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Much research on infectious diseases focuses on clearing the pathogen through the 
use of antimicrobial drugs, the immune response, or a combination of both. Rapid 
clearance of pathogens allows for a quick return to a healthy state and increased sur-
vival. Pathogen-targeted approaches to combating infection have inherent limitations, 
including their pathogen-specific nature, the potential for antimicrobial resistance, and 
poor vaccine efficacy, among others. Another way to survive an infection is to tolerate 
the alterations to homeostasis that occur during a disease state through a process called 
host tolerance or resilience, which is independent from pathogen burden. Alterations 
in homeostasis during infection are numerous and include tissue damage, increased 
inflammation, metabolic changes, temperature changes, and changes in respiration. 
Given its importance and sensitivity, the lung is a good system for understanding host 
tolerance to infectious disease. Pneumonia is the leading cause of death for children 
under five worldwide. One reason for this is because when the pulmonary system is 
altered dramatically it greatly impacts the overall health and survival of a patient. Targeting 
host pathways involved in maintenance of pulmonary host tolerance during infection 
could provide an alternative therapeutic avenue that may be broadly applicable across 
a variety of pathologies. In this review, we will summarize recent findings on tolerance 
to host lung infection. We will focus on the involvement of innate immune responses 
in tolerance and how an initial viral lung infection may alter tolerance mechanisms in 
leukocytic, epithelial, and endothelial compartments to a subsequent bacterial infection. 
By understanding tolerance mechanisms in the lung we can better address treatment 
options for deadly pulmonary infections.

Keywords: host tolerance, pneumonia, lung infections, innate immunity and responses, lung epithelium, lung 
endothelium, tissue repair and regeneration

iNTRODUCTiON

The ultimate goal for a host when responding to an infection is survival and a rapid return to a 
homeostatic state. This can be accomplished in several non-mutually exclusive ways. One is to 
quickly and efficiently clear the pathogen, and thus prevent excessive pathogen-induced pathology. 
The other is to mitigate any damage or changes caused by the infection. The ability to survive an 
infection is determined by two main factors, pathogen clearance and host tolerance (1–4). Disease 
tolerance is defined as the ability of the host to tolerate the effects of the pathogens and the potentially 
damaging effects of the immune response. Problems arise when these strategies are in direct conflict 
with each other. For example, the immune response in an effort to clear the pathogen often causes 
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FigURe 1 | Potential mechanisms of host tolerance to lung infections. These mechanisms are broadly divided into four main categories. Beginning clockwise from 
the top, they include prevention of pathogen/host tissue damage (blue), initiation of repair/remodeling (gray), changes in lung microbiome composition and 
homeostasis (green), and maintenance of barrier function (red).
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damage, that is detrimental to the host. On the other hand, toler-
ance processes such as anti-inflammatory responses can cause 
immunosuppression and decrease pathogen clearance. Normally, 
however, a balance between these two processes is reached, and 
the infection resolves.

Changes in host disease tolerance are most obvious when the 
infection is in an essential organ. This is one reason why lung 
infections are ideal situations to examine mechanisms of toler-
ance. In addition to increasing our understanding of this aspect 
of pulmonary disease it also addresses a clinically relevant need 
(5). Lung infections are a top cause of disease with high economic 
and humanitarian costs in the United States and worldwide (6, 7). 
Community-acquired pneumonia (CAP) and hospital-acquired 
pneumonia (HAP) can be caused by a variety of different 
pathogens, including viral, bacterial, fungal, and polymicrobial 
infections (7, 8). Bacterial pneumonia is a common complication 
of respiratory virus infection that leads to increased morbidity 
and mortality (9). Given the diversity of pathogens that cause 
pneumonia, treatment is complex and not always effective (10). 
As detailed in the recent National Heart Lung Blood Institute 
Working Group Report, future directions for pneumonia treatment 
should include host-targeted therapeutics, which includes thera-
peutics directed at host tolerance mechanisms (11). This review 
will explore the concept of host disease tolerance mechanisms in 
the context of acute lung infections (see Figure 1 for a summary).

Public Health implications of Lung 
infections
Pneumonia is an infection of the lung that causes the alveoli, or 
air sacs, to fill up with fluid or pus (12). There are several risk 
factors for the development of pneumonia, such as advanced 
age, being immunocompromised, or having a pre-existing lung 
disease. Lower respiratory tract infections (LRTIs) cause the most 
deaths from an infectious disease worldwide (6), and have a large 
economic and personal burden (6, 13, 14). Pneumonia is the lead-
ing cause of death of children under five years of age worldwide 
(15). This is particularly true in the developing world, where it 
causes more deaths than either diarrheal disease or malaria. If 
pneumonia does not resolve it can lead to acute respiratory dis-
tress syndrome (ARDS), sepsis, increased risk of cardiovascular 
disease, and decreased pulmonary function.

There are several viral infections that lead to pneumonia (16). 
Influenza A virus (IAV) primarily infects the lung epithelium, 
and can cause viral pneumonia. It leads to an estimated 500,000 
deaths annually, in addition to the hospitalizations and loss of 
productivity from infected people (17). There are also a variety 
of other viruses that can infect the lower respiratory tract and 
lead to pneumonia, including respiratory syncytial virus (RSV), 
parainfluenza, human metapneumonia, and some adenoviruses 
(14, 18–22). Rhinoviruses and newly described coronaviruses 
also infect the respiratory tract and cause disease. RSV, in 
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particular, can cause complications in young children and is the 
leading cause of hospitalization in children less than one year old 
in the United States (18). Many of these respiratory viruses spread 
easily from person to person, or can be spread from an animal 
reservoir (23).

A variety of bacteria can also lead to the development of pneu-
monia. Bacterial pathogens as well as opportunistic infections 
(also known as pathobionts) can lead to pneumonia when allowed 
to infect the lower respiratory region. Bacteria that cause LRTIs 
naturally colonize the nasopharynx, but can cause disease when 
allowed to proliferate in the lower respiratory region (24–28). The 
most common examples of these are Streptococcus pneumoniae 
and Staphylococcus aureus. Other bacteria are acquired from the 
environment, and often these bacteria have specific virulence 
factors that allow for the adaptation and infection of the lower 
respiratory tract (29). An example of an environmental pathogen 
is Legionella pneumophila, which is found in freshwater amoe-
bas and is able to proliferate in alveolar macrophages (30–33). 
Bacterial pneumonia is a common cause of both CAP and HAP 
(29, 33, 34). Like viruses, bacteria can also spread from person to 
person through expelled respiratory droplets.

In addition to viral and bacterial pathogens causing pneu-
monia there are certain fungal infections that can infect the 
lower respiratory tract. While more rare than viral or bacterial 
lung infections, fungal infections of the respiratory tract can be 
severe and cause pneumonia, especially in immunocompromised 
patients (35). Aspergillus, Cryptococcus, and Candida species have 
all been shown to cause lung infections in certain populations 
and in certain circumstances, such as individuals with increased 
environmental exposure and patients with suppressed immune 
systems (36–38). As there continues to be an increase in immu-
nocompromised populations due to infections, such as HIV and 
also organ transplant populations, there has been an increase 
in overall fungal infections (35). Understanding how fungal 
colonization and infection influence the respiratory tract is an 
important area of study.

Polymicrobial Lung infections
The vast majority of research in infection biology has been 
devoted to studying the interactions of a single pathogen with 
a host. In addition to single infections causing pneumonia, a 
common complication following infection with respiratory 
viruses is bacterial pneumonia (9, 26, 39–56). Many clinical 
infections and presumably subclinical infections are often in 
fact coinfections, in that two (or more) pathogens simultane-
ously or in close temporal proximity infect a single host (9, 
26, 39–59). These infections are termed secondary infection, 
superinfection, or coinfection. The simultaneous response of 
two pathogens can manifest in many ways and often results 
in increased morbidity and mortality. Understanding how an 
infection with one pathogen can affect the response to another 
is of paramount importance in the complete understanding of 
the immune response to infection.

To determine the best treatment options for patients with 
complex viral/bacterial coinfections increased understanding 
of the interplay between pathogens and the interaction with the 
host is necessary. Several viruses and bacteria have been shown to 

interact to worsen clinical outcomes. It is now believed that most 
of the deaths associated with the 1918 influenza pandemic were 
caused by superinfection with bacteria (60, 61). IAV/S. pneu-
moniae coinfection is perhaps the most well-studied example of 
viral/bacterial coinfection of the lung (62). However, bacterial 
coinfection also complicates infection with other respiratory 
viruses, including rhinovirus, metapneumonovirus, RSV, parain-
fluenza virus, adenovirus, and coronavirus (52, 63–66). Young 
children are especially vulnerable to bacterial complications 
following viral infection (44, 62, 67, 68).

There are multiple proposed mechanisms whereby infection 
with a respiratory virus leads to decreased resistance to bacteria 
(41–43, 46, 49, 50, 54, 69–73). In most cases examined, initial 
infection with IAV increases the susceptibility to subsequent 
bacterial infection (either lung-tropic pathogens or opportunistic 
commensals), leading to increased bacterial load in the lung and 
in some cases bacterial dissemination and septicemia. Influen za- 
induced alterations include a suppression of the pulmonary 
immune system and changes to the lung epithelium that enable 
increased bacterial adherence and dissemination. These immu-
nosuppressive mechanisms include neutrophil dysfunction and 
alterations in expression of essential chemokines and cytokines 
(41–43, 45, 49, 50, 69–73). Viral neuraminidase alters the lung 
epithelium causing increased bacterial adhesion (57). While IAV 
is the best studied and has the clearest causal link to secondary 
bacterial infections causing pneumonia, several other viruses 
have also been indicated. RSV has a clear temporal link to causing 
a secondary pneumonia with S. pneumoniae (64, 65). It is likely 
that most respiratory viruses influence the susceptibility to bacte-
rial infections, either by causing damage or by alteration of the 
pulmonary immune response.

Bacterial pneumonia secondary to a respiratory virus infec-
tion is identified clinically when there is a clear fulminate bacte-
rial overgrowth. This increased pathogen burden correlates with 
an increased lung pathology, although it is difficult to separate 
out damage caused by the increased pathogen burden itself from 
damage caused by the host response. However, there is increas-
ing evidence that alterations in tolerance mechanisms, specifi-
cally decreased tissue repair, may play an important role in the 
pathogenesis of lung infections and this is amplified when the 
infections are polymicrobial (11, 62, 74–76).

Host Disease Tolerance to infectious 
Disease
Tolerance as a defense strategy against infection was first 
described by researchers studying infectious diseases in plants. It 
was based on the recognition that plants could survive an infec-
tion by limiting tissue damage, despite having a high pathogen 
load (77). In subsequent years, tolerance has been recognized as 
an evolutionarily conserved mechanism for hosts of many spe-
cies to survive infection and has been described in the context 
of other infectious diseases (4, 78–80). This includes studies 
regarding tolerance to infection with plasmodium, the causative 
agent of malaria (81–83). Unfolded protein responses have been 
shown to be essential in conferring tolerance to Pseudomonas 
aeruginosa infection, and an increase in tissue repair factors can 
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confer tolerance to lung infections (84, 85). There have also been 
roles described for the aryl hydrocarbon receptor in controlling 
the innate immune response that can lead to increased tolerance 
(86, 87). These and other studies have opened a new line of treat-
ment options for complex infectious diseases.

There are a variety of antimicrobial interventions that have 
been introduced to combat lung infections. For viruses this 
includes both preventative vaccines and in some cases antivirals 
(88–92). There are also a number of antibiotics that target bacte-
rial pathogens and pathobionts that cause infection of the lower 
respiratory tract. However, despite the increased availability of 
antibiotics, many bacteria are still associated with pneumonia, 
including S. pneumoniae, S. aureus, Klebsiella spp, Haemophilus 
influenzae, Moraxella spp, and Legionella spp (9, 39, 47, 50–52, 56). 
Often antibiotics are ineffective due to resistance or timing of 
the intervention. In addition, bacteria that are resistant to all 
antibiotics are emerging. It is becoming increasingly clear that 
antimicrobial drugs are not universally effective in treating single 
infections and especially the more deadly polymicrobial infec-
tions of the lung (93, 94). Therefore, novel treatment strategies 
will be necessary to increase our ability to treat pneumonia. This 
will be especially relevant as we prepare ourselves for the next IAV 
pandemic, which will likely include a strong burden of secondary 
bacterial infection (94–96). It appears that during coinfection 
the balance between pathogen clearance and host tolerance is 
disrupted even more than during lung infections with a single 
pathogen (84, 97). In particular, pathogen-induced damage and 
damage directly from the immune response may cause a decrease 
in tissue resilience, making it even more difficult to return to a 
homeostatic state (24, 98, 99).

