB2/3 and
NEMO. This occurs with the help of the LUBAC ubiquitin
ligase complex, which leads to the linear ubiquitination of
NEMO required for the recruitment of the IKK complex
(IKK𝛼 and IKK𝛽). As a result, TAK1 phosphorylates IKK𝛽,
which in turn phosphorylates I𝜅B and subsequently under-
goes ubiquitination and proteasomal degradation [20]. This
allows NF-𝜅B to translocate to the nucleus from cytosol
and regulate the transcription of a variety of target genes
(Figure 1).

Deubiquitination also plays a key role in TLR signalling
pathways by reversing the effect of ubiquitination and con-
trolling the intensity of the immune response (Figure 1).
Several DUBs have been identified to participate in the
TLR signalling, the most studied and best characterized
being A20 (TNFAIP3) and CYLD. A20 plays an essential
role in restricting TLR signalling and maintaining immune
homeostasis. A20 contains an OTU domain, which has DUB
activity specific towards several NF-𝜅B signalling factors,
such as TRAF6, RIPK1, or NEMO, which consequently leads
to suppressed NF-𝜅B activation [21]. A20 is an unusual DUB
because it encodes seven zinc-finger (ZnF) motifs, which
confer E3 ubiquitin ligase activity on A20. This allows A20
to perform an editing function: in addition to removing K63-
linked polyubiquitin chains from substrates such as RIPK1,
A20 can introduce K48-polyubiquitin chains in the same
substrate tagging it for a proteasomal degradation [21]. In
addition to this, A20 can also regulate NF-𝜅B independently
of its enzymatic activity. A20 can bind polyubiquitin chains
through its ZnF domain allowing the interaction of ubiquiti-
nated NEMO with A20. This ubiquitin-induced recruitment
of A20 to NEMO is sufficient to block IKK phosphorylation
by its upstream kinase TAK1 preventing NF-𝜅B activation
[22]. In contrast CYLD is a tumour suppressor, whose loss
leads to familial cylindromatosis, a skin tumour hereditary
disorder, but that also controls NF-𝜅B activation. CYLD
achieves this by specifically cleaving K63-linked poly-Ub
chains and linear poly-Ub chains from RIPK1, TRAF2, and
NEMO and similarly to A20 negatively regulates NF-𝜅B
signalling [23].

USP7 was first identified as a herpesvirus associated
protein, hence its alternative name HAUSP (herpesvirus
associated USP). USP7 presents dual roles in the regulation
of NF-𝜅B. It can regulate NF-𝜅B transcriptional activity in
the nucleus, by deubiquitinating NF-𝜅B and preventing its
degradation, hence increasing its transcriptional activity [24].
But USP7 can also act as a negative cytosolic regulator
by deubiquitinating NEMO and consequently decreasing
proteasomal degradation of I𝜅B𝛼. This in turn retains NF-
𝜅B in the cytoplasm and further suppresses NF-𝜅B activity
[25]. These two reported and opposing roles suggest that
USP7 can perform different functions roles, depending on
substrate recognition or cellular localization, highlighting the
tight activity control of this protease.

As previously mentioned, USP10 is required for medi-
ated inhibition of NF-𝜅B activation. By mediating USP10-
dependent deubiquitination of NEMO, MCPIP1 serves in a
negative feedback mechanism for attenuation of NF-𝜅B acti-
vation [6]. TRAF family member-associated NF-𝜅B activator
(TANK) interacts with bothMCPIP1 and USP10, which leads
to decrease in TRAF6 ubiquitination and the termination of
the NF-𝜅B activation in response to TLR activation [26]. In
accordance with this, depletion of USP10 is associated with
TLR-triggered increase in NF-𝜅B activation [26].

USP18 is responsible for counteracting ISG15 conjuga-
tion and it is an important negative regulator of the IFN
responses, thereby playing important roles in viral responses
[27]. However, we now know that USP18 also mediates
and regulates TLR-induced NF-𝜅B activation by cleavage of
K63-polyubiquitin chains, but not K48 chains, of TAK1 and
NEMO [28].

In addition to the DUBs described here there are sev-
eral others implicated in the downregulation of the NF-
𝜅B pathway upon TLR activation, although these are not
well characterized. These include the USP family members
USP2a, USP4, USP15, USP21, and USP31 and the member
of the JAMM family MYSM1 and their substrates have been
summarized in Table 1.

3.2. NLR Signalling. TheNLR family presents a characteristic
tripartite domain architecture with a variable C-terminus,
a middle NACHT domain, and a Leucine Rich Repeat
(LRR) N-terminus. The C-terminal LRR domain is involved
in the ligand binding or activator sensing while the N-
terminal domain performs effector functions by interacting
with other proteins. NLRs are classified into four subfamilies
according to their N-terminal domains: the acidic transacti-
vation domain (NLRA), the baculoviral inhibitory repeat-like
domain (NLRB) that includes NOD1 and NOD2, the caspase
activation and recruitment domain (CARD; NLRC), and the
pyrin domain (NLRP). NLRs can recognize a wide variety of
ligands including pathogens, endogenous molecules, or envi-
ronmental factors [29].Their functions can vary and they are
divided into four steps: inflammasome formation, signalling
transduction, transcription activation, and autophagy [29].
Similarly to TLRs,NLR activation is also tightly regulated and
PTMs play an important role here. Although ubiquitination
in NLR signalling is well accepted, the role of DUBs in these
pathways is just emerging.

3.2.1. NOD1 and NOD2. NOD1 and NOD2 receptors are
important bacterial sensors, which recognize peptidoglycan
(PGN). NOD1 senses the iE-DAP dipeptide, which is found
in PGN of all Gram-negative and certain Gram-positive
bacteria, while NOD2 recognizesMDP (muramyl dipeptide),
the minimal bioactive peptidoglycan motif common to all
bacteria (Figure 2(a)). Upon encountering with these ligands,
NOD1 and NOD2 form oligomeric complexes, leading to
the activation of NF-𝜅B and MAPK. IAPs (cIAP1, cIAP2,
and XIAP) are central regulators of NOD1 and NOD2
signalling. Upon oligomerization RIPK2 is recruited to this
complex. cIAP1, cIAP2, and XIAP contribute to K63-linked
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Table 1: DUBs involved in TLR,NOD1/2, or inflammasome activation. Knock-outmouse available for these DUBs has been indicated.Mouse
model validation of target in which these mice have been used to demonstrate their function on that substrate. This table does not include
studies where these mice have been used in other models of inflammation.

DUB PRR Target KO mouse
available

Mouse model
validation of

target
Ref.

USP2a TLR TRAF6 Yes No [89]
USP4 TLR TAK1 Yes No [90]
USP7 TLR NF-𝜅B, NEMO No, lethal No [24, 25, 82]
USP10 TLR NEMO, TRAF6 No, lethal No [6, 26, 91]
USP15 TLR I𝜅B𝛼 Yes No [92]
USP18 TLR TAK1, NEMO Yes Yes [28, 77]
USP20 TLR TRAF6 No No [93]

USP21 TLR RIPK1 Yes No [94, 95]

USP25 TLR TRAF3 Yes Yes [96, 97]
USP31 TLR Yes No [98]

A20
TLR TRAF6, RIPK1, NEMO

Yes
Yes [3, 76, 99, 100]

NOD1/2 RIPK2 Yes [34]
NLRP3 inflammasome Yes [57, 58]

Cezanne TLR TRAF6 Yes Yes [101, 102]

OTULIN TLR NEMO No, lethal No [103, 104]
NOD2 RIPK2 [103, 105]

CYLD TLR RIPK1, TRAF2, NEMO Yes Yes [12, 72]
MYSM1 TLR TRAF3, TRAF6 Yes Yes [105, 106]
BRCC3 NLRP3 inflammasome NLRP3 No No [51]

ubiquitination of RIPK2. This allows the recruitment of
TAK1/TAB2/TAB3 complex and LUBAC, which can also
mediate the linear ubiquitination of RIPK2, and further
contributes to the NF-𝜅B and MAPK pathway activation by
ubiquitination of NEMO [30, 31]. Ubiquitin can directly bind
to the CARD domain of NOD1 or NOD2 and compete with
RIPK2 for its association with these receptors, suggesting
that ubiquitin might play a negative regulatory role [32, 33]
(Figure 2(b)). A20 also plays a regulatory role in NOD2
signalling by deubiquitinating RIPK2 to control the extent
of the inflammatory signals. A20-deficient cells present an
amplified response toMDP, including increased RIPK2 ubiq-
uitination and NF-𝜅B signalling [34].

One of the DUBs, which is relatively poorly characterized
but which has been shown to play key functions in NOD2
signalling, is OTULIN.This protein specifically deconjugates
linear (M1) poly-Ub chains assembled by LUBAC and in
this way it modulates linear ubiquitination of LUBAC’s
substrates and provides fine-tuning of the initial activation
of NF-𝜅B. By deubiquitinating RIPK2, OTULIN prevents
NEMO binding and hence decreases its downstream sig-
nalling. Because LUBACcontinuously ubiquitinates itself and
other substrates, OTULIN plays an important role to avoid
accumulation of Met1-Ub chains and overactivation of this
pathway [35] (Table 1, Figure 2(b)).

3.2.2. The Inflammasome. Another crucial function of NLR
receptors is their contribution to the inflammasome. The

inflammasome is a molecular complex, which consists of
a sensor molecule (NLR, e.g., NLRP1, NLRP3, NLRC4,
or NLRP6), an adaptor protein (ASC, apoptosis-associated
speck-like protein containing a CARD domain), and an
effector molecule (caspase-1) [36]. The main function of the
effector molecule is to induce the cleavage and activation of
the proinflammatory cytokines, IL-1𝛽 and IL-18.These proin-
flammatory proteins are synthesized as precursor molecules
and require caspase-1 activation within the inflammasome in
order to be released and cleaved and perform their biological
activity. Activation of inflammasomes occurs in two steps.
First, an NF-𝜅B mediated initial step leads to increased
expression ofNLRP3 and pro-IL-1𝛽.Then an activating signal
triggers rapid activation of caspase-1. Caspase-1 activation
can be achieved by several K+-releasing molecules, including
nigericin, crystals, or extracellular ATP through the activa-
tion of the ATP-gated P2X7 receptor (P2X7R) [37]. After the
inflammasome is fully activated, it can lead to pyroptotic
cell death, which can be distinguished from other cell death
types by pore formation in the plasma membrane followed
by osmotic cell lysis and finally the release of IL-1𝛽 and IL-18
[36].

Given the important role of ubiquitin in signalling cas-
cades derived from TLR andNLR activation, it is not surpris-
ing to find that assembly and activation of an inflammasome
is also regulated by the ubiquitin system. Ubiquitination
can regulate canonical inflammasome activation by modula-
tion of three major components: NLR, ASC, and caspase-1.
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Figure 2: Regulation of NOD signalling by the ubiquitin-proteasome system. (a) NOD1 receptors recognize iE-DAP while NOD2 main
ligand is muramyl dipeptide (MDP). (b) Similarly to NOD1, NOD2 receptors oligomerize upon ligand binding.This triggers the recruitment
of RIPK2 to this complex and cIAP- and XIAP-mediated K63-ubiquitination of RIPK2. This allows the recruitment of TAK1/TAB2/TAB3
complex and LUBAC, which can also mediate the linear ubiquitination of RIPK2. TAK1 then phosphorylates IKK𝛽, which in turn
phosphorylates I𝜅B and subsequently undergoes ubiquitination and proteasomal degradation. This frees NF-𝜅B (p50/p65) to translocate
to the nucleus and initiate transcription. Deubiquitinases A20 and OTULIN are negative regulators of these events by deubiquitinating K63
and M1 poly-Ub chains, respectively.

Ubiquitin ligases can also directly influence NLRP3 inflam-
masome activation. This can be exemplified by MARCH7,
which promotes ubiquitination of NLRP3, and this causes
its degradation upon dopamine stimulation as a mean to
control inflammasome activation [38]. Another example is
SCFFBXL2, whose activity is impaired upon LPS priming
preventing NLRP3 ubiquitination and its consequent degra-
dation [39] (Figure 3). Other ubiquitin ligases have also been
involved in control of NLRP3 ubiquitination. For instance,
TRIM30 can negatively regulate NLRP3 inflammasome by
modulating the levels of ROS species in the cell. TRIM30−/−
macrophages produce higher levels of ROS and potentiate
NLRP3 inflammasome activation; however the mechanisms
by which TRIM30 controls this remain unknown [40]. How-
ever, TRIM33 is essential for cytosolic RNA-induced NLRP3

inflammasome activation. TRIM33 ubiquitinates DHX33, a
cytosolic dsDNA sensor forNLRP3, allowingDHX33-NLRP3
interactions and consequent inflammasome activation [41].
Similarly to the NOD2 receptor activation, cIAP E3s are
also involved in the inflammasome activation. Attenuation
of cIAP activities, either by their deletion or by inhibition,
triggers NLRP3 and caspase-1 activation as well as RIP3
kinase-dependent IL-1𝛽 processing and secretion [42].

On the other hand, cIAP1 and cIAP2 can attach K63-
linked poly-Ub chains to caspase-1, thereby facilitating
caspase-1 activation and IL-1𝛽 release [43]. Caspase-1 ubiq-
uitination also occurs in response to the NLRP1 activator
anthrax lethal toxin [43, 44] although the type of ubiquitin
chains and whether this is a requirement for caspase-1
activation still remain unclear.
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Figure 3: Regulation of the NLRP3 inflammasome activation by the ubiquitin-proteasome system. Assembly of the NLRP3 inflammasome
complex occurs in response to awide variety of danger signals includingATP, bacterial toxins, or particulatematter such asmonosodiumurate
crystals.Theubiquitin ligasesMARCH7 and SCFBXL2 addK48-linked poly-Ub chains toNLRP3 as amean to control its levels by proteasomal
degradation. cIAPs on the contrary add K63 poly-Ub chains to NLRP3 and caspase-1, contributing to the assembly of the complex. A20 also
acts as a negative regulator of this complex. However, BRCC3 can deubiquitinate NLRP3, allowing it to form the complex and acting as a
positive regulator of this pathway. TRAF3, TRAF6, and LUBAC also ubiquitinate ASC by K63 or M1 poly-Ub chains and this contributes to
complex assembly. How other DUBs contribute to the assembly of the NLRP3 complex still remains unknown.

In addition to NLR and caspase-1, ubiquitin-mediated
inflammasome activation can be also promoted by modifica-
tion of the adaptor protein ASC. Activation of the inflamma-
some can induce autophagy as a mean to control inflamma-
some activation. In this situation, K63 poly-Ub modification
of ASC allows for its interaction with the autophagic adaptor
p62 and delivery of ASC to the autophagosome [45]. TRAF3
ubiquitin ligase ubiquitinates ASC, and abolishment of the
target lysine (K174) prevents inflammasome activation and
IL-1𝛽 release in response to viral infection [46]. Also, TRAF6-
mediated ASC ubiquitination has been recently reported
in response to far-infrared and proposed to constitute a
mechanism, which dampens inflammasome activation in

repair processes [47]. Interestingly ASC has been identified
as a substrate of HOIL-1L, a member of linear ubiquitination
complex LUBAC, and HOIL deficient macrophages present
an impaired inflammasome response [48]. In line with this,
macrophages deficient in SHARPIN, which is a different
member of the LUBAC complex, are not able to mount an
optimal inflammasome response [49].

All this evidence reveals that ubiquitination is an essential
modification for the control of the inflammasome activation.
It is then logical to assume that DUBs are important players
of these regulatory mechanisms. This was first suggested
by Juliana et al., who showed that NLRP3 is ubiquitinated
in resting macrophages and that, upon cell activation with



8 Mediators of Inflammation

priming (LPS) and activating signals (ATP, nigericin, and
MSU crystals), these ubiquitin chains are removed by DUBs,
allowing activation of the complex [50]. This report was
quickly followed by two other studies supporting these results
[51, 52], and it was Py et al. who identified BRCC3 as the
first DUB to be directly involved in inflammasome activation.
These reports showed that inhibition of DUB activity with
the DUB inhibitors bAP-15, WP1130, PR-619, and G5 blocks
NLRP3 but not NLRC4 or AIM2 mediated IL-1𝛽 release and
pyroptosis (Figure 3; Table 1). Moreover, a recent report has
demonstrated that histone deacetylase 6 (HDAC6) negatively
regulatesNLRP3 inflammasome activation.HDAC6 interacts
with NLRP3’s ubiquitin-binding domain and treatment with
the DUB inhibitor PR-619 results in an increased interaction
of NLRP3 with HDAC6. The authors suggest this is due to
an increased ubiquitination of NLRP3 and the consequent
inhibition of NLRP3-dependent caspase-1 activation [53].
The ability of these DUB inhibitors to block inflammasome
activation could explain the inhibitory effect of the com-
pound Bay 11-7082 on NLRP3 inflammasome independently
of its NF-𝜅B inhibitory activity [54] since this compound can
inhibit components of the ubiquitin system, including DUBs
[55, 56]. The other DUB, which has been directly implicated
in the inflammasome activation, is A20. In contrast to
BRCC3, A20 acts as a negative regulator of NLRP3 and
suppresses inflammasome activation by restricting ubiquiti-
nation of IL-1𝛽 and NLRP3 activation [57, 58].

Given the fine-tuning and the layers of regulation
required for both the inflammasome and DUB activation, it
is quite likely to think that different DUBs might perform
opposing functions pertaining to the inflammasome activa-
tion. Whether DUBs regulate the ubiquitination state of ASC
or caspase-1 involved in the inflammasome assembly still
remains unknown.

4. Pathogen Manipulation of DUBs to Control
PRR Signalling

During pathogenesis, deubiquitinating enzymes are regu-
lated both by microorganisms and by a host cell. Pathogens
can exploit the host ubiquitin system by expressing their
own ubiquitin-specific enzymes, and the host cell can up- or
downregulate expression and/or activity of host DUBs [59].

First, an example of a pathogen-encoded deubiquitinase
disturbing the host innate immune pathways is Salmonella’s
AvrA, which is a DUB that facilitates inhibition of the NF-
𝜅B pathway. AvrA leads to stabilization of I𝜅B𝛼 and prevents
nuclear translocation of NF-𝜅B p65. Also, depletion of AvrA
in Salmonella leads to significantly increased secretion of
cytokine IL-6 in the host cell, which is dependent on NF-𝜅B
pathway [60–63]. As a second example,Chlamydia trachoma-
tis encodes two DUBs, ChlaDub1 and ChlaDub2, which are
specific for ubiquitin but they also harbour deneddylating
activity [64]. ChlaDub1 binds and stabilizes I𝜅B𝛼, most
likely via its deubiquitination, and finally this can lead to
an inhibition of NF-𝜅B activation [65]. Since several known
bacterial DUBs directly target important functions in the
host immune system, development of selective inhibitors

for pathogenic DUBs could be exploited as a therapeutic
approach in the treatment of infections.

Bacterial infection can induce inflammasome activation
in the host cell [36] and deubiquitination has been implicated
in this process. Salmonella Typhimurium infection leads
to changes in the activity of several host DUBs, such as
USP4, USP5, UCHL3, and UCHL5, and increased activ-
ity of UCHL5 was found to contribute to the inflamma-
some activation during this infection [66]. Additionally,
enteropathogenic Escherichia coli protein NleA associates
with and interrupts deubiquitination of NLRP3, thereby
repressing inflammasome activation [67].

5. Deubiquitinases and Inflammatory Disease

Accumulating evidence indicates that somatic mutations in
DUBs are correlated with human disease. DUBs are genet-
ically altered in many human cancers (i.e., CYLD, A20, or
USP6) or contribute to the stability of oncogenes or tumour
suppressors (i.e., USP7, USP8, or BRCC3) [68]. Here we
will highlight DUBs with potential implications in immune
disease although the scope for other DUBs contributing to
disease is very high. Althoughmany of the studies mentioned
in this review have been performed in vitro in cell culture
models, the involvement of DUBs in inflammatory responses
has been also studied by using animal models, highlighting
the relevance of these proteases in a relevant tissue and
immune context (Table 1).

Mutations in the CYLD gene lead to a subtype of the
benign cancer predisposition syndrome of skin appendages
also known as Brooke-Spiegler syndrome, although inacti-
vation or downregulation of CYLD is also observed in a
variety of other cancers, including melanoma, and breast,
colon, lung, breast, cervical, and, recently, prostate cancer. As
previously mentioned CYLD can bind to NEMO and NF-𝜅B
that have been identified as its substrates. It is possible that the
negative regulation of NF-𝜅Bmediated by CYLD contributes
to its tumour suppression function given the increasingly
recognized role for NF-𝜅B in cancer advancement. CYLD
deactivation could provide specific advantage to tumour
cells by enhanced NF-𝜅B signalling [69–71]. CYLD-deficient
mice present abnormalities in their immune system. They
show increased basal and induced NF-𝜅B activation and can
develop autoimmune symptoms and colonic inflammation
with features of human inflammatory bowel disease [72],
and their inflammatory responses in response to pathogenic
infection are potentiated [73].

A20 is an important negative regulator of immune
response as we have mentioned before. Multiple mutations
in the A20 gene have been identified; however no inheritable
syndrome has so far been linkedwithA20 abnormalities.This
could be explained if these mutations were developmentally
critical. A20 mutations are strongly linked to autoimmunity,
lymphomas, and asthma [74, 75], highlighting important
differences to CYLD despite both targeting NF-𝜅B. This
might be explained by different chain preference, K48 and
K11 for A20 compared to the K63 and M1 chain preference
showed by CYLD [68]. A20−/− mice fail to regulate NF-𝜅B
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responses, develop severe inflammation and are hypersensi-
tive to LPS or TNF𝛼 leading to premature death [76]. Cell
specific ablation of A20 has revealed important knowledge
about the contribution of A20 to disease pathogenesis and
generated very useful mouse models for several conditions
like rheumatoid arthritis, lupus erythematosus, or inflamma-
tory bowel disease [75].

USP18 has been thoroughly studied in the context of viral
responses, since it regulates protein ISGylation in response
to viral infection. However Liu et al. also demonstrated that
USP18 deficient mice are resistant to experimental autoim-
mune encephalomyelitis (EAE) [77]. This study proposes
that USP18 regulates TAK1-TAB interaction and is hence
necessary forTh17 differentiation and autoimmune response.

DUBs can contribute to disease not only by mutations,
but also by an altered expression or activity. An example of
this is USP7, whose increased activity mediates the deubiq-
uitination and destabilization of a number of critical tumour
suppressors, including p53 or PTEN, and is by inference an
oncogenic prosurvival protein.The interrelationship between
p53, USP7, and MDM2 ubiquitin ligase is quite unique and
complex. USP7 can deubiquitinate and stabilize p53, but
interestingly it can also deubiquitinate and stabilize MDM2
indirectly leading to p53 destabilization and its degradation
by the proteasome [78]. USP7 also interacts and stabilizes
the ICP0 ubiquitin E3 ligase of herpes simplex virus (HSV),
which is required for the effective initiation of the lytic cycle,
facilitating lytic viral growth [79]. USP7 can also interact with
other viral proteins, such as the EBNA1 protein of the Epstein-
Barr virus (EBV) [80] and the Viral Interferon Regulatory
Factor 1 (vIRF1) of a Kaposi sarcoma herpesvirus protein [81].
In addition, and as mentioned before, USP7 plays a role by
regulating NF-𝜅B signalling [24, 25]. Unfortunately USP7−/−
mice are embryonically lethal explaining the lack of in vivo
studies to further characterize the role of USP7 in immune
responses and associated pathologies [82].

6. Modulating DUB Activity as a Novel
Inflammatory Therapeutic Approach

Given the importance of DUBs in inflammatory and other
pathological responses, it is certainly easy to think of DUBs
as potential therapeutic targets, whose modulation could
be beneficial for inflammatory conditions. However, up to
date there are no DUB targeting compounds that have been
approved for clinical use, either in the inflammatory or in
cancer context. The identification and success of inhibitors
that target other elements of the ubiquitin system suggest
that altering inflammation by targeting the ubiquitin system,
including DUBs, could be a viable approach to develop
novel anti-inflammatory treatments. An example of suc-
cessful development of UPS inhibitors has been achieved
with the proteasomal inhibitors Bortezomib or Carfilzomib,
which have been effected in multiple myeloma treatment
[83]. Another compound, MLN4924 (Nedd8-E1 enzyme
inhibitor), has reached phase I clinical trials [84] and SMAC
mimetics, which promote proteasomal degradation of cIAPs,

have recently proved to work in cancer patients through
phase I clinical trials [85].

DUB targeting drugs present a great potential as novel
therapeutic agents. DUBs present the advantage of being
druggable targets since they have a catalytic domain, and
unlike other UPS members, such as the E3 ubiquitin ligase
family with approx. 600 members, targeting the DUB family
seems an achievable target. Given the clear evidence of the
contribution of DUBs to disease there is a considerable effort
put into the development of compounds that modulate DUB
activity. Intensive research is being channelled to develop
selective DUB inhibitors, which could be applied to such dis-
eases like cancer, neurological and inflammatory disorders,
or infectious disease.

Despite these intensive efforts and great advances in the
DUB field, selective compounds have not reached clinical
trials yet. Although no DUB-selective compound has yet
reached clinical trials, the field is moving fast and in the
right direction. MISSION Therapeutics is developing new
DUB inhibitors that present good oral bioavailability and
low EC

50
s in cell viability assays. Proteostasis Therapeutics

in collaboration with Biogen is developing very promising
USP14 inhibitor series, while Genentech and Almac might be
developing a new therapeutic generation of USP7 inhibitors
[86, 87].

This is due to two main challenges: first not all DUBs
work in the same manner hence different strategies need
to be followed to develop these compounds and second we
do not completely understand how these enzymes function
and/or are regulated. In addition, many of the studies, which
address DUB functions, have been developed in in vitro
systems using either isolated proteins or cell lines that are
not relevant to function or disease. This might not reflect
the reality of DUB behaviour in a tissue-specific context and
more work has to be developed using in vivo mice models
and primary human cells. To achieve this, new and more
powerful tools are required, including in-cell based assays
to discriminate selective DUB function and cytotoxicity and
the development of inducible mouse models, which would
allow for the study of tissue-specific DUB functions. It is
fundamental that basic research and drug development teams
work in close collaboration to allow the success of these
compounds [86, 87].

Based on our actual knowledge on DUBs thinking that
not all DUBs will be good therapeutic targets is likely, since
some of them might share more than one substrate, which
play opposing roles in different tissues or be essential to
maintain homeostasis and health. For instance, targeting
USP7 in the oncology context would be a good therapeutic
strategy [88]; however we need to very carefully consider
the possible effects of inhibiting USP7 on the inflammatory
response to the tumour. Whether this would be detrimental
or beneficial still remains unknown. Similarly, we could argue
that potentiating A20 function in an inflammatory context
would be a plausible treatment; however more detailed
studies in the consequences of this approach are required.
The presence of DUBs in pathogens causative of disease,
such as virus, bacteria, or parasites, has also highlighted the
possibility of developing DUB inhibitors, which specifically
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target the pathogen and not the host. In the following years
new knowledge emerging from ongoing research will allow
scientists to discern those that constitute good targets and
offer promising new alternatives to existing therapeutics.

7. Concluding Remarks

Immune responses are strongly regulated by the addition
and removal of ubiquitin molecules, and although the roles
of E3 ubiquitin ligases in these signalling pathways are well
established, it is still unclear how DUBs contribute to PRR
signalling. The advances in this field due to novel tools
and approaches including advancedmass spectroscopic tech-
niques, ubiquitin linkage-specific antibodies, and structural
and biochemical studies will provide new insights into the
regulatory mechanism of immune signalling molecules by
DUBs and vice versa.

Since the involvement of DUBs in several inflammatory
conditions is clear, development of potent and selectiveDUB-
specific inhibitors or agonists could provide new therapeutics
to treat these conditions. For instance, given the high regula-
tion of NOD1/2 by ubiquitin and the contribution of NOD
mutations to inflammatory diseases such as inflammatory
bowel disease (IBD) or Crohn’s disease, it is possible that
DUBs could be used as a target in NOD-associated inflam-
matory conditions.

Similarly to the kinase research area 20 years ago the
DUB field is in its infancy. There are many challenges that
remain to be solved to further advance our understanding
of DUB function, specificity, and activity and to develop
compounds that inhibit this activity. However, the field is
advancing quickly, and hopefully new highly selective DUB
inhibitors will be developed very soon.
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Synovitis is an important disease that causes intractable pain in TMJ. Some investigations suggested that the increasing expression
of IL-1𝛽 secreted by synovial lining cells plays an important role in synovial inflammation and cartilage destruction in TMJ.
In our previous research, the results demonstrated that TLR4 is involved in the expression of IL-1𝛽 in SFs from TMJ with
lipopolysaccharide stimulation. However, the inflammatory response that occurred in synovialmembrane is not caused by bacterial
infection. In the current study, we investigated whether or not TLR4 participates in the inflammatory responses and the expression
of IL-1𝛽 in synovial membrane of rats induced by occlusal interference. The results showed that obvious inflammation changes
were observed in the synovial membranes and the expression of TLR4 and IL-1𝛽was increased at both mRNA and protein levels in
the occlusal interference rats. In addition, the inflammation reactions and the increased expression of IL-1𝛽 could be restrained by
treatment with TAK-242, a blocker of TLR4 signaling. The results prompted us that the activation of TLR4 may be involved in the
inflammatory reactions and increased expression of IL-1𝛽 in patients with synovitis and participate in themechanisms of the initia-
tion and development of synovial injury by regulating the expression of inflammatory mediators like IL-1𝛽 in synovial membranes.

1. Introduction

Temporomandibular disorder (TMD) is one of common and
frequently occurring diseases in department of stomatology.
A survey found that 9.7% of the population suffers from
conditions covered by TMD group I diagnosis (myofascial
pain) and 11.4% from conditions covered by TMD group II a
diagnosis (disk displacementwith reduction) [1].Thepatients
can experience some symptoms that seriously affect human
normal life andwork, for example, pain in Temporomandibu-
lar Joint (TMJ) and masticatory muscle and limited mouth
opening. The mechanisms of the initiation and development
of this disease are complicated and not completely clear,
and a lot of etiologic factors may be attributed to the
onset of disorder, as biomedical and psychological as well as
psychosocial impact factors and occlusal interferences [2–4].

Synovitis is an inflammation mainly occurs in synovial
membrane and joint capsule of TMJ. A series of investigations
[5, 6] on TMD has revealed the occurrence of inflammation
in the synovial membrane. Various inflammatory mediators
are thought to be involved in joint pathology, including
interleukin- (IL-) 1𝛽, tumor necrosis factor- (TNF-) 𝛼, and
matrixmetalloproteinases (MMPs) [7–9]. IL-1𝛽was reported
to be expressed by synovial lining cells and endothelial cells
of blood vessels [10], and it is suggested that the increasing
expression of IL-1𝛽 plays an important role in synovial
inflammation and cartilage destruction [11, 12].

In our previous research, we found that treatment with
lipopolysaccharide (LPS) could increase Toll-like receptor
(TLR) 4 (a transmembrane protein) and IL-1𝛽 expression at
both mRNA and protein levels in synovial fibroblasts (SFs)
separated from TMJ of rat, and the increased expression
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of IL-1𝛽 could be blocked by treatment with TAK-242, a
blocker of TLR4 signaling, and the cell surface receptor
TLR4 is involved in the expression of IL-1𝛽 in SFs from
TMJ with LPS stimulation [13]. However, the inflammatory
response that occurs in synovial membrane is not caused
by bacterial infection as we all know. In the current study,
we created an occlusal interference animal model [14] to
induce synovial injury by bonding crowns with a thickness
of 0.6mm to the right mandibular first molars of rats and
describe inflammatory response in the synovial membranes
and expression of TLR4 and IL-1𝛽. Besides, we injected TAK-
242 into upper compartment of TMJ to describe the change
of TLR4 and IL-1𝛽 expression in synovial lining cells, and we
wanted to investigate whether or not TLR4 participates in the
inflammatory responses and the expression of IL-1𝛽 in rats
induced by occlusal interference.

2. Materials and Methods

2.1. Subjects. Thirty-six male wistar rats (6-week old,
obtained from the ShandongUniversity Center of Laboratory
Animals, China) were housed under a 12-h light/dark cycle
with food and water available ad libitum. This study was
approved by the Animal Care and Use Committee at the
Shandong University.

2.2. Animal Model of Occlusal Interference. Rats were anes-
thetized with intraperitoneal injection of pentobarbital
sodium (0.5%, 40mg/kg). A metallic crown (0.6mm, uni-
form thickness) was bonded to the right mandibular first
molar using resin cement (Super-Bond C&B, Osaka, Japan).
Crowns were fabricated using cobalt chromium casting alloys
and designed to cover the occlusal, buccal, lingual, and
medial surfaces of the molars. Sham-treated rats in the
control group were anesthetized and their mouths were
forced opened for approximately five minutes using a proto-
col similar to the occlusal interference groups; however, no
crowns were cemented.

Thirty-six rats were randomly divided into three groups
(twelve rats in each group) and treated as follows: (1) control
group, these rats were anesthetized and mouths were forced
open for about 5min and received saline injections (10 𝜇L,
twice a week) into upper joint cavities of both sides of TMJs,
(2) occlusal interference group, these rats were treated to
create an occlusal interference animal model according to
methods above and received saline injections (10𝜇L, twice
a week) into upper joint cavities of both sides of TMJs, (3)
TAK-242 group, these rats were treated to create an occlusal
interference animal model according to methods above and
received TAK-242 injections (3mg/kg [15], diluted in 10𝜇L
DMSO, twice a week; Invitrogen, San Diego, CA, USA) into
upper joint cavities of both sides of TMJs.

2.3. Tissue Preparation. After two weeks, six rats in each
group were randomly selected and were euthanized by
overdose pentobarbital sodium. Then, rats were perfused
with heparinized saline followed by a cold fixative con-
taining 4% paraformaldehyde in 0.01M phosphate buffer

saline (PBS, pH 7.2). The right TMJs were removed, fixed
in 4% paraformaldehyde, and then demineralized in 15%
EDTA. After decalcification in 10% EDTA, the TMJs were
dehydrated, embedded in paraffin, and sectioned on the
sagittal plane at a thickness of 4 𝜇m.

The other six rats in each group were also anesthetized
with overdose pentobarbital sodium. The synovial tissues
were harvested from the right TMJs, rinsed with cold sterile
saline solution, and stored at −80∘C for real-time quantitative
polymerase chain reaction (PCR) assay.

2.4. Histopathologic Examination. The sagittal sections of
the central portion of the rat TMJ were selected from each
TMJ in all rats and stained with hematoxylin and eosin. The
histopathological findings were evaluated using measure that
is described as follows [16, 17]:

(1) Synovial lining hyperplasia was graded on a scale
from 0 to 2: grade 0, staining of 1–3 layers; grade 1,
staining of 4–6 layers; and grade 2, staining of 7 or
more layers.

(2) Dilated vasculature was graded on a scale from 0 to
3: grade 0, not present; grade 1, involving less than
one-third of the synovial membrane length; grade
2, involving one-third to two-thirds of the synovial
membrane length; grade 3, involving more than two-
thirds of the synovial membrane length.

(3) Fibrin deposits were graded on a scale from 0 to 3 (as
described for the vasculature).

(4) Vascularity was graded on a scale from 0 to 2: grade
0, a limited number (less than 5) of blood vessel
profiles/mm2; grade 1, focal occurrence of 5–10 small
blood vessel profiles/mm2; grade 2, focal occurrence
of a large number (more than 10) of small blood vessel
profiles/mm2.

2.5. Immunohistochemistry. After routine deparaffinization
and rehydration, the sections underwent antigen retrieval in
0.125% trypsin-EDTA (Solarbio, Beijing, China) for 20min
at 37∘C. Histostain�-Plus kits (ZSGB-Bio, Beijing, China)
were used according to themanufacturer’s recommendations.
After incubation in goat serum, sections were incubated with
the primary antibodies against TLR4 and IL-1𝛽 (1 : 1000, Cell
Signaling, Beverly, MA, USA), respectively, overnight at 4∘C.
After rinsing with 0.01M PBS, the sections were exposed
to goat anti-rabbit secondary antibody (ZSGB-Bio, Beijing,
China) for 30min at 37∘C, then were exposed to a solution
of horseradish peroxidase-conjugated avidin-biotin com-
plex (ZSGB-Bio, Beijing, China) for 20min at 37∘C. Then,
sections were visualized with 0.1% 3, 30-diaminobenzidine
dihydrochloride (DAB) (ZSGB-Bio, Beijing, China), and the
sections were counterstained with hematoxylin. The digital
images were captured using a microscopy digital camera
system (Olympus, Tokyo, Japan). The results were evaluated
semiquantitatively using the Image-Pro Plus 6.0 software.
Five sections per rat were assayed in high power, and the
mean optical density (MOD) wasmeasured, respectively.The
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Figure 1: Histological examination of synovial membranes. (a) Control group. (b) Occlusal interference group. (c) TAK-242 group. (d) The
histopathological score of each group. As the results shown, in comparisonwith the control group, the histopathological scorewas significantly
increased in the occlusal interference group.However, this effect could be inhibited significantly after treatmentwith the TAK-242.Data shows
all the values from independent samples of 𝑛 = 6, ∗𝑃 < 0.05 versus control group and #

𝑃 < 0.05 versus occlusal interference group.

mean of MOD of five sections was seen as relative protein
expression of this rat.

2.6. Real-Time Quantitative PCR. Total RNA was extracted
from synovial tissues using Trizol (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. The
first strand complementary DNA (cDNA) was synthesized
by reverse transcription using SYBR Prime Script TM RT
reagent Kit (Takara, Dalian, China). The levels of target
mRNA in synovial tissues were analyzed by quantitative
real-time PCR using SYBR Green I dye (Takara, Dalian,
China). The primer pairs used for PCR were as follows:
forward 5-CCTGTGCAATTTGACCATTG-3 and reverse
5-AAGCATTCCCACCTTTGTTG-3 for TLR4, forward
5-ACAAGGAGAGACAAGCAACGA-3 and reverse 5-
TCTGCTTGAGAGGTGCTGATG-3 for IL-1𝛽, and for-
ward 5-GAAGGTGAAGGTCGGAGTCG-3 and reverse 5-
GAAGATGGTGATGGGATTTC-3 for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

The amplification was performed in triplicate on a
LightCycler 480 QPCR System (Roche Diagnostics Ltd.,
Bern, Switzerland). Each gene was normalized against the
corresponding GAPDH levels and relative gene expression of
each sample was fold change (2−ΔΔCt) using the control group
as calibrator.

2.7. Statistical Analysis. Normally distributed variables were
expressed as means ± SD. Unpaired Student’s 𝑡-test was used
to compare differences between groups. Differences in data
values were defined significant at a 𝑃 < 0.05 using SPSS
statistical software package Version 17.0.

3. Results

3.1. Histological Examination. In the control group (Fig-
ure 1(a)), the synovial membranes of the TMJs did not show
inflammatory changes. In the occlusal interference group
(Figure 1(b)), obvious inflammation changes were observed
in the synovial membranes, such as apparent hyperplasia of
synovial lining cells, dilated blood vessels, proliferation of
blood vessels, and fibrin deposition. As shown in Figure 1(d),
in comparison with that in the controls, the histopathological
score was significantly increased in the occlusal interference
group. In the TAK-242 group (Figure 1(c)), the treatment
of TAK-242 markedly inhibited the inflammatory reactions,
although slight hyperplasia of synovial lining cells and dilated
blood vessels were still present. As shown in Figure 1(d), the
histopathological score became significantly lower after treat-
ment with the TAK-242 when compared with the occlusal
interference group.
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Figure 2:The expression of TLR4 in the synovial membranes. (a) Immunohistochemical staining for TLR4 in the membranes of the control
group. (b) Immunohistochemical staining for TLR4 in the membranes of occlusal interference group. (c) Immunohistochemical staining
for TLR4 in the membranes of TAK-242 group. (d) The mean optical density of each group. (e) The relative mRNA expression of TLR4 of
each group. As the results shown, in comparison with the control group, the expression of TLR4 was significantly increased in the occlusal
interference group at both protein and mRNA levels. However, this effect could be inhibited significantly after treatment with the TAK-242.
Data shows all the values from independent samples of 𝑛 = 6, ∗𝑃 < 0.05 versus control group and #

𝑃 < 0.05 versus occlusal interference group.

3.2. The Expression of TLR4 in the Synovial Membranes. As
shown in Figure 2(a), the immunohistochemistry revealed
that there are few synovial membranes could be stained,
and the synovial membranes in the control group hardly
expressed TLR4. Compared with the control group, the
area of synovial membranes stained was increased by the
experiment of occlusal interference (Figure 2(b)), and the
expression of TLR4 (Figure 2(d)) in the occlusal interference
group was improved. The same result was also found in
the mRNA expression (Figure 2(e)). In the TAK-242 group,
treatment with TAK-242 could reduce the area of synovial
membranes stained (Figure 2(c)). As shown in Figure 2(d),
the occlusal interference induced increased expression of
TLR4 was significantly reduced by the injection of TAK-242
compared with the occlusal interference group. Consistent
with the protein change, the mRNA expression of TLR4 was
also reduced (Figure 2(e)).

3.3. Effect of TLR4 on the Expression of IL-1𝛽 in the Synovial
Membranes. The results of immunohistochemistry staining
for IL-1𝛽 in the synovial membranes of the TMJ in each

groups were shown in Figures 3(a), 3(b), and 3(c). Compared
with the control group, the expression of IL-1𝛽 of synovial
membranes in the occlusal interference group was improved
at both protein (Figure 3(d)) and mRNA (Figure 3(e)) levels.
In the occlusal interference group, the treatment with TAK-
242 significantly reduced occlusal interference-enhanced IL-
1𝛽 expression at both protein (Figure 3(d)) and mRNA
(Figure 3(e)) levels compared with the occlusal interference
group.

4. Discussion

Thepatients of synovitis often suffered from pain in TMJ, and
pain was the main reason that prompts patients to seek treat-
ment at the hospital. The disease will continue to progress
if patients do not receive effective treatment. Occlusion was
defined as the balanced relationship between the incising
or masticating surfaces of the maxillary and mandibular
teeth. Experimental occlusal interference in animals could
result in mandibular condyle bone remodeling [18], and
another study [19] showed changes in blood flow in TMJ
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Figure 3: Effect of TLR4 on the expression of IL-1𝛽 in the synovialmembranes. (a) Immunohistochemical staining for IL-1𝛽 in themembranes
of the control group. (b) Immunohistochemical staining for IL-1𝛽 in themembranes of occlusal interference group. (c) Immunohistochemical
staining for IL-1𝛽 in themembranes of TAK-242 group. (d)Themean optical density of each group. (e)The relativemRNA expression of IL-1𝛽
of each group. As the results shown, in comparison with the control group, the expression of IL-1𝛽 was significantly increased in the occlusal
interference group at both protein and mRNA levels. However, this effect could be inhibited significantly after treatment with the TAK-242.
Data shows all the values from independent samples of 𝑛 = 6, ∗𝑃 < 0.05 versus control group and #

𝑃 < 0.05 versus occlusal interference
group.

induced by experimental occlusal interference, and these
changes possibly related to tissue damage and inflammation
inTMJ.Occlusal interferencewas a tooth contact that inhibits
the remaining occluding surfaces from achieving stable and
harmonious contacts and changed the stress in articular
cavity. The synovial membrane was sensitive tissue that feels
stress in the articular cavity, and may occurred pathologic
changes. In this study, we created an occlusal interference
animal model by bonding crowns with a thickness of 0.6mm
to right mandibular first molar and observed obvious inflam-
mation changes in the synovial membranes, such as apparent
hyperplasia of synovial lining cells, dilated blood vessels,
proliferation of blood vessels, and fibrin deposition. We
induced synovial injury successfully by this method and
provided experimental basis for the following research.

TLR4 is a member of the TLR (Toll-like receptor) family
of transmembrane proteins, recognizes conserved pathogen
associated molecular patterns like lipopolysaccharide (LPS),
viral double-stranded RNA, bacterial flagella, and viral and
bacterial CpGDNA, and generates innate immune responses

to pathogens by activating a cascade of proinflammatory
events [20]. Recent studies have found that endogenous
ligands such as saturated free fatty acids [21] and high
mobility group box-1 protein [22] can also activate TLR4.
When a ligand binds to TLR4 and its coreceptors CD14 and
MD-2, the adaptor molecules are recruited to the Toll/IL-
1 receptor (TIR) domain of TLR4. This interaction cascade
enables downstream signaling and mediates activation of a
transcriptional factor and nuclear factor- (NF-) 𝜅B, result-
ing in induction of proinflammatory genes, such as those
encoding TNF-𝛼, IL-6, and IL-1𝛽 [23, 24]. A serious of
studies has demonstrated that the TLR4 signaling pathways
play an important role in the progression of many diseases
by mediating the expression of proinflammatory cytokines.
Edfeldt et al. suggested that hyporesponsive TLR4 polymor-
phisms affect the susceptibility to myocardial infarction in
men and that TLR4-mediated innate immunity plays a role
in the pathogenesis of myocardial infarction [25]. A report
identified that the interaction TLR4 signaling pathway is
involved in the development of lung ischemia reperfusion
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injury (LIRI) [26]. Kim et al. cultivated the cartilage cells iso-
lated from patients with osteoarthritis and detected increased
expression of TLR4 mRNA [27]. In our previous study, we
found that the expression of TLR4 and IL-1𝛽was significantly
increased in SFs separated from rat TMJwith LPS stimulation
at both mRNA and protein levels, and LPS activated the
TLR4 signaling pathway in SFs. However, the inflammatory
response that occurred in synovial membrane is not caused
by bacterial infection as we all know. In the current study,
we wanted to investigate whether or not TLR4 participate in
the inflammatory responses and the expression of IL-1𝛽 in
rats induced by occlusal interference. As the results showed,
the expression of TLR4 and IL-1𝛽 in the synovial membranes
of the occlusal interference group was significantly increased
at both protein and mRNA levels. This finding prompted us
that maybe TLR4 participates in inflammatory response of
synovial membranes in rat. So, which endogenous ligands
are involved in the activation of TLR4 signaling in synovial
membranes of rats in the occlusal interference group? This
question remains an issue waiting for us to explore and
research.

TAK-242 is a specific inhibitor of TLR4, which could
selectively suppress TLR4-mediated myeloid differentiation
factor 88- (MyD88-) dependent pathway as well as TIR
domain-containing adapter-inducing IFN-𝛽 (TRIF) depen-
dent pathway by binding to Cys747 in the intracellular
domain of TLR4 and its inhibitory effect, is largely unaffected
by LPS concentration and types of TLR4 ligands, and finally
inhibits the expression of NO, TNF-𝛼, IL-6, and IL-1𝛽 [28,
29]. In previous researches, TAK-242 played a protective
effect in LPS-induced lung injury [30], and treatment with
TAK-242 showed benefits for sepsis [31]. In the current
study, we created an occlusal interference animal model
by bonding crowns with a thickness of 0.6mm to right
mandibular first molars and observed inflammation changes
as well as increased expression of IL-1𝛽 at both mRNA and
protein levels. However, the effect of occlusal interference
was significantly decreased by the use of TAK-242. In the
TAK-242 group, the histologic severity score of synovial
membranes became significantly lower after treatment with
the TAK-242 when compared with the occlusal interfer-
ence group. Consistent with the inflammatory reactions,
the increased expression of IL-1𝛽 was obviously reduced
at both mRNA and protein levels. These may represent an
important link between activation of TLR4 and the increased
expression of proinflammatory cytokines like IL-1𝛽 and the
inflammatory reactions of synovialmembranes in rats treated
with occlusal interference. However, the adaptor molecules
participate in intracellular signaling and the pathways of
intracellular signaling transduction triggered by TLR4 and
induce production of inflammatory mediators like IL-1𝛽,
which were not studied.

In the current study, we demonstrated that TLR4 involved
in the inflammatory reactions of synovialmembranes and the
expression of IL-1𝛽 at both mRNA and protein levels caused
by occlusal interference in rats. Additionally, the injection
of TAK-242 could inhibit the development of this disease.
The results prompted us that the activation of TLR4 may
be involved in the inflammatory reactions and increased

expression of IL-1𝛽 and participate in the mechanisms of
the initiation and development of synovial injury by reg-
ulating the expression of inflammatory mediators like IL-
1𝛽 in synovial membranes. Our research results provided
new theoretical evidences for study about pathogenesis of
synovitis in TMJ.
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Toxoplasma gondii is an obligate intracellular parasite that is the etiologic agent responsible for toxoplasmosis. Infection with T.
gondii results in activation of nucleotide binding domain and leucine rich repeat containing receptors (NLRs). NLR activation leads
to inflammasome formation, the activation of caspase-1, and the subsequent cleavage of IL-1𝛽 and IL-18. Recently, a noncanonical
inflammasome has been characterized which functions through caspase-11 and appears to augment many biological functions
previously considered to be dependent upon the canonical inflammasome. To better elucidate the function of this noncanonical
inflammasome in toxoplasmosis, we utilizedAsc−/− andCasp11−/−mice and infected these animals withT. gondii. Our data indicates
that caspase-11 modulates the innate immune response to T. gondii through a mechanism which is distinct from that currently
described for the canonical inflammasome. Asc−/− mice demonstrated increased disease pathogenesis during the acute phase of
T. gondii infection, whereasCasp11−/−mice demonstrated significantly attenuated disease pathogenesis and reduced inflammation.
This attenuated host response was associated with reduced local and systemic cytokine production, including diminished IL-1𝛽.
During the chronic phase of infection, caspase-11 deficiency resulted in increased neuroinflammation and tissue cyst burden in the
brain. Together, our data suggest that caspase-11 functions to protect the host by enhancing inflammation during the early phase of
infection in an effort to minimize disease pathogenesis during later stages of toxoplasmosis.

1. Introduction

Toxoplasma gondii is an intracellular apicomplexan parasite
that can infect a variety of vertebrate hosts including humans
and domestic animals. Transmission can occur through
food or drinking water contaminated with infective oocysts,
ingestion of meat infected with tissue cysts, or transpla-
centally from the mother to the fetus. Infection rates in
humans are high but clinical disease is most problematic in
immunocompromised individuals or when the infection is
congenital. It is well established that the Toll-like receptor
(TLR) family of pattern recognition receptors (PRRs) plays
a critical role in host defense against T. gondii. The TLR
associated adaptor protein myeloid differentiation primary
response gene 88 (MyD88) has been found to be essential in
the production of proinflammatory cytokines including IL-12

and IFN-𝛾 [1–3]. Likewise, roles have been described for TLR-
2, TLR-4, TLR-5, TLR-9, TLR-11, and TLR-12 [4–11].

In addition to the TLRs, other families of PRRs have
been shown to play a role in the innate immune response
against T. gondii. Recent studies have focused on members
of the nucleotide binding domain and leucine rich repeat
containing family of receptors (also referred to as NLRs).
NLRs are cytosolic PRRs which are important modulators of
inflammation through their regulation of the proinflamma-
tory cytokines IL-1𝛽 and IL-18, as well as their role in the
proinflammatory form of cell death termed pyroptosis [12].
Once a ligand binds the protein receptor, there is oligomeriza-
tion with procaspase-1 and the adaptor molecule apoptosis-
associated speck-like protein containing carboxy-terminal
caspase activation and recruitment domain (ASC) to form a
multimeric protein complex termed the inflammasome.This
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process cleaves cytosolic procaspase-1 into its active form,
which then cleaves cytosolic pro-IL-1𝛽 and pro-IL-18 into
their active forms. A diverse subgroup of NLRs have been
identified as forming inflammasomes following the sensing
of specific signals associatedwith intracellular pathogens [13].
The inflammasome formingNLRNLRP1 (nucleotide binding
domain and leucine rich repeat containing receptor P1) has
previously been identified as an essential sensor ofT. gondii in
rodents and mutations in NLRP1 have been shown to confer
susceptibility for human congenital toxoplasmosis [14–18].
Likewise, the inflammasome forming NLR NLRP3 has also
been shown to confer host protection following T. gondii
infection [17].

Recently, a noncanonical inflammasome has been identi-
fied and characterized [19].This noncanonical inflammasome
is responsible for recognizing intracellular lipopolysaccha-
ride (LPS), as well as recognizing and regulating the host
immune response to Escherichia coli, Citrobacter rodentium,
and Vibrio cholera [19]. Activation of the noncanonical
inflammasome appears to occur during acute inflammatory
conditions, such as sepsis, and activation results in IL-
1𝛽 and IL-18 cleavage through a canonical inflammasome-
dependent mechanism [19]. Activation of the noncanonical
inflammasome can also lead to pyroptosis; however, this
occurs through a mechanism that is independent of the
canonical inflammasome [19]. Unlike the canonical inflam-
masome, there is currently a paucity of data pertaining to
noncanonical inflammasome activation and function. For
example, it has recently been shown that LPS can directly
bind caspase-11, which is a critical caspase, to activate the
noncanonical inflammasome [20]. However, it is not clear if
other pathogen associated molecular patterns (PAMPs) can
stimulate this pathway or if noncanonical signaling plays any
role in host-pathogen responses that are not associated with
bacteria.

In the present study, we investigated the role of caspase-
11, which is an essential component of the noncanonical
inflammasome, in the pathogenesis of T. gondii. We hypoth-
esized that caspase-11 would significantly contribute to the
host innate immune response following T. gondii infection,
particularly during the acute phase, which is characterized
by robust inflammation. Our data show that IL-1𝛽 levels are
partly dependent on caspase-11 ex vivo in macrophages and
in vivo in mice. Casp11−/− animals appear to be relatively
resistant to T. gondii as they show significantly attenuated
changes in morbidity and mortality and reduced inflamma-
tion during the early phase of disease.This is in stark contrast
to the increased sensitivity observed in the Asc−/− mice
also evaluated in this study. Unfortunately, these protective
effects do not extend into later phases of the disease as
Casp11−/− mice develop significantly increased neuroinflam-
mation and brain tissue cysts, likely due to the attenu-
ated local inflammatory response during the acute phase.
Thus, our findings establish a role for caspase-11 beyond
the host immune response to bacteria and demonstrate a
critical role in the host-pathogen response following T. gondii
infection.

2. Materials and Methods

2.1. Experimental Animals. All studies were conducted in
accordance with Institutional Animal Care andUse Commit-
tee (IACUC) guidelines and according to the institutionally
approved animal protocol. The generation and characteri-
zation of Casp11−/− and Asc−/− mice have previously been
described [19, 21]. All experiments were conducted with 6–8-
week-old, female mice backcrossed for at least 12 generations
onto the C57Bl/6 background. Mice were injected intraperi-
toneallywith 1,000T. gondii tachyzoites (strainME49) diluted
in 400𝜇L phosphate-buffered saline (PBS). Morbidity and
mortality were monitored daily for 25 days after inoculation
(d.p.i.). Weight loss and clinical scores were assessed daily
following T. gondii inoculation. The clinical score is derived
from individual assessments of weight loss, body condition,
behavior, and gait, each individually scored on a scale of 0–5.
Individual scores are combined and averaged to generate the
composite clinical score. Mice were euthanized at day 15 after
inoculation to evaluate acute (or early) T. gondii infection or
at day 25 after inoculation to evaluate chronic (or late) T.
gondii infection. At euthanasia, whole blood was collected
via cardiac puncture and tissues were collected for further
processing.

2.2. Assessments of Inflammation. At harvest, samples of
brain, lung, heart, liver, spleen, and intestine were collected
and either stored at −80∘C for protein analysis or placed
into 10% buffered formalin for histopathology. Peritoneal
lavage fluid (PLF) was taken prior to organ collection.
Briefly, the skin overlying the abdominal cavity was incised
and reflected to reveal an intact peritoneum. A 27-gauge
needle was inserted and the abdomen was flushed with
5mL of sterile PBS. The samples were spun down and cell
supernatants utilized for cytokine analysis. Cell pellets were
resuspended and evaluated on a hemacytometer for total
nucleated cell counts. Additionally, cytospin preparations
were made and evaluated with Dif-Quik for differential cell
counts.

2.3. Histopathologic Examination. Formalin-fixed tissues
were routinely processed for histopathology. The paraffin-
embedded tissues were sectioned at 5 𝜇m and prepared for
hematoxylin and eosin (H&E) staining. H&E stained sections
were evaluated by a board-certified veterinary pathologist
(S.C.O.). Composite scores for brain inflammation were
determined by the numbers of inflammatory cells within
the leptomeninges (0–2) as well as within the parenchyma
itself (0–3). For the leptomeninges, scores were given as
follows: 0, no inflammatory cells identified, 1, less than 3
layers of inflammatory cells identified, or 2, greater than or
equal to 3 layers of inflammatory cells identified. For the
parenchyma, scores were given as follows: 0, no inflammatory
cells identified, 1, less than 3 layers of inflammatory cells
identified in perivascular spaces only, 2, greater than 3 layers
of inflammatory cells identified in perivascular spaces only,
or 3, inflammatory cells identified in perivascular spaces as
well as within the neuroparenchyma. T. gondii cysts were
identified as present or absent.
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2.4. Bone Marrow Derived Macrophage Isolation and Evalu-
ation. Bone marrow derived macrophages (BMDMs) were
isolated from the femurs of C57Bl/6, Casp11−/−, and Asc−/−
mice using standard procedures. The cells were cultured in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum, 20% L929-conditioned cell culture supernatant, 1x
L-glutamine, and 1x nonessential amino acids for 7 days.
BMDMs with or without LPS priming (100 ng/mL for 30
minutes) were infected with Me49 tachyzoites (Moiety of
Infection = 1) for 24 hours. Supernatants were removed for
cytokine measurements.

2.5. Cytokine Assessments. Cytokine analysis on cell-free
supernatants from PLF, BMDM supernatants, and tissue
homogenates as well as serum was performed using standard
enzyme-linked immunosorbent assay (ELISA) kits (BD Bio-
sciences). All results were normalized per weight of tissue or
volume of original sample.

2.6. Statistical Analysis. We utilized GraphPad Prism 5 statis-
tical software to conduct Analysis Of Variance (ANOVA) fol-
lowed by either Tukey-Kramer honest significant difference
or Newman-Keuls posttest to evaluate statistical significance
for multiple comparisons. Single data point comparisons
were evaluated by Student’s two-tailed 𝑡-test. Group survival
was assessed utilizing the Kaplan-Meier test. All data are
presented as the mean ± the standard error of the mean
(SEM) and in all cases a 𝑝 value less than 0.05 was considered
statistically significant.

3. Results

3.1. The Canonical NLR Inflammasome and Caspase-11 Are
Associated with IL-1𝛽 Production in Murine Macrophages
following Toxoplasma gondii Infection. While the role of the
canonical NLR inflammasome and caspase-1 in T. gondii
infection has been characterized, the contribution of the
noncanonical inflammasome and caspase-11 has yet to be
evaluated [14–18]. To determine if caspase-11 functions in the
host-parasite response, primary BMDMs were isolated from
wild type,Asc−/−, andCasp11−/−mice, as previously described
[22]. Previous studies have shown that canonical inflamma-
some activation and secretion of IL-1𝛽 by macrophages fol-
lowing exposure to T. gondii Me49 are dependent upon LPS
priming and parasite internalization and occur independent
of cell death [17]. To evaluate these findings in the Casp11−/−
macrophages, cells were primedwith 100 ng/mL of LPS for 30
minutes followed by exposure to T. gondii Me49 tachyzoites
(MOI = 1) or vehicle. T. gondii infection resulted in a
significant increase in IL-1𝛽 in wild type macrophages com-
pared to LPS primed mock infected macrophages (Figure 1).
Consistent with the previously demonstrated essential nature
of the canonical NLR inflammasome in sensing T. gondii,
IL-1𝛽 levels were markedly reduced in macrophages isolated
from Asc−/− mice (Figure 1). Casp11−/− macrophages infected
with T. gondii, interestingly, displayed intermediate levels of
IL-1𝛽 when compared to infected wild type and infected
Asc−/− macrophages (Figure 1). The attenuation in IL-1𝛽
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Figure 1: IL-1𝛽 levels are ablated in macrophages harvested from
Casp11−/− and Asc−/− mice following ex vivo infection with Tox-
oplasma gondii. Bone marrow derived macrophages were primed
with 100 ng/mL of LPS for 30mins prior to stimulation with either
Toxoplasma gondii Me49 (MOI = 1) or vehicle for 24 hrs. IL-1𝛽
levels in cell-free supernatants were quantified using ELISA. ∗𝑝 <
0.05; ∗∗𝑝 < 0.01. Data shown are representative of 3 independent
experiments utilizing 2 mice per genotype.

levels, rather than full ablation, observed in the Casp11−/−
macrophages suggests that caspase-11 and the noncanonical
inflammasome likely function to augment the activity of
the canonical inflammasome. This is consistent with prior
observations that suggest a synergistic model for caspase-11
function in bacteria sensing, where the noncanonical inflam-
masome complements canonical inflammasome signaling
and IL-1𝛽maturation during acute inflammation [19, 23–25].

3.2. In Vivo Caspase-11 Increases Toxoplasma gondii Patho-
genesis in the Early Stages of Disease. Activation of the
canonical NLRP1 and NLRP3 inflammasomes controls T.
gondii proliferation and minimizes disease pathogenesis [16,
17]. This conclusion is based on prior studies, which have
revealed thatNlrp1−/−,Nlrp3−/−,Casp1/11−/−, andAsc−/−mice
are highly susceptible to acute toxoplasmosis [16, 17]. To eval-
uate the contribution of caspase-11 in disease pathogenesis,
wild type, Casp11−/−, and Asc−/− mice were infected with
1,000 T. gondii Me49 tachyzoites via intraperitoneal (i.p.)
injection. Survival, weight change, and clinical parameters
associated with toxoplasmosis were assessed daily (Figure 2).
During early stages of the disease, typically characterized by
tachyzoite proliferation and acute inflammation, we observed
a significant decrease in survival of both wild type andAsc−/−
mice compared to mock injected animals (Figure 2(a)). Fifty
percent of the wild type mice required euthanasia by 14 d.p.i.
In the Asc−/− mice, we observed a significant decrease in
survival beginning at 9 d.p.i. and extending through 14 d.p.i.
Ultimately, 70%of theAsc−/−mice required euthanasia due to
acute toxoplasmosis (Figure 2(a)). Conversely, no Casp11−/−
mice required euthanasia and all of the animals survived
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Figure 2: Casp11−/− mice exhibit reduced susceptibility to Toxoplasma gondii infection. Wild type, Casp11−/−, and Asc−/− mice were infected
with 1,000 Toxoplasma gondiiMe49 tachyzoites via i.p. administration. Morbidity and mortality were monitored daily. (a) Kaplan-Meier plot
of WT, Asc−/−, and Casp11−/− mice survival. Mice were considered moribund when weight loss was sustained at or below −15% from baseline
and/or clinical parameters necessitated euthanasia. (b) Weight loss was evaluated daily and the percent change from baseline for each animal
was calculated. Data shown reflect 1–14 days after inoculation due to the significantly reduced survival of the wild type and Asc−/− mice at
day 15. (c) Casp11−/− mice demonstrate significantly attenuated clinical parameters associated with disease progression. The clinical score is
a composite of scores associated with weight loss, clinical condition, and behavior. ∗𝑝 < 0.05. Wild type mock, 𝑛 = 9; Asc−/− mock, 𝑛 = 9;
Casp11−/− mock, 𝑛 = 6; wild type Tg, 𝑛 = 18; Asc−/− Tg, 𝑛 = 18; Casp11−/− Tg, 𝑛 = 13. Data shown are representative of 3 independent studies.

(Figure 2(a)).These findings were also reflected in the weight
loss and clinical score data. All animals inoculated with
T. gondii demonstrated significantly increased weight loss
(Figure 2(b)). Wild type animals demonstrated a consistent
decrease in body weight between 8 and 14 d.p.i., which
was significantly greater than the weight loss observed for

either the Asc−/− or Casp11−/− mice (Figure 2(b)). While
weight loss was more rapid in the wild type animals, the
Asc−/− mice demonstrated higher clinical scores reflecting
more severe disease presentation (Figure 2(c)). Assessments
of clinical parameters associated with toxoplasmosis revealed
that disease progression was indeed severe in both wild
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type and Asc−/− mice while it was significantly attenuated
in the Casp11−/− animals (Figure 2(c)). Weight loss and
clinical parameters associated with disease were monitored
through day 25 in the surviving animals (data not shown).
While these parameters remained significantly reduced (5–
10% decrease) in all genotypes compared to the mock treated
animals, all of the animals that survived the acute phase of
T. gondii infection demonstrated a significant improvement
in morbidity and mortality throughout the remainder of
the study (data not shown). Together, these data confirm
previous findings by demonstrating the essential role of the
canonical inflammasome in maintaining host resistance to
T. gondii. In addition, these findings also reveal a unique
contribution for caspase-11 which appears to be distinct from
ASC and suggests that caspase-11 actually contributes to
disease severity during the acute phase of T. gondii infection.

3.3. Severe Toxoplasmosis Was Observed during the Acute
Phase of Toxoplasma gondii Infection That Resolved during
the Chronic Phase in All Surviving Animals. Previous studies
have shown that Casp1/11−/− mice are highly susceptible
to T. gondii infection in part due to failure to control
parasite load in the peritoneal cavity [16, 17]. These prior
studies utilized green fluorescent protein-luciferase (GFP-
LUC) expressing tachyzoites and whole body imaging to
evaluate parasite load. To investigate these findings in our
studies utilizing Asc−/− and Casp11−/− mice, we evaluated
histopathologic sections of peritoneal organs to directly
assess disease pathogenesis (Figure 3). All histopathology
was evaluated by a board certified veterinary pathologist
(S.C.O). At 15 days after infection, we detected robust
signs of infection and inflammation. Spleens from mice
harvested at Day 15 were characterized by expansion of
the lymphoid follicles by large numbers of macrophages
occasionally containing intracellular tachyzoites as well as
moderately increased numbers of lymphocytes and plasma
cells. Lymphocytolysis was a prominent feature in the spleen
and numerous animals exhibited pronounced accumulations
of fibrin, cellular debris, and intrahistiocytic and extracellular
tachyzoites on the serosal surface (Figures 3(a) and 3(b)).
No significant difference was observed between wild type,
Asc−/−, or Casp11−/− animals. Spleens from mice harvested
at day 25 exhibited milder evidence of disease character-
ized by significantly less inflammation and no evidence of
intracellular or extracellular tachyzoites (Figure 3(a)). Addi-
tionally, by day 25, all infected animals had developed mild
evidence of inflammation in the liver as well (Figure 3(a)).
Additionally, we did detect a significant tachyzoite burden
andmoderate-to-severe inflammation in the lungs in infected
animals harvested at day 25 (data not shown). However, our
analysis revealed that there were no significant differences
in histopathology or parasite burden between the wild type,
Asc−/−, and Casp11−/− mice in any of the abdominal or
thoracic organs evaluated. This is in contrast to the prior
study that suggested increased parasite replication in the
absence of the canonical inflammasome [17]. The differences
observed between the prior studies and the current data
can be reconciled by considering methodological differences

between themodels aswell as temporal and spatial differences
in disease pathogenesis. Both prior studies utilized biolumi-
nescence as an indirect assessment of disease pathogenesis
[16, 17], whereas the current study utilized histopathological
evaluation. Histopathological assessments are a more direct
method of assessment and provide higher resolution asso-
ciated with parasite localization. However, this approach is
less quantitative compared to the bioluminescence approach.
Likewise, the prior study evaluating Asc−/− mice focused on
earlier time points (days 5 and 7), which may reflect the peak
in tachyzoite proliferation [17]. Meanwhile, the current study
evaluated day 15 which represented the peak inmorbidity and
mortality and may better reflect the peak in the host immune
response.

3.4. Inflammation during the Acute Phase of Toxoplasma
gondii Infection Is Increased by Caspase-11. T. gondii infection
results in the rapid and acute induction of the innate immune
response, which results in significant leukocytemigration. To
evaluate this response in the absence of ASC and caspase-11,
we collected PLF from animals 15 d.p.i. The total cellularity
of each animal was evaluated using trypan blue staining and
counted on a hemacytometer. T. gondii infection resulted in
a significant increase in leukocytes in the peritoneal cavity
in wild type mice (Figure 4(a)). We observed a significant
increase in PLF cellularity in the Asc−/− mice compared
to the wild type animals (Figure 4(a)). These findings are
consistent with a loss of immune system homeostasis and
increased overall inflammation in these animals as described
in other models of acute disease [25–27]. Unlike Asc−/−
mice, we observed a significant attenuation in PLF cellularity
in Casp11−/− animals compared to wild type mice (Fig-
ure 4(a)). Overzealous inflammation is a major contributing
factor to increased morbidity and reduced survival during
acute disease. Thus, the significantly attenuated leukocyte
infiltration observed in Casp11−/− mice in the peritoneal
cavity is consistent with the improved survival and reduced
clinical features observed in these animals. In order to
better characterize the infiltrating leukocytes, cytospins were
generated from each PLF sample and differential staining was
utilized to determine the specific cell populations associated
with the immune response for each genotype. The cellular
composition of the PLF was significantly altered 15 d.p.i. with
T. gondii (Figures 4(b)–4(e)). Monocyte derived cells repre-
sented the dominant cellular population in all mock treated
animals (Figure 4(b)). However, followingT. gondii infection,
we observed a significant decrease in the percentage of
monocytes and a significant increase in polymorphonuclear
(PMN) cells in the PLF (Figures 4(b) and 4(d)). In both
Asc−/− and Casp11−/− mice, we observed significant decreases
in the PMN cell population and significant increases in
the lymphocyte population compared to the wild type mice
(Figures 4(d) and 4(e)). We also observed a significant
increase in the percentage of monocytes in Casp11−/− mice
compared to wild type mice (Figure 4(b)). Interestingly, we
observed a significant decrease in themast cell populations in
both mock and T. gondii infected Asc−/− mice (Figure 4(c)).
Decreased mast cell populations have not been reported in
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Figure 3: Toxoplasma gondii tachyzoites induced severe toxoplasmosis which resolved during the chronic phase of disease in all surviving
animals. Wild type, Casp11−/−, and Asc−/− mice were infected with 1,000 Toxoplasma gondii Me49 tachyzoites via i.p. administration and
necropsied at 15 and 25 days after inoculation (d.p.i.). (a) Tachyzoite injection resulted in significantly increased spleen histopathology at
15 d.p.i. in all animals regardless of genotype. By 25 d.p.i., spleen histopathology was markedly improved with only minimal evidence of prior
disease for all inoculated genotypes. Mild-to-moderate inflammation was observed in the livers of all infected mice. 20x magnification. (b)
T. gondii tachyzoites were found in high concentrations in the spleen of all inoculated animals at 15 d.p.i. with no significant difference noted
between genotypes. 100x magnification. Wild type mock, 𝑛 = 9; Asc−/− mock, 𝑛 = 9; Casp11−/− mock, 𝑛 = 6; wild type Tg, 𝑛 = 18; Asc−/− Tg,
𝑛 = 18; Casp11−/− Tg, 𝑛 = 13. Data shown are representative of histopathology evaluated over the course of 3 independent studies.

Asc−/− mice and, if confirmed, may represent an interesting
direction for future studies. In the context of T. gondii
infection, reduced numbers ofmast cells have been correlated
to increased disease pathogenesis [28] and may underlie the
increased disease severity inAsc−/−mice reported here and in

prior studies [16, 17]. Together, these data reflect significant
differences in the overall immune response between Asc−/−

mice and Casp11−/− animals, whereas the composition of
the cells being recruited to the peritoneal cavity is similar
between the two mouse strains during acute toxoplasmosis.
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Figure 4: Peritoneal inflammation was significantly attenuated in Casp11−/− mice. Wild type, Casp11−/−, and Asc−/− mice were infected
with 1,000 Toxoplasma gondii Me49 tachyzoites via i.p. administration and peritoneal lavage fluid (PLF) was collected 15 days after
inoculation. (a) Total PLF cellularity was determined for each treatment group using trypan blue staining and a hemacytometer. (b–e) PLF
leukocyte populations were determined following differential staining of cytospun samples. The percentages of monocytes (b), mast cells (c),
polymorphonuclear cells (neutrophils and eosinophils) (d), and lymphocytes (e) were determined for each animal. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01.
Data shown are representative of histopathology evaluated over the course of 3 independent studies. Wild type mock, 𝑛 = 9; Asc−/− mock,
𝑛 = 9; Casp11−/− mock, 𝑛 = 6; wild type Tg, 𝑛 = 18; Asc−/− Tg, 𝑛 = 18; Casp11−/− Tg, 𝑛 = 13. Data shown are representative of 3 independent
studies.

3.5. Local and Systemic Levels of Proinflammatory Cytokines
Are Significantly Attenuated during the Acute Phase of Tox-
oplasma gondii Infection in the Absence of Caspase-11. IL-1𝛽
production following T. gondii infection has been shown to
be dependent upon canonical NLRP1 and NLRP3 inflam-
masome activation [16, 17]. To evaluate the contribution of
caspase-11 in this process, we evaluated systemic and local
cytokine levels in the serum and PLF, respectively, from our
wild type, Asc−/−, and Casp11−/− mice. T. gondii infection
resulted in a significant increase in both systemic and local
levels of both IL-1𝛽 and IL-6 in the wild type animals 15
d.p.i. (Figures 5(a)–5(d)). Following infection, IL-1𝛽 was
significantly attenuated in both serum and PLF from Asc−/−
mice compared to the wild type animals (Figures 5(a) and

5(c)). This appears to be specific to IL-1𝛽 as IL-6 levels
were significantly higher in Asc−/− mice compared to the
wild type animals (Figures 5(b) and 5(d)). In addition to
our findings in Asc−/− mice, we also observed a significant
attenuation in both local and systemic IL-1𝛽 levels during
acute T. gondii infection in the Casp11−/− animals (Figures
5(a) and 5(c)). However, unlike the data reported for mice
lacking ASC, we also observed a significant attenuation in
systemic IL-6 levels in the serum from the Casp11−/− mice
compared to the wild type mice (Figure 5(b)). Local levels
of IL-6 were significantly increased in the PLF from the
Casp11−/−mice, similar to wild type levels, following T. gondii
infection (Figure 5(d)). The reduction in systemic IL-6 likely
reflects the overall improvement in morbidity and mortality
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Figure 5: Local and systemic levels of IL-1𝛽 and IL-6 were significantly attenuated in Casp11−/− mice following infection with Toxoplasma
gondii. Whole blood, peritoneal lavage fluid (PLF), and brains were collected from wild type, Casp11−/−, and Asc−/− mice 15 days after
inoculation with Toxoplasma gondiiMe49 (a–d). IL-1𝛽 and IL-6 levels were determined in (a, b) serum and (c, d) cell-free PLF supernatant
by ELISA. (e) IFN-𝛾 levels were also evaluated in the cell-free PLF supernatant. (f, g) Brain samples were weighed and homogenized, and
IL-1𝛽 and IL-6 levels were determined using the resultant cell-free supernatants. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01. Wild type mock, 𝑛 = 9; Asc−/− mock,
𝑛 = 9; Casp11−/− mock, 𝑛 = 6; wild type Tg, 𝑛 = 18; Asc−/− Tg, 𝑛 = 18; Casp11−/− Tg, 𝑛 = 13. Data shown are representative of 3 independent
studies.
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and attenuated immune response observed in the Casp11−/−

animals compared to the wild type and Asc−/− mice. In
addition to IL-1𝛽 and IL-6, we also evaluated IFN-𝛾 levels in
the PLF (Figure 5(e)). IFN-𝛾 is a critical cytokine that plays
an essential role in controllingT. gondii proliferation and host
protection [3, 29]. IFN-𝛾 levels were significantly increased
15 d.p.i. in all of the infected mice compared to the mock
treated animals. However, no significant difference in IFN-𝛾
was detected between the different genotypes (Figure 5(e)).
In addition to local and systemic cytokine responses, we
also evaluated IL-1𝛽 and IL-6 levels in the brain at 15 d.p.i.
The brain is one of the primary target organs of T. gondii.
During the acute phase of infection, we observed a significant
increase in IL-1𝛽 in brains collected from both wild type and
Casp11−/− mice compared to the mock treated animals, with
no differences between genotypes (Figure 5(f)). However, IL-
1𝛽 was significantly attenuated in Asc−/− mice compared to
either wild type or Casp11−/− animals (Figure 5(f)). It should
be noted that the background levels of IL-1𝛽 were signifi-
cantly increased in the brains from all animals regardless of
genotype or treatment (Figure 5(f)). This is consistent with
previous data that reported increased pro-IL-1𝛽 transcription
levels in the brain at baseline [30]. In general, we have found
this to be typical in tissue homogenates, which often include
high levels of pro-IL-1𝛽 which is recognized by the ELISA
based assays used in the current study. IL-6was also evaluated
in these samples. While we observed a slight increase in
IL-6 in all infected mice, the overall levels of this cytokine
were very low in the brain at this stage of T. gondii infection
(Figure 5(g)). Together, these data are consistent with the
prior studies evaluating ASC function in the acute stages of
T. gondii infection and confirm the previous observations
that IL-1𝛽 processing is deficient in the absence of canonical
inflammasome signaling [16, 17]. Prior studies have shown
that the noncanonical inflammasome augments canonical
inflammasome function and the maturation of IL-1𝛽 during
acute inflammation [31]. The data shown here are consis-
tent with this previously described mechanism and further
suggest that caspase-11, and more broadly the noncanonical
inflammasome, likely functions through similar mechanisms
as those previously reported for sepsis and acute bacteremia
to modulate the host-parasite response to T. gondii [19].

3.6. Caspase-11 Mediated Inflammation during Acute Toxo-
plasma gondii Infection Results in Decreased Neuroinflamma-
tion during the Chronic Phase. The chronic phase of T. gondii
infection is typically characterized by attenuated inflamma-
tion and the transition of the parasite from the tachyzoite
stage to the cyst stage [32].During this stage of the disease, the
brain becomes an important refuge forT. gondii and is usually
associated with benign clinical features of disease [33]. Mice
surviving early infection were monitored for additional 10
days and necropsied 25 d.p.i. to evaluate disease pathogenesis
in later stages. The majority of tissues showed only minor
signs of prior disease (Figure 3). However, we did observe
a significant amount of neuroinflammation in the brains
of all infected mice (Figure 6). Brain histopathology was
evaluated by a board certified veterinary pathologist (S.C.O.)

following H&E staining. Brain inflammation scores were
generated based on assessments of the presence and amount
of inflammatory cells within perivascular spaces and whether
or not they extended into the adjacent parenchyma as well
as the amounts of inflammatory cells present in the lep-
tomeninges. The presence of T. gondii cysts within the tissue
was also evaluated. T. gondii infection resulted in a significant
increase in neuroinflammation in all of the infected mice at
25 d.p.i. compared to the mock treated animals (Figures 6(a)
and 6(b)). However, the neuroinflammation observed in the
Casp11−/− mice was significantly increased at this time point
compared to the wild type and Asc−/− mice (Figures 6(a)
and 6(b)). In the Casp11−/− mice, leukocytes were observed
within perivascular spaces and often extended into the brain
tissue (Figure 6(a)). We also observed significant differences
in leptomeningitis following T. gondii infection (Figures 6(c)
and 6(d)). Leptomeningitis refers to inflammation associated
with the subarachnoid space in the brain and has been
previously associated with T. gondii infection in humans [34,
35]. Leptomeningitis developed in all of the T. gondii infected
mice. However, the condition was significantly increased in
the Casp11−/− animals compared to the wild type and Asc−/−
mice (Figures 6(c)-6(d)). The underlying cause of this highly
serious presentation of toxoplasmosis in humans is unknown.
However, the condition appears to occur more often in the
context of immunosuppression or attenuated innate immune
responses [34, 35].

3.7. Caspase-11 Attenuates Toxoplasma gondii Brain Cyst
Burden. The formation of tissue cysts is the basis of T. gondii
persistence in infected humans and animals. Indeed, themost
frequent mechanism of primary infection is the ingestion
of these tissue cysts [36]. In the brain, T. gondii generates
latent cysts, which have been suggested to be associated with
tachyzoite invasion ofmicroglia, astrocytes, and neurons [37–
41]. While these cysts tend to be considered asymptomatic
in healthy individuals, reactivation in immunocompromised
patients may result in fatal toxoplasmic encephalitis [42].
Cyst formation in the brain was evaluated by histopathology
15 and 25 d.p.i. (Figures 7(a)–7(c)). No brain cysts were
identified in samples from mice harvested at 15 d.p.i. but
they were present in mice harvested at 25 d.p.i. Brain cysts
were detected less frequently in histopathology sections from
wild type (37.5%) and Asc−/− (12.5%) mice compared with
the Casp11−/− (85.7%) animals (Figure 7(b)). Increased cyst
formation is a response of the pathogen to the stresses of
the tissue environment including the host immune response
(reviewed in [43]). Thus, this finding is consistent with our
neuroinflammation observations in the Casp11−/− mice (Fig-
ure 6). Interestingly, these data are also consistent with prior
studies that have noted a significant increase in brain cyst
formation in caspase-1/caspase-11 double knockout mice and
in MyD88−/− animals [16, 44]. The mechanisms underlying
these observations are still undetermined. However, similar
to the findings from the caspase-1/caspase-11 and MyD88
studies, our data reveals that caspase-11 also plays a critical
role, either directly or indirectly, in attenuating brain cyst
burden.
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Figure 6: Toxoplasma gondii infection resulted in increased brain inflammation in Casp11−/− mice during late stages of disease. Wild type,
Casp11−/−, and Asc−/− mice were infected with 1,000 Toxoplasma gondii Me49 tachyzoites via i.p. administration and brains were evaluated
25 days after inoculation in surviving mice. (a) Histopathologic assessments of H&E stained sections revealed increased inflammation in the
brains fromall animals infectedwithT. gondii. 20xmagnification. (b) Parameters associatedwith neuroinflammationwere assessed and scored
for each animal. Composite scores for each animalwere averaged to generate a semiquantitative brain inflammation score. (c) Leptomeningitis
was a predominate feature in all T. gondii infected animals. 20x magnification. (d) Histopathology scoring revealed significant increases in
leptomeningitis in Casp11−/− mice. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01. For all mock treated animals, 𝑛 = 3. For all T. gondii inoculated animals, 𝑛 = 7.
Data shown are representative of 2 independent studies.

4. Discussion

Host resistance against intracellular pathogens, such as T.
gondii, relies on a complex network of PRRs. The majority of

studies to date have focused on TLR signaling pathways and
have shown that resistance to T. gondii is driven by a diverse
range of TLRs and is dependent upon the adaptor protein
MyD88 [5–7, 44]. In addition to TLR signaling, members
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Figure 7: Toxoplasma gondii infection resulted in a greater brain tissue cyst burden in Casp11−/− mice during the chronic phase of disease.
Wild type, Casp11−/−, and Asc−/− mice were infected with 1,000 Toxoplasma gondiiMe49 tachyzoites via i.p. administration and brain tissue
cyst formation was evaluated by histopathology 25 days after inoculation in surviving mice. (a) Histopathology assessments of H&E stained
sections revealed tissue cyst formation in the brains from all genotypes infected withT. gondii. 20xmagnification, 40x insert. (b)The presence
of tissue cysts with the brain was assessed for each animal and the percent of animals with tissue cysts was determined. (c) Highmagnification
image of a brain tissue cyst from a Casp11−/− mouse. 100x magnification. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01. For all mock treated animals, 𝑛 = 3. For all
T. gondii inoculated animals, 𝑛 = 7. Data shown are representative of 2 independent studies.

of the inflammasome forming NLR family have also been
identified as critical mediators of host resistance to T. gondii
[17]. Initial studies using humanmonocytes and genetic abla-
tion of ASC revealed that IL-1𝛽 release was dependent upon
canonical inflammasome components in this in vitro system
[45]. Additional mechanistic studies revealed that canonical
NLR inflammasome activation and IL-1𝛽 production in
human monocytes were associated with the recognition of T.
gondii protein GRA15 [45]. These studies supported previous
observations, also in the human monocyte system, which
revealed NLRP1 as the NLR responsible for inflammasome
formation following T. gondii infection. Though we did not
test individual NLRs as a part of our current study, our
findings using BMDMs from Asc−/− mice largely support

these prior observations [16, 17]. However, the direct sensing
of GRA15, or any other known PAMP associated with T.
gondii, by an NLR family member is yet to be established and
the mechanism of inflammasome activation by this parasite
is still quite unclear.

Beyond macrophage studies, the NLRP1 and NLRP3
inflammasomes have also been shown to significantly mod-
ulate T. gondii pathogenesis in vivo [17]. Mice lacking
ASC, NLRP1, and NLRP3 are highly susceptible to parasite
infection [17]. In these studies, the sensitivity to T. gondii
appears to be associated with reduced systemic IL-18, rather
than IL-1𝛽, which allows increased parasite replication and
reduced animal survival [17]. Mice deficient in IL-18 and
IL-18 signaling were subsequently utilized to confirm this
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mechanism and the resultant findings revealed that these ani-
mals were also sensitive to T. gondii infection [17]. Our in vivo
findings utilizing the Asc−/− mice are highly consistent with
these prior observations and strongly imply that canonical
inflammasome activation plays a vital role in promoting host
resistance to T. gondii. While our overall conclusions support
the prior studies, our current data does differ in the potential
mechanism described. The apparent discrepancy between
studies can be reconciled based on a variety of factors that
can influence local and systemic cytokine levels following T.
gondii infection inmice, including the infection dose/severity
of disease, the timing of sample collection, the parasite strain,
genetic modifications of the parental parasite strain, and the
life cycle stage of the parasite at the time of sample collection
[46].

It has recently come to light that studies of caspase-
1 function have utilized Casp1/11−/− double knockout mice
[17, 19]. Consistent with the loss of both canonical and
noncanonical inflammasome signaling, macrophages from
these animals also show ablated IL-1𝛽 [16, 17]. However,
because both caspases are deficient in these animals, it has
been difficult to discern a specific role for caspase-1 or
caspase-11 in T. gondii pathogenesis. To better address this
issue, we utilized Casp11−/− single knockout mice [19]. These
animals have proven to be highly useful in characteriz-
ing canonical versus noncanonical inflammasome function
following bacterial infection [19]. Here, we show that IL-
1𝛽 production in Casp11−/− macrophages is significantly
attenuated to levels which are comparable to those observed
inAsc−/−macrophages (Figure 1).This is consistentwith prior
findings associated with caspase-11 function following LPS
stimulation [19]. The current model of caspase-11 function
focuses on its sensing of bacterial LPS, which has been shown
to be a potent trigger of both canonical and noncanonical
inflammasome signaling [47]. Extracellular LPS is recognized
by TLR4 and serves as a priming signal for the canonical NLR
inflammasome [48]. However, intracellular LPS appears to
directly bind to and trigger caspase-11, resulting in canonical
and noncanonical inflammasome activation in the cytoplasm
[20]. Since T. gondii does not have LPS, this suggests
that caspase-11 is associated with the recognition of some
other aspect of this intracellular parasite to modulate IL-
1𝛽 production. One possible mechanism could be associated
withpotassium efflux, which is important to T. gondii egress
from infected cells [49]. Recent studies using acute LPS
exposure have suggested that potassium efflux can directly
modulate caspase-11 activation of the NLRP3 inflammasome
[50].While this has not been directly evaluated in the context
of T. gondii infection, this may be a possible mechanism
underlying caspase-11 function.

Our data suggest that the loss of caspase-11 plays a
protective role shortly after T. gondii exposure as Casp11−/−
mice have improved survival and reduced local and systemic
inflammation during earlier time points. These observations
are consistent with the reduced levels of IL-1𝛽 and other
proinflammatory cytokines, such as IL-6 (Figure 5). The
pathogenesis is significantly different between the Casp11−/−

and Asc−/− mice. Combined with the prior data related
to ASC and caspase-1/11, these data suggest that caspase-
1 and caspase-11 have distinct, nonredundant functions fol-
lowing T. gondii infection. It is possible that the canon-
ical inflammasome modulates IL-18 and controls parasite
replication, as previously reported [17], whereas caspase-11
and the noncanonical inflammasome modulate IL-1𝛽 and/or
cell death, which act to increase local inflammation and
minimize parasite migration to the brain. Supporting this
hypothesis, in the Casp11−/− mice, we show attenuated local
inflammation during acute infection yet with limited effects
on tachyzoite burden in the local tissues (spleen and liver)
(Figure 3). However, during the later stages of infection,
the Casp11−/− mice present with greater neuroinflammation
and cyst burden compared to the surviving wild type and
Asc−/− animals (Figures 6 and 7). Similar data has been
reported forMyD88−/− mice [44]. However, the mechanisms
associated with the increased parasite migration and neu-
ropathological effects were not fully discovered. Together,
these data suggest that reduced local inflammation can
result in improved morbidity and survival during early
stages of disease, while creating an environment favor-
able for systemic expansion and ultimately increased brain
localization.

The findings presented here suggest that caspase-11 func-
tion extends well beyond the currently characterized mech-
anisms associated with LPS recognition and acute bacterial
infections. Our data show that caspase-11 is associated with
increased inflammation during acute T. gondii infection,
which results in attenuated neuroinflammation and reduced
brain cyst burden during chronic phases of the disease.
These data may suggest a role for caspase-11 in response to
a currently undefined molecular pattern associated with T.
gondii or may suggest that the noncanonical inflammasome
is being activated by intracellular changes driven by the
parasite, such as changes in potassium efflux. It is clear that
additional mechanistic insight is needed to better define the
interaction between these inflammasome pathways and para-
site associated factors. Likewise, additional insight pertaining
to the relationship between members of the TLR and NLR
families in initiating the host immune response following
T. gondii infection is necessary to better define the host-
pathogen interactions. We anticipate that better defining the
contribution of specific elements associated with the host
innate immune response to this parasite will result in new
therapeutic options and strategies to protect against this
pervasive human pathogen.
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Reports on the effect of prenatal vitamin D status on fetal immune development and infectious diseases in childhood are limited.
The aim of this study was to investigate the role of maternal and cord blood vitamin D level in TLR-related innate immunity and its
effect on infectious outcome. Maternal and cord blood 25 (OH)D level were examined from 372 maternal-neonatal pairs and their
correlation with TLR-triggered TNF-𝛼, IL-6, and IL-10 response at birth was assessed. Clinical outcomes related to infection at 12
months of age were also evaluated. The result showed that 75% of the pregnant mothers and 75.8% of the neonates were vitamin
deficient. There was a high correlation between maternal and cord 25(OH)D levels (𝑟 = 0.67, 𝑝 < 0.001). Maternal vitamin D level
was inversely correlated with IL-10 response to TLR3 (𝑝 = 0.004) and TLR7-8 stimulation (𝑝 = 0.006). However, none of the TLR-
triggered cytokine productions were associated with cord 25(OH)D concentration. There was no relationship between maternal
and cord blood vitamin D status with infectious diseases during infancy. In conclusion, our study had shown that maternal vitamin
D, but not cord vitamin D level, was associated with viral TLR-triggered IL-10 response.

1. Introduction

Vitamin D has been shown to play an important role in
both the innate and adaptive immune system. In vitro studies
have demonstrated vitamin D to correlate with alterations of
several cytokines such as IL-4, IL-5, IL-6, IL-10, IL-13, and
interferon 𝛾 [1–3]. Hence, as a potent immune modulator,
vitaminDwas shown to be associated with childhood asthma
and allergic diseases [4–6]. In addition to allergic diseases,
vitamin D also partakes a potential role in airway inflam-
mation, thus, strongly linked with acute infectious illness
such as upper or lower respiratory tract infections, sepsis,

and hospitalization [7–10]. Given the important immune
modulatory role of vitamin D, the link between Toll-like
receptors- (TLRs-) mediated innate immunity and vitamin D
deserves in-depth investigation. Studies have shown vitamin
D to downregulate TLR expression in order to dampen
immune cytokine response in multiple basic science models
[11–13]. In contrast, some reports have shown treatment with
vitamin D to result in increased TLR activation. In a cohort
study of 225 infants, higher 25(OH)D

3
level at 6 months

was associated with greater cytokine responses to TLR lig-
ands [14–16]. Thus, despite a wide variety of studies that
acknowledged the immunomodulatory role of vitamin D,
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the results have been conflicting. Furthermore, very few
studies address the impact of prenatal vitamin D status on
TLR-related innate immune response in neonatal infants.
Because of the apparent importance of vitamin D in immune
development, we aimed to investigate the effect of maternal
and/or cord vitamin D level on TLR-triggered cytokine
response in neonates at time of birth and disease outcome
in early childhood. We focused attention on neonatal innate
immunity since early life events appear to have a critical
influence on the ultimate pattern of immune maturation. In
addition, we sought to investigate whether maternal blood
and cord blood vitamin D correspond in their association
with TLR-related innate immunity.

2. Methods

2.1. Study Population. Data for this analysis came from an
ongoing prospective birth cohort study called the PATCH
(The Prediction of Allergy in Taiwanese Children). The
Chang Gung Ethics Committee approved the study, and
informed consent was obtained from the parents/legal
guardians of the neonates. Pregnant women undergoing
routine prenatal exam were approached randomly by a
study nurse and invited to join our research program. All
mothers and their offspring were enrolled upon agreement,
but those born under the gestational age of 37 weeks, had
major congenital anomaly, or were suspicious of congenital
infections were subsequently excluded from this analysis.
The result from this study comprised the first 372 eligible
mother-neonatal pairs. A baseline questionnaire survey was
conducted at birth to obtain parental information such as
demographic characteristics, medical and obstetric history,
and smoking exposure history. Standardized questionnaires
on atopic heredity, environmental factors, infection, and
allergic diseases were answered at 2, 4, 6, and 12 months
and every year thereafter. Infants were defined as ever having
lower respiratory tract infection (bronchiolitis, pneumonia,
and/or croup) if there was a diagnosis from a health care
professional, and the infant either had been hospitalized
or received medical treatment. Other infections such as
infectious enteritis and urinary tract infection were also
obtained frommedical records with physicians’ diagnosis. By
the time of analysis, 321 children included in this study were
at least 1 year of age and had adequate follow-up data.

2.1.1. Sample Collection, Cell Culture, and TLR Ligands Stim-
ulation. The details of our experimental procedures have
been published previously [17]. Briefly, maternal blood was
obtained during third gestation and umbilical cord blood
collected at the time of delivery. Mononuclear cells were
isolated and stimulated with TLR ligands. These included
synthetic bacterial lipoprotein (PAM3csk4) that is recognized
by TLR1-2; a synthetic analog of double stranded RNA for
TLR3; ultrapure LPS for TLR4; and R848, which is activated
via the TLR7/TLR8 signaling pathway. As a positive control,
cells were treated with the NF-𝜅B activator phytohemagglu-
tinin (Murex Pharmaceuticals) at 4𝜇g/mL in R10-FBS. To
determine TLR responses, 3 × 105 PBMCs in 100 𝜇L R10-FBS

were added to each of the media or ligands (in duplicate),
containing wells and incubated at 37∘C for 20 h with 5%
CO
2
. All assay preparations were performed using sterile

technique in a laminar flow hood. The concentrations of the
ligands used for this experiment are as follows: 10𝜇g/mL
of PAM3csk4, 10 𝜇g/mL of poly(I:C) directly administered,
20 ng/mL of LPS, and 10 𝜇g/mL of R848 (InvivoGen, San
Diego, CA).

2.1.2. Measurement of Cytokines. TNF-𝛼, IL-10, and IL-6
levels in culture supernatants were determined by enzyme-
linked immunosorbent assays according to the manufac-
turer’s instructions (ELISA; R&D systems, MN). The detec-
tion limits were 15.6 pg/mL for TNF-𝛼, 3.12 pg/mL for IL-6,
and 7.8 pg/mL for IL-10.

2.1.3. Serum 25(OH)D Measurement. Serum samples
obtained from the pregnant mother and cord blood were
stored frozen in aliquotsat −80∘C until analysis. Serum
25(OH)D levels were measured by Elecsys Vitamin D
total assay (Roche Diagnostics, Mannheim, Germany).
This method is a new automated electrochemiluminescence-
based assay thatmeasures both the 25(OH)D

2
and 25(OH)D

3

as total 25(OH)D level. Results from this assay have shown
close agreement to other well-established methods such as
liquid-chromatography tandemmass spectrometry (LC-MS/
MS) [18].

2.2. Statistical Methods. Spearman’s rank correlation test
was performed to analyze the correlation between maternal
and cord blood 25(OH)D level. Since the concentrations
of 25(OH)D and cytokines were not normally distributed,
values were logarithmically transformed as continuous vari-
ables in the statistical models. Regression analysis was used
to determine the relation between maternal/cord blood
25(OH)D concentration and TLR-induced cytokine response
as continuous variables. Association between serum vitamin
D level and binary outcomes (bronchiolitis, pneumonia,
croup, infectious enteritis, and urinary tract infection) was
analyzed by using logistic regression. Models were adjusted
for gestational age, gender, birth body weight, mode of
delivery, maternal allergy, and season of birth. All statistical
analysis was carried out using IBM SPSS Statistics Version 20
(Armonk, NY).

3. Result

3.1. Subject and Demographic Data. Characteristics of the
mother-neonatal pairs are summarized in Table 1. Mean
maternal agewas 29.4 years.The incidence ofmaternal allergy
was 34.8%, compatible with that of the general population.
All neonates included in this analysis were above gestational
age of 37 weeks with adequate birth body weight. Slightly
more babies were delivered during the season of spring
(28,8%). Of the original 372 maternal-neonatal pairs, fifty-
one participants either were lost to follow-up, refused to
further participate, or had yet to return. By the age of
12 months, 321 infants with complete questionnaires and
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28: decided to drop out
7: yet to return to follow-up
16: lost to follow-up

UTI
(n = 27)

Infectious enteritis
(n = 22)

Croup
(n = 8)

Pneumonia
(n = 11)

No cord blood collected (n = 207)

Suspicious infection (n = 17)

Cord blood 25(OH)D
(n = 372)

Questionnaire
(n = 372)

Bronchiolitis
(n = 45)

Age 1 year
questionnaire
(n = 321)

Cord PBMC
(n = 283)

Maternal 25(OH)D
(n = 372)

Maternal-neonatal pair
(n = 372)

Invited pregnant mothers
(n = 693)

GA < 37 weeks (n = 97)

Figure 1: Flowchart of the analyzed maternal-neonatal pairs: demonstrating the number of study participants after consideration of available
maternal and cord 25(OH)D measurements, cell culture data, and questionnaire information.

Table 1: Characteristics of mother-neonatal pairs at delivery.

Characteristics Data
Mothers (n) 372

Age at enrollment (y) 29.4 (28.6–30.1)
History of allergy 129 (34.8)
Smoking during pregnancy 35 (9.5)
Education
Primary or secondary 11 (3.0)
High school 99 (26.6)
College or above 262 (70.4)

Mode of delivery (NSD) 234 (62.9)
25(OH)D (ng/mL); median (IQR) 15.18 (10.85–19.10)

Neonates (n) 372
Sex (male) 179 (48.6)
BBW (g) 3087 ± 481
Gestational age (weeks) 38.3 ± 1
Season of birth
Spring 107 (28.8)
Summer 105 (28.2)
Autumn 88 (23.7)
Winter 68 (18.3)

25(OH)D (ng/mL); median (IQR) 14.80 (10.02–18.86)
Values are listed as n (%) or mean ± SD, as appropriate.
NSD: natural spontaneous delivery.
IQR: interquartile.

medical records were available for analysis. Detailed number
of participants and test samples are listed in Figure 1.

3.2. Maternal and Cord Vitamin D Levels. The median
maternal blood 25(OH)D concentration was 15.18 ng/mL
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Figure 2: Correlation between maternal and cord blood 25(OH)D
levels (ng/mL).

(interquartile range (IQ): 10.85–19.10 ng/mL), and the
median cord blood 25(OH)D was 14.80 ng/mL (IQ:
10.02−18.86 ng/mL). Of the 372 maternal participants, 280
(75%) had 25(OH)D levels less than 20 ng/mL (considered
deficient), and 71 (19%) had levels between 20 and 30 ng/mL
(considered insufficient). An even higher percentage of
vitamin D deficiency was found in the neonatal cord blood,
with 279 (75.8%) having levels less than 20 ng/mL, and
55 (15%) between 20 and 30 ng/mL. There was a high
correlation between maternal and cord 25(OH)D levels
(𝑟 = 0.67, 𝑝 < 0.001; Figure 2).
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3.3. Association of Maternal and Cord Vitamin D Level with
TLR-Stimulated Cytokine Response. Because the distribution
of most cytokine levels and vitamin D concentrations was
highly skewed (data not shown), we used natural log-
transformed 25(OH)D and cytokine levels for correlation
analysis. The result showed significant inverse correlation
betweenmaternal 25(OH)D level and IL-10 response to TLR3
and TLR7-8 stimulation (𝑝 = 0.007 and 𝑝 = 0.008, resp.)
in cord blood mononuclear cells. The result still remained
significant after adjusting for potential confounding factors
(𝑝 = 0.004 for TLR3 and 𝑝 = 0.006 for TLR7-8) (Table 2(a)).
However, neonatal cord 25(OH)D concentration was not
associated with any of the TLR-triggered cytokine produc-
tions (Table 2(b)). Preliminary analysis was also performed
on maternal innate immune function; the result showed no
correlation between maternal vitamin D status and cytokine
response to TLR ligands in maternal mononuclear cells
(Supplement 1) (see Supplementary Material available online
at http://dx.doi.org/10.1155/2016/8175898).

3.4. Vitamin D Level and Clinical Outcome. By the age of
one year, 321 infants had their medical records reviewed
and completed the questionnaires administered at 6 and 12
months of age. Analysis was made to investigate whether
maternal or cord blood vitamin D status was associated with
lower respiratory tract infection (bronchiolitis, pneumonia,
and croup), infectious enteritis, and urinary tract infection
at 1 year of age. The results, summarized in Table 3, showed
no significant association between maternal vitamin D status
and the incidence of infection during the first year of life.
Cord blood vitamin D level was also not correlated with any
of the infectious disorders by 12 months of age.

4. Discussion

The result from our study showed that maternal, but not
cord blood vitamin D level, was associated with TLR-3
and TLR7-8 triggered IL-10 response. To our knowledge,
this is the first cohort study to simultaneously assess the
effect of both maternal and cord blood vitamin D status
on TLR-related immune response and various infectious
diseases during infancy. Despite extensive investigations on
vitamin D, its role in neonatal immune development and
health outcome remains inconsistent.The reasons for various
conflicting results might be due to differences in the study
designs, age of the study population, definition of clinical
outcomes, and also disparities in the assessment of vitamin
D concentration (use of maternal blood or cord blood). Our
result suggested that the latter might be an important issue
to consider, because despite a strong correlation between
maternal and cord vitamin D level, our study had observed
a distinction between maternal and cord vitamin D status in
their associationwithTLR-triggered cytokine response.Thus,
when addressing the impact of prenatal vitamin D status on
various outcomes, it might be important to consider that
vitamin D levels in the pregnant mothers and cord blood
might not always correspond uniformly. Similar observations
were noted in few other studies that concurrently assessed

maternal and cord vitamin D concentrations. In the study
of Weisse et al., although both maternal and cord blood
vitamin D levels were associated with clinical food allergy,
only maternal 25(OH)D

3
was associated with an increase in

allergen sensitization [19]. Another recent publication had
demonstrated that although low levels of vitamin D in the
cord blood were associated with higher airway resistance in
childhood, maternal vitamin D level was not related to the
children’s airway resistance [20].

The relationship between vitamin D and IL-10 has been
established considerably. Our result had observed a nega-
tive correlation between maternal vitamin D concentration
and TLR-induced IL-10 response. In contrast to our study,
Vijayendra Chary et al. had observed lower cord blood IL-10
level in vitamin D deficient or insufficient subjects. In vitro
studies have also shown direct vitamin D supplementation
in culture human cells to upregulate IL-10 secretion [3,
21–24]. The difference between our findings and those of
published reports might be explained by distinctive study
design, as ours assessed cytokine response to TLR ligands
under different vitamin D concentrations, and not cytokine
response to direct vitamin D stimulation. Because direct
vitaminD supplementation deemed to increase IL-10 produc-
tion, our result suggested a reduced IL-10 response to TLR
stimulation with higher vitamin D concentration. Similar
result was observed in the study of Belderbos, in which they
found high concentration of 1,25-OHD to suppress IL-10
response to LPS stimulation in adult PBMC [25]. As a potent
anti-inflammatory immune modulator, studies have shown
vitamin D to downregulate TLR expression in monocytes
resulting in reduced downstreamcytokine production [11, 13].
Thus, we speculated that, with increasing vitamin D level, the
ability of TLR to trigger IL-10 production is diminished when
compared to lower concentration, thus displaying a negative
correlation between vitamin D level and cytokine response
to TLR stimulation. In addition, studies have demonstrated
higher vitamin D levels at birth to be associated with lower
number of T regulatory (Treg) cells in the cord blood [2, 16].
Since one potential source of IL-10 is Treg, it was speculated
that higher vitamin D level would be associated with less
Treg cells to respond to TLR stimulation, thus resulting in
lower IL-10 response as seen in our study. Further research
is warranted to investigate the mechanism in which maternal
vitamin D status affects neonatal TLR-related IL-10 response.

Evidences have shown low production of IL-10 at birth to
be strongly associated with susceptibility to acute respiratory
tract infections in children aged 5 years [26]. However,
in present analyses, albeit an association between maternal
vitamin D level and viral TLR-triggered IL-10 response, there
was no effect on the prevalence of infectious diseases during
the first 12 months of life. Our observations are at odds with
several studies that showed lower vitamin D status to be
associated with increased incidence or severity of infection
during early childhood. However, most studies that showed
protective effect of vitamin D against respiratory diseases
were of interventional studies that used supplementary vita-
min D and did not measure serum vitamin D level. Although
the study of Belderbos et al. demonstrated an association
between low cord blood vitamin D level and increased
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Table 2: (a) Association between maternal vitamin D level and Toll-like receptor triggered cytokine response. (b) Association between cord
blood 25(OH)D level and Toll-like receptor triggered cytokine response.

(a)

Univariate analysis 𝛽 (95% CI) p Multivariate analysis 𝛽 (95% CI) p
TLR1-2
TNF-𝛼 0.42 (0.44, 1.47) 0.36 0.55 (−0.53, 1.59) 0.30
IL-6 0.35 (−0.85, 0.79) 0.92 0.13 (−0.79, 1.05) 0.79
IL-10 0.04 (−0.79, 0.86) 0.93 0.12 (−0.82, 1.06) 0.76

TLR3
TNF-𝛼 0.15 (−0.64, 0.96) 0.73 0.15 (−0.68, 0.94) 0.93
IL-6 −0.45 (−1.15, 0.33) 0.26 −0.42 (−1.48, 0.54) 0.40
IL-10 −0.85 (−1.45, −0.24) 0.007 −1.05 (−1.70, −0.34) 0.004

TLR4
TNF-𝛼 0.12 (−0.19, 0.50) 0.43 0.08 (−0.28, 0.44) 0.44
IL-6 −0.17 (−0.46, 0.12) 0.27 −0.24 (−0.54, 0.08) 0.14
IL-10 −0.03 (−0.16, 0.11) 0.69 0.19 (−0.55, 0.15) 0.28

TLR7-8
TNF-𝛼 −0.35 (−0.84, 0.12) 0.64 −0.31 (−0.83, 0.20) 0.19
IL-6 −0.05 (−0.43, 0.28) 0.79 −0.18 (−0.59, 0.21) 0.89
IL-10 −0.85 (−1.47, −0.22) 0.008 −0.99 (−1.70, −0.30) 0.006

PHA
TNF-𝛼 0.52 (−0.59, 1.73) 0.39 0.30 (−1.07, 1.55) 0.39
IL-6 0.52 (−0.55, 1.62) 0.33 0.30 (−1.02, 1.59) 0.67
IL-10 −0.36 (−0.34, 1.14) 0.35 0.08 (−0.80, 0.96) 0.87

Adjusted for gestational age, gender, birth body weight, mode of delivery, maternal allergy, and season of birth.

(b)

Univariate analysis 𝛽 (95% CI) p Multivariate analysis 𝛽 (95% CI) p
TLR1-2
TNF-𝛼 0.63 (−0.06, 1.50) 0.09 0.73 (−0.17, 1.64) 0.12
IL-6 0.21 (−0.63, 1.20) 0.67 0.51 (−0.77, 1.51) 0.51
IL-10 0.21 (−0.74, 1.11) 0.62 0.51 (−0.68, 1.50) 0.41

TLR3
TNF-𝛼 0.77 (−0.01, 1.55) 0.06 0.63 (−0.27, 1.50) 0.16
IL-6 −0.13 (−0.83, 0.63) 0.73 0.18 (−0.86, 1.18) 0.71
IL-10 −0.17 (−0.67, 0.41) 0.54 −0.18 (−0.83, 0.50) 0.62

TLR4
TNF-𝛼 0.20 (−0.22, 0.72) 0.41 0.21 (−0.41, 0.69) 0.70
IL-6 −0.05 (−0.38, 0.26) 0.77 0.01 (−0.39, 0.39) 0.96
IL-10 −0.03 (−0.16, 0.11) 0.69 0.19 (−0.55, 0.15) 0.28

TLR7-8
TNF-𝛼 0.14 (−0.29, 0.58) 0.55 0.39 (−0.05, 0.85) 0.95
IL-6 0.14 (−0.36, 0.60) 0.60 −0.03 (−0.48, 0.47) 0.89
IL-10 −0.51 (−1.33, 0.23) 0.16 −0.49 (−1.64, 0.52) 0.40

PHA
TNF-𝛼 0.94 (−0.06, 2.02) 0.78 0.61 (−0.45, 1.79) 0.29
IL-6 0.94 (−0.10, 2.00) 0.08 0.61 (−0.47, 1.74) 0.30
IL-10 0.56 (−0.27, 1.34) 14 0.47 (−0.56, 1.34) 0.30

Adjusted for gestational age, gender, birth body weight, mode of delivery, maternal allergy, and season of birth.
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Table 3: Association of maternal and cord serum 25(OH)D levels with clinical outcome at 1 year of age.

Univariate p Multivariate p
OR (95% CI) OR (95% CI)

Maternal serum 25(OH)D
Bronchiolitis 1.26 (0.47, 3.37) 0.65 1.25 (0.42, 3.71) 0.69
Pneumonia 2.57 (0.41, 16.07) 0.31 4.58 (0.52, 40.51) 0.17
Croup 7.10 (0.85, 60.81) 0.07 13.29 (0.88, 199.8) 0.06
Enteritis 1.20 (0.36, 4.02) 0.77 1.47 (0.38, 5.62) 0.58
UTI 0.85 (0.25, 2.94) 0.80 0.92 (0.26, 3.24) 0.92
Cord serum 25(OH)D
Bronchiolitis 2.22 (0.90, 5.47) 0.08 1.13 (0.42, 3.04) 0.81
Pneumonia 1.70 (0.36, 7.94) 0.51 2.38 (0.22, 25.46) 0.47
Croup 3.82 (0.67, 21.81) 0.13 4.64 (0.75, 28.80) 0.10
Enteritis 0.98 (0.36, 2.69) 0.97 1.42 (0.43, 4.69) 0.56
UTI 0.75 (0.25, 2.29) 0.62 0.78 (0.25, 2.45) 0.67
Total number of children aged 1 year: 321.
Number of bronchiolitis: 45 (14%), pneumonia: 11 (3.4%), croup: 8 (2.5%), infectious enteritis: 22 (6.9%), and UTI (urinary tract infection): 27 (8.4%).
Adjusted for gestational age, sex, birth body weight, mode of delivery, season of birth, and maternal allergy.

respiratory syncytial virus infections in infancy, however,
unlike our participants, around 50% of their neonates were
vitamin D sufficient [27–29]. Since the majority of our
participants were vitamin D deficient, it is possible that
higher serum levels might be required to reach optimal
protective effect to result in significant clinical differences.
Nonetheless, in support of our results, several studies also
failed to show a difference in serum vitamin D level between
children with and without respiratory infections [30–32].
These inconsistent observations point to the complicated role
of vitamin D in the immunemodulation and disease process.
The null results from our observation suggested that since the
immune system is composed of multiple cells and variable
pathways, having effect on only certain cytokines, such as IL-
10, might not have an overall effect on disease outcome.

Our study had several limitations. First, the predomi-
nantly low serum level of 25(OH)D in this study has limited
our ability to determine whether there is an association
between higher concentration of vitamin D and infection. It
has also limited the applicability of our result in represent-
ing the general population, although inadequate vitamin D
concentration seems particularly common among pregnant
woman [3, 19]. In addition, having a majority of population
with suboptimal vitamin D level, we were unable to perform
analysis with commonly used clinical cut-offs of vitamin D
(deficient < 20 ng/mL, insufficient 20–29.9 ng/mL, sufficient
≥ 30 ng/mL). Thus, future studies related to the effect of
prenatal vitamin D level on neonatal innate immunity and
subsequent health outcomes will need to focus on popula-
tions with more vitamin D sufficient pregnant mothers. In
addition, because only cultured supernatants were harvested
in this study, we did not perform tests on T regulatory cells
or maturation of the monocytes. Thus, our data could not
provide detailed mechanism on how maternal vitamin D
level affected neonatal TLR-triggered IL-10 response. Finally,
although present study had observed an association between

prenatal vitamin D status and viral TLRs-triggered response
(TLR3 and TLR7/8, both of which recognize viral RNA),
the effect of vitamin D on CpG double stranded DNA
motif (TLR9) of the viral genome also demands further
exploration. However, due to technical issues, analysis was
only completed in very fewparticipants.The result showedno
correlation between maternal vitamin D status and neonatal
TLR9 triggered cytokine response (Supplement 2), though
such conclusion needed to be interpreted with caution for the
null correlation might be due to lack of power owing to small
number of test samples.

In conclusion, our study had shown thatmaternal vitamin
D level, but not cord vitamin D, was associated with TLR3
and TLR7-8 triggered IL-10 response. This study emphasized
that even though cord vitaminD level was strongly correlated
with maternal vitamin D status, the extent of impact on fetal
immune cytokine response might be distinctive. Although
our study did not show maternal vitamin D concentration
to have a significant impact on the magnitude or functional
capacity of the young infant to defend against infection, we
believe our study may contribute to a better understanding
of the effect of prenatal vitamin D status on neonatal innate
immunity and infectious disease during early life.
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Inflammation is a complex biological response to detrimental stimuli and can be a double-edged sword. Inflammation plays a
protective role in removing pathogenic factors, but dysregulated inflammation is associated with several major fatal diseases such
as asthma, cancer, and cardiovascular diseases. Asthma is a complex heterogenous disease caused by genetic and environmental
factors. TLRs are the primary proteins associated with the innate and adaptive immune responses to these fatal factors and play
an important role in recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs), which initiates the downstream immune response. Due to the complex TLRs cascade and nowadays unsuccessful control
in asthma, new studies are focused on TLRs and other potential targets in TLR cascade to minimize airway inflammation.

1. Introduction

Inflammation is a complex host response to detrimental stim-
uli including tissue injury, microbial infection, and irritant
exposure. It is classically characterized by redness, swelling,
heat, pain, and tissue dysfunction [1]. When inflammation
involves mucosal surfaces, there are accompanying mucus
hypersecretions and epithelial shedding. Inflammation plays
a protective role in the body in negating pathogenic factors
such as microbial infections and oxidative stress and is a
healing process enabling repair of damaged tissue [2]. On the
contrary, persistence of inflammation with overproduction
of cytokines by immune cells including macrophages, neu-
trophils, eosinophils, dendritic cells, mast cells, natural killer
cells, and structural cells such as endothelial cells, mucosal
epithelial cells, and fibroblasts can be harmful. Dysregulated
inflammation is associated with several diseases including
asthma, cancer, cardiovascular disease, autoimmune diseases,
and metabolic disease.

Asthma is a complex heterogeneous disease associated
with local tissue chronic inflammation of the airway and is

characterized by variable and recurring symptoms (includ-
ing wheezing, coughing, chest tightness, and shortness of
breath), reversible airflow obstruction, airway remodeling,
and airway hyperresponsiveness. According to Chung [3],
asthma is ranked as the 14th most important chronic disease
worldwide regarding the prevalence, extent, and duration
of disability and affects 334 million individuals of all ages,
resulting in 90 and 170 deaths per million in female and
male individuals, respectively. In addition, asthma causes a
heavy economic burden for the government and individuals.
For example, in Europe, total cost per patient ranges from
£509 for controlled asthma to £2281 for uncontrolled asthma
[4]. Asthma is caused by a complex and incompletely under-
stood combination of genetic (polymorphisms of multiple
genes) and environmental (such as respiratory infections
and particulates PM2.5) factors, which induce an immune
response via the infiltration of inflammatory cells into the
airway and consequent cytokine release. Emerging evidence
shows that Toll-like receptors (TLRs) are associated with
the inflammatory response and chronic airway inflammation
in asthma [5]. TLRs are a subgroup of pattern recognition
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receptors (PRRs) that are expressed by cells of the innate
immune system and that sense two classes of molecules
such as pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs), which
then initiates the downstream immune cascades.

Many previous studies have focused on the discovery,
structure, and roles of TLR family members and related
signaling pathways in airway diseases, but few studies empha-
size TLR expression in asthma, especially in the different
phenotypes.This reviewwill highlight the roles of TLRmem-
bers in airway inflammation and their association with the
pathogenesis of distinct asthma phenotypes and in addition
will discuss the potential for TLR-targeted therapies in the
treatment of asthma.

2. TLRs Family and Related Signal Pathways

Toll-like receptors (TLRs) are a class of single, transmem-
brane, and noncatalytic proteins named PRR and are ex-
pressed on specific immune cells (i.e., macrophages and den-
dritic cells) aswell as nonimmune cells (e.g., epithelial, fibrob-
last, and endothelial cells) [6]. TLRs bind to and recognize
endogenousmolecules namedDAMPs (e.g., structurally con-
served components of microbes) and exogenous molecules
that are named PAMPs (e.g., viral and bacterial products).
Additionally, after the recognition by TLRs, downstream
cascades are initiated. TLRs are involved in the initiation of
innate immune responses and play a protective role against
microbial infections. Once microbes invade physical barriers
such as the skin or intestinal tract mucosa, TLRs on the
cellular surface respond to microbial membrane materials
(e.g., lipids and lipoproteins) and intracellular TLRs recog-
nize microbial nucleic acids to initiate a host response [7].

So far, a total of 10 TLR genes in humans (TLR1–TLR10)
and 12 (TLR1–TLR9 and TLR11–TLR13) in mice have been
discovered. The 10 TLRs family members in humans are
categorized into two subgroups. The first subgroup that
recognizes the components ofmicrobial membranes includes
TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 of humans
and TLR11 and TLR12 of mice and is primarily expressed
on the cell surface [8]. The second subgroup that responds
to microbial nucleic acids includes TLR3, TLR7, TLR8,
and TLR9 and is expressed intracellularly in vesicles (e.g.,
lysosomes, endosomes, and the endoplasmic reticulum). TLR
signaling is divided into two distinct signaling pathways, that
is, themyeloid differentiation factor 88- (MyD88-) dependent
and Toll/IL-1 receptor-domain containing adapter-inducing
interferon-𝛽- (TRIF-) dependent pathway. Both pathways are
involved in innate immunity. MyD88 and TRIF bind inde-
pendently to TLRs, resulting in the production of cytokines
such as TNF-𝛼, IL-1𝛽, IL-6, and type I IFNs [9].

2.1. MyD88 Pathway. MyD88 possesses an amino- (N-)
terminal death domain (DD), a shorter linker sequence, and
a carboxy- (C-) terminal Toll/interleukin-1 receptor (TIR)
domain. MyD88 also has an intermediate domain (ID) that
interacts with IL-1R-associated kinases 4 (IRAK4) in TLR
signaling [10, 11]. MyD88-dependent signaling is used by all
TLRs except TLR3. The knockout of MyD88 in mice showed

no responses to the ligands of TLR familymembers including
TLR2, TLR4, TLR5, TLR7, and TLR9, indicative of the key
role of MyD88 in TLRs-mediated inflammatory responses
[12–16].

2.2. TRIF Pathway. TRIF is a large protein containing 712
amino acids in humans and directly binds to TLR3 and
indirectly binds to TLR4 via connectionwith another adaptor
protein, TRIF-related adaptor molecule (TRAM) [10]. The
knockout of TRIF in mice triggers defective expression of
IFN-𝛽 production and IFN-related genes that are mediated
by TLR3 and TLR4, although early-phase activation of NF-
𝜅B and TLR4-mediated activation of MyD88 pathway were
observed [17]. Similarly, TRIF was confirmed to have a
key role in the induction of inflammatory mediators con-
tributing to antiviral innate immune responses via MyD88-
independent signaling that is mediated by both TLR3 and
TLR4 [18].

3. What Is Asthma?

Asthma is a common heterogeneous disease characterized
by chronic airway inflammation and is defined by recurring
respiratory symptoms (such as wheezing, cough, shortness
of breath, and chest tightness) that vary over time and in
intensity, as well as by airflow obstruction according to GINA
report [19]. Asthma causes a serious global health threat to
patients of all age groups and is increasing in many countries
in its prevalence, especially among children. Some countries
have experienced a significant decline in hospitalizations and
mortality from asthma; however, asthma still imposes a heavy
burden on public health systems and on society through
productivity decreases.

Due to both exposures (such as allergen and micro-
bial infection) and treatment, there is heterogeneity in the
inflammatory response in asthmatic airway. Wang et al.
[20] previously categorized asthma into four phenotypes
such as neutrophilic, eosinophilic, mixed granulocytic, and
paucigranulocytic asthma according to inflammatory cell
counts in induced sputum. Individualized precise diagnosis
and treatment based on inflammatory phenotypes are now
advocated because of limitations on the premise of cur-
rent management of asthma. Individualized therapy is the
customization of health care tailored to the individual and
uses previously infeasible technologies based primarily on
recent cluster analyses, molecular phenotyping, biomarkers,
and differential responses to therapies, distinguishing a given
patient from other patients with similar clinical presentations
[21, 22]. Nowadays, the mainstay of asthma treatment is
daily long acting 𝛽

2
agonists and inhaled corticosteroids

(LABA/ICS) [3]. Maintenance treatment with LABA/ICS
relieves asthma symptoms and reduces the frequency of exac-
erbations; however, there are limits in treatment options for
people who do not gain control on combination LABA/ICS
[23]. Targeted therapies at IgE, interleukin-4 (IL-4), IL-4
receptor, IL-5, IL-13, tumor necrosis factor-𝛼, and CRTh2 are
new treatment paradigms for asthma [24]. Emerging studies
demonstrate that TLRs-targeted therapies potentially play a
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Figure 1: Schematic overview of TLR signaling pathway in neutrophilic and eosinophilic asthma. Gram-negative and Gram-positive bacteria
as well as respiratory viruses (e.g., rhinovirus) are detected by TLRs. Subsequently, TLR3 and TLR7/8 trigger TRIF and MyD88 pathways,
respectively, followed by the transcription of NF-𝜅B in nucleus and the production of IL-4, IL-5, and IL-13, inducing eosinophilic asthma.
TLR2 and TLR4 induce MyD88 and MyD88 as well as TRIF cascades, respectively, followed by the transcriptions of MAPK and NF-𝜅B
into nucleus, triggering the release of IL-1𝛽 and IL-8 and the onset of neutrophilic asthma. MAPK: mitogen-activated protein kinase;
MyD88: myeloid differentiation primary-response gene 88; NF-𝜅B: nuclear factor-𝜅B; TLR: Toll-like receptor; TRIF: Toll/IL-1R (TIR) domain
containing adaptor protein inducing IFN-𝛽.

key role in effectively controlling airway inflammation in
asthma.

4. TLRs in Asthma

4.1. TLR2 and TLR4 in Neutrophilic Asthma. The role of
adaptive immune responses in asthma is well studied and
involves T helper type 2 lymphocyte activation by aller-
gen, accompanied by eosinophilic airway inflammation. The
innate immune system is also associated with the patho-
genesis of asthma and the onset of inflammation in the
airway. Simpson first discovered that an upregulation of
the innate immune receptors TLR2 and TLR4 as well as
proinflammatory cytokines IL-8 and IL-1𝛽 was involved in
neutrophilic asthma [25]. TLR2 plays an important role in
recognizing Gram-positive bacteria and TLR4 is responsible
for the detection of Gram-negative bacteria through their
microbial components such as lipopolysaccharides (LPS)
(Figure 1) [8].

4.2. TLR7 and Eosinophilic Asthma. TLR7 is intracellularly
expressed on the surface of airway epithelia and airway

smooth muscle as well as innate immune cells (such as
macrophages, natural killer cells, and dendritic cells) [26, 27]
and plays a significant role in the pathogenesis of autoim-
mune disorders such as Systemic Lupus Erythematosus (SLE)
and in the regulation of antiviral immune responses [28].
TLR7 recognizes single-stranded RNA, a commonmolecular
component to respiratory viruses, resulting in regulating
downstream interferon production and the activation of Th1
antiviral responses [28]. TLR7 exhibits its antiviral activity in
combination with TLR8, the homologue of TLR7 that also
recognizes single-stranded viral RNA (Figure 1).

TLR7 plays an important role in reduction of airway
inflammation, promoting Th1 responses in immune cells,
reversing airway hyperresponsiveness, and preventing air-
way remodeling. Airway inflammation is essential to the
pathogenesis of asthma and is triggered by respiratory viral
infections and inhaled allergen, leading to the activation
of T helper 2 (Th2) cell differentiation and the secretion
of Th2 cytokines such as IL-4, IL-5, and IL-13 [29]. IL-
5 matures eosinophils in the bone marrow and, together
with chemokines such as eotaxins, promotes recruitment of
eosinophils into the airways, resulting in local eosinophilic
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inflammation [30]. TLR7 stimulation suppresses eosinophilic
airway inflammation in a variety of animal models of asthma
through reducing Th2 cytokines such as IL-4 and IL-5 as
well as eotaxin in the lung [31] and IgE [32]. On the other
hand, IL-5 induced airway eosinophilia can act as negative
regulator of TLR7 expression and antiviral responses [30].
The role of TLR7 is not limited toTh2 responses; besides, it is
involved in Th1 responses in immune cells. TLR7 activation
promotes the reduction of Th2 cells and the enhancement
of Th1 cells, which results in increases in Th1-cytokine
release and decrease in IgE production [33–35], exhibiting the
immunomodulatory activity of TLR7 inmaintainingTh2/Th1
balance. IL-13 is responsible for inducing airway hyperreac-
tivity (AHR) and mucus production in eosinophilic asthma
[36]. TLR7 stimulation ameliorates ovalbumin-inducedAHR
when animals are treated with TLR7 agonists. A number
of emerging studies suggest that the suppression of AHR
involves NF-𝜅B and p38 MAP intracellular signaling and is
dependent on iNKT cells and IFN-𝛾 production [26, 37];
however, in vivo investigation on the mechanism of AHR
amelioration remains incomplete. Additionally, TLR7 ligand
prevents chronic irreversible asthmatic airway remodeling
including smooth muscle proliferation and goblet cell hyper-
plasia [38, 39].

4.3. TLR Genetic Polymorphisms and Asthma. Genetic poly-
morphisms in TLRs may be responsible for individual sus-
ceptibility and severity of asthma.Genetic diversity in specific
alleles determines the differences in susceptibility to a specific
disease to some extent [40]. Polymorphisms in the TLR4
gene affect sensitivity to allergens [41, 42]. Zhang et al. [42]
discovered a harmful effect of the TT homozygote allele in
the TLR4 gene rs1927914 on the forced expiratory volume in
1s (FEV

1
), implicating impaired lung function. Additionally,

the AA homozygote genotype and A allele in Asp299 Gly of
the TLR4 gene may correlate with a reduced asthma risk, as
indicated by the association between TLR4 polymorphisms
and the development of asthma in the study by Tizaoui et al.
[43]. In addition to TLR4, variants of the TLR2 gene were
reported to have some association with childhood asthma
in Caucasians [44], and TLR2 polymorphism affects the
asthma risk and lung function [45]. It has been shown that
variants in the TLR7/8 genes as well as the TLR10 gene
showed no significant association in some alleles despite the
relevance between other polymorphisms in the TLR10 gene
and asthma [42, 45–48]. In terms of TLR1 and TLR5, studies
on the association between genetic polymorphisms and the
development of asthma have not been reported. Future
investigations should emphasize TLR genetic variants such as
haplotype analysis and gene-environmental interaction [43].

4.4. TLR and Viral Infection. Viral infection is a com-
mon acute trigger of asthma and exacerbation of asthma.
Approximately 80% of asthma exacerbations are caused by
respiratory viral infection [49, 50].The PRRs in the detection
of viral infection include TLR7 and TLR8 which detect
single-stranded RNA and TLR3, retinoic acid-inducible gene
I (RIG I), and melanoma differentiation associated gene 5
(MDA5) that are activated by double-stranded RNA. TLR7

expression is associated with the severity of the disease
[51]. Airway cells from asthmatic patients are vulnerable to
viral infection due to impaired innate antiviral responses
compared to healthy subjects. This vulnerability is triggered
by aberrant production of type I IFN, an antiviral cytokine
[51]. TLR7 deficiencywas discovered in alveolarmacrophages
from severe asthmatic and affected the interferon responses
to rhinovirus infection. In the same study, the abnormal
expression of the threemicroRNAs such asmiR-150,miR-152,
and miR-375 was the trigger of TLR7 deficiency. When these
miRs were blocked, this resulted in restored TLR7 expression
and augmented interferon responses to rhinovirus infection,
indicating that TLR7 is associated with the vulnerability of
asthmatic subjects [51]. In addition to this finding, in vivo
research shows that a lack of TLR7 signaling in a rhinovirus-
induced asthma exacerbation leads to reduced IFN produc-
tion and exaggerated Th2-driven inflammation, suggesting
the role of TLR7 signaling in rhinovirus-induced asthma
exacerbation [30]. Other investigations support this finding.
Bronchoalveolar lavage (BAL) cells from nonsevere asthma
possess a deficient IFN response to rhinovirus infection [52,
53]; additionally, TLR7 dysfunction was shown in asthmatic
peripheral blood mononuclear cells [54]. TLR3 also detects
double-stranded RNA genome of respiratory virus which
represents the replication of RNA viruses and protects the
host by the induction of inflammatory responses including
type I IFN production and activation of NK cells and
cytotoxic T lymphocytes [55]. In an investigation by Parsons
et al. [56], although no difference in the expression of TLR3
was observed, primary bronchial epithelial cells (pBECs)
from asthmatics demonstrated an ineffective innate immune
response following RV infection, with impaired type I and
type III interferon responses to the infection. In addition, RV
infection of healthy pBECs triggered a robust upregulation of
TLR3, while inhibition of TLR3 signaling leads to a marked
inhibition of both type I and type III interferon responses.

4.5. TLR9 and Asthma. TLR9 is intracellularly expressed
in the immune cells such as B lymphocytes, monocytes,
and plasmacytoid dendritic cells and detects unmethylated
CpG motifs in microbial DNA molecules [57]. In allergic
asthma subjects, TLR9 expression on plasmacytoid dendritic
cells and TLR9-induced responses are upregulated by IL-
25 that originates from airway epithelial cells [58]. In an
in vivo investigation in severe asthma, Duechs et al. [59]
discovered that TLR9 activation significantly reduced some
features of the asthmatic phenotype such as a reduction in
eosinophil influx and IgE levels in serum. The same study
also observed a decreased release of cytokines such as IL-
4, IL-5, IFN-𝛾, IL-1𝛽, and IL-12, indicative of enhanced Th1
response, suggesting that TLR9 activation may suppress the
Th2 response via promoting a Th1 response. Similarly, a Th1
response induced by the exposure to CpG DNA opposes a
Th2 response in a murine model of asthma [60]. TLR9 is
also involved in the inhibition of airway remodeling [61–64],
suggesting a potential protective role of TLR9 in asthma.This
was evaluated in in vivo models where TLR9 activation was
found to be associated with a reduction in antigen-induced
respiratory allergic responses [65, 66], suggesting that TLR9
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ligands could be used as prophylactic and therapeutic agents
in asthma [67]. However, TLR9 targeted treatment was
not found to be efficacious in preexisting severe allergic
inflammation in the airway, in either animal experiments or
clinical trials [68, 69]. The role of TLR9 agonists in asthma
requires further evaluation.

5. TLRs Targeted Therapeutics

5.1. Effect of TLR Agonists in Asthma. The typical treat-
ment for asthma and asthma exacerbations includes inhaled
corticosteroids for their ability of enhancing 𝛽-adrenergic
responses and repressing inflammation in airways [70]. Nev-
ertheless, in the treatment of severe asthma, corticosteroids
are ineffective in alleviating symptoms, probably because
oxidative stress as well as subsequent DNA damage leads
to decreased activity of transcriptional corepressors such as
histone deacetylase-2 (HDAC-2) [8]. Recently, TLRs agonists
have been considered as agents in controlling asthma. TLRs
agonists can be categorized into cellular surface TLRs ago-
nists and intracellular TLRs agonists based on the distribu-
tion of TLRs. Cell surface TLRs sense structural components
of microbia ranging from Gram-positive bacteria to Gram-
negative bacteria and some respiratory viruses in the onset
and development of asthma and asthma exacerbation [67].
Targeting TLR4 to treat asthma is based on the activation
of TLR4 as an adjuvant in allergy vaccines to induce tol-
erance and inhibition of TLR4 expression. TLR4 agonists
such as MPL� (monophosphoryl lipid A) seem to work
effectively as allergy vaccines due to overexpression of TLR4
in asthmatic patients [8]. Another cell surface TLRs agonist is
Pam3CSK4 that acts as a synthetic TLR2 agonist and exhibits
antiasthmatic effects by reducingTh2 cytokine release, AHR,
IgE levels, airway inflammation, and asthmatic symptoms in
animal models of asthma [67]. Intracellular TLRs agonists
such as TLR7/TLR8 agonists have also been evaluated in
asthma. Resiquimod is a typical TLR7/TLR8 agonist and in
vivo suppresses AHR as well as airway remodeling in asthma
[31, 39, 71–73]. In addition, this drug was also found to
suppress both Th1 and Th2 cytokine production in the lungs
of experimental animals and decrease lung eosinophilia,
goblet cell hyperplasia, and IgE levels [39, 67, 71]. Many
other agents that target TLRs have been found to control
airway inflammation, eosinophilia, and AHR in distinct
animal models of allergic inflammatory diseases [67]. It is
obvious that in the future a wide variety of TLR agonists are
likely to be evaluated as effective asthma controllers. On the
contrary, future emphasis should be on the side effects of TLR
agonists, especially on asthmatic children due to a lack of
investigation on allergic children. Nowadays clinical trials are
mainly conducted in adults, and besides uncertain targeting
of the immature immunity in children as well as timing,
dosage, and patient selection regarding the formulation to
best employ TLRs agonists still needs further studies, which
may hinder wider application of TLRs agonists.

5.2. Effect of Corticosteroid on TLR Expression. Corticos-
teroids are the most effective agents in inflammation man-
agement in asthma, and classical corticosteroids such as

budesonide are recommended by guidelines for asthma
treatment [74]. When inhaled corticosteroids (ICS) were
introduced into asthma management, symptom control of
asthma and lung function were improved, and exacerbations
and asthma-related mortality decreased [19]. Corticosteroids
influenceTLRs and can upregulate TLR4 expression in vivo in
peripheral blood mononuclear cells from asthmatic patients
[75]. In addition to this finding, after in vitro stimulation
with LPS, the production of both TNF-𝛼 and IFN-𝛾 in
PBMC supernatant was significantly increased by oral corti-
costeroids [75]. Similarly, Pace et al. [76] reported that TLR4
and TLR2 expression were increased in Treg lymphocytes
from allergic asthmatic subjects after budesonide treatment
compared to healthy controls, providing further understand-
ing of the action mechanism of budesonide on the control of
inflammation in asthma. Furthermore, an increased level of
IL-10 and decreased level of IL-6 and TNF-𝛼 were observed
after budesonide administration, confirming the modulatory
potential of budesonide in immune responses to allergic
subjects.

6. Conclusions

The invasion of antigens into airways causes the activation
of PRRs such as TLRs in response to PAMPs. TLRs play
an important role in the detection of invading pathogens
by the innate immune system, and a total of 10 TLRs
family members have been discovered in humans (TLR1–
TLR10). TLRs induce the activation of MyD88 and TRIF
signaling pathways, resulting in the production of inflamma-
tory mediators via the NF-𝜅B pathway. Different pathogens
trigger distinct immune activation of TLRs. TLR2 plays an
important role in recognizing Gram-positive bacteria and
TLR4 is responsible for the detection of Gram-negative
bacteria, leading to the production of cytokines such as IL-
1𝛽 and IL-8 and to the infiltration of neutrophils in asthmatic
airways. In addition, TLR7 senses single-stranded viral RNA
which inhibits Th2 immune responses and eosinophilic
asthma, and TLR9 detects unmethylated CpG motifs in
microbial DNAmolecules in the development of asthma and
asthma exacerbation. Furthermore, genetic polymorphisms
affect the susceptibility and severity of asthma, making
effective control of airway inflammation in asthma more
complex. Nowadays, corticosteroid therapy is commonly
used for asthma treatment, and some findings confirmed the
modulatory role of corticosteroid in the mediation of TLR
expression in asthmatic subjects. Combination therapy of
corticosteroid and TLRs agonists may be potentially more
effective in controlling inflammation in asthmatics compared
to the traditional treatment by corticosteroid. However, the
timing, dosage, patient selection, and many other questions
regarding the formulation to best employ TLRs agonists
remain unclear, and future work needs to address these
difficulties in order to hold airway inflammation in check in
asthma.
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[14] H. Häcker, R. M. Vabulas, O. Takeuchi, K. Hoshino, S. Akira,
andH.Wagner, “Immune cell activation by bacterial CpG-DNA
through myeloid differentiation marker 88 and tumor necrosis
factor receptor-associated factor (TRAF)6,” The Journal of
Experimental Medicine, vol. 192, no. 4, pp. 595–600, 2000.

[15] F. Hayashi, K. D. Smith, A. Ozinsky et al., “The innate immune
response to bacterial flagellin is mediated by Toll-like receptor-
5,” Nature, vol. 410, no. 6832, pp. 1099–1103, 2001.

[16] H. Hemmi, T. Kaisho, O. Takeuchi et al., “Small-antiviral com-
pounds activate immune cells via the TLR7 MyD88-dependent

signaling pathway,” Nature Immunology, vol. 3, no. 2, pp. 196–
200, 2002.

[17] M.Yamamoto, S. Sato,H.Hemmi et al., “Role of adaptorTRIF in
the MyD88-independent toll-like receptor signaling pathway,”
Science, vol. 301, no. 5633, pp. 640–643, 2003.

[18] K. Hoebe, X. Du, P. Georgel et al., “Identification of Lps2 as a
key transducer of MyD88-independent TIR signalling,”Nature,
vol. 424, no. 6950, pp. 743–748, 2003.

[19] Global Initiative for Asthma, “GINA report, Global Stragety for
Asthma Management and Prevention,” Documents/Resources,
GINA, April 2015, http://ginasthma.org/wp-content/uploads/
2016/01/GINA Report 2015 Aug11-1.pdf.

[20] F. Wang, X. Y. He, K. J. Baines et al., “Different inflammatory
phenotypes in adults and childrenwith acute asthma,”European
Respiratory Journal, vol. 38, no. 3, pp. 567–574, 2011.

[21] A. Agusti, E. Bel, M. Thomas et al., “Treatable traits: toward
precision medicine of chronic airway diseases,” European Res-
piratory Journal, vol. 47, no. 2, pp. 410–419, 2016.

[22] M. W. Pijnenburg and S. Szefler, “Personalized medicine in
children with asthma,” Paediatric Respiratory Reviews, vol. 16,
no. 2, pp. 101–107, 2015.

[23] K. M. Kew and K. Dahri, “Long-acting muscarinic antagonists
(LAMA) added to combination long-acting beta

2
-agonists

and inhaled corticosteroids (LABA/ICS) versus LABA/ICS for
adults with asthma,” Cochrane Database of Systematic Reviews,
no. 1, Article ID CD011721, 2016.

[24] J. B. Bice, E. Leechawengwongs, and A. Montanaro, “Biologic
targeted therapy in allergic asthma,” Annals of Allergy, Asthma
and Immunology, vol. 112, no. 2, pp. 108–115, 2014.

[25] J. L. Simpson, T. V. Grissell, J. Douwes, R. J. Scott, M. J. Boyle,
and P. G. Gibson, “Innate immune activation in neutrophilic
asthma and bronchiectasis,” Thorax, vol. 62, no. 3, pp. 211–218,
2007.

[26] A.-K. Ekman, M. Adner, and L.-O. Cardell, “Toll-like receptor
7 activation reduces the contractile response of airway smooth
muscle,”European Journal of Pharmacology, vol. 652, no. 1–3, pp.
145–151, 2011.

[27] I. Ioannidis, F. Ye, B. McNally, M. Willette, and E. Flaño,
“Toll-like receptor expression and induction of type I and type
III interferons in primary airway epithelial cells,” Journal of
Virology, vol. 87, no. 6, pp. 3261–3270, 2013.

[28] M. G. Drake, E. H. Kaufman, A. D. Fryer, and D. B. Jacoby,
“The therapeutic potential of Toll-like receptor 7 stimulation in
asthma,” Inflammation & Allergy—Drug Targets, vol. 11, no. 6,
pp. 484–491, 2012.

[29] S. T. Holgate, G. Roberts, H. S. Arshad, P. H. Howarth, and
D. E. Davies, “The role of the airway epithelium and its
interactionwith environmental factors in asthmapathogenesis,”
Proceedings of the American Thoracic Society, vol. 6, no. 8, pp.
655–659, 2009.

[30] L. Hatchwell, A. Collison, J. Girkin et al., “Toll-like receptor 7
governs interferon and inflammatory responses to rhinovirus
and is suppressed by IL-5-induced lung eosinophilia,” Thorax,
vol. 70, no. 9, pp. 854–861, 2015.

[31] M. J. Duechs, C. Hahn, E. Benediktus et al., “TLR agonist
mediated suppression of allergic responses is associated with
increased innate inflammation in the airways,” Pulmonary
Pharmacology andTherapeutics, vol. 24, no. 2, pp. 203–214, 2011.

[32] L. Meng, X. He, W. Zhu et al., “TLR3 and TLR7 modulate IgE
production in antigen induced pulmonary inflammation via
influencing IL-4 expression in immune organs,” PLoS ONE, vol.
6, no. 2, Article ID e17252, 2011.



Mediators of Inflammation 7

[33] B. Frotscher, K. Anton, and M. Worm, “Inhibition of IgE
production by the imidazoquinoline resiquimod in nonallergic
and allergic donors,” Journal of Investigative Dermatology, vol.
119, no. 5, pp. 1059–1064, 2002.

[34] E. Shen, L. Lu, and C. Wu, “TLR7/8 ligand, R-848, inhibits IgE
synthesis by acting directly on B lymphocytes,” Scandinavian
Journal of Immunology, vol. 67, no. 6, pp. 560–568, 2008.

[35] F. Brugnolo, S. Sampognaro, F. Liotta et al., “The novel synthetic
immune response modifier R-848 (Resiquimod) shifts human
allergen-specificCD4+ T

𝐻
2 lymphocytes into IFN-𝛾-producing

cells,” Journal of Allergy and Clinical Immunology, vol. 111, no. 2,
pp. 380–388, 2003.

[36] M.Wills-Karp, J. Luyimbazi, X. Xu et al., “Interleukin-13: central
mediator of allergic asthma,” Science, vol. 282, no. 5397, pp.
2258–2261, 1998.

[37] F. Grela, A. Aumeunier, E. Bardel et al., “TheTLR7 agonist R848
alleviates allergic inflammation by targeting invariantNKT cells
to produce IFN-𝛾,”The Journal of Immunology, vol. 186, no. 1, pp.
284–290, 2011.

[38] Q. Du, L.-F. Zhou, Z. Chen, X.-Y. Gu, M. Huang, and K.-S.
Yin, “Imiquimod, a toll-like receptor 7 ligand, inhibits airway
remodelling in amurinemodel of chronic asthma,”Clinical and
Experimental Pharmacology and Physiology, vol. 36, no. 1, pp.
43–48, 2009.

[39] P. Camateros, M. Tamaoka, M. Hassan et al., “Chronic asthma-
induced airway remodeling is prevented by toll-like receptor-
7/8 ligand S28463,”American Journal of Respiratory and Critical
Care Medicine, vol. 175, no. 12, pp. 1241–1249, 2007.

[40] S. W. Lee, D. R. Kim, T. J. Kim et al., “The association of down-
regulated toll-like receptor 4 expression with airflow limitation
and emphysema in smokers,” Respiratory Research, vol. 13,
article106, 2012.

[41] M. Werner, R. Topp, K. Wimmer et al., “TLR4 gene variants
modify endotoxin effects on asthma,” Journal of Allergy and
Clinical Immunology, vol. 112, no. 2, pp. 323–330, 2003.

[42] Q. Zhang, F. H. Qian, L. F. Zhou et al., “Polymorphisms in
toll-like receptor 4 gene are associated with asthma severity
but not susceptibility in a Chinese Han population,” Journal of
Investigational Allergology and Clinical Immunology, vol. 21, no.
5, pp. 370–377, 2011.

[43] K. Tizaoui, W. Kaabachi, K. Hamzaoui, and A. Hamzaoui,
“Association of single nucleotide polymorphisms in Toll-like
receptor genes with asthma risk: a systematic review and meta-
analysis,” Allergy, Asthma & Immunology Research, vol. 7, no. 2,
pp. 130–140, 2015.

[44] E. M. M. Klaassen, B. E. J. T. Thönissen, G. van Eys, E.
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Traumatic brain injury (TBI) elicits the immediate production of proinflammatory cytokines which participate in regulating the
immune response. While the mechanisms of adaptive immunity in secondary injury are well characterized, the role of the innate
response is unclear. Recently, the NLR inflammasome has been shown to become activated following TBI, causing processing
and release of interleukin-1𝛽 (IL-1𝛽). The inflammasome is a multiprotein complex consisting of nucleotide-binding domain and
leucine-rich repeat containing proteins (NLR), caspase-1, and apoptosis-associated speck-like protein (ASC). ASC is upregulated
after TBI and is critical in coupling the proteins during complex formation resulting in IL-1𝛽 cleavage. To directly test whether
inflammasome activation contributes to acute TBI-induced damage, we assessed IL-1𝛽, IL-18, and IL-6 expression, contusion
volume, hippocampal cell death, and motor behavior recovery in Nlrp1−/−, Asc−/−, and wild type mice after moderate controlled
cortical impact (CCI) injury. Although IL-1𝛽 expression is significantly attenuated in the cortex of Nlrp1−/− and Asc−/− mice
following CCI injury, no difference in motor recovery, cell death, or contusion volume is observed compared to wild type. These
findings indicate that inflammasome activation does not significantly contribute to acute neural injury in the murine model of
moderate CCI injury.

1. Introduction

Mechanical trauma to the CNS results in the disruption of
the cellular microenvironment leading to massive necrotic
and apoptotic loss of neuronal and glia populations. The
progressive cascade of secondary events, including ischemia,
inflammation, excitotoxicity, and free radial release, con-
tributes to neural tissue damage. Activation of the innate
immune response, including microglia, peripheral-derived
macrophages, and astrocytes [1–3], can lead to the expression
of proinflammatory cytokines, chemokines, and reactive oxy-
gen species, thereby triggering the inflammatory responses
in the central nervous system (CNS). Recently, the initiation
of such a response following tissue injury was shown to
involve a multiprotein complex called the inflammasome
[4]. This cytosolic complex enables the activation of proin-
flammatory caspases, mainly caspase-1 [5, 6], resulting in

a potent inflammatory response. Inflammasome complexes
generally have three main components: an NLR protein; the
enzyme caspase-1; and an adaptor protein that facilitates
the interaction between the two. The NOD-like receptors
(NLRs) are critical in this process and members of the
inflammasome forming NLR subfamily recruit the adapter
apoptosis-associated speck-like protein (ASC) to activate
caspase-1. Currently, at least 8 different NLR proteins are well
characterized as being capable of inflammasome formation
under a diverse range of stimuli. In the brain, the inflam-
masomes forming NLRs, NLRP1, NLRP2, and NLRP3 have
each been shown to modulate caspase-1 activation and the
subsequent processing of IL-1𝛽 and IL-18, primarily from glia
cells [7–10].The CNS is particularly sensitive to IL-1𝛽 and IL-
18 signaling, sincemultiple neural cell types express receptors
for these cytokines [11–13]. In addition, activated caspase-1
canmediate a form of necrotic cell death known as pyroptosis
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[14–16], making it a potential candidate for cell death sig-
naling within neurons following injury. Therefore, induction
of the NLR-mediated inflammasome complex could con-
tribute to the proinflammatory milieu as well as neuronal
pyroptosis following immunopathogenic conditions such as
traumatic brain injury (TBI). Interestingly, recent studies
have demonstrated assembly of the NLRP1- and NLRP3-
inflammasome complex including increased expression of
ASC, activation of caspase-1, and processing of IL-1𝛽 in a rat
model of TBI [8, 9]. Furthermore, therapeutic administration
of anti-ASC neutralizing antibodies was shown to reduce the
innate immune response and significantly decrease contusion
volume in the same model [9]. These studies suggest that
inflammasome activation plays a critical role in acute neural
injury and that pyropotosis may be a key element of neuronal
cell death following brain trauma.

To better understand the role of the NLRP1 inflamma-
some complex in TBI-induced damage, we sought to evaluate
the effects of NLRP1 and ASC gene deletion on cortical
tissue loss in a murine model of controlled cortical impact
(CCI) injury.Thismodel produces a well-demarcated cortical
lesion thatmimics the contusions commonly observed in TBI
patients. Because the pathophysiological sequela of TBI is
dependent on impact severity and location, we investigated
whether the absence of inflammasome activation impacts
the histopathological outcome using this distinct model. The
overall goal of this study was to assess the role of the NLR
inflammasome following CCI injury by quantifying IL1-𝛽
and IL-18 expression and determine whether inflammasome
disruption impacts cortical contusion volume and motor
recovery in wild type, Nlrp1−/−, and Asc−/− mice.

2. Materials and Methods

2.1. Animals/Ethics Statement. The Nlrp1−/− mice were pro-
vided by Dr. Beverly H. Koller (UNC Chapel Hill) and
the Asc−/− (Pycard−/−) mice were acquired from Genetech.
The generation and characterization of Nlrp1−/− and Asc−/−
mice have been previously described [17, 18]. All mice were
maintained on the C57Bl/6 background and all animals were
genotyped using standard PCR analysis prior to each study.
All experiments were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
and were conducted under the approval of the Virginia
Tech Institutional Animal Care andUse Committee (IACUC;
#12-081) and the Virginia-Maryland College of Veterinary
Medicine.

2.2. CCI Injury. Male mice, 2–4 months old, were anes-
thetized with ketamine and xylazine by intraperitoneal (i.p.)
injection and positioned in a stereotaxic frame [19, 20].
Body temperature was monitored with a rectal probe and
maintained at 37∘Cwith a controlled heating pad set. A 5mm
craniotomy was made using a portable drill over the right
parietal-temporal cortex (−2.5mm A/P and 2.0mm lateral
frombregma). Injurywas induced bymoderate CCI using the
eCCI-6.3 device (Custom Design & Fabrication, Richmond,
VA; 4mm impounder) at a velocity of 3.5m/s, depth of

0.5mm, and 150ms impact duration [19, 20]. Moderate CCI
injury results in a well-demarcated cortical lesion or cavity
that mimics the contusions commonly observed in TBI
patients. Sham controls received anesthesia, skin incisions,
and sutures only. Following injury, the incision was closed
using Vetbond tissue adhesive (3M, St. Paul, MN, USA) and
the animals were placed into a heated cage to maintain body
temperature for 1 h after injury. At 1, 3, or 14 days after
CCI injury, mice were anesthetized and brain tissue removal
was performed following decapitation. Fresh frozen tissue
was embedded in OCT and sectioned at 30 𝜇m thick. Five
serial coronal sections were (300 𝜇m apart) stained for Nissl
substance [21].

2.3. Rotarod Assessment. Motor functionwas evaluated using
Rotarod testing, as previously described [21, 22]. Assessment
was performed on the Economex (Columbus Instruments,
Columbus, OH) at 3, 7, and 14 days after CCI by an observer
unaware of experimental groups. The starting velocity was
set at 10 rpm and accelerated to 0.1 rpm/sec. Animals were
pretrained for 4 consecutive days prior to CCI injury with
3 trials (2 minutes resting in between) each day. Each trial
ended when the animal fell off the Rotarod or gripped the rod
and passively spunmore than once. Time to fall was recorded
for each trial per animal. A baseline (seconds) was collected
on the fourth day of training. Evaluation of motor function
after injury was based on individual scores relative to each
animal’s baseline latencies and represented as percentage of
baseline.

2.4. Evaluation of Contusion Volume. Lesion or contusion
volume was assessed by a blinded investigator using Cav-
alieri estimator from StereoInvestigator (MicroBrightField,
Williston, VT, USA) and an Olympus BX51TRF motorized
microscope (Olympus America, Center Valley, PA, USA).
Contusion volume (mm3) was determined as previously
described [21]. Briefly, volume analysis was performed by
estimating the area of tissue loss in the ipsilateral cortical
hemisphere for five coronal serial sections at or around the
epicenter (−1.1 to −2.6mm posterior from bregma) of injury.
Nissl stained serial sections were viewed under brightfield
illumination at a magnification of 4x. A random sampling
scheme was used that estimates every 10th section from
rostral to caudal, yielding five total sections to be analyzed. A
randomly placed grid with 100 𝜇m spaced points was placed
over the ipsilateral hemisphere and the area of contusion
was marked within each grid. Contusion boundaries were
identified by loss of Nissl staining, pyknotic neurons, and
tissue hemorrhage. The contoured areas, using grid spacing,
were then used to estimate total tissue volume based on
section thickness, section interval, and total number of
sections within the Cavalieri program, StereoInvestigator.
Data is represented as volume of tissue loss or contusion
volume (mm3) for wild type, Nlrp1−/−, and Asc−/− mice.

2.5. Evaluation of Protein Cytokine Levels in Cortical Tissue
Samples. Protein was isolated from cortical tissue samples of
wild type, Nlrp1−/−, and Asc−/− mice 1 day after CCI injury
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as previously described [21]. Briefly, fresh brain tissue was
dissected in L15 (Gibco) media on ice and homogenized in
RIPAbuffer (pH7.5, 1%NP-40, 1% sodiumdeoxycholate, 0.1%
SDS, 0.15M NaCl, 2mM EDTA, and 0.01M sodium phos-
phate) in the presence of complete protease inhibitor cocktail
(Roche, Florence, SC, USA) and phosphatase inhibitor cock-
tail 2 (Sigma-Aldrich, St. Louis, MO, USA). Supernatant was
collected by centrifuging at 14 000×g for 30min at 4∘C and
the Lowry assay was used for the determination of protein
concentration (Pierce, Rockford, IL, USA). Protein samples
were then tested for IL-1𝛽, IL-18, and IL-6 expression levels
using ELISA (BD Biosciences), as previously described [23].
Final concentrations of each cytokine were calculated based
on internal standard controls and represented as pg/mL, then
normalized to the amount of protein (mg) loaded per well of
the ELISA and represented at (pg/mL)/mg for each sample.
This is a standard procedure to account for differences in
starting protein levels that could significantly influence the
final concentration of each cytokine [24–26].

2.6. Metadata Analysis. The microarray data was gener-
ated following a metadata analysis or data mining of
publically available datasets using a publically accessible
microarray meta-analysis NextBio search engine, available
at http://www.nextbio.com/b/search/ba.nb. The data anal-
ysis was performed from the following datasets: human:
GSE2392, 1432, 10612, 12837, 12305 12679; mouse: GSE17256,
10246, 9566, 11288; TBI study: GSE2392.

2.7. Statistical Analysis. Data was graphed using GraphPad
Prism, version 4 (GraphPad Software, Inc., San Diego, CA).
Student’s two-tailed 𝑡-test was used for comparison of two
experimental groups. Multiple comparisons were done using
one-way and two-way ANOVA, where appropriate, followed
by Tukey test for multiple pairwise examinations. Changes
were identified as significant if 𝑃 was less than 0.05. Mean
values were reported together with the standard deviation
(SD).

3. Results

3.1. NLRP1 Inflammasome Activation Does Not Contribute
to Acute Cortical Damage after CCI Injury. Inflammasome
complex formation has been shown to play a critical role in
initiating inflammation in a variety of settings [27], though
our understanding of its role in neuroinflammation is limited.
Here, we sought to analyze the effects of inflammasome
disruption on acute neural tissue damage and cytokine
production following TBI. Specifically, we evaluated injury
outcome in Nlrp1−/− and Asc−/− mice, using the controlled
cortical impact (CCI) model [19–21], at 3 days after injury.
Serial sections were subjected to Nissl staining and contusion
boundaries were demarcated by loss of Nissl stain, pyknotic
neurons, and tissue hemorrhage. Using the Cavalieri estima-
tor, we found no significant difference in contusion volume
(𝐹 = 1.37, 𝑃 = 0.3) among wild type (4.22 ± 0.97mm3;
𝑛 = 8), Nlrp1−/− (3.70 ± 1.12mm3 𝑛 = 7), and Asc−/− (4.57

± 1.43mm3; 𝑛 = 5) mice at 3 days after CCI (Figures 1(a)–
1(c) and 1(g)) or 14 days (𝐹 = 1.07; 𝑃 = 0.49); (3.113 ±
0.85mm3 𝑛 = 8; 3.0 ± 1.2mm3 𝑛 = 5; 3.76 ± 0.66mm3 𝑛 =
5, resp.) (Figures 1(d)–1(f)) after CCI injury. These results
indicate that genetic ablation of specific genes known to be
involved in the formation of theNLR inflammasome complex
has no effect on neural tissue loss in the cortex following
acute TBI. We also performed Rotarod behavioral analysis
to test whether motor deficit and recovery were affected by
inflammasome disruption following CCI injury. Mice were
pretrained on the Rotarod 4 days prior to CCI injury then
subjected to motor assessment at 3, 7, and 14 days after sham
or CCI injury. Time to fall was recorded then normalized
to the average baseline time for each mouse. No differences
between groups were seen following sham injury for each
time point tested (Figure 1(h)). Although motor deficits were
observed following CCI injury, no difference between groups
was observed in motor ability at 3 days (wild type 60.07% ±
18.4 𝑛 = 9; Nlrp1−/− 55.7% ± 9.1 𝑛 = 5; Asc−/− 45.44% ±
10.5 𝑛 = 5) compared to baseline, or at any other time
point tested (Figure 1(i)).These data correlate with contusion
volume estimates and confirm that inflammasome disruption
has no effect on neural tissue loss ormotor function after CCI
injury.

Next, we investigated the protein expression of the proin-
flammatory cytokines IL-1𝛽, IL-18, and IL-6 in the cortex of
Nlrp1−/−, Asc−/−, and wild type mice following CCI injury.
Following injury, we collected cortical tissue samples from
the ipsilateral and contralateral hemispheres of sham- and
CCI-injured mice at 24 hours. Total IL-1𝛽, IL-18, and IL-6
levelswere quantified usingELISA.Our findings demonstrate
that CCI injury results in a significant increase in IL-1𝛽 (1.3-
fold; 78.2 ± 13.6 pg/mL per mg protein) and IL-6 (5-fold;
229.3 ± 30.9) levels in the wild type CCI-injured ipsilateral
cortex compared to uninjured contralateral (IL-1𝛽 56.8 ±
2.9; IL-6 43.3 ± 29.2) or sham-injured ipsilateral tissue (IL-
1𝛽 45.3 ± 5.7; IL-6 56.6 ± 12.9) (Figures 2(a) and 2(c)).
However, ipsilateral IL-1𝛽 levels are significantly attenuated
in CCI-injured Nlrp1−/− (51.9 ± 6.5) and Asc−/− (56.8 ±
3.7) mice, where levels reach that of uninjured wild type
samples (Figure 2(a)). On the other hand, we observed a
similar increase in IL-6 in the injured cortex of wild type,
Nlrp1−/−, and Asc−/− mice (Figure 2(c)). Ipsilateral IL-6 levels
are slightly reduced in Nlrp1−/− (172.6 ± 34.9) but not in
Asc−/− (197.4 ± 29.7) compared to wild type. Interestingly, no
significant difference in IL-18 levels was found following CCI
injury, although a reduced trend in all ipsilateral samples is
observed (Figure 2(b)). We find that disruption of the NLRP1
inflammasome complex leads to an attenuation of IL-1𝛽
production, an end-product of the inflammasome complex,
while having minimal effects on IL-6 following CCI injury.
These data indicate that IL-1𝛽 does not significantly con-
tribute to the neural tissue injury in this model. We further
characterized the histopathological changes induced by CCI
injury in wild type (Figure 2(d)), Nlrp1−/− (Figure 2(e)),
and Asc−/− (Figure 2(f)) using H&E staining. For each
strain of mice, we found a well-demarcated area of oncosis,
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Figure 1: Genetic disruption of the NLRP1 inflammasome complex has no effect on contusion volume and motor deficits following CCI
injury. Using Cavalieri estimator on Nissl stained sections collected from (a, d) wild type, (b, e) Nlrp1−/−, and (c, f) Asc−/− brains at 3 and 14
days after injury, respectively, shows no significant change in contusion volume (mm3). (d) Bar graph represents mean contusion volume ±
SD in wild type, Nlrp1−/−, and Asc−/− mice (𝑛 = 5–8 per group). Rotarod assessment or motor function was performed in each group and
demonstrates no significant difference between sham-injured mice (h) or CCI-injured mice (i). 𝑛 = 5–9 per group, represented as mean ±
SD.
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Figure 2: Cytokine protein expression and histopathology in wild type, Nlrp1−/−, and Asc−/− mice. Quantification of IL-1𝛽, IL-18, and IL-6
in wild type, Nlrp1−/−, and Asc−/− cortical tissue samples analyzed by ELISA 1 day after CCI injury. (a) IL-1𝛽, a direct release product of the
inflammasome signaling cascade, is significantly reduced in the ipsilateral cortex ofNlrp1−/− and Asc−/− compared to wild type cortex. (b) No
significant differences were observed in IL-18 levels 1 day after injury. (c) IL-6 is increased in wild type, Nlrp1−/−, and Asc−/− mice following
trauma with a slight attenuation in Nlrp1−/− ipsilateral cortex compared to wild type. ∗∗∗𝑃 < 0.001 compared to the contralateral and sham-
injured cortical control samples. #𝑃 < 0.05 and ###

𝑃 < 0.001 compared to wild type ipsilateral cortex. (d) H&E staining on coronal brain
sections fromwild type, (e)Nlrp1−/−, and (f)Asc−/−mice shows no difference in histopathological outcome. Prominent cellular features present
in all sections include large numbers of necrotic neurons (thin arrows), fewmacrophages (arrowheads), and neutrophils (thick arrows); insets.
Scale bar = 1mm. 𝑛 = 4-5 per group, represented as mean ± SD.

hemorrhage, and loss of neuropil at 3 days after CCI injury.
In all sections tested, the surrounding devitalized brain tissue
was vacuolated and contained numerous oncotic neurons
(Figure 2 insets; thin arrows), low numbers of macrophages
containing phagocytized erythrocytes and cellular debris
(Figure 2 insets; arrowheads), and numerous neutrophils
present in the perilesion site and perivascular spaces (Figure 2
insets; thick arrows). Histopathological assessments revealed
no significant differences in inflammatory cell composition
or quantity between the wild type, Nlrp1−/−, and Asc−/− mice
in our assessments 3 days after CCI injury. Likewise, no overt
differences in the pathological phenotype were observed
between the strains of mice following CCI injury.

In order to gain more robust insight regarding gene
expression patterns related to the NLRP1 inflammasome
following CCI injury, we compared our ELISA data with

previous microarray data obtained from murine cortical
tissue samples following sham and CCI injury at 4–72 hrs
after trauma using meta-analysis [28]. At each time point
tested from the datasets GSE2392, no change was observed
in gene expression for Nlrp1 or Asc between sham and injury
levels (Figure 3). However, in agreement with our ELISA
results, the microarray metadata shows an increase in Il1b
(1.8-fold) and Il6 expression (2.54-fold) at 24 hr after CCI
injury (Figure 3). Likewise, Il1a (data not shown; 8 hr after
injury) and Il1r1 (Figure 3) are also increased during acute
trauma. Interestingly, at this time, there was also an observed
decrease (−1.28-fold) in Il18 expression. We also observed
that Ccl2 expression consistently showed the highest fold
increase at each time point tested (5.78-, 17.2-, 8.86-, and 5.59-
fold, resp.). These results emphasize that trauma-induced
changes occur at the transcriptional level in genes related to
inflammasome associated pathways.
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Figure 3: Time course of gene expression in the murine parietal
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was detected, while greater expression is noted for Il-1b, Il-1r1, Il-
6, and Ccl2 at 4, 8, 24, or 72 hrs after trauma. Conversely, there was
a reduced fold change (−1.28) in the expression of Il-18 at 24 hours
after CCI injury.

Hippocampal dysfunction and cellular loss are the hall-
mark of TBI [21, 30–32]. In addition to cortical lesion volume,
we evaluated cell death using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) in the dentate
gyrus (DG) and cortex of wild type, Nlrp1−/−, and Asc−/−
mice (Figure 4). Serial coronal sections were stained with
TUNEL and optical fractionator, and StereoInvestigator was
used to quantify the total number of TUNEL-positive cells
in the contralateral and ipsilateral DG at 3 days after CCI.
In all three strains, our analysis revealed a similar increase
in cell death in the ipsilateral DG compared to contralateral;
however, no significant difference was observed (Figure 4(a))
between wild type (1507.7 ± 1221.2), Nlrp1−/− (1840.6 ±
862.3), and Asc−/− (1635.8 ± 315.8) mice in the ipsilateral DG
(Figures 4(b), 4(c), and 4(d), resp.). Similarly, no differences
in TUNEL were seen in the cortex between the experimental
groups (Figures 4(e)–4(g)). These findings indicate that the
extent of cell death induced by cortical impact injury was not
affected by the loss of Nlrp1 or Asc expression.

3.2. Meta-Analysis of NLRP1, ASC, and IL-1𝛽 Gene Expres-
sion. Prior studies have shown that therapeutic targeting of
the NLRP1 inflammasome attenuates the immune response
and significantly improves histopathologic features associ-
ated with traumatic brain injury in rats (PMID: 19401709;
22781337). Likewise, the inflammasomehas been suggested to
be a promising target for therapeutic development in humans
to treat a variety of conditions, including following CNS
injury (reviewed in 26024799).Due to the therapeutic interest
in targeting the NLR inflammasome, we sought to evaluate
cell-specific expression in murine and human samples using
a data mining bioinformatics approach.NLRP1, ASC, and IL-
1𝛽 expression were analyzed in immune and neural cell types
from both humans and mice using a publically accessible
microarray meta-analysis search engine (NextBio website,

available at http://www.nextbio.com/b/search/ba.nb), as pre-
viously described [29]. This analysis revealed highly variable
levels between select cell populations relevant to the immune
response compared to neural tissue. Overall, human NLRP1,
ASC, and IL-1𝛽 show greater median cell expression in
the näıve peripheral blood (PB) cells known to respond
to trauma. These include neutrophils, macrophages, and
monocytes (Figures 5(a)–5(c)), with the exception of IL-
1𝛽, which has the highest level of expression in human
microglial cells (Figure 5(c)). Brain-derived cell types show
lower median expression levels of these genes suggesting that
the greatest activity occurs in response to immune activation.
Nlrp1 (Nlrp1a; Nlrp1b; Nlrp1c) (Figure 5(d)) expression data
has not been added to the datasets evaluated using this
method. However, similar results to the human findings were
obtained forAsc and Il1-b in näıve C57Bl/6mice (Figures 5(e)
and 5(f), resp.).

4. Discussion

New insights into the role of theNLR inflammasome complex
during acute inflammation have prompted its investigation in
the pathogenesis of numerous neurological diseases, includ-
ingTBI [33, 34].The current study shows that genetic deletion
of NLRP1 (Nlrp1a, Nlrp1b, and Nlrp1c) or ASC, essential pro-
teins for the assembly of the NLRP1 inflammasome complex,
has no direct effect on cortical tissue loss, hippocampal cell
death, or motor behavior deficits. In the present study, we
utilized the Rotarod as a measure of functional recovery
following CCI injury in the motor cortex. This technique
measures aspects of motor impairment that are not evident
by either the beam-balance or beam-walking tasks in our
model. For this reason our current experiments focused on
the Rotarod, which is the most robust, sensitive, and efficient
index for assessing motor impairment produced by CCI
injury [22]. Although we find a significant attenuation of
IL-1𝛽 in Nlrp1−/− or Asc−/− mice, histopathological changes
seen following cortical trauma were similar to that found
in wild type mice. These results are the first to identify
a nonessential role for the NLR inflammasome in injury
outcome following controlled cortical impact using a genetic
approach. Our data is not consistent with previous findings
that demonstrate significant protection following adminis-
tration of ASC neutralizing antibodies in the rat lateral fluid
percussion injury (FPI) model of TBI [9]. This discrepancy
may be due to species differences between rats and mice or
possible variations in the cytokine profile induced between
the CCI and fluid percussion TBI models. Likewise, recent
studies indicate that mouse and rat genetic factors may also
mediate some of this variability [35]. It is also possible that
other compensatory mechanisms may be associated with
TBI progression in the Nlrp1−/− and Asc−/− mice, which
are completely devoid of NLRP1 inflammasome function
from birth. The discrepancies observed in our model versus
the prior studies in rats underscore the need for further
investigation to develop additional mechanistic insight into
the role of the NLRP1 inflammasome following traumatic
brain injury.
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In the present study, we utilized NLRP1 and ASC gene
targeted knockout mice, which have been previously shown
to prevent NLRP1-mediated inflammasome complex forma-
tion during acute inflammation [17, 18, 36]. We demon-
strate attenuated inflammasome function in theNlrp1−/− and
Asc−/− mice, as evidenced by reduction of IL-1𝛽 following
acute CCI injury. Interestingly, IL-18 levels were unaffected
in the cortex after trauma (Figure 2(b)). In fact, we observed
a trend towards reduced IL-18 levels in wild type, Nlrp1−/−,
and Asc−/− mice indicating that noninflammasome regulated

pathways may be acting to suppress IL-18 induction in
response to cortical impact. This is further supported by
our metadata analysis that also shows reduced expression of
Il-18 at the transcription level (Figure 3). Overall, we find
that abolishing IL-1𝛽 expression in the absence of ASC and
NLRP1 does not correlate with changes in lesion volume or
behavioral outcome after controlled cortical impact. There-
fore, in order to identify key cytokines that may play a more
central role, we further analyzed IL-6, as this cytokine has
been largely implicated in tissue damage and progression of
cavity formation. IL-6 generation has also been shown to be
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significantly modulated by several NLRs and is often dysreg-
ulated in NLR deficient mice in other models beyond the
nervous system [36–38]. Compared to the ∼2-fold increase
in IL-1𝛽, there was a ∼6-fold increase in IL-6 expression
after TBI implying that this protein, among others, is more
central to the inflammatory response in brain trauma. NLRP1
has not previously been shown to regulate IL-6 and the
small reduction seen in the cortical tissue samples of TBI-
injured Nlrp1−/− mice (Figure 2(c)) is somewhat surprising.
We do not believe such minimal changes would impact the
overall downstream effects on IL-6 production. However, it is
possible that earlier induction (6–12 hrs) of IL-6 is unaffected,
which is also critical for stimulating the inflammatory milieu
and progression of injury.

ASC, NLRP1, and IL-1𝛽 are expressed in neurons and
glial, vascular endothelial and peripheral-derived immune
cells [39, 40] and have been shown to be upregulated after
TBI [8, 9]. These immune mediators play a vital role in
activating the inflammatory response, which is a necessary
component of repair and healing [41, 42]. However, acute
inflammation also exacerbates tissue damage in the brain

for which IL-1 has been implicated as a major player [43,
44]. Previous studies in ischemic stroke have demonstrated
that exogenous IL-1 administration can exacerbate neuronal
injury [45], while inhibition of caspase-1 or IL-1 receptor
provides protection [46, 47]. Deletion of IL-1𝛼 and IL-
1𝛽 also can significantly reduce ischemic injury in mice
[48]. Furthermore, current clinical trials of IL-1 receptor
antagonist are underway in patients who suffer acute stroke
[49]. However, our studies indicate that attenuation of IL-
1𝛽 does not correlate with neuroprotection in CCI-injured
Nlrp1−/− andAsc−/−mice suggesting thatNLR inflammasome
activation and IL-1 productionmay not play a significant role
in neuronal damage after TBI. Injury-induced expression of
IL-1𝛽 in the current model may be too weak to participate in
eliciting a majority of the immune response. Our data shows
that IL-1𝛽 isminimally upregulated at 24 hr (1.3-fold increase)
as compared to IL-6 (5-fold increase) suggesting that other
proinflammatory pathways may play a more prominent role
[50]. For example, TNF expression is consistently upregulated
across several TBI models in rodents including CCI, FPI, and
stab wound injury, with detectable levels at 1 h after injury,
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maximal concentration at 3–8 h, and a decline at 24 h after
injury [51, 52]. Similarly, IL-6 is also an importantmediator of
neuroinflammation in the brain [53, 54] suggesting that these
and other cytokine pathwaysmay predominate followingCCI
injury. Indeed, human clinical studies have demonstrated that
levels of TNF, IL-6, IL-8, and IL-10 correlate with TBI severity
and rates of complication [55–58].

We conclude that disruption of theNLRP1 inflammasome
has no effect on injury outcome in the murine moderate
CCI model. Inflammasome activation and subsequent IL-1𝛽
expression are not a limiting factor in the behavioral deficits,
neuronal loss in the cortex, or hippocampus associated with
acute CCI injury. NLR inflammasomes have been shown to
be involved in a diverse range of conditions associated with
aberrant inflammation, including many neurological and
neurodegenerative conditions. While our current negative
findings using a genetic approach were unexpected, they
emphasize the need to further explore the clinical relevance
and mechanistic details underlying the NLRP1 inflamma-
some in brain injury and other related central nervous system
disorders.
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