International Scholarly Research Network
ISRN Pulmonology
Volume 2011, Article ID 142518, 6 pages
doi:10.5402/2011/142518

Review Article
Toll-Like Receptors Dysregulation after Influenza Virus Infection:
Insights into Pathogenesis of Subsequent Bacterial Pneumonia
Yoav Keynan,1, 2, 3 Keith R. Fowke,1, 2, 3 T. Blake Ball,1, 3, 4 and Adrienne F. A. Meyers1, 3, 4
1 Department

of Medical Microbiology, University of Manitoba, Winnipeg, MB, Canada R3T 2N2
of Community Health Sciences, University of Manitoba, Winnipeg, MB, Canada R3T 2N2
3 Department of Medical Microbiology, University of Nairobi, Nairobi, Kenya
4 National Laboratory for HIV Viral Immunology and National HIV and Retrovirology Laboratories, Public Health Agency of Canada,
1015 Arlington Street Winnipeg, MB, Canada R3E 3R2
2 Department

Correspondence should be addressed to Yoav Keynan, keynany@yahoo.com
Received 23 March 2011; Accepted 20 April 2011
Academic Editors: T. Goldmann and E. Lecuona
Copyright © 2011 Yoav Keynan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
The innate immune system utilizes an intricate network to aid in fighting foreign invaders. Recent insight and understanding of
toll-like receptors (TLRs) has been critical in providing key information about early responses to infection, and more recently,
understanding dysregulation of TLRs has shed light on pathogenic states. This paper addresses the importance of innate immunity
and TLR regulation of immune responses to the presence of influenza infection and its role in the subsequent bacterial infections.

1. Introduction
1.1. Toll-Like Receptors. Toll-like receptors (TLRs) are members of the interleukin-1-receptor superfamily and comprise
a family of transmembrane pattern recognition receptors
(PRRs) that recognize highly conserved microbial molecules
known as pathogen-associated molecular patterns (PAMPs)
[1–3]. First identified in Drosophila, 13 members of the
TLR family have been described with 10 being functional
in humans and 12 in mice [4–7]. These receptors are key
components of both innate and adaptive immunity and
enable the distinction between self and nonself via specific
recognition mechanisms that ultimately result in signaling
cascades [8–10].
TLRs are type 1 transmembrane proteins with extracellular leucine-rich repeat domains (LRRs) for recognition of
PAMPS, transmembrane regions, and intracellular Toll/IL1 receptor (TIR) domains that are critical for downstream
signaling [11]. Downstream signalling events take place by
virtue of 1 of 2 pathways: a MyD88-mediated pathway
resulting in activation of NFκB and inflammatory responses
(all TLRs except TLR3) or a MyD88-independent pathway
leading to the production of IFN-α and IFN-β and an
antiviral state (TLRs 3, 4) (reviewed in [12, 13]).

TLRs expressed on the cell surface (TLRs 1, 2, 4, 5, 6, 10)
primarily recognize bacterial products as their PAMPs, while
those expressed within the confines of the plasma membrane
in the ER, endosomes, and lysosomes (TLRs 3, 7, 8, 9) are
critical for the recognition of viral products and nucleic acids
[8, 14–23].
The sensing of the environment by TLRs and subsequent
cellular response to infection via signaling pathways are some
of the earliest events in immune response. The most diverse
repertoire and strongest levels of TLRs have been detected in
antigen expressing cells such as macrophages and dendritic
cells. Macrophage response to infection is one of the first
steps [24–26]. Expression of TLRs is modulated by several
factors including cytokines and pathogens, but stimulation
and activation of TLRs in turn respond by the activation of
genes and subsequent production and release of cytokines
and chemokines important for inflammatory responses [27,
28]. This response, and the specificity of the response, plays
an important role in determining the types and numbers of
cells that are further recruited in the immune response to
infection.
In addition to the immune cells, somatic cells can also
respond to TLR stimulation. Most somatic cells express some
TLRs, including epithelial [29, 30], endothelial [31, 32], cells
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of the genital tract [33], intestinal tract [34], and respiratory
tract [35, 36].
The recent work has revealed interesting details about
immune responses and pathogenesis profiles involved in TLR
signalling and influenza infection. Initially, it was believed
that TLRs in plasmacytoid dendritic cells alone were important for antiviral responses, but the recent work suggests that
TLR expression in other cell types is also key in mediating
innate immune responses against viruses.