This review explores tolerance mechanisms that are affected 
by infections of the lung, with a specific focus on tolerance 
mechanisms directed by the innate immune response, the lung 
epithelium, the lung endothelium, and the lung microbiota. One 
clear mechanism of decreased tolerance is an excess of inflamma-
tion. This can come from innate immune cells as well as from the 
lung epithelium and endothelium. Decreasing inflammation can 
increase host tolerance in some cases, but this is complex as the 
inflammatory response is so closely tied to pathogen resistance 
(5). Many cells of the innate immune response are also important 
in tissue repair. These include innate lymphoid cells (ILCs) that 
produce IL-22 and also the growth factor amphiregulin. Both 
of these factors primarily act on the lung epithelium to initiate 
and maintain repair processes. Other important innate immune 
mediators of repair are alveolar macrophages. Maintaining 
the barrier functions of the lung epithelium and endothelium 
is essential for host tolerance in order to regulate the influx of 
inflammatory mediators during infection. These cells can also 
themselves become activated during infection and contribute to 
immunopathogenesis through excessive inflammatory cytokine 
production. Finally, as is becoming increasingly recognized, not 
only do the mammalian cells have a role in most aspects of our 
health, but the microbes that share the body also play important 
functions. It is likely that host tolerance mechanisms are no 
exception and microbiota of the lung are able to alter tolerance 
to pulmonary infections, with loss of homeostasis correlating 
with microbial dysbiosis. This review will cover these aspects of 

tolerance to acute lung infections with a specific focus on viral/
bacterial coinfections and how tolerance is altered by infection 
with two distinct pathogens.

iNNATe iMMUNe TOLeRANCe 
MeCHANiSMS

Viral infections of the lung are often characterized by early 
inflammatory responses from both the lung epithelium and 
innate immune cells in an attempt to clear the virus, as well as 
resultant damage done to the tissue by both the virus and the 
immune response mounted to the virus. Without proper com-
pensatory host mechanisms to return to an anti-inflammatory, 
homeostatic state, and repair the damage done to the tissue 
following infection, the host becomes susceptible to secondary 
bacterial infections which are known to increase morbidity and 
mortality of the host. It is often challenging to fully separate out 
how the innate immune response impacts resistance mechanisms 
from how it affects host disease tolerance. The innate immune 
response, while necessary to clear the pathogen, can cause damage 
to the tissue thus decreasing tolerance. However, when the innate 
immune response is suppressed to prevent immunopathology, 
this can lead to an increase in pathogen load which in turn can 
also cause tissue damage. In addition, the acquired immune 
system plays important roles in both resistance and tolerance to 
pulmonary infections, but its involvement is beyond the scope 
of this review, which will focus on innate (or early) tolerance 
mechanisms. This section of the review will explore the impact of 
the innate immune system on its contribution to host tolerance 
to pulmonary infections.

Decrease of innate immunity-induced 
Damage Can increase Host Tolerance
Early control of viral replication is mediated by innate immune 
cells that respond to signals from infected epithelial cells. Among 
the early-responding cells are natural killer (NK) cells, of which 
there is a resident population in the lung. NK cells are essential for 
viral clearance as has been shown in many infectious models, but 
they have also been implicated in causing severe lung damage. As 
part of their antiviral response, NK cells produce a great amount 
of IFN-γ, which contributes to acute lung injury (ALI) and death 
(100). Studies have shown that either depletion of NK  cells, 
knockout of IL-15 (a cytokine that controls NK cell proliferation), 
or neutralization of IFN-γ can decrease morbidity and ameliorate 
the tissue damage done by NK cells during infection with RSV 
despite an increase in viral burden, indicating that while NK cells 
are important for control of viral replication, they are also respon-
sible for increased immunopathology in the lung (101, 102). This 
is not only true for viral infections, but also for bacterial infections 
(24–28). One example is that in a model of tularemia, mice lack-
ing NKT cells, cells that share properties of both NK and T cells, 
survive infection better than mice with NKT cells (103). Invariant 
NKT cells in conjunction with macrophages have also been shown 
to cause a chronic inflammatory disease following viral lung 
infection (104) due to persistent activation of the innate immune 
response. These studies collectively show that, while essential in 
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responding to lung infections, many innate lymphocyte subsets 
can cause pathology that decreases tolerance to infection.

Other innate immune cells that are implicated in the patho-
genesis of viral infections are inflammatory monocytes and mac-
rophages that infiltrate the lung following infection. Monocytes 
and monocyte-derived cells, such as macrophages and dendritic 
cells, are important mediators of the inflammatory response to 
infection. They are also phagocytes that can help control pathogen 
burden and remove dead cells and debris that accumulate during 
infection. However, these cells have also been shown to have 
roles in contributing to an excessive inflammatory response and 
resultant damage. In a model of IAV infection, blockage of CCR2, 
the receptor expressed on monocyte-derived cells that facilitates 
their entry into the lung, results in decreased inflammatory cell 
infiltrate, inflammation, tissue damage, and mortality without 
any effect on viral clearance (105, 106). It has also been shown 
that failure of these cells to induce programmed cell death dur-
ing the resolution of infection results in unregulated, prolonged 
inflammation which in turn decreases tolerance (107–111).

Neutrophils are short-lived polymorphonuclear cells that are 
potent mediators of the inflammatory response very early during 
infection that are capable of unleashing powerful antimicrobial 
defenses at the cost of extreme tissue damage. Although these 
cells are very important for rapid clearance of pathogens, damp-
ening their inflammatory effects has been shown to be beneficial 
for improving pulmonary function and survival. In a study of 
rat coronavirus, depletion of neutrophils results in increased 
mortality due to delayed viral clearance; however, their absence 
is also associated with decreased inflammation and breakdown 
of the epithelium (112). Other studies with IAV infection have 
shown conflicting protective and pathologic roles for excessive 
pulmonary neutrophilia. One study has shown that increased 
neutrophilic recruitment to the lung during IAV infection is 
associated with increased immunopathology attributed to tissue 
damage done by neutrophil extracellular traps (113). However, 
other studies have shown that depletion of neutrophils during 
early IAV infection not only results in increased viral loads but 
also increased inflammation and decreased epithelial barrier 
function (114, 115). Another study showed that depletion of 
MIP-2/CCL8 results in attenuated neutrophil recruitment into 
the lung which is associated with decreased pathology without a 
significant effect on viral burden (116).

Alveolar macrophages are the sentinel cells that patrol the 
lungs and are often first to encounter pathogenic invaders. These 
macrophages have very important roles in mediating early defense 
mechanisms as well as facilitating the return to homeostasis dur-
ing the resolution of infection. Their roles in fighting against viral 
infections are as yet controversial and appear to be very virus- 
specific. For instance, depletion of alveolar macrophages during IAV 
infection exacerbates inflammation and contributes to decreased 
epithelial barrier function and vascular leakage (117, 118). Similarly, 
a model of lung infection with RSV demonstrates increased viral 
titers, inflammatory cell infiltrate, and resultant inflammation 
following depletion of alveolar macrophages (119). In contrast, 
depletion of alveolar macrophages during pulmonary infection 
with coronavirus is shown to decrease viral titers and increase 
survival potentially through attenuation of pathogenic T  cell 

responses (120). In addition, depleting alveolar macrophages 
prior to infection with human metapneumovirus ameliorates 
disease through significantly decreased viral titers and decreased 
inflammation (119). Mice with a defect in alveolar macrophages 
but intact adaptive immunity had normal viral clearance but 
increased morbidity and lung failure (121). Therefore, the patho-
genic or protective contributions of alveolar macrophages appear 
to depend heavily on the specific viral infection.

Modulating Tolerance Mechanisms to 
infections Can impact Disease Outcomes
There are several mechanisms that the host employs during the 
resolution of infection to repair lung injury and it has been shown 
that the absence or impairment of some of these results in wors-
ened disease outcomes and greater susceptibility to secondary 
infection. Cytokines and growth factors produced by the innate 
immune response play a crucial role in suppressing inflamma-
tion, initiating tissue repair, and returning the pulmonary system 
to a state of homeostasis after the resolution of the infection. This 
section describes the innate immune-produced mediators of 
tolerance in the pulmonary system.

An important example of this is the role of IL-22 in influenza 
infection. IL-22 is a cytokine that is expressed by a number of 
immune cell types and acts on the epithelium to induce prolifera-
tion and growth, making it an extremely vital player in mediat-
ing repair following infection. In models of influenza infection, 
IL-22−/− mice exhibit increased morbidity and mortality cor-
relative with decreased airway epithelial integrity and increased 
apoptosis of epithelial cells during the resolution of infection 
(122, 123). Importantly, influenza-infected IL-22−/− mice show 
no difference in viral load when compared to wild-type controls 
indicating that the decreased survival in these animals is due 
to decreased tolerance and is independent of resistance to the 
virus. Conventional NK cells were shown to be a major source 
of IL-22 during influenza infection and adoptive transfer of 
IL-22-competent conventional NK  cells to IL-22−/− mice was 
shown to rescue epithelial cell regeneration (124). Another 
mechanism to promote tissue repair following infection is the 
activity of amphiregulin, which acts on the epithelium to induce 
cell proliferation much like IL-22. Studies have identified that 
during influenza infection, amphiregulin is produced by both 
ILCs and CD4+ regulatory T cells (85, 125). These studies have 
shown that depletion of either of these cell types or inhibition of 
their ability to produce amphiregulin results in decreased lung 
function and epithelial barrier integrity without any changes to 
viral burden. Administration of amphiregulin in either of these 
cases was shown to ameliorate tissue damage and facilitate tissue 
homeostasis (85, 125). Collectively, the research done with both 
IL-22 and amphiregulin provides examples of the importance of 
host tolerance in maintaining barrier function in the lung and 
returning to homeostasis in order to promote survival following 
infection independent from resistance.

The significance of host tolerance during viral infection 
is especially highlighted by studies that have shown that in its 
absence, virally infected hosts become more susceptible to sec-
ondary bacterial infections. For example, it has been shown that 
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IL-22−/− mice previously infected with influenza are more suscep-
tible to a secondary bacterial infection with S. pneumoniae and 
exhibit decreased survival and increased bacterial burdens when 
compared to wild-type coinfected animals (123). In a model of 
coinfection with IAV and L. pneumophila, coinfected mice were 
shown to have significantly increased morbidity and mortality 
accompanied by excessive inflammation and tissue damage 
despite similar viral and bacterial burdens when compared to  
singly infected animals (84). These effects were abrogated by 
dampening inflammation through the use of an attenuated 
bacterial strain combined with administration of amphiregulin, 
which was able to increase survival and ameliorate damage to 
the epithelium during coinfection (84). Macrophages also play 
an important role in regulating tolerance after lung damage 
(126). Forms of tissue remodeling, such as the remodeling of 
the extracellular matrix (ECM) during IAV infection, have 
been shown to critically affect host tolerance (127). Influenza/ 
S. pneumoniae coinfections were shown to significantly upregulate 
MT1-MMP9 expression by macrophages, which contributed to 
the host-mediated degradation of the ECM and the epithelial cell 
barrier built upon it. Inhibition of MMP9 by antibody-mediated 
inactivation was able to significantly limit mortality in mice 
(127).

Another target for therapy is pattern recognition receptors 
(PRR). The idea is that by targeting PRR signaling, the damaging 
aspects of inflammation can be mitigated. Notably, researchers 
employed the TLR4 inhibitor eritoran in a murine model of lethal 
influenza infection. Through the first four days of infection and 
co-treatment with eritoran, viral titers did not notably decrease; 
however, pro-inflammatory cytokines and chemokines, such as 
TNF-α, IL-1β, IL-6, and CXCL1 were mitigated during this early 
infection and the IAV infection resolved more rapidly (128). 
Similarly, activation of the inflammasome is crucial for clearance 
of many lung pathogens; however, delaying the activation of 
NLRP3 during influenza infection not only decreases inflam-
mation but also decreases bacterial burden with a secondary 
infection (129).

It is important to note that in some cases factors that modulate 
tolerance have dual roles that can also play a part in altering the 
outcome of disease. One example of this is shown in a study by Liu 
et al. which demonstrates the interconnectedness of tolerance and 
resistance. In this study, IL-27 was administered either during the 
early or late phase of influenza infection and was shown to have a 
profoundly different effect depending on the time in which it was 
given. When IL-27 was administered early in infection, it resulted 
in impaired viral clearance and worsened disease; however, when 
administered late in infection, there was decreased pathology, 
increased survival, and no impact on viral clearance. Other exam-
ples of factors that modulate both tolerance and resistance in this 
kind of reciprocal fashion are TGF-β, IL-10, and interferons, 
particularly type III (72, 130–143).

These results indicate that although some factors may be able to 
boost tolerance, they also have the potential to negatively impact 
resistance and are, therefore, perhaps unsuited for therapeutic use 
in certain infections. On the other hand, there are some factors 
that play roles in boosting both tolerance and resistance, making 
them potentially more attractive for therapeutic use. Examples of 

these can be found in resolvins which have been shown to decrease 
inflammation in both long-term and acute bacterial infections 
as well as viral/bacterial coinfections (144–149). In some cases, 
these lipid mediators can increase resistance to pathogens as well 
(147, 149, 150).

Taken together, work done in this field has shown that the 
early immune response to pulmonary infections can damage 
host tissue, causing loss of tolerance and potentially increasing 
susceptibility of the host to secondary infections. Inflammation 
and tissue damage caused throughout a pulmonary infection 
without proper compensatory tolerance mechanisms in place 
to ensure the return to homeostasis is associated with decreased 
survival and increased vulnerability to bacterial infections, and 
this phenomenon is seen irrespective of control of pathogen 
burden. In addition, the innate immune response has many 
factors as discussed above that act to decrease the inflammatory 
response and/or repair tissue damage. How these factors con-
tribute to tolerance mechanisms in the lung epithelium will be 
discussed further in the next section. Recent work has emerged 
that highlights the previously unappreciated role of host tolerance 
to infections; however, more research needs to be done in order to  
fully elucidate further mechanisms of immune-mediated host 
tolerance and the roles that leukocytes play throughout both 
single and polymicrobial infections.

LUNg ePiTHeLiUM TOLeRANCe 
MeCHANiSMS

Epithelial cells represent critical signaling nodes which are 
responsible for the orchestration of both intracellular and inter-
cellular immune and tolerance responses throughout all stages 
of infection in the lung (151). Dysregulation of these processes 
by epithelial cells during single and polymicrobial infections is a 
major factor in the loss of pulmonary tolerance during infection. 
This section will briefly describe the broad-ranging responsibili-
ties of epithelial cells signaling in response to general pulmonary 
infections, from initial sensing to resolution, before highlighting 
several common mechanisms through which polymicrobial 
infection dysregulates or abuses these signaling networks to 
compromise host tolerance (see Table 1 for a summary).

epithelial Cells Modulate the Local 
Pulmonary immune Response During 
Acute infection
A critical first step in any security system, including the immune 
response, is to detect the presence of intruders. Airway epithelial 
cells are responsible for the detection of microbes in the respira-
tory system via the recognition of pathogen-associated molecular 
patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs) (152). Epithelial cells accomplish this through the 
expression of a diverse repertoire of PRRs, such as toll-like receptors 
(TLR), C-type lectin receptors, cytoplasmic retinoic acid-inducible 
gene-I-like receptors, and NOD-like receptors (153). However, 
modifications in the expression levels of PRRs in response to pri-
mary infections can lead to profound diminishments in tolerance 
for secondary infections. A wide range of viruses upregulate type 
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TAbLe 1 | Summary of epithelial-mediated tolerance responses.

epithelial-mediated 
tolerance response

Protein mediators of epithelial cell tolerance 
response

Pathogens negatively impacting epithelial cell tolerance response

Modulation of pattern 
recognition and downstream 
signaling

Toll-like receptors (154), NOD-like receptors (154),  
RIG-I-like receptor (154)

Respiratory syncytial virus (RSV) (156), influenza A virus (IAV) (156),  
Sendai virus (156)

Inflammatory upregulation Type 1 IFN (153), TNF-α (128), IL-1β (128), NF-κB 
(154), IFN-γ (100)

IAV (128), RSV (100), cytomegalovirus (CMV) (165), Epstein–Barr virus (165), 
variola virus (165), severe acute respiratory syndrome coronavirus (165)

Barrier function maintenance Claudin (193), occludin (193), E-cadherin (200),  
catenin (200)

IAV/S. pnemoniae (183), adenovirus (196), coxsackievirus (196), RSV (190, 
196), Haemophilus influenzae (198), rhinovirus (201), S. aureus (198, 202), P. 
aeruginosa (190)

Antimicrobial peptide secretion Glycoconjugated mucins (161, 186), β-defensins  
(161, 189), surfactant protein D (161)

IAV, S. pnemoniae (187), RSV (177, 189), H. influenzae (190), rhinovirus (180)

Immune cell recruitment Type 1 and 2 IFN (147), CCL5, CCL2, CCL8 (117) IAV (105, 106, 117, 176), IAV/S. pneumoniae (148), F. tularensis (103),  
IAV/L. pneumophilia (84)

Resolution of clearance 
effectors

Resolvins (167, 168), TGF-β (136), IFN-λ,  
IL-22 (122, 123), IL-10

IAV/S. pneumoniae (179), RSV (100, 101)

Increased proliferation, 
differentiation, and repair

TGF-β (136), AREG (85, 125), IL-22 (122, 182),  
IFN-λ, Fgfr2b (184), ADAMTS4 (186)

IAV/S. pneumoniae (43, 123, 178), IAV (124, 179), RSV (180),  
P. aeruginosa (145)

Potential epithelial-mediated tolerance responses are summarized. The epithelial-derived mediators, and the pathogens that impact these mediators, are described.
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I IFN expression in respiratory epithelial cells, which correlates 
with a significant upregulation of TLRs in many lung resident 
cells, including respiratory epithelium (154, 155). This dramatic 
upregulation of TLRs in response to the viral infection has been 
hypothesized to contribute to the upregulation of cytokine secretion 
and the initiation of cytokine storm and ARDS. Many therapeutic 
strategies inhibiting either the activity or signaling downstream of 
PRRs have been shown to augment host tolerance to secondary 
bacterial infection through such mechanisms (128, 156).

Upon detection of PAMPs by PRRs, respiratory epithelial 
cells trigger a broad battery of inflammatory genes and type 1 
IFN downstream of NF-κB and the IRF transcription factors, 
respectively, which has been reviewed extensively elsewhere 
(152,  157–159). Generally, PRR signaling upregulates cell-
autonomous and non-cell-autonomous immune responses to 
infection. Cell-autonomous functions include the secretion of 
antimicrobial peptides (AMPs) by epithelial cells, programmed 
cell death, and other intracellular stress response pathways 
(145, 160, 161). Non-cell-autonomous signaling primarily works 
through the initial secretion of cytokines mediating immune 
cell recruitment (162). However, as has been well-documented 
in the case of influenza/bacterial coinfection, priming of the 
immune response by initial influenza infection results in a mas-
sive over-recruitment of immune cells by epithelial cells. This 
occurs due to the cytokine storm generated by epithelial cells, 
which are primed and actively secreting cytokines to respond to 
the primary infection, and become hyper-stimulated upon sens-
ing of PAMPs and DAMPs generated by the secondary bacterial 
infection (163). Similar responses occur with pulmonary infec-
tions by cytomegalovirus, Epstein–Barr virus, Streptococcus spp, 
variola virus, severe acute respiratory syndrome coronavirus, and 
many others (164). Oftentimes, such complications will present as 
ARDS in the clinic due to diminished pulmonary tolerance when 
responding to simultaneous infections (164).

Once immune cells are in the pulmonary environment, res-
piratory epithelial cells further modulate their behavior by signal-
ing through more cytokines, alarmins, and efferocytic signals to 
augment clearance efforts (165–167). Finally, upon clearing the 
infection, respiratory epithelial cells direct the resolution of the 
immune response through the secretion of resolvins to enable 
cells in the pulmonary space to transition their efforts from clear-
ance to repair and remodeling to restore pulmonary homeostasis 
(146, 166–169).

Oftentimes, viral respiratory pathogens will take advantage of 
the proliferative state that epithelial cells enter during remodeling 
and repair efforts to augment their own proliferation in the cell. 
For instance, IAV has been observed to induce epithelial cell 
expression of TGF-β and processing of latent TGF-β precursor 
into active TGF-β to both suppress the host immune response and 
to enhance its own replication (136, 170). Add-back therapeutic 
strategies introducing exogenous resolvins into the respiratory 
space have also been observed to augment tolerance in certain 
instances when they do not compromise pathogen clearance 
(144, 146).

Alteration of the Lung epithelium During 
infection
Respiratory epithelium tissue homeostasis is required to maintain 
the continuous biomechanical and cellular processes associated 
with aerobic respiration. However, the respiratory epithelium is 
also one of the primary tissue types affected by pulmonary infec-
tion, with dysfunction and degradation of the epithelial layer 
being a primary mechanism of pathogenesis. The reason for this 
is that lung epithelial cells are the primary target for infection in 
diverse respiratory viral diseases, such as IAV (171), RSV (172), 
coronavirus (173), rhinovirus (174), parainfluenza virus (175), 
and respiratory adenovirus (176).
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As a target for lung pathogens, the respiratory epithelium 
plays an important role in pathogen-sensing and orchestrating 
downstream inflammatory responses (151). The multifaceted 
immune response of the respiratory epithelium must strike an 
appropriate balance between pro-inflammatory mechanisms of  
pathogen clearance that may cause incidental tissue damage and 
anti-inflammatory mechanisms of cytoprotection and tissue regen-
eration which can inhibit clearance. While this is true for certain 
viral, bacterial, and fungal pathogens, it is amplified in coinfec-
tion. Current research into respiratory viral/bacterial coinfec-
tions indicates that much of the enhanced pathogenicity of these 
coinfections stems from the inability of respiratory epithelial cells 
to triage these immune responses to simultaneous respiratory 
infections while incurring severe damage (177). Fortunately, the 
pulmonary research community has made significant strides in 
understanding the immune mechanisms underlying tolerance to 
respiratory infections by altering components of the respiratory 
epithelium’s response to infection regarding pro-inflammatory 
and cytoprotective signaling. The following section will review 
recently identified mechanisms of respiratory epithelial tolerance 
and their potential significance as therapeutics mitigating the 
severity of diverse pulmonary infections.

Tissue Repair/Cytoprotection-Mediated 
Tolerance
Host tolerance is the ability of the host to sustain an ongoing 
infectious state characterized by high pathogen titers, while 
maintaining tissue integrity and homeostasis. This allows for 
proper organ function and the avoidance of pathogen-mediated 
symptomology, morbidity, and mortality. With most respiratory 
infections, much initial pathology results from respiratory epi-
thelial cell death. IAV/bacterial coinfections are an excellent case 
study in this phenomenon. IAV and a range of bacterial coinfec-
tions exhibit synergistic lethality resulting from a combination of 
IAV’s initial infection compromising the respiratory epithelium 
of the host and the subsequent inability to initiate tissue repair 
due to uncontrolled inflammation and tissue damage incurred 
while simultaneously combating the secondary bacterial infec-
tion (178). IAV initially infects the upper respiratory tract and 
spreads to the lower respiratory tract within the first several 
days of infection (178). Infected cells throughout the respiratory 
epithelium become dysfunctional due to the burdens of intracel-
lular viral replication, resulting in denuding of the respiratory 
epithelium and exposure of the basement membrane (165). 
This primes the respiratory environment for the emergence of 
opportunistic bacterial infections (pathobionts), or infection 
by bacterial pathogens. Denuding the epithelial layer exposes 
matrix proteins which contain an array of receptors for bacte-
rial adherence, such as the adherence of S. pneumoniae to the 
tracheal epithelium of IAV-infected mice (166). Bacterial infec-
tion of the newly exposed basal layer prevents the initiation of 
epithelial coordinated tissue repair (178). To clear the bacterial 
infection, the epithelium recruits immune cells. This response 
can trigger a severe inflammatory response, further damaging 
the pulmonary tissue, while worsening the overall progression of 
the disease state and inhibiting the initiation of the repair process 
by epithelial cells. In sum, there is a severe loss of host tolerance 

to IAV/bacterial coinfection resulting from the initial cell death 
caused by IAV. This allows for the secondary infection and the 
subsequent over-recruitment of immune cells, which secrete pro-
inflammatory cytokines that interfere with the initiation of tissue 
regeneration and repair.

Augmentation of respiratory epithelial cell cytoprotection and 
tissue repair has become a central theme in the search for host-
directed therapeutic strategies increasing tolerance to pulmonary 
infection. The role of ILCs targeting tissue repair was described 
above (85, 125). While pathways inducing cytoprotection or 
inhibiting cell death are often separate from pathways involved in 
tissue repair, tolerance is often maximally impacted by inducing 
both effects simultaneously. Previous research has demonstrated 
that modulating inflammatory responses by blocking TLR 
signaling and upregulating tissue repair through amphiregulin 
treatment significantly increases host survival in a model of IAV 
and L. pneumophila coinfection (84). Inhibition of PRRs and their 
downstream signaling is capable of significantly suppressing the 
inflammatory response. However, PRR activation is also a critical 
trigger initiating bacterial clearance by epithelial and immune 
cells. Inhibiting the inflammatory response to augment host 
tolerance is a delicate balance as described in the innate immune 
section of this review.

It is a general consensus that many respiratory pathogens have 
evolved strategies to prevent host tissue repair and the return to 
epithelial homeostasis. This allows them to maintain an environ-
ment conducive to pathogen replication (179–181). Many of 
these tissue repair strategies are started by the innate immune 
response (as described above), but their effects are upon the lung 
epithelial cells. Transcriptomics analysis of the 2009 pandemic 
IAV infection with S. pneumoniae coinfection demonstrated 
that the two pathogens interacted synergistically to significantly 
downregulate tissue remodeling, epithelial cell proliferation, and 
cytoprotective transcriptional pathways (43). Many studies have 
also demonstrated that restoration of critical signal transducers 
in these repair pathways, such as IL-6 (182), IL-22 (122), Fgf10 
(183), and ADAMTS4 (184), are able to restore repair and help 
to rescue murine models of IAV infection via augmented host 
tolerance. In particular, Barthelemy et al. demonstrated that the 
increase in tissue integrity resulting from IL-22 immunotherapy 
reduces secondary bacterial systemic invasion (185). Small 
molecule therapeutics, such as progesterone, which acts on the 
amphiregulin pathway to initiate tissue repair after IAV infection, 
have also been investigated with some success in a female murine 
model (186). Characterizing discrete host tolerance pathways 
modulating tissue repair and cytoprotection is required to effec-
tively develop tolerance-augmenting therapeutic agents.

Modulation of Respiratory epithelial 
barrier Dynamics
The maintenance of barrier function between the lumen of the 
lung and the bloodstream is one of the primary functions of res-
piratory epithelial cells and is critical in tolerance of pulmonary 
infection. The direct infection of the respiratory epithelium by 
lung pathogens and commensals is normally prevented by the 
presence of the mucosal layer containing secreted AMPs, such 
as β-defensin, MUC5AC, and MUC5B (187). While it has long 
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been clear that the mucosal layer is critical in regulating tolerance 
and tissue homeostasis, recent findings have further elucidated 
mechanisms through which it modulates host tolerance to infec-
tion. For instance, mucins and many other AMPs are interspersed 
with other glycoconjugates in the respiratory mucosa (188). 
Mucins themselves are also highly sialylated, assisting in the 
formation of the mucosal barrier (188). However, influenza viral 
neuraminidase is capable of penetrating through the respiratory 
mucosal layer and infecting mucus-producing epithelial cells 
by cleaving sialylated glycoconjugates (189). This results in an 
inability to maintain the density of the mucosal layer, which pro-
motes the transition of bacteria that are found to colonize healthy 
individuals to overgrow and become pathogenic (26, 190). It was 
demonstrated that the impact of influenza infection was modu-
lated by the concentration of sialic acid content in mucins, and 
increasing the concentration of sialylated substrates in mucins 
increased the resistance of epithelial cells to influenza infection 
in a dose-dependent manner (189). Primary RSV infection has 
also been shown to downregulate the transcriptional expression 
of β-defensin, which allows for H. influenzae to transition from 
commensal to pathogenic in the upper airway, by inhibiting the 
microbicidal activity of the mucosal layer (191).

Not only do direct interactions between pathogens and mucosa 
mitigate the tolerance effects of the mucosal barrier, but indirect 
effects of primary viral infection on the composition of the res-
piratory epithelial barrier and behavior of respiratory immune 
cells also negatively impact mucosal-mediated tolerance. RSV 
infection has been demonstrated to infect basal epithelial stem 
cells which control the ratios of ciliated and mucosal cells in the 
progeny. RSV-infected basal cells produce many more mucosal 
cells and far fewer ciliated epithelial cells (177). Therapeutic strat-
egies that speed the regeneration of mucus-secreting epithelial 
cells could serve to augment tolerance in some infections, but also 
may worsen outcomes in others. This dysregulation of mucociliary 
function promotes environments more amenable to secondary 
bacterial infection. Similarly, rhinovirus has been demonstrated 
to induce neutrophil elastase, which cleaves and inactivates 
AMPs secreted into the mucosa by respiratory epithelial cells and 
promotes secondary bacterial infections, thereby inhibiting the 
steady state tolerance mechanisms in the respiratory epithelium 
(192). It was proposed that therapeutics downregulating or inac-
tivating neutrophil elastase during rhinovirus infection might 
help to maintain host tolerance during the infection (192).

Below the respiratory mucosa, the respiratory epithelial cells 
themselves also operate as a critical barrier preventing pathogenic 
infections from spreading beyond the respiratory system into a 
systemic bacteremia. Maintenance of the respiratory epithelial 
barrier function below the mucosal layer requires the maintenance 
of a complex network of intercellular junctions linking individual 
epithelial cell cytoskeletons. The maintenance of this barrier dur-
ing infection is a critical tolerance mechanism preventing the dire 
outcomes resulting from respiratory infections transitioning to 
systemic bacteremia, pulmonary edema, and excess infiltration of 
immune cells. Epithelial cell–cell junctions bind epithelial cells into 
the cohesive barrier between the lumen of the epithelium and the 
parenchyma. Respiratory epithelial junctions have been extensively 
reviewed elsewhere (193–195). This section serves to summarize 

their function and relevance in the maintenance of epithelial bar-
rier function and host tolerance to pulmonary infection.

Tight junctions form the separation between the apical and 
basolateral face of epithelial cells. Integral membrane components 
of tight junctions are mainly comprised of claudins, occludins, 
and adhesion molecules (194, 196). However, tight junctions are 
highly heterotypic with many different constituent components. 
Tight junctions often contain many entry receptors for pathogens. 
When components of tight junctions are employed as entry 
receptors, their ability to effectively maintain barrier function 
decreases and diminishes the host’s ability to tolerate secondary 
bacterial infections as effectively. This dynamic has been observed 
in both models of adenovirus and coxsackie virus infection (197). 
Pathogen modification of gene expression also has the capacity to 
interfere with tight junction expression. RSV infection was shown 
to downregulate the expression of claudin-1 and occludin in a 
mouse model, inhibiting barrier function as mediated by tight 
junctions (198). Infection with H. influenzae was also demon-
strated to downregulate host transcription of e-cadherin through 
inhibition of FGF2, mTOR, and Slug (199). IAV infection was also 
shown to damage respiratory epithelial cell barrier integrity by 
downregulating the expression of tight junction protein claudin-4 
(200). Further research also attributed the loss of tight junction 
integrity during IAV infection to critical tight junction-associated 
PDZ proteins (197). Loss of epithelial barrier integrity is a critical 
component in the migration of bacteria to the bloodstream where 
they can cause sepsis (188). Influenza-mediated disruption of such 
tight junctions has been demonstrated to contribute significantly 
to the onset of ARDS from IAV infection (200).

Adherens junctions are also common targets of microorgan-
isms infecting the lung. Adherens junctions are comprised of 
E-cadherin and catenin proteins, and serve as critical junctions 
anchoring epithelial actin cytoskeletons together into a network 
which generates tensile strength and barrier function, while 
maintaining the tissue pliability required for the biomechanics 
of respiration (201). Rhinovirus infection, which is characterized 
by vascular permeability and associated with bacterial secondary 
infection (202), has been shown to modify respiratory epithelial 
cells during infection to lower the transcriptional output of 
zo-1, occludin, claudin, and e-cadherin by over 50% individually 
(202). Another study validated such findings and demonstrated 
a significant loss in transepithelial resistance during rhinovirus 
infection that was not mediated by cell death or apoptosis, but an 
increase in severity of coinfection (203).

Compounds causing an upregulation in gene expression or 
assembly of junction proteins on respiratory epithelial cells could 
be promising tolerance-augmenting therapeutics for use dur-
ing diverse viral primary infections. Many bacterial and fungal 
pathogens of the lung, including S. pneumoniae, S. aureus, Candida 
albicans, and P. aeruginosa, employ adhesion junction components, 
specifically E-cadherin, as an adherence or entry receptor for inva-
sion and colonization (199). The severity of phenotypes observed 
due to the alpha-toxin protein of S. aureus has also been shown to be 
modulated by the abundance of functional adherens junctions (204). 
All of these mechanisms dramatically decrease the host’s ability to 
tolerate low level infections by escalating the degree of damage caused 
by these pathogens with a poorly maintained epithelial barrier.
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The maintenance of epithelial barrier function is also reliant on 
the maintenance of epithelial cell viability. Respiratory epithelial 
cell death can substantially decrease host tolerance by forming 
gaps in the mucosal barrier, which enables respiratory pathogens 
to directly infect the basal layer of epithelial cells (178). Once 
penetrating to the basal layer of respiratory cells, pathogenic 
bacteria such as S. pneumoniae and P. aeruginosa can translocate 
through the basal membrane to initiate bacteremia that can lead 
to sepsis (205, 206). However, appropriate modulation of respira-
tory epithelial cell death can also promote pulmonary tolerance. 
Epithelial cell induction of apoptosis is canonically regarded as a 
means through which the host can restrict pathogen replication 
in infected cells, without loss of membrane integrity and the 
secretion of DAMPs leading to hyper-inflammatory responses 
by the immune system (207). Many respiratory pathogens com-
promise pulmonary tolerance through the inhibition of apoptotic 
cell death and the upregulation of more inflammatory forms of 
cell death, such as necrosis, oncosis, or pyroptosis (208–211). 
The hyper-inflammatory response to such forms of cell death 
is affected by immune cells sensing DAMPs. A balance between 
the maintenance of cell viability/barrier function and the need to 
restrict intracellular pathogens’ ability to replicate is required to 
maximize host pulmonary tolerance.

PULMONARY eNDOTHeLiAL CeLL 
TOLeRANCe MeCHANiSMS

endothelial barrier Function
The pulmonary endothelium is an important interface between 
the circulation and the lung tissue and airways. In the homeo-
static state, the thin pulmonary endothelium forms a barrier 
between proteinaceous fluids and leukocytes in the circulation 
and the lung epithelial layer, which is separated by less than 1 µm 
in the alveoli. In response to inflammatory stimuli from the lung, 
as in the event of an infection, this homeostatic state is disrupted 
when circulating leukocytes are induced to marginate along the 
vascular endothelium through interactions mediated by adhesion 
molecules, including selectins and integrins. From there they 
extravasate into the interstitial space in a process that depends on 
the loosening of endothelial cell junctions; this modulation of the 
endothelial barrier function can subsequently tune the magni-
tude of leukocyte infiltration and, therefore, inflammation in the 
lung. At the same time, this disruption in the endothelial barrier 
allows for the movement of protein-rich fluids from the circula-
tion into the lungs, causing edema and, in severe cases, ARDS 
or ALI (212–215). After infection, a certain degree of vascular 
permeability is required to facilitate the influx of leukocytes into 
the lung to allow the inflammatory response to control pathogen 
elimination; however, if the inflammatory response is too robust, 
the lung tissue can become severely damaged, as discussed in 
previous sections. Barrier function is the primary contribution 
of the endothelial layer to maintaining host tolerance and tissue 
integrity during pulmonary microbial infection.

Much of what is known about pulmonary endothelial barrier 
function, and the mechanisms that drive the loss of this func-
tion, come from studies of single microbial lung infection. The 

importance of a functional endothelial barrier was demonstrated 
in a model of E. coli pneumonia, in which blockade of the interac-
tion between integrin αvβ3 and its binding partner IQGAP1 at the 
endothelial cell–cell junction led to excesses in lung extravascular 
plasma and water, as well as increased lung weight within just 5 h 
of infection (216). It has also been shown that influenza infection 
can lead to vascular leak (217, 218). This loss of barrier integrity 
stems, at least in part, from active infection of endothelial cells by 
influenza virus. This has been demonstrated in multiple species, 
including human, in which the pulmonary microvascular endothe-
lium is permissive to infection with multiple clinical and labora-
tory strains of influenza (217). Similarly, using a human H1N1 
influenza model in ferrets, virus was detected in multiple lung 
compartments including the vasculature (219). Virus-mediated 
apoptotic cell death is one way in which infection contributes to 
loss of endothelial barrier function. Influenza-induced endothelial 
apoptosis could be ameliorated by inhibition of caspases, thereby 
restoring barrier function (217). Endothelial apoptosis may be 
due in part to the induction of TNFR1 receptor expression on the 
endothelial cell surface by IAV (220). This apoptotic signal was 
enhanced by the interaction of S. aureus protein A and TNFR1 
in the event of secondary bacterial infection, leading to eventual 
development of ARDS (220). This finding illuminates the potential 
for slight alterations in endothelial cell signaling that are induced 
during a single infection, such as the induction of caspases or 
TNFR1, to dramatically reduce the host’s ability to maintain 
homeostasis in the event of a secondary infection.

Apoptosis-independent effects of infection on loss of endothe-
lial barrier function have also been elucidated. Studies simulating 
viral infection by stimulating human microvascular endothelial 
cells with poly(I:C) shed light onto the mechanistic link between 
viral infection and loss of barrier function by showing that signal-
ing through TLR3 and NF-κB induced a loss of claudin-5 expres-
sion, a key protein in the formation of endothelial tight junctions 
(154). A similar effect was demonstrated by infecting human 
microvascular endothelium with a replication-deficient influenza 
virus (217). In this study, UV-inactivated virus was still able to 
induce loss of endothelial barrier function without causing cel-
lular apoptosis. This was driven by the degradation of claudin-5. 
Interestingly, treatment with the cAMP analog formo terol could 
restore claudin-5 protein levels and improve endothelial cell bar-
rier function in vitro (217). Formoterol’s barrier-enhancing effect 
when administered after influenza infection was corroborated 
in  vivo (217), raising the interesting possibility that barrier-
enhancing drugs may present a viable therapeutic option to boost 
tolerance to the tissue-damaging effects of lung infection if they 
can be shown not to alter host resistance to the pathogen.

Drug repositioning to treat infection-induced ARDS due to 
loss of endothelial barrier function is an enticing clinical option. 
This has been probed experimentally using the cancer drug 
imatinib. This tyrosine kinase inhibitor was originally developed 
to target the BCR-Abl fusion protein causing the development of 
chronic myeloid leukemia cells. Imatinib also targets other diverse 
kinases, such as the platelet-derived growth factor receptor, which 
suggests that the drug also functions in modulating barrier func-
tion. A report by Rizzo et al. tested imatinib’s function in a model 
of ALI induced by the combination of LPS and ventilator-induced 
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lung injury. This work found that administration of imatinib 
reduced multiple measures of vascular permeability including cel-
lular infiltration and total protein and pro-inflammatory cytokine 
concentrations in the bronchoalveolar lavage fluid. Imatinib was 
found to act in this model by reducing NF-κB activity, and reduced 
the symptoms of ALI, even when administered prophylactically 
(221). A similar effect of imatinib on edema and neutrophil influx 
was observed in a rat model of ischemia/reperfusion injury (222). 
Whether this type of treatment has the potential to be beneficial 
to the maintenance of host tolerance without compromising 
resistance to infection will need to be explored.

Virus-infected lungs are also prone to thrombus formation 
along the endothelium, which has downstream effects on vascu-
lar permeability. Autopsy examination of lung histology of IAV-
infected patients has shown evidence of microthrombi formation 
along the endothelium (217). Similarly, thrombi were observed 
in specimens from the 1918 pandemic influenza outbreak, 
although they were absent in autopsy examinations from the 2009 
pandemic (223), suggesting that there are strain-specific effects 
on this process. It is possible that this is one mechanism of the 
pathology caused by highly pathogenic avian influenza strains 
(224, 225). Experimental evidence has shown that platelets 
adhere to endothelial cells through interactions between platelet 
integrin α5β1 and endothelial fibronectin during influenza infec-
tion (217). This interaction negatively impacted host tolerance 
during infection, as platelet inhibition was shown to improve 
survival (217). Thrombus formation has also been observed 
in coinfection, with activation of clotting factors, coagulation 
and tissue factor, as well as neutrophil elastase deposition on 
endothelial cells; together these events could enhance vascular 
permeability leading to more severe inflammation in coinfected 
lungs (223).

Contribution of endothelial Cells  
to Cytokine Storm
As has been observed with innate immune cells and the lung epi-
thelium, the endothelium itself can also contribute to loss of host 
tolerance to infection through excessive induction of cytokines 
leading to cytokine storm. Influenza infection has been shown in 
several models to induce upregulation of PRRs and inflammatory 
cytokine and chemokine production, thereby elevating the risk 
of inflammation-induced tissue damage. Primary human lung 
endothelial cells were shown to upregulate transcripts for TLR2 
and NOD2 (220). Similarly, infection of ferrets with human H1N1 
induced TLR3 expression on endothelial cells (219). Activation 
of TLR3 on primary human lung microvascular endothelial cells 
with the synthetic ligand poly(I:C) induced the expression of 
pro-inflammatory cytokines, including IL-6, IL-8, TNF-α, and 
IFN-β, leading to the possibility that excessive stimulation could 
lead to cytokine storm (226). In addition to modulating PRR 
expression and signaling, influenza infection has been shown 
to drive cytokine storm through enhanced S1P1 signaling in 
endothelial cells (226). Cytokine storm following pulmonary 
infection is detrimental to the host, as limiting its magnitude has 
been shown to improve survival. For example, limiting H5N1 
influenza infection in endothelial cells using microRNAs both 

reduced cytokine storm and improved survival (218). Similarly, 
treatment with an S1P1 antagonist during influenza infection 
reduced mortality in an endothelial cell-specific manner (226). 
It is reasonable to speculate that induction of inflammatory 
responses in endothelial cells by a primary viral infection would 
prime a quicker and potentially more vigorous response to sec-
ondary bacterial infection, leading to prolonged cytokine storm 
with leukocyte infiltration, and ultimately tissue damage and 
organ failure, and that intervening with these processes could 
promote tissue protection.

LUNg MiCRObiOMe iN HOST 
TOLeRANCe

The lung is host to numerous microbiota, and their roles in human 
health and disease are beginning to be documented (227). Many 
studies have examined the link between the gut microbiota and 
pulmonary health; however, that topic is beyond the scope of this 
review (228, 229). How the commensal microbiota of the lung 
contribute to host tolerance to infection is not well understood; 
however, studies are beginning to probe the changes that occur 
in the lung microbial milieu during active infection, which may 
shed some light on their roles in tissue homeostasis (28, 230–232). 
As the previous sections of this review have discussed, the line 
between what is a commensal bacteria and what is a pathogen 
in the lung is rather amorphous. This is especially true after 
preceding viral infections where previously harmless bacteria 
become pathogenic (233, 234). These opportunistic infections, 
or pathobionts, comprise the vast majority of secondary bacterial 
infections following respiratory viral infections.

Regarding the lung microbiome, in a correlative study examin-
ing the serial colonization of the nasopharynx of infants in their 
first year of life, it was found that the onset of viral acute res-
piratory infections was associated with the transient appearance of 
Streptococcus, Moraxella, or Haemophilus species. This study also 
found that the composition of the microbiome was a determinant 
of whether disease would spread to the lower airways and cause 
elevated inflammation or asthma (235). The composition of the 
airway microbiome is not restricted to only bacterial species. In 
fact, examination of patients admitted to the ICU revealed an 
overabundance of Candida species that was not dependent on the 
type of pneumonia or whether the patient had been treated with 
antibiotics (236). Changes in the composition of lung microbiota 
have also been monitored in patients with viral and bacterial 
coinfection. In a study that examined bronchoalveolar lavage fluid 
samples serially drawn from a H7N9 influenza-infected patient, it 
was found that the microbiota became dominated by Acinetobacter 
baumannii, which eventually became multi-drug resistant and led 
to secondary bacterial infection (237). This transition was accom-
panied by increased inflammation, raising the possibility that 
there could be an associated increase in lung immunopathology 
(237). Similarly, comparison of the oropharyngeal microbiome 
revealed distinct differences in composition between healthy 
patients and those with H7N9 influenza or H7N9 influenza infec-
tion with secondary bacterial infection. In particular, the healthy 
patients had an enrichment of Haemophilus and Bacteroides 
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species (238). In contrast, influenza-infected individuals had 
outgrowths of Filifactor, Megasphaera, and Leptotrichia species, 
while the addition of secondary bacterial infection led to further 
dysbiosis, including the enrichment of Leptotrichia, Oribacterium, 
Streptococcus, Atopo bium, Eubacterium, Solobacterium, and Rothia 
species (238).

Documenting the changes in airway microbiota that occur in 
response to pulmonary infections raises the possibility of using 
commensal microbes to improve host defense against pathogens. 
This has been investigated experimentally in a few instances. 
For example, it has been shown that intranasal administration 
of Lactobacillus rhamnosus can aid in resisting RSV infection 
in infant mice (239). Another study suggested that this was 
due to a priming effect, showing that nonviable L. rhamnosus 
or the bacterial cell wall component peptidoglycan can enhance 
inflammatory responses in a TLR3-dependent manner (240). 
In a similar manner, TLR3-dependent priming with the upper 
respiratory tract-resident species Corynebacterium pseudodiph-
theriticum also improved the outcome of RSV and secondary 
S. pneumoniae infection (241). While these studies emphasized 
the effect of priming on pulmonary resistance to subsequent 
infection, it is plausible that these microbiota also influence host 
tolerance mechanisms. Whether the prevention of commensal 
dysbiosis during infection can promote pulmonary homeostasis 
in the face of infectious insult will be an important area for future 
study.

CONCLUSiON

The role that host disease tolerance mechanisms play in the ability 
to survive a lung infection is an important new area of research. 
This review focused on the interacting roles that the innate 
immune response, the lung epithelium, and the lung endothelium 
play when responding to acute lung infections (as summarized in 
Figure 1). It also demonstrated the complexities that arise in host 
tolerance to polymicrobial infections, and posed several questions 
regarding the role of the lung microbiota in tissue protection dur-
ing infection. An increased understanding of host tolerance to 
acute lung infections will allow us to not only improve treatments 
for these deadly diseases but may also open up new treatment 
options for chronic lung diseases and infections.

AUTHOR CONTRibUTiONS

AJ, MC, EF, and KL researched and wrote the article.

FUNDiNg

Defense Advanced Research Projects Agency (DARPA) YFAA15 
D15AP00100, NIGMS COBRE Award P20GM109035, National 
Heart Lung Blood Institute (NHLBI) 1R01HL126887-01A1, and 
Brown Respiratory Research Training Program (BRRTP) NIH 
T32HL134625.

ReFeReNCeS

1. Caldwell RM, Schafer JF, Compton LE, Patterson FL. Tolerance to cereal leaf 
rusts. Science (1958) 128:714–5. doi:10.1126/science.128.3326.714 

2. Råberg L, Graham AL, Read AF. Decomposing health: tolerance and 
resistance to parasites in animals. Philos Trans R Soc Lond B Biol Sci (2009) 
364:37–49. doi:10.1098/rstb.2008.0184 

3. Ayres JS, Schneider DS. Tolerance of infections. Annu Rev Immunol (2012) 
30:271–94. doi:10.1146/annurev-immunol-020711-075030 

4. Medzhitov R, Schneider DS, Soares MP. Disease tolerance as a defense 
strategy. Science (2012) 335:936–41. doi:10.1126/science.1214935 

5. Fedson DS. Treating influenza with statins and other immunomodulatory 
agents. Antiviral Res (2013) 99:417–35. doi:10.1016/j.antiviral.2013.06.018 

6. Monte SV, Paolini NM, Slazak EM, Schentag JJ, Paladino JA. Costs of treating 
lower respiratory tract infections. Am J Manag Care (2008) 14:190–6. 

7. Bartolf A, Cosgrove C. Pneumonia. Medicine (Baltimore) (2016) 44:373–7. 
doi:10.1016/j.mpmed.2016.03.004 

8. Prina E, Ranzani OT, Torres A. Seminar community-acquired pneumonia. 
Lancet (2015) 386:1097–108. doi:10.1016/S0140-6736(15)60733-4 

9. Van Der Sluijs KF, van der Poll T, Lutter R, Juffermans NP, Schultz MJ. Bench-
to-bedside review: bacterial pneumonia with influenza – pathogenesis and 
clinical implications. Crit Care (2010) 14:219. doi:10.1186/cc8893 

10. Quinton LJ, Mizgerd JP. Dynamics of lung defense in pneumonia: resistance, 
resilience, and remodeling. Annu Rev Physiol (2015) 77:407–30. doi:10.1146/
annurev-physiol-021014-071937 

11. Cruz Dela CS, Wunderink RG, Christiani DC, Cormier SA, Crothers  K, 
Doerschuk CM, et  al. Future research directions in pneumonia: NHLBI 
working group report. Am J Respir Crit Care Med (2018). doi:10.1164/rccm. 
201801-0139WS 

12. Remington LT, Sligl WI. Community-acquired pneumonia. Curr Opin Pulm 
Med (2014) 20:215–24. doi:10.1097/MCP.0000000000000052 

13. Birnbaum HG, Morley M, Greenberg PE, Colice GL. Economic burden of 
respiratory infections in an employed population. Chest (2002) 122:603–11. 
doi:10.1378/chest.122.2.603 

14. Hall CB. The burgeoning burden of respiratory syncytial virus among children. 
Infect Disord Drug Targets (2012) 12:92–7. doi:10.2174/187152612800 
100099 

15. Zar HJ, Madhi SA, Aston SJ, Gordon SB. Pneumonia in low and middle 
income countries: progress and challenges. Thorax (2013) 68(11):1052–6. 
doi:10.1136/thoraxjnl-2013-204247 

16. Jennings LC, Anderson TP, Beynon KA, Chua A, Laing RTR, Werno AM, 
et al. Incidence and characteristics of viral community-acquired pneumonia 
in adults. Thorax (2008) 63:42–8. doi:10.1136/thx.2006.075077 

17. Nguyen AM, Noymer A. Influenza mortality in the United States, 2009 
pandemic: burden, timing and age distribution. PLoS One (2013) 8:e64198. 
doi:10.1371/journal.pone.0064198 

18. McLaurin KK, Farr AM, Wade SW, Diakun DR, Stewart DL. Respiratory 
syncytial virus hospitalization outcomes and costs of full-term and preterm 
infants. J Perinatol (2016) 36:990–6. doi:10.1038/jp.2016.113 

19. Chafekar A, Fielding BC. MERS-CoV: understanding the latest human 
coronavirus threat. Viruses (2018) 10:E93. doi:10.3390/v10020093 

20. Ruuskanen O, Lahti E, Jennings LC, Murdoch DR. Viral pneumonia. Lancet 
(2011) 377:1264–75. doi:10.1016/S0140-6736(10)61459-6 

21. Khanal S, Ghimire P, Dhamoon A. The repertoire of adenovirus in human 
disease: the innocuous to the deadly. Biomedicines (2018) 6:E30. doi:10.3390/
biomedicines6010030 

22. Ascough S, Paterson S, Chiu C. Induction and subversion of human protec-
tive immunity: contrasting influenza and respiratory syncytial virus. Front 
Immunol (2018) 9:323. doi:10.3389/fimmu.2018.00323 

23. Kutter JS, Spronken MI, Fraaij PL, Fouchier RA, Herfst S. Transmission routes 
of respiratory viruses among humans. Curr Opin Virol (2018) 28:142–51. 
doi:10.1016/j.coviro.2018.01.001 

24. McCullers JA. The co-pathogenesis of influenza viruses with bacteria in the 
lung. Nat Rev Microbiol (2014) 12(4):252–62. doi:10.1038/nrmicro3231 

25. Robinson KM, Choi SM, McHugh KJ, Mandalapu S, Enelow RI, Kolls JK, 
et al. Influenza A exacerbates Staphylococcus aureus pneumonia by attenu-
ating IL-1 production in mice. J Immunol (2013) 191:5153–9. doi:10.4049/
jimmunol.1301237 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1126/science.128.3326.714
https://doi.org/10.1098/rstb.2008.0184
https://doi.org/10.1146/annurev-immunol-020711-075030
https://doi.org/10.1126/science.1214935
https://doi.org/10.1016/j.antiviral.2013.06.018
https://doi.org/10.1016/j.mpmed.2016.03.004
https://doi.org/10.1016/S0140-6736(15)60733-4
https://doi.org/10.1186/cc8893
https://doi.org/10.1146/annurev-physiol-021014-071937
https://doi.org/10.1146/annurev-physiol-021014-071937
https://doi.org/10.1164/rccm.
201801-0139WS
https://doi.org/10.1164/rccm.
201801-0139WS
https://doi.org/10.1097/MCP.0000000000000052
https://doi.org/10.1378/chest.122.2.603
https://doi.org/10.2174/187152612800100099
https://doi.org/10.2174/187152612800100099
https://doi.org/10.1136/thoraxjnl-2013-204247
https://doi.org/10.1136/thx.2006.075077
https://doi.org/10.1371/journal.pone.0064198
https://doi.org/10.1038/jp.2016.113
https://doi.org/10.3390/v10020093
https://doi.org/10.1016/S0140-6736(10)61459-6
https://doi.org/10.3390/biomedicines6010030
https://doi.org/10.3390/biomedicines6010030
https://doi.org/10.3389/fimmu.2018.00323
https://doi.org/10.1016/j.coviro.2018.01.001
https://doi.org/10.1038/nrmicro3231
https://doi.org/10.4049/jimmunol.1301237
https://doi.org/10.4049/jimmunol.1301237


13

Crane et al. Host Tolerance Mechanisms in the Pulmonary System

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1421

26. Nakamura S, Davis KM, Weiser JN. Synergistic stimulation of type I interfer-
ons during influenza virus coinfection promotes Streptococcus pneumoniae 
colonization in mice. J Clin Invest (2011) 121:3657–65. doi:10.1172/JCI57762 

27. Hayashida A, Bartlett AH, Foster TJ, Park PW. Staphylococcus aureus beta-
toxin induces lung injury through syndecan-1. Am J Pathol (2009) 174:509–18.  
doi:10.2353/ajpath.2009.080394 

28. Dickson RP, Erb-Downward JR, Huffnagle GB. The role of the bacterial micro-
biome in lung disease. Expert Rev Respir Med (2013) 7:245–57. doi:10.1586/
ers.13.24 

29. Cunha BA. The atypical pneumonias: clinical diagnosis and importance. Clin 
Microbiol Infect (2006) 12(Suppl  3):12–24. doi:10.1111/j.1469-0691.2006.01393.x 

30. Thacker SB, Bennett JV, Tsai TF, Fraser DW, McDade JE, Shepard CC, et al. 
An outbreak in 1965 of severe respiratory illness caused by the Legionnaires’ 
disease bacterium. J Infect Dis (1978) 138:512–9. doi:10.1093/infdis/ 
138.4.512 

31. Ruf B, Schürmann D, Pohle HD. Fatal Legionella pneumonia: retrospective 
examination of lung tissue using direct and indirect fluorescent-antibody 
methods. Zentralbl Bakteriol Mikrobiol Hyg A (1987) 266:443–8. 

32. Vergis EN, Akbas E, Yu VL. Legionella as a cause of severe pneumonia. Semin 
Respir Crit Care Med (2000) 21:295–304. doi:10.1055/s-2000-9862 

33. Falcó V, Fernández de Sevilla T, Alegre J, Ferrer A, Martínez Vázquez JM. 
Legionella pneumophila. A cause of severe community-acquired pneumonia. 
Chest (1991) 100:1007–11. doi:10.1378/chest.100.4.1007 

34. Akter S, Shamsuzzaman SM, Jahan F. Community acquired bacterial pneu-
monia: aetiology, laboratory detection and antibiotic susceptibility pattern. 
Malays J Pathol (2014) 36(2):97–103. 

35. Garnacho-Montero J, Olaechea P, Alvarez-Lerma F, Alvarez-Rocha L, 
Blanquer J, Galván B, et al. Epidemiology, diagnosis and treatment of fungal 
respiratory infections in the critically ill patient. Rev Esp Quimioter (2013) 
26:173–88. 

36. Dotis J, Pana ZD, Roilides E. Non-Aspergillus fungal infections in chronic 
granulomatous disease. Mycoses (2013) 56:449–62. doi:10.1111/myc.12049 

37. Chang C, Sorrell T, Chen S. Pulmonary cryptococcosis. Semin Respir Crit 
Care Med (2015) 36:681–91. doi:10.1055/s-0035-1562895 

38. Chen SC-A, Blyth CC, Sorrell TC, Slavin MA. Pneumonia and lung infec-
tions due to emerging and unusual fungal pathogens. Semin Respir Crit Care 
Med (2011) 32:703–16. doi:10.1055/s-0031-1295718 

39. Metersky ML, Masterton RG, Lode H, File TM, Babinchak T. Epidemiology, 
microbiology, and treatment considerations for bacterial pneumonia compli-
cating influenza. Int J Infect Dis (2012) 16:e321–31. doi:10.1016/j.ijid.2012. 
01.003 

40. Dayan N, Zonis Z, Yulevich A, Shalata A, Glikman D. Penicillin-resistant 
Neisseria meningitidis and pandemic 2009 H1N1 influenza coinfection in a 
child. Pediatr Infect Dis J (2012) 31:323–4. doi:10.1097/INF.0b013e318241f2c3 

41. Karlström A, Heston SM, Boyd KL, Tuomanen EI, McCullers JA. Toll-like 
receptor 2 mediates fatal immunopathology in mice during treatment of 
secondary pneumococcal pneumonia following influenza. J Infect Dis (2011) 
204:1358–66. doi:10.1093/infdis/jir522 

42. Goulding J, Godlee A, Vekaria S, Hilty M, Snelgrove R, Hussell T. Lowering 
the threshold of lung innate immune cell activation alters susceptibility 
to secondary bacterial superinfection. J Infect Dis (2011) 204:1086–94. 
doi:10.1093/infdis/jir467 

43. Kash JC, Walters KA, Davis AS, Sandouk A, Schwartzman LM, Jagger BW, 
et al. Lethal synergism of 2009 pandemic H1N1 influenza virus and Strepto-
coccus pneumoniae coinfection is associated with loss of murine lung repair 
responses. MBio (2011) 2:e00172–11. doi:10.1128/mBio.00172-11 

44. Williams DJ, Hall M, Brogan TV, Farris RWD, Myers AL, Newland JG, et al. 
Influenza coinfection and outcomes in children with complicated pneu monia. 
Arch Pediatr Adolesc Med (2011) 165:506–12. doi:10.1001/archpediatrics. 
2010.295 

45. Iverson AR, Boyd KL, McAuley JL, Plano LR, Hart ME, McCullers JA. 
Influenza virus primes mice for pneumonia from Staphylococcus aureus. 
J Infect Dis (2011) 203:880–8. doi:10.1093/infdis/jiq113 

46. Kudva A, Scheller EV, Robinson KM, Crowe CR, Choi SM, Slight SR, et al. 
Influenza A inhibits Th17-mediated host defense against bacterial pneumo-
nia in mice. J Immunol (2011) 186:1666–74. doi:10.4049/jimmunol.1002194 

47. Iannuzzi M, De Robertis E, Piazza O, Rispoli F, Servillo G, Tufano R. 
Respiratory failure presenting in H1N1 influenza with Legionnaires disease: 
two case reports. J Med Case Rep (2011) 5:520. doi:10.1186/1752-1947-5-520 

48. Ballinger MN, Standiford TJ. Postinfluenza bacterial pneumonia: host 
defenses gone awry. J Interferon Cytokine Res (2010) 30:643–52. doi:10.1089/
jir.2010.0049 

49. Shahangian A, Chow EK, Tian X, Kang JR, Ghaffari A, Liu SY, et al. Type I 
IFNs mediate development of postinfluenza bacterial pneumonia in mice. 
J Clin Invest (2009) 119:1910–20. doi:10.1172/JCI35412 

50. McCullers JA. Insights into the interaction between influenza virus and pneu-
mococcus. Clin Microbiol Rev (2006) 19:571–82. doi:10.1128/CMR.00058-05 

51. Hussell T, Williams A. Ménage à trois of bacterial and viral pulmonary patho-
gens delivers coup de grace to the lung. Clin Exp Immunol (2004) 137:8–11. 
doi:10.1111/j.1365-2249.2004.02526.x 

52. Peltola VT, McCullers JA. Respiratory viruses predisposing to bacterial infec-
tions: role of neuraminidase. Pediatr Infect Dis J (2004) 23:S87–97. doi:10.1097/ 
01.inf.0000108197.81270.35 

53. Renner ED, Helms CM, Johnson W, Tseng CH. Coinfections of Mycoplasma 
pneumoniae and Legionella pneumophila with influenza A virus. J Clin Micro-
biol (1983) 17:146–8. 

54. Beadling C, Slifka MK. How do viral infections predispose patients to bacterial 
infections? Curr Opin Infect Dis (2004) 17:185–91. doi:10.1097/00001432- 
200406000-00003 

55. Noone CM. Novel mechanism of immunosuppression by influenza virus 
haemagglutinin: selective suppression of interleukin 12 p35 transcription in 
murine bone marrow-derived dendritic cells. J Gen Virol (2005) 86:1885–90. 
doi:10.1099/vir.0.80891-0 

56. Gupta RK, George R, Nguyen-Van-Tam JS. Bacterial pneumonia and pan-
demic influenza planning. Emerg Infect Dis (2008) 14:1187–92. doi:10.3201/
eid1408.070751 

57. McCullers JA, Bartmess KC. Role of neuraminidase in lethal synergism 
between influenza virus and Streptococcus pneumoniae. J Infect Dis (2003) 
187:1000–9. doi:10.1086/368163 

58. Gigliotti F, Wright TW. Immunopathogenesis of Pneumocystis carinii pneu-
monia. Expert Rev Mol Med (2005) 7:1–16. doi:10.1017/S1462399405010203 

59. Feldman C. Pneumonia associated with HIV infection. Curr Opin Infect Dis 
(2005) 18:165–70. doi:10.1097/01.qco.0000160907.79437.5a 

60. Morens DM, Taubenberger JK, Fauci AS. Predominant role of bacterial 
pneumonia as a cause of death in pandemic influenza: implications for pan-
demic influenza preparedness. J Infect Dis (2008) 198:962–70. doi:10.1086/ 
591708 

61. Brundage JF, Shanks GD. Deaths from bacterial pneumonia during 1918–19 
influenza pandemic. Emerg Infect Dis (2008) 14:1193–9. doi:10.3201/
eid1408.071313 

62. Rothberg MB, Haessler SD, Brown RB. Complications of viral influenza.  
Am J Med (2008) 121:258–64. doi:10.1016/j.amjmed.2007.10.040 

63. Ami Y, Nagata N, Shirato K, Watanabe R, Iwata N, Nakagaki K, et  al. 
Co-infection of respiratory bacterium with severe acute respiratory syn-
drome coronavirus induces an exacerbated pneumonia in mice. Microbiol 
Immunol (2008) 52:118–27. doi:10.1111/j.1348-0421.2008.00011.x 

64. Lee KH, Gordon A, Foxman B. The role of respiratory viruses in the eti-
ology of bacterial pneumonia. Evol Med Public Health (2016) 2016:95–109. 
doi:10.1093/emph/eow007 

65. Weinberger DM, Klugman KP, Steiner CA, Simonsen L, Viboud C. Associa-
tion between respiratory syncytial virus activity and pneumococcal disease 
in infants: a time series analysis of US hospitalization data. PLoS Med (2015) 
12:e1001776. doi:10.1371/journal.pmed.1001776 

66. Wilkinson TMA. Effect of interactions between lower airway bacterial and 
rhinoviral infection in exacerbations of COPD*. Chest (2006) 129:317. 
doi:10.1378/chest.129.2.317 

67. Brealey JC, Sly PD, Young PR, Chappell KJ. Viral bacterial co-infection of 
the respiratory tract during early childhood. FEMS Microbiol Lett (2015) 
362:1–11. doi:10.1093/femsle/fnv062 

68. Finelli L, Fiore A, Dhara R, Brammer L, Shay DK, Kamimoto L, et  al. 
Influenza-associated pediatric mortality in the United States: increase of 
Staphylococcus aureus coinfection. Pediatrics (2008) 122:805–11. doi:10.1542/
peds.2008-1336 

69. Wang J, Li F, Sun R, Gao X, Wei H, Li L-J, et  al. Bacterial colonization 
dampens influenza-mediated acute lung injury via induction of M2 alveolar 
macrophages. Nat Commun (2013) 4:2106. doi:10.1038/ncomms3106 

70. Wadowsky RM, Mietzner SM, Skoner DP, Doyle WJ, Fireman P. Effect of 
experimental influenza A virus infection on isolation of Streptococcus 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1172/JCI57762
https://doi.org/10.2353/ajpath.2009.080394
https://doi.org/10.1586/ers.13.24
https://doi.org/10.1586/ers.13.24
https://doi.org/10.1111/j.1469-0691.2006.01393.x
https://doi.org/10.1093/infdis/
138.4.512
https://doi.org/10.1093/infdis/
138.4.512
https://doi.org/10.1055/s-2000-9862
https://doi.org/10.1378/chest.100.4.1007
https://doi.org/10.1111/myc.12049
https://doi.org/10.1055/s-0035-1562895
https://doi.org/10.1055/s-0031-1295718
https://doi.org/10.1016/j.ijid.2012.
01.003
https://doi.org/10.1016/j.ijid.2012.
01.003
https://doi.org/10.1097/INF.0b013e318241f2c3
https://doi.org/10.1093/infdis/jir522
https://doi.org/10.1093/infdis/jir467
https://doi.org/10.1128/mBio.00172-11
https://doi.org/10.1001/archpediatrics.
2010.295
https://doi.org/10.1001/archpediatrics.
2010.295
https://doi.org/10.1093/infdis/jiq113
https://doi.org/10.4049/jimmunol.1002194
https://doi.org/10.1186/1752-1947-5-520
https://doi.org/10.1089/jir.2010.0049
https://doi.org/10.1089/jir.2010.0049
https://doi.org/10.1172/JCI35412
https://doi.org/10.1128/CMR.00058-05
https://doi.org/10.1111/j.1365-2249.2004.02526.x
https://doi.org/10.1097/
01.inf.0000108197.81270.35
https://doi.org/10.1097/
01.inf.0000108197.81270.35
https://doi.org/10.1097/00001432-
200406000-00003
https://doi.org/10.1097/00001432-
200406000-00003
https://doi.org/10.1099/vir.0.80891-0
https://doi.org/10.3201/eid1408.070751
https://doi.org/10.3201/eid1408.070751
https://doi.org/10.1086/368163
https://doi.org/10.1017/S1462399405010203
https://doi.org/10.1097/01.qco.0000160907.79437.5a
https://doi.org/10.1086/
591708
https://doi.org/10.1086/
591708
https://doi.org/10.3201/eid1408.071313
https://doi.org/10.3201/eid1408.071313
https://doi.org/10.1016/j.amjmed.2007.10.040
https://doi.org/10.1111/j.1348-0421.2008.00011.x
https://doi.org/10.1093/emph/eow007
https://doi.org/10.1371/journal.pmed.1001776
https://doi.org/10.1378/chest.129.2.317
https://doi.org/10.1093/femsle/fnv062
https://doi.org/10.1542/peds.2008-1336
https://doi.org/10.1542/peds.2008-1336
https://doi.org/10.1038/ncomms3106


14

Crane et al. Host Tolerance Mechanisms in the Pulmonary System

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1421

pneumoniae and other aerobic bacteria from the oropharynges of allergic 
and nonallergic adult subjects. Infect Immun (1995) 63:1153–7. 

71. Smith MW, Schmidt JE, Rehg JE, Orihuela CJ, McCullers JA. Induction of 
pro- and anti-inflammatory molecules in a mouse model of pneumococcal 
pneumonia after influenza. Comp Med (2007) 57:82–9. 

72. Van Der Sluijs KF, Van Elden LJR, Nijhuis M, Schuurman R, Pater JM, 
Florquin S, et al. IL-10 is an important mediator of the enhanced susceptibil-
ity to pneumococcal pneumonia after influenza infection. J Immunol (2004) 
172:7603–9. doi:10.4049/jimmunol.172.12.7603 

73. Didierlaurent A, Goulding J, Patel S, Snelgrove R, Low L, Bebien M, 
et  al. Sustained desensitization to bacterial toll-like receptor ligands after 
resolution of respiratory influenza infection. J Exp Med (2008) 205:323–9. 
doi:10.1084/jem.20070891 

74. Chandler JD, Hu X, Ko E-J, Park S, Lee Y-T, Orr M, et al. Metabolic pathways 
of lung inflammation revealed by high-resolution metabolomics (HRM) of 
H1N1 influenza virus infection in mice. Am J Physiol Regul Integr Comp 
Physiol (2016) 311:R906–16. doi:10.1152/ajpregu.00298.2016 

75. Darwish I, Mubareka S, Liles WC. Immunomodulatory therapy for severe 
influenza. Expert Rev Anti Infect Ther (2011) 9:807–22. doi:10.1586/eri.11.56 

76. Didierlaurent A, Goulding J, Hussell T. The impact of successive infec-
tions on the lung microenvironment. Immunology (2007) 122:457–65. 
doi:10.1111/j.1365-2567.2007.02729.x 

77. Schafer JF. Tolerance to plant disease. Annu Rev Phytopathol (1971) 9:235–52. 
doi:10.1146/annurev.py.09.090171.001315 

78. Soares MP. “Nuts and Bolts” of disease tolerance. Immunity (2014) 41:176–8. 
doi:10.1016/j.immuni.2014.07.011 

79. Schneider DS, Ayres JS. Two ways to survive infection: what resistance and 
tolerance can teach us about treating infectious diseases. Nat Rev Immunol 
(2008) 8:889–95. doi:10.1038/nri2432 

80. Chovatiya R, Medzhitov R. Stress, inflammation, and defense of homeostasis. 
Mol Cell (2014) 54:281–8. doi:10.1016/j.molcel.2014.03.030 

81. Boutlis CS, Yeo TW, Anstey NM. Malaria tolerance – for whom the cell tolls? 
Trends Parasitol (2006) 22:371–7. doi:10.1016/j.pt.2006.06.002 

82. Gozzelino R, Andrade BB, Larsen R, Luz NF, Vanoaica L, Seixas E, et  al. 
Metabolic adaptation to tissue iron overload confers tolerance to malaria. 
Cell Host Microbe (2012) 12:693–704. doi:10.1016/j.chom.2012.10.011 

83. Jeney V, Ramos S, Bergman M-L, Bechmann I, Tischer J, Ferreira A, et al. 
Control of disease tolerance to malaria by nitric oxide and carbon monoxide. 
Cell Rep (2014) 8:126–36. doi:10.1016/j.celrep.2014.05.054 

84. Jamieson AM, Pasman L, Yu S, Gamradt P, Homer RJ, Decker T, et al. Role 
of tissue protection in lethal respiratory viral-bacterial coinfection. Science 
(2013) 340:1230–4. doi:10.1126/science.1233632 

85. Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CGK, 
Doering TA, et al. Innate lymphoid cells promote lung-tissue homeostasis after 
infection with influenza virus. Nat Immunol (2011) 12:1045–54. doi:10.1031/ 
ni.2131 

86. Bessede A, Gargaro M, Pallotta MT, Matino D, Servillo G, Brunacci C, et al. 
Aryl hydrocarbon receptor control of a disease tolerance defence pathway. 
Nature (2014) 511:184–90. doi:10.1038/nature13323 

87. Romani L, Zelante T, Luca AD, Iannitti RG, Moretti S, Bartoli A, et  al. 
Microbiota control of a tryptophan-AhR pathway in disease tolerance to 
fungi. Eur J Immunol (2014) 44:3192–200. doi:10.1002/eji.201344406 

88. Sundaram N, Duckett K, Yung CF, Thoon KC, Sidharta S, Venkatachalam I, 
et al. “I wouldn’t really believe statistics” – challenges with influenza vaccine 
acceptance among healthcare workers in Singapore. Vaccine (2018) 36: 
1996–2004. doi:10.1016/j.vaccine.2018.02.102 

89. Vilcu AM, Souty C, Enouf V, Capai L, Turbelin C, Masse S, et al. Estimation of 
seasonal influenza vaccine effectiveness using data collected in primary care 
in France: comparison of the test-negative design and the screening method. 
Clin Microbiol Infect (2018) 24:431.e5–12. doi:10.1016/j.cmi.2017.09.003 

90. Kumar B, Asha K, Khanna M, Ronsard L, Meseko CA, Sanicas M. The 
emerging influenza virus threat: status and new prospects for its therapy  
and control. Arch Virol (2018) 163:831–44. doi:10.1007/s00705-018-3708-y 

91. Shaw ML. The next wave of influenza drugs. ACS Infect Dis (2017) 3:691–4. 
doi:10.1021/acsinfecdis.7b00142 

92. Leneva IA, Burtseva EI, Yatsyshina SB, Fedyakina IT, Kirillova ES, Selkova EP, 
et  al. Virus susceptibility and clinical effectiveness of anti-influenza drugs 
during the 2010–2011 influenza season in Russia. Int J Infect Dis (2016) 
43:77–84. doi:10.1016/j.ijid.2016.01.001 

93. Doherty PC, Turner SJ, Webby RG, Thomas PG. Influenza and the challenge 
for immunology. Nat Immunol (2006) 7:449–55. doi:10.1038/ni1343 

94. Low DE. Pandemic planning: non-pharmaceutical interventions. Respirology 
(2008) 13(Suppl 1):S44–8. doi:10.1111/j.1440-1843.2008.01258.x 

95. Fedson DS. How will physicians respond to the next influenza pandemic? 
Clin Infect Dis (2013) 58:233–7. doi:10.1093/cid/cit695 

96. Fedson DS. Treating the host response to emerging virus diseases: lessons 
learned from sepsis, pneumonia, influenza and Ebola. Ann Transl Med (2016) 
4:421–421. doi:10.21037/atm.2016.11.03 

97. Rouse BT, Sehrawat S. Immunity and immunopathology to viruses: what 
decides the outcome? Nat Rev Immunol (2010) 10:514–26. doi:10.1038/nri2802 

98. Peiris JSM, Hui KPY, Yen H-L. Host response to influenza virus: protection 
versus immunopathology. Curr Opin Immunol (2010) 22:475–81. doi:10.1016/ 
j.coi.2010.06.003 

99. Mizgerd JP. Pathogenesis of severe pneumonia. Curr Opin Pulm Med (2017) 
23:193–7. doi:10.1097/MCP.0000000000000365 

100. Culley FJ. Natural killer cells in infection and inflammation of the lung. 
Immunology (2009) 128:151–63. doi:10.1111/j.1365-2567.2009.03167.x 

101. Li H, Singh S, Potula R, Persidsky Y, Kanmogne GD. Dysregulation of 
claudin-5 in HIV-induced interstitial pneumonitis and lung vascular injury. 
Protective role of peroxisome proliferator-activated receptor-γ. Am J Respir 
Crit Care Med (2014) 190:85–97. doi:10.1164/rccm.201106-1151OC 

102. Abdul-Careem MF, Mian MF, Yue G, Gillgrass A, Chenoweth MJ, Barra NG, 
et  al. Critical role of natural killer cells in lung immunopathology during 
influenza infection in mice. J Infect Dis (2012) 206:167–77. doi:10.1093/
infdis/jis340 

103. Hill TM, Gilchuk P, Cicek BB, Osina MA, Boyd KL, Durrant DM, et al. Border 
patrol gone awry: lung NKT cell activation by Francisella tularensis exacer-
bates tularemia-like disease. PLoS Pathog (2015) 11:e1004975. doi:10.1371/
journal.ppat.1004975 

104. Kim EY, Battaile JT, Patel AC, You Y, Agapov E, Grayson MH, et al. Persistent 
activation of an innate immune response translates respiratory viral infection 
into chronic lung disease. Nat Med (2008) 14:633–40. doi:10.1038/nm1770 

105. Lin KL, Suzuki Y, Nakano H, Ramsburg E, Gunn MD. CCR2+ monocyte- 
derived dendritic cells and exudate macrophages produce influenza-induced 
pulmonary immune pathology and mortality. J Immunol (2008) 180:2562–72. 
doi:10.4049/jimmunol.180.4.2562 

106. Lin KL, Sweeney S, Kang BD, Ramsburg E, Gunn MD. CCR2-antagonist pro-
phylaxis reduces pulmonary immune pathology and markedly improves sur-
vival during influenza infection. J Immunol (2010) 186:508–15. doi:10.4049/
jimmunol.1001002 

107. Gamradt P, Xu Y, Gratz N, Duncan K, Kobzik L, Högler S, et al. The influence 
of programmed cell death in myeloid cells on host resilience to infection 
with Legionella pneumophila or Streptococcus pyogenes. PLoS Pathog (2016) 
12:e1006032. doi:10.1371/journal.ppat.1006032 

108. Araya J, Hara H, Kuwano K. Autophagy in the pathogenesis of pulmonary dis-
ease. Intern Med (2013) 52:2295–303. doi:10.2169/internalmedicine.52.1118 

109. Chow SH, Deo P, Naderer T. Macrophage cell death in microbial infections. 
Cell Microbiol (2016) 18:466–74. doi:10.1111/cmi.12573 

110. Dockrell DH, Marriott HM, Prince LR, Ridger VC, Ince PG, Hellewell PG, 
et al. Alveolar macrophage apoptosis contributes to pneumococcal clearance 
in a resolving model of pulmonary infection. J Immunol (2003) 171:5380–8. 
doi:10.4049/jimmunol.171.10.5380 

111. Lucas CD, Dorward DA, Tait MA, Fox S, Marwick JA, Allen KC, et  al. 
Downregulation of Mcl-1 has anti-inflammatory pro-resolution effects 
and enhances bacterial clearance from the lung. Mucosal Immunol (2013) 
7:857–68. doi:10.1038/mi.2013.102 

112. Haick AK, Rzepka JP, Brandon E, Balemba OB, Miura TA. Neutrophils are 
needed for an effective immune response against pulmonary rat coronavirus 
infection, but also contribute to pathology. J Gen Virol (2014) 95:578–90. 
doi:10.1099/vir.0.061986-0 

113. Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew A-A, et al. Excessive 
neutrophils and neutrophil extracellular traps contribute to acute lung injury 
of influenza pneumonitis. Am J Pathol (2011) 179:199–210. doi:10.1016/j.
ajpath.2011.03.013 

114. Tate MD, Deng YM, Jones JE, Anderson GP, Brooks AG, Reading PC. 
Neutrophils ameliorate lung injury and the development of severe disease 
during influenza infection. J Immunol (2009) 183:7441–50. doi:10.4049/
jimmunol.0902497 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.172.12.7603
https://doi.org/10.1084/jem.20070891
https://doi.org/10.1152/ajpregu.00298.2016
https://doi.org/10.1586/eri.11.56
https://doi.org/10.1111/j.1365-2567.2007.02729.x
https://doi.org/10.1146/annurev.py.09.090171.001315
https://doi.org/10.1016/j.immuni.2014.07.011
https://doi.org/10.1038/nri2432
https://doi.org/10.1016/j.molcel.2014.03.030
https://doi.org/10.1016/j.pt.2006.06.002
https://doi.org/10.1016/j.chom.2012.10.011
https://doi.org/10.1016/j.celrep.2014.05.054
https://doi.org/10.1126/science.1233632
https://doi.org/10.1031/
ni.2131
https://doi.org/10.1031/
ni.2131
https://doi.org/10.1038/nature13323
https://doi.org/10.1002/eji.201344406
https://doi.org/10.1016/j.vaccine.2018.02.102
https://doi.org/10.1016/j.cmi.2017.09.003
https://doi.org/10.1007/s00705-018-3708-y
https://doi.org/10.1021/acsinfecdis.7b00142
https://doi.org/10.1016/j.ijid.2016.01.001
https://doi.org/10.1038/ni1343
https://doi.org/10.1111/j.1440-1843.2008.01258.x
https://doi.org/10.1093/cid/cit695
https://doi.org/10.21037/atm.2016.11.03
https://doi.org/10.1038/nri2802
https://doi.org/10.1016/
j.coi.2010.06.003
https://doi.org/10.1016/
j.coi.2010.06.003
https://doi.org/10.1097/MCP.0000000000000365
https://doi.org/10.1111/j.1365-2567.2009.03167.x
https://doi.org/10.1164/rccm.201106-1151OC
https://doi.org/10.1093/infdis/jis340
https://doi.org/10.1093/infdis/jis340
https://doi.org/10.1371/journal.ppat.1004975
https://doi.org/10.1371/journal.ppat.1004975
https://doi.org/10.1038/nm1770
https://doi.org/10.4049/jimmunol.180.4.2562
https://doi.org/10.4049/jimmunol.1001002
https://doi.org/10.4049/jimmunol.1001002
https://doi.org/10.1371/journal.ppat.1006032
https://doi.org/10.2169/internalmedicine.52.1118
https://doi.org/10.1111/cmi.12573
https://doi.org/10.4049/jimmunol.171.10.5380
https://doi.org/10.1038/mi.2013.102
https://doi.org/10.1099/vir.0.061986-0
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.4049/jimmunol.0902497
https://doi.org/10.4049/jimmunol.0902497


15

Crane et al. Host Tolerance Mechanisms in the Pulmonary System

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1421

115. Tate MD, Ioannidis LJ, Croker B, Brown LE, Brooks AG, Reading PC. The 
role of neutrophils during mild and severe influenza virus infections of  
mice. PLoS One (2011) 6:e17618. doi:10.1371/journal.pone.0017618 

116. Sakai S, Kawamata H, Mantani N, Kogure T, Shimada Y, Terasawa K, et al. 
Therapeutic effect of anti-macrophage inflammatory protein 2 antibody 
on influenza virus-induced pneumonia in mice. J Virol (2000) 74:2472–6. 
doi:10.1128/JVI.74.5.2472-2476.2000 

117. Johnston LK, Rims CR, Gill SE, McGuire JK, Manicone AM. Pulmonary 
macrophage subpopulations in the induction and resolution of acute lung 
injury. Am J Respir Cell Mol Biol (2012) 47:417–26. doi:10.1165/rcmb.2012- 
0090OC 

118. Purnama C, Ng SL, Tetlak P, Setiagani YA, Kandasamy M, Baalasubramanian S, 
et al. Transient ablation of alveolar macrophages leads to massive pathology 
of influenza infection without affecting cellular adaptive immunity. Eur 
J Immunol (2014) 44:2003–12. doi:10.1002/eji.201344359 

119. Kolli D, Gupta MR, Sbrana E, Velayutham TS, Chao H, Casola A, et al. Alveolar 
macrophages contribute to the pathogenesis of human metapneumovirus 
infection while protecting against respiratory syncytial virus infection. Am 
J Respir Cell Mol Biol (2014) 51:502–15. doi:10.1165/rcmb.2013-0414OC 

120. Hartwig SM, Holman KM, Varga SM. Depletion of alveolar macrophages 
ameliorates virus-induced disease following a pulmonary coronavirus infec-
tion. PLoS One (2014) 9:e90720. doi:10.1371/journal.pone.0090720 

121. Schneider C, Nobs SP, Heer AK, Kurrer M, Klinke G, van Rooijen N, et al. 
Alveolar macrophages are essential for protection from respiratory failure 
and associated morbidity following influenza virus infection. PLoS Pathog 
(2014) 10:e1004053. doi:10.1371/journal.ppat.1004053 

122. Pociask DA, Scheller EV, Mandalapu S, McHugh KJ, Enelow RI, Fattman CL, 
et al. IL-22 is essential for lung epithelial repair following influenza infection. 
Am J Pathol (2013) 182:1286–96. doi:10.1016/j.ajpath.2012.12.007 

123. Ivanov S, Renneson J, Fontaine J, Barthelemy A, Paget C, Fernandez EM, et al. 
Interleukin-22 reduces lung inflammation during influenza A virus infection 
and protects against secondary bacterial infection. J Virol (2013) 87:6911–24. 
doi:10.1128/JVI.02943-12 

124. Kumar P, Thakar MS, Ouyang W, Malarkannan S. IL-22 from conventional 
NK cells is epithelial regenerative and inflammation protective during influ-
enza infection. Mucosal Immunol (2012) 6:69–82. doi:10.1038/mi.2012.49 

125. Arpaia N, Green JA, Moltedo B, Arvey A, Hemmers S, Yuan S, et al. A distinct 
function of regulatory T cells in tissue protection. Cell (2015) 162:1078–89. 
doi:10.1016/j.cell.2015.08.021 

126. Alber A, Howie SEM, Wallace WAH, Hirani N. The role of macrophages in 
healing the wounded lung. Int J Exp Pathol (2012) 93:243–51. doi:10.1111/j. 
1365-2613.2012.00833.x 

127. Talmi-Frank D, Altboum Z, Solomonov I, Udi Y, Jaitin DA, Klepfish M, et al. 
Extracellular matrix proteolysis by MT1-MMP contributes to influenza- 
related tissue damage and mortality. Cell Host Microbe (2016) 20:458–70. 
doi:10.1016/j.chom.2016.09.005 

128. Shirey KA, Lai W, Scott AJ, Lipsky M, Mistry P, Pletneva LM, et al. The TLR4 
antagonist Eritoran protects mice from lethal influenza infection. Nature 
(2013) 497:498–502. doi:10.1038/nature12118 

129. Robinson KM, Ramanan K, Clay ME, McHugh KJ, Pilewski MJ, Nickolich KL, 
et al. The inflammasome potentiates influenza/Staphylococcus aureus super-
infection in mice. JCI Insight (2018) 3:97470. doi:10.1172/jci.insight.97470 

130. Ganeshan K, Johnston LK, Bryce PJ. TGF-1 limits the onset of innate lung 
inflammation by promoting mast cell-derived IL-6. J Immunol (2013) 
190:5731–8. doi:10.4049/jimmunol.1203362 

131. Li C, Jiao S, Wang G, Gao Y, Liu C, He X, et al. The immune adaptor ADAP 
regulates reciprocal TGF-β1-integrin crosstalk to protect from influenza 
virus infection. PLoS Pathog (2015) 11:e1004824. doi:10.1371/journal.ppat. 
1004824 

132. Bartram U, Speer SP. The role of transforming growth factor beta in lung develop-
ment and disease. Chest (2004) 125:754–65. doi:10.1378/chest.125.2.754 

133. McCann KL, Imani F. Transforming growth factor enhances respiratory 
syncytial virus replication and tumor necrosis factor alpha induction in 
human epithelial cells. J Virol (2007) 81:2880–6. doi:10.1128/JVI.02583-06 

134. Sun K, Torres L, Metzger DW. A detrimental effect of interleukin-10 on 
protective pulmonary humoral immunity during primary influenza A virus 
infection. J Virol (2010) 84:5007–14. doi:10.1128/JVI.02408-09 

135. Davidson S, McCabe TM, Crotta S, Gad HH, Hessel EM, Beinke S, et  al. 
IFNλ is a potent anti-influenza therapeutic without the inflammatory side 

effects of IFNα treatment. EMBO Mol Med (2016) 8:1099–112. doi:10.15252/
emmm.201606413 

136. Denney L, Branchett W, Gregory LG, Oliver RA, Lloyd CM. Epithelial-
derived TGF-β1 acts as a pro-viral factor in the lung during influenza A 
infection. Mucosal Immunol (2017) 70:1–13. doi:10.1038/mi.2017.77 

137. Dutta A, Chen T-C, Lin C-Y, Chiu C-H, Lin Y-C, Chang C-S, et al. IL-10 
inhibits neuraminidase-activated TGF-&beta; and facilitates Th1 phenotype 
during early phase of infection. Nat Commun (2015) 6:1–11. doi:10.1038/
ncomms7374 

138. Fox JM, Crabtree JM, Sage LK, Tompkins SM, Tripp RA. Interferon lambda 
upregulates IDO1 expression in respiratory epithelial cells after influenza 
virus infection. J Interferon Cytokine Res (2015) 35:554–62. doi:10.1089/jir. 
2014.0052 

139. Gregory DJ, Kobzik L. Influenza lung injury: mechanisms and therapeutic 
opportunities. Am J Physiol Lung Cell Mol Physiol (2015) 309:L1041–6. 
doi:10.1152/ajplung.00283.2015 

140. Jewell NA, Cline T, Mertz SE, Smirnov SV, Flano E, Schindler C, et  al.  
Lambda interferon is the predominant interferon induced by influenza 
A virus infection in  vivo. J Virol (2010) 84:11515–22. doi:10.1128/JVI. 
01703-09 

141. Kim S, Kim M-J, Kim C-H, Kang JW, Shin HK, Kim D-Y, et al. The superiority 
of IFN-lambda as a therapeutic candidate to control acute influenza viral 
lung infection. Am J Respir Cell Mol Biol (2017) 56(2):202–12. doi:10.1165/
rcmb.2016-0174OC 

142. McKinstry KK, Strutt TM, Buck A, Curtis JD, Dibble JP, Huston G, et al. IL-10 
deficiency unleashes an influenza-specific Th17 response and enhances sur-
vival against high-dose challenge. J Immunol (2009) 182:7353–63. doi:10.4049/ 
jimmunol.0900657 

143. Robinson KM, Lee B, Scheller EV, Mandalapu S, Enelow RI, Kolls JK, et al. 
The role of IL-27 in susceptibility to post-influenza Staphylococcus aureus 
pneumonia. Respir Res (2015) 16:10. doi:10.1186/s12931-015-0168-8 

144. Codagnone M, Cianci E, Lamolinara A, Mari VC, Nespoli A, Isopi E, et al. 
Resolvin D1 enhances the resolution of lung inflammation caused by long-
term Pseudomonas aeruginosa infection. Mucosal Immunol (2017) 11:35–49. 
doi:10.1038/mi.2017.36 

145. Julkunen I, Melén K, Nyqvist M, Pirhonen J, Sareneva T, Matikainen S. 
Inflammatory responses in influenza A virus infection. Vaccine (2000) 
19(Suppl 1):S32–7. doi:10.1016/S0264-410X(00)00275-9 

146. Hsiao H-M, Thatcher TH, Levy EP, Fulton RA, Owens KM, Phipps RP, et al. 
Resolvin D1 attenuates polyinosinic-polycytidylic acid-induced inflamma-
tory signaling in human airway epithelial cells via TAK1. J Immunol (2014) 
193:4980–7. doi:10.4049/jimmunol.1400313 

147. Morita M, Kuba K, Ichikawa A, Nakayama M, Katahira J, Iwamoto R, 
et al. The lipid mediator protection D1 inhibits influenza virus replication 
and improves severe influenza. Cell (2013) 153:112–25. doi:10.1016/j.cell. 
2013.02.027 

148. Moro K, Nagahashi M, Ramanathan R, Takabe K, Wakai T. Resolvins and 
omega three polyunsaturated fatty acids: clinical implications in inflamma-
tory diseases and cancer. World J Clin Cases (2016) 4:155–64. doi:10.12998/
wjcc.v4.i7.155 

149. Wang H, Anthony D, Yatmaz S, Wijburg O, Satzke C, Levy B, et al. Aspirin-
triggered resolvin D1 reduces pneumococcal lung infection and inflamma-
tion in a viral and bacterial coinfection pneumonia model. Clin Sci (2017) 
131:2347–62. doi:10.1042/CS20171006 

150. Croasdell A, Lacy SH, Thatcher TH, Sime PJ, Phipps RP. Resolvin D1 
dampens pulmonary inflammation and promotes clearance of nontypeable 
Haemophilus influenzae. J Immunol (2016) 196:2742–52. doi:10.4049/
jimmunol.1502331 

151. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary 
innate immunity. Nat Immunol (2014) 16:27–35. doi:10.1038/ni.3045 

152. Parker D, Prince A. Innate immunity in the respiratory epithelium. Am 
J Respir Cell Mol Biol (2011) 45:189–201. doi:10.1165/rcmb.2011-0011RT 

153. Hiemstra PS, McCray PB Jr, Bals R. The innate immune function of airway 
epithelial cells in inflammatory lung disease. Eur Respir J (2015) 45:1150–62. 
doi:10.1183/09031936.00141514 

154. Huang L-Y, Stuart C, Takeda K, D’Agnillo F, Golding B. Poly(I:C) induces 
human lung endothelial barrier dysfunction by disrupting tight junction 
expression of claudin-5. PLoS One (2016) 11:e0160875. doi:10.1371/journal.
pone.0160875 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pone.0017618
https://doi.org/10.1128/JVI.74.5.2472-2476.2000
https://doi.org/10.1165/rcmb.2012-
0090OC
https://doi.org/10.1165/rcmb.2012-
0090OC
https://doi.org/10.1002/eji.201344359
https://doi.org/10.1165/rcmb.2013-0414OC
https://doi.org/10.1371/journal.pone.0090720
https://doi.org/10.1371/journal.ppat.1004053
https://doi.org/10.1016/j.ajpath.2012.12.007
https://doi.org/10.1128/JVI.02943-12
https://doi.org/10.1038/mi.2012.49
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1111/j.
1365-2613.2012.00833.x
https://doi.org/10.1111/j.
1365-2613.2012.00833.x
https://doi.org/10.1016/j.chom.2016.09.005
https://doi.org/10.1038/nature12118
https://doi.org/10.1172/jci.insight.97470
https://doi.org/10.4049/jimmunol.1203362
https://doi.org/10.1371/journal.ppat.
1004824
https://doi.org/10.1371/journal.ppat.
1004824
https://doi.org/10.1378/chest.125.2.754
https://doi.org/10.1128/JVI.02583-06
https://doi.org/10.1128/JVI.02408-09
https://doi.org/10.15252/emmm.201606413
https://doi.org/10.15252/emmm.201606413
https://doi.org/10.1038/mi.2017.77
https://doi.org/10.1038/ncomms7374
https://doi.org/10.1038/ncomms7374
https://doi.org/10.1089/jir.
2014.0052
https://doi.org/10.1089/jir.
2014.0052
https://doi.org/10.1152/ajplung.00283.2015
https://doi.org/10.1128/JVI.01703-09
https://doi.org/10.1128/JVI.01703-09
https://doi.org/10.1165/rcmb.2016-0174OC
https://doi.org/10.1165/rcmb.2016-0174OC
https://doi.org/10.4049/
jimmunol.0900657
https://doi.org/10.4049/
jimmunol.0900657
https://doi.org/10.1186/s12931-015-0168-8
https://doi.org/10.1038/mi.2017.36
https://doi.org/10.1016/S0264-410X(00)00275-9
https://doi.org/10.4049/jimmunol.1400313
https://doi.org/10.1016/j.cell.
2013.02.027
https://doi.org/10.1016/j.cell.
2013.02.027
https://doi.org/10.12998/wjcc.v4.i7.155
https://doi.org/10.12998/wjcc.v4.i7.155
https://doi.org/10.1042/CS20171006
https://doi.org/10.4049/jimmunol.1502331
https://doi.org/10.4049/jimmunol.1502331
https://doi.org/10.1038/ni.3045
https://doi.org/10.1165/rcmb.2011-0011RT
https://doi.org/10.1183/09031936.00141514
https://doi.org/10.1371/journal.pone.0160875
https://doi.org/10.1371/journal.pone.0160875


16

Crane et al. Host Tolerance Mechanisms in the Pulmonary System

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1421

155. Miettinen M, Sareneva T, Julkunen I, Matikainen S. IFNs activate toll-like 
receptor gene expression in viral infections. Genes Immun (2001) 2:349–55. 
doi:10.1038/sj.gene.6363791 

156. Numata M, Kandasamy P, Nagashima Y, Fickes R, Murphy RC, Voelker DR. 
Phosphatidylinositol inhibits respiratory syncytial virus infection. J Lipid Res 
(2015) 56:578–87. doi:10.1194/jlr.M055723 

157. Xie B, Laxman B, Hashemifar S, Stern R, Gilliam TC, Maltsev N, et  al. 
Chemokine expression in the early response to injury in human airway 
epithelial cells. PLoS One (2018) 13:e0193334. doi:10.1371/journal.pone. 
0193334 

158. Hernández-Santos N, Wiesner DL, Fites JS, McDermott AJ, Warner T, 
Wüthrich M, et al. Lung epithelial cells coordinate innate lymphocytes and 
immunity against pulmonary fungal infection. Cell Host Microbe (2018) 
23(4):511–22.e5. doi:10.1016/j.chom.2018.02.011 

159. Hendricks MR, Bomberger JM. Digging through the obstruction: insight 
into the epithelial cell response to respiratory virus infection in patients with 
cystic fibrosis. J Virol (2016) 90:4258–61. doi:10.1128/JVI.01864-15 

160. Cleaver JO, You D, Michaud DR, Guzmán Pruneda FA, Leiva Juarez MM, 
Zhang J, et al. Lung epithelial cells are essential effectors of inducible resistance 
to pneumonia. Mucosal Immunol (2013) 7:78–88. doi:10.1038/mi.2013.26 

161. Leiva-Juárez MