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Synergistic and feedback signaling mechanisms in the
regulation of inflammation in respiratory infections
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Pneumonia, the most typical and frequent lower respiratory tract infection (LRTI), is a leading cause of health problems in the United

States. Bacteria represent the most prevailing cause of pneumonia in both children and adults. Although pneumonia with a single

bacterial infection is common, a significant portion of patients with pneumonia is polymicrobial. This infection is often complexed with

other physiological factors such as cytokines and growth factors. Nontypeable Haemophilus influenzae (NTHi) is the most frequently

recovered Gram-negative bacterial pathogen in the respiratory system and induces strong inflammatory responses. NTHi also

synergizes with other respiratory pathogens, such as Streptococcus pneumoniae and respiratory viruses and pro-inflammatory

cytokines, such as tumor necrosis factor-alpha (TNF-a). It is noteworthy that NTHi not only synergizes with growth factors such as

transforming growth factor-beta (TGF-b), but also utilizes growth factor receptors such as TGF-b receptor and epidermal growth factor

receptor (EGFR), to enhance inflammatory responses. Although appropriate inflammation is a protective response against invading

pathogens, an uncontrolled inflammatory response is often detrimental to the host. Thus, inflammation must be tightly regulated. The

human immune system has evolved strategies for controlling overactive inflammatory response. One such important mechanism is via

regulation of negative feedback regulators for inflammation. CYLD, a multifunctional deubiquitinase, was originally reported as a tumor

suppressor, but was recently identified as a negative regulator for nuclear factor-kappa B (NF-kB) signaling. It is induced by NTHi and

TNF-a via a NF-kB-dependent mechanism, thereby serving as an inducible negative feedback regulator for tightly controlling

inflammation in NTHi infection.
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INTRODUCTION

Lower respiratory tract infection (LRTI) is a leading healthcare crisis

that accounts for more than 50 million deaths per year worldwide.1

Community-acquired pneumonia, a prevalent form of LRTI, results in

more than 10 million doctors visits annually in the United States.2 The

most common bacteria responsible for community-acquired pneu-

monia include Streptococcus pneumoniae, Haemophilus influenzae

and Moraxella catarrhalis.1,3 Not only can these bacteria wreak havoc

on the host via toxins and injury, but they can also induce a strong

inflammatory response that can further damage the lung tissue and

cause morbidity.4 However, rarely do these bacteria cause inflam-

mation in an isolated circumstance. Combined with the primary

infection, other secondary pro-inflammatory agonists, such as host-

secreted cytokines, growth factors and viral and/or bacterial infec-

tions, can synergistically increase the total inflammatory response

beyond the additive value of the individual agonists.5–9 In order to

maintain an adequate level of inflammation, the immune system has

developed negative regulatory mechanisms, like deubiquitinases such

as CYLD and A20, for the tight regulation of inflammatory responses

to prevent host damage.10–14 The goal of this review is to discuss the

current knowledge of the synergistic activation of lung inflammation

by bacteria, such as nontypeable Haemophilus influenzae (NTHi),

combined with other co-inducers and the role of deubiquitinases, such

as CYLD, in negative feedback regulation of inflammation.

SYNERGISTIC UPREGULATION OF NTHI-INDUCED LUNG

INFLAMMATION

NTHi and Inflammation

NTHi is a Gram-negative bacterium that is the leading cause of exacer-

bation of chronic obstructive pulmonary disease (COPD) in adults, a

major form of LRTI, as well as otitis media (OM) in children.15–17 A

hallmark of NTHi infection is the host’s prolonged immune response

against the pathogen, leading to debilitating inflammation. This res-

ponse is primarily due to the release of pro-inflammatory mediators,

such as interleukin-8 (IL-8), that signal leukocyte migration to the area

of infection. However, this inflammatory response can often intensify

the symptoms of the disease, and lead to increased host damage.

Therefore, it is imperative that the host’s inflammatory response is

tightly regulated.

Inflammation is the body’s primary response to harmful stimuli and

is a critical part of the innate immune response, acting to signal the

host to any bodily insult.18 The classical hallmarks of inflammation

1Center for Inflammation, Immunity and Infection, and Department of Biology, Georgia State University, Atlanta, GA, USA and 2Department of Microbiology and Immunology,
University of Rochester Medical Center, Rochester, NY, USA
Correspondence: Dr J -D Li, Center for Inflammation, Immunity and Infection, Box 5090, Georgia State University, Atlanta, GA 30302, USA.
E-mail: jdli@gsu.edu

Received 30 November 2011; revised 6 January 2012; accepted 7 January 2012

Cellular & Molecular Immunology (2012) 9, 131–135
� 2012 CSI and USTC. All rights reserved 1672-7681/12 $32.00

www.nature.com/cmi

www.nature.com&sol;cmi


include redness, heat, pain, swelling and loss of function. After the

initial trigger, pro-inflammatory mediators such as tumor necrosis

factor-alpha (TNF-a), IL-1b and IL-8 are released and act to attract

leukocytes, such as neutrophils, dendritic cells and macrophages, to

the site of injury. This cascade promotes the elimination of the original

antigen and ultimately results in repairing and healing the host.19

However, an overactive inflammatory response can cause severe tissue

damage, and can lead to debilitating diseases such as COPD and OM.

Although NTHi makes up part of the nasopharyngeal flora in most

of the population, it can cause disease in both children and adults. In

children, it is the leading cause of OM. OM is the most common

bacterial infection, as well as the primary cause of conductive hearing

loss, in children and is responsible for nearly 30 million doctor visits

each year in the United States, costing approximately five billion dol-

lars in patient care.20,21 NTHi is also the primary bacterium associated

with exacerbation of COPD in adults. COPD is a progressive deteri-

oration of the lungs that leads to respiratory distress. It is predomi-

nantly caused by extended exposure to cigarette smoke or other lung

irritants like air pollution or chemical fumes. It is currently the fourth

leading cause of death in the United States, and is projected to be the

third leading cause of death in adults worldwide by 2030.22–24

Synergistic upregulation of inflammation by NTHi and cytokines

While NTHi has been shown to individually upregulate inflammation

through the NF-kB signaling pathway, Watanabe et al. demonstrated

that pro-inflammatory mediators, such as IL-8, TNF-a and IL-1b,

were significantly upregulated when human airway epithelial cells

were treated with both NTHi and TNF-a.9 This synergistic activation

occurred through both the NIK–IKK–IkBa and the MEKK1–MKK3/

5-p38 MAPK pathways. NF-kB activation increased twofold more

than through stimulation with NTHi alone, and threefold more than

treating with only TNF-a. A similar phenomenon can be seen in IL-8

and IL-1b upregulation.9

Predictably, synergistic activation by NTHi and endogenous factors

are not limited to the lungs. Moon et al. showed that NTHi and IL-1a

can synergistically upregulate b-defensins, molecules with antimicro-

bial properties, in human middle ear epithelial cells via the p38 MAPK

pathway. While this synergistic activation was limited to the middle

ear, the specificity can be possibly attributed to the difference in sur-

face receptors each cell type expresses.25

Interestingly, in response to bacterial infection, the NTHi-treated

cells initially secreted both TNF-a and IL-1a in order to alert the host

of a potential biological threat. The secretion of these cytokines pro-

duced an autocrine feedback loop that further enhanced the inflam-

matory response in conjunction with the already existing NTHi

stimuli in a synergistic manner.

Synergistic upregulation of inflammation by NTHi and growth

factors

In addition to coupregulating lung inflammation with cytokines, NTHi

has been shown to synergistically enhance host inflammatory response

with growth factors. Ishinaga et al. reported that transforming growth

factor-beta (TGF-b) synergistically enhanced NTHi-induced inflam-

mation by inducing acetylation of the NF-kB p65 subunit.5 While more

commonly known as a key factor in regulating important cellular

processes such as cell differentiation and proliferation, TGF-b, when

cotreated with NTHi, significantly increased NF-kB activity in epithelial

cells in vitro and inflammation in lung tissues of mice.5,26,27 This syn-

ergistic upregulation was shown to be due to the TGF-b induction of

p65 acetylation through the Smad3/4–PKA–p300-dependent signaling

pathway.5 It is important to note that traditionally, TGF-b is known to

be an anti-inflammatory mediator; therefore, its role in synergistically

enhancing NTHi-induced inflammation is particularly unique.28

Recently, Xu et al. demonstrated that the epidermal growth factor

receptor (EGFR) signaling pathway also plays a role in upregulating

NTHi-induced inflammation.29 By perturbing EGFR signaling using

AG1478, an EGFR tyrosine kinase inhibitor, NTHi-induced NF-kB

activation in A549 cells was markedly attenuated. Similar results were

also seen in cells in which EGFR expression was significantly reduced

with EGFR knockdown via siRNA. In mice, pre-treatment with

AG1478 significantly inhibited NTHi-induced upregulation of

pro-inflammatory mediators such as TNF-a, IL-1b and macrophage

inflammatory protein-2. Furthermore, EGFR signaling was shown to

mediate NTHi-induced NF-kB activation through the PI3k–Akt as

well as the MKK3/6–p38 pathways.29 Previously, Jiang et al. suggested

that EGFR signaling leads to NF-kB activation through a caspase

recruitment domain-containing scaffold molecule, CARMA3, and

resulted in increased tumor growth in vivo.30

Synergistic upregulation of inflammation by NTHi and other

microbial pathogens

Although it is well established that NTHi alone can induce potent

inflammation in controlled in vitro and in vivo settings, polymicrobial

infections of NTHi with other bacterial and viral pathogens are more

prevalent in vivo.31 The tissue damage caused by COPD makes the

lungs susceptible to numerous bacterial infections in addition to

NTHi, most commonly Streptococcus pneumoniae and Moraxella cat-

arrhalis.1,3,32 Kweon et al. previously reported that NTHi and S. pneu-

moniae synergize to upregulate NF-kB activity through the IKKb–

IkBa and the p38–MAPK signaling pathways in airway epithelial

A549 and NHBE cells.6 When the cells were cotreated with both spe-

cies, NF-kB-dependent transcription of proinflammatory mediators

such as TNF-a, IL-1b and IL-8 was significantly upregulated in com-

parison with cells that were treated with each bacteria strain sepa-

rately.6 Lim et al. has also shown that the combinatorial treatment

of NTHi and S. pneumoniae can synergistically induce inflammation

via upregulating TLR-2 in vitro and in vivo.7 In mice treated intratra-

cheally with both NTHi and S. pneumoniae, IL-1b mRNA expression

was significantly increased in comparison with mice inoculated with

each individual strain. Similar to what Kweon et al. and Lim et al.

reported, Ratner et al. also demonstrated a synergistic increase in IL-8

due to a combinatorial infection by NTHi and S. pneumoniae via the

p38 MAPK pathway. Work done in human epithelial cells stimulated

by both strains exhibited a significant NF-kB-dependent and p38

MAPK-dependent upregulation of IL-8.8

In addition to bacterial co-infections, COPD lungs are often sus-

ceptible to additional viral infections, such as influenza virus and

human rhinovirus. Wilkinson et al. examined 56 patients with

COPD exacerbations, and determined that in cases where patients

were infected with both Haemophilus influenzae as well as human

rhinovirus, there was significantly more IL-6 in the patient serum,

suggesting increased inflammation.32 Co-infections of H. influenzae

and viruses have been shown to increase mortality. Lee et al. period

developed a mouse model for NTHi/influenza virus co-infection that

showed a 100% lethality rate in mice co-infected with NTHi and virus

in a manner that is not completely dependent on TNF-a, IL-6 or TLR-

4, but is dependent on the host’s innate immunity. Concurrently, the

mechanism seems to be T-cell- and B-cell-independent, suggesting an

unknown innate immunity dependent pathway. Interestingly, the

mortality rate of the co-infections was critically dependent on the
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duration of time between the influenza and NTHi exposure, with

incubations between 3 and 4 days showing the maximum lethality.33

NEGATIVE FEEDBACK REGULATION OF LUNG

INFLAMMATION

Deubiquitinase, CYLD, as a negative feedback regulator in lung

inflammation

Although inflammatory responses against invading microbial patho-

gens are critical mechanisms for survival, dysregulated inflammatory

responses are detrimental to the host. Tight control of inflammation,

therefore, is critical for the survival of the host. Immune systems have

evolved multiple strategies to regulate and maintain an adequate

level of inflammation, such as deubiquitinases like CYLD and

A20.10–14,34,35 Among them, the role of CYLD has been the most

extensively investigated in respiratory bacterial infections, especially

by NTHi.

While NTHi and other coagonists can synergistically induce strong

levels of inflammation in the lungs, the deubiquitinase, CYLD, is a

multitasker that can negatively regulate many of the pathways induced

during infection. The tumor suppressor gene, CYLD, was first reported

when it was discovered that a mutation in the gene leads to the forma-

tion of benign tumors in skin appendages.36 CYLD is a deubiquitina-

ting enzyme that has been implicated in the downregulation of NF-

kB.37–39 This enzyme contains ubiquitin carboxy-terminal hydrolases

that can bind to ubiquitin and detach it from a target protein. Ubiquitin

is a small regulatory protein that is present in all eukaryotic cells. When

attached to a pre-existing protein, it can direct its further processing,

leading to either activation or degradation. Polymerization of ubiquitin

typically occurs at one of its seven lysine residues. Conjugation at Lysine

48 (K48) directs the tagged protein, such as IkBa and p100, towards

degradation, whereas Lysine 63 (K63)-linked polymerization has been

implicated in the activation of proteins.14,40–42 CYLD specifically targets

ubiquitin chains that are linked by K63 and removes them from the

protein, leading to its inactivation.42 Recently, it has been proposed that

CYLD complexes with the E3 ligase, Itch, to regulate inflammation via

Tak1 in macrophages.43 While it has been previously suggested that

CYLD deubiquitinates Tak1’s K63-linked polyubiquitin chain, Ahmed

et al. showed that after CYLD removes the K63-linked ubiquitin, Itch

catalyzes the polymerization of K48-linked ubiquitin to Tak1, signaling

its degradation.43,44 Along with being a well-known tumor suppressor

in eukaryotic cells, CYLD has also been linked to other critical func-

tions, such as the regulation of osteogenesis and spermatogenesis and

the development of T cells, B cells and lung tissue.45–51 Trompouki et al.

implicated CYLD as critical in lung maturation. Mice carrying a homo-

zygous deletion of Cyld exon 9 died soon after birth due to under-

developed lungs, stemming from an overly thick mesenchyme that

prohibited the formation of the alveolocapillary barrier.52 It is interest-

ing to note that the lethality of this mutation was not seen in other Cyld

inactivated mouse models. The authors suggested that this phenotype

was due to the deletion of exon 9 as opposed to exons 2 and 3 in the

mouse models presented by Reiley et al., Massoumi et al. and Zhang

et al., as well as the expression and scaffolding activity discrepancies

between these different mutations.53–55

Known CYLD targets within the NF-kB regulatory pathway include

TRAF 2/6/7, NEMO and Tak1.56 Interestingly, Jono et al. had shown

that NF-kB is also critical in the upregulation of CYLD, thereby

unveiling a novel negative feedback loop in regulating inflammation

in NTHi infection.57 CYLD was further determined to have anti-

inflammatory effects in mice exposed to NTHi by downregu-

lating NF-kB activation via TRAF6/7.13 Lim et al. showed that in

CYLD2/2 mice, lung tissue had increased leukocyte infiltration in

response to NTHi infection compared to the wild-type (WT) mice.

Concurrently, CYLD2/2 mice also had upregulated proinflammatory

cytokines in response to NTHi.13

In addition to playing a critical role in regulating NTHi-induced

inflammation, CYLD’s role expands to regulate inflammation and lung

injury induced by other bacteria as well. In Escherichia coli-induced

pneumonia, CYLD is critical in regulating the inflammatory response.

Expression of IL-1b and IL-6 was enhanced in CYLD2/2 mice, along

with increased neutrophil infiltration suggested CYLD’s function as a

negative regulator of the innate immune response.12 In Klebsiella pneu-

moniae infection, an important Gram-negative bacteria implicated in

community-acquired pneumonia, CYLD is upregulated through the

pattern-recognition receptor NOD1 in order to dampen NF-kB- and

MAPK phosphatase 1 (MKP-1)-dependent inflammation. By decreas-

ing the cell’s ability to generate an inflammatory response, K. pneumo-

niae is better able to evade the host’s immune response.58 Interestingly,

in response to severe S. pneumoniae infection, CYLD seems to play a

critical role in enhancing tissue injury and death in WT mice.59 This

detrimental role of CYLD in acute lung injury during severe S. pneu-

monia infection is mainly attributed to CYLD’s role in negatively

regulating the p38 MAPK pathway, leading to the downregulation of

type 1 plasminogen activator inhibitor in WT mice, which causes

severe tissue injury and alveolar hemorrhaging.59

Additional deubiquitinases may also play a role in negatively

regulating inflammation

While CYLD has been well documented in playing a critical role in

negatively regulating the host’s innate immune response, it is joined by

numerous other deubiquitinases that have demonstrated anti-inflam-

matory roles. A20, another well-defined deubiquitinase, also targets

ubiquitin polymerized at K63 and has been shown to negatively regu-

late NF-kB signaling. A202/2 mice exhibited an inability to negatively

regulate TNF-a expression while still maintaining regulatory control

of IL-1b, suggesting a TNF-a pathway-dependent regulation of

NF-kB.60 Cezanne, a member of the A20 deubiquitinating family of

enzymes, has been shown to be capable of regulating NF-kB-

controlled IL-8 expression in TNF-a-treated cells.61

CONCLUSION

In recent studies, the classical dogma of having one etiological agent

responsible for one pathological symptom has been replaced by the

idea that multiple inducers can combine to synergistically increase

host responses in an in vivo setting under physiological conditions.

Currently, it is becoming more apparent that the regulation of lung

inflammation is not simply a linear cause and effect, but rather a com-

plicated skein of combinatorial signals that upregulate the host’s innate

immune system. While pathological bacteria, such as NTHi, can induce

the host’s inflammatory response, the presence of other co-inducers,

such as cytokines, growth factors and other bacteria and viruses, can

synergistically enhance this response, causing further damage to the

host. Concurrently, deubiquitinases, such as CYLD, are upregulated

during inflammation in order to tightly control the immune response

in the hopes of limiting host damage. As we continue to investigate the

mechanisms and regulation NTHi-induced lung inflammation, it

becomes increasingly clear that other pro-inflammatory agonists play

a vital role in this response. Understanding how this synergistic activa-

tion of inflammation occurs and is regulated will be critical in devel-

oping novel therapies in the devastating diseases it causes, such as

COPD and other LRTI.
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