2. Postinfluenza Bacterial Pneumonia
Influenza viruses are members of the family Orthomyxoviridae and are responsible each year for almost half a million
deaths. The virions infect epithelial cells of the upper respiratory tract and bronchi. A self-limited respiratory illness is the
most common manifestation of infection with influenza, and
there is a wide range of eﬀects that can be seen, depending on
many factors such as virus strain and immunocompetence
of the infected host. Both seasonal and pandemic strains
of influenza lead to significant morbidity and mortality
with various estimates suggesting that approximately 36000
influenza-associated deaths occur annually in the United
States [37–40]. Several days after resolution of the viral
illness, some individuals will go on to develop a recurrence
of fever accompanied by a productive cough and shortness
of breath signalling the development of a superimposed
bacterial infection. Although estimating the exact contribution of bacterial pneumonia is diﬃcult, it is clear that
bacterial pneumonia is an important cause of morbidity
and mortality [41–43], and the most likely causative agents
are Streptococcus pneumonia, Staphylococcus aureus, and
Haemophilus influenzae. The mechanisms by which prior
influenza infection predisposes to subsequent development
of bacterial pneumonia are numerous with varying levels
of evidence supporting each of these. The predisposition
involves changes in epithelial defences and changes in
epithelial cell wall, brought about by the cytolytic eﬀects
of the virus, leading to increased bacterial adherence and
ability to invade. Immune changes involve several alterations
of innate mechanisms aﬀecting several aspects of function,
including the ability of the innate cells to recognize the
pathogen, impaired migration, or inability of macrophages
and other immune cells to eradicate the invading organism
[44–46]. Assessing the magnitude of the risk is complicated
by variable eﬀects attributed to particular strains of influenza
virus and the degree of local epithelial damage and immune
dysregulation the viral infection induces as well as the
virulence of the secondary infecting bacterial organism.

3. Innate Immune Responses: TLRs in Influenza
Mucosal surfaces are faced with a continuous barrage of
pathogens and need to diﬀerentiate innocuous from serious
threats and respond appropriately. As part of the innate
immune response to respiratory tract influenza infections,
neutrophils, NK cells, and macrophages are recruited, and
proinflammatory cytokine/chemokine production is initiated [47]. A favourable outcome following infection is
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largely dependant upon the recruitment of proinflammatory
leukocytes and induction of chemokine release at the site
of infection [48, 49]. The ensuing adaptive responses are of
paramount importance in clearance of the virus and repair
of the tissue damage.
As seen for many other viruses, TLRs are an important
part of the innate immune response to influenza infection
[20, 50, 51]. Acidification of endosomes to allow TLR7/8mediated signalling and inflammatory cytokine production
is required for adequate responses in dendritic cells and
neutrophils. Dendritic cells deficient for TLR7 have reduced
ssRNA responses and IFN-α or TNF-α release.
TLR7/MyD88 recognition of influenza virus is essential
for the induction of protective immune response to the
dominant antigens (hemagglutinin HA) [52, 53]. It is of
interest that a viral protein, rather than traditional nucleic
acid (ssRNA) or glycoprotein, is capable of stimulating an
immune response via TLR signalling. The HA plays an
important role in the pathogenicity associated with the 1918
pandemic strain of influenza.
Influenza viral RNA was detected by distinct host receptors, TLRs and retinoic-acid-inducible-gene-like receptors
(RLRs), and mediated by their interaction with adaptor
molecules MyD88 (TLRs) and IPS-1 (RLRs). Likely a
combined eﬀort of several receptors and signalling pathways
is involved in the regulation of the innate immune response
to influenza infection. Strong evidence suggesting that nonimmune type cells (epithelial, myeloid cells) generate type 1
interferons via IPS-1 induction, whereas TLR expression on
immune cells (pcDCs, B cells) mediate type 1 IFN response
via MyD88 interaction [50, 54–57]. MyD88-mediated signalling also appears to play a role in the generation of an
adaptive immune response during the course of influenza
infection. Therefore, TLR signalling is important for vaccine
production (TLR7/MyD88 signalling via immunodominant
Ag) and preventative as well as therapeutic modality development (adaptive immune responses via B cell-mediated
antibody production and influenza nucleoprotein-specific
CD4 production of IFN-γ). Interestingly, following infection
with influenza, the TLR3 and TLR7 pathways were not
important for CD4 or CD8 T cell proliferation, activation,
or eﬀector functions [58]. Furthermore, a lack of TLR3 had
no impact on the humoral response to influenza infection.
The lack of TLR7, however, did have an eﬀect on Ab isotypeswitching specific for influenza with enhanced levels of IgG1
titers.
One report describes the constitutive expression of TLR3
in human alveolar and bronchial epithelial cells, key cells
encountering influenza virus during infection [59]. This
paper went on to demonstrate the importance of TLR3 signalling in mounting an eﬀective respiratory epithelial cell
immune response when encountering dsRNA and influenza
A virus.
The recent work has also taken into consideration the role
of the adaptor molecules such as MyD88 in stimulating an
immune response [60, 61]. One study describes the enhanced
immunogenicity and protection of a DNA vaccine against
influenza virus when adaptor molecules are included in the
vaccinogen.
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Figure 1: TLR downregulation leads to decreased bacterial clearance. (a) During normal response, TLR 2, 4, 5 on dendritic cells in the
lung recognize bacterial ligands, leading to a signaling cascade that results in cytokine production. These cytokines increase neutrophil
migration into the respiratory tract with subsequent decline in bacterial burden. (b) Postinfluenza infection-decreased TLR expression leads
to decreased cytokine production, which in turn reduces chemotaxis of neutrophils into the lung with a resulting increase in bacterial burden.

4. TLRs and Pathogenesis of Postinfluenza
Bacterial Infection
The role of TLR receptors in determining the outcome of
successive infection is only starting to be appreciated. The
recently reported desensitization of airway macrophages to
bacterial TLR agonists reported by Didierlaurent et al. [44]
may help to shed light on the TLR dysfunction and its
role as a mediator of increased susceptibility to bacterial
pneumonia. The authors demonstrated that 2–6 weeks
after influenza infection in mice, neutrophil recruitment in
response to TLR2, TLR4, and TLR5 agonists was impaired,
associated with decreased TLR-induced cytokine production,
and was correlated with higher Gram-positive and Gramnegative bacterial loads. They also demonstrated that the
mechanism behind the decreased neutrophil content was
decreased transmigration, which is thought to be attributed
to the reduced chemotactic signals. Heltzer et al. studied
children with severe influenza and compared their responses
to TLR stimulation ex vivo to that of children with moderate
influenza, respiratory syncytial virus infection, and noninfected controls. They stimulated peripheral blood mononuclear cells using TLR ligands and assayed for TNF and IFN
production. The responses to TLR ligands were comparable
in RSV-infected children and controls. TLR responses in
influenza patients were significantly lower than controls, and
the responses were normalized when retested, suggesting a
transient alteration. The diminished TLR responses did not
translate to a decrease in plasma cytokines as these were
elevated [62]. Higher rates of postinfluenza complications
including bacterial infections occur among the elderly and
may be attributed to higher prevalence of comorbidities with
advancing age along with decreased antibody responses to

influenza vaccine [63–65]. However, recent data documented
a decrease in TNF-α, IL-6, and IL-12p40 production following stimulation with a range of TLR ligands. The decreased
cytokine production was observed for TLR 1, 2, 3, 5, 6, 7, 8
and involved both myeloid DCs and plasmacytoid DCs from
older compared with young individuals. These diﬀerences
occurred despite the absence of comorbidities in 80% of the
older adults. The functional significance of these findings
was further strengthened by the finding that the decreases in
TLR-induced cytokine production were strongly associated
with the absence of protective Ab response to the trivalent
inactivated influenza vaccine [66]. Whether this dysfunction
contributes to increased postinfluenza pneumonia was not
addressed by the study. A decreased TLR expression caused
by influenza may attenuate the inflammatory injury induced
by the virus; however, it may persist beyond the resolution
of viral infection and may play a role in the establishment of
superimposed bacterial pneumonia.
Figure 1 illustrates the proposed mechanism by which
TLR dysregulation after influenza infection leads to bacterial
pneumonia.

5. Therapeutic Targeting of TLRs in
Influenza Infection
Understanding of the immune dysregulation caused by influenza is compounded by the variation of eﬀects between
diﬀerent viral strains, pre-existing immunity, comorbidities,
and age of the individuals. However, ameliorating the
observed decrease response to TLR stimulation and/or shortening its duration may improve the outcome of postinfluenza
bacterial pneumonia.
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6. Summary
TLR-mediated signalling events are important for the generation of host response and resistance to infection. These
receptors respond to influenza virus and contribute to the
recruitment of innate cells as well as to the generation of
the subsequent adaptive response. The limited information
available suggests that innate dysregulation may occur during
influenza infection and that such dysfunction may persist
well beyond the viral presence in the respiratory tract.
TLR dysregulation may be involved in setting the stage for
subsequent bacterial infection, by altering one of the most
important and early responders to bacterial invasion into
the respiratory tract. Understanding the magnitude of TLR
dysregulation and its contribution to the development of
bacterial complications in the aftermath of influenza infection may open the door for novel therapeutic interventions.
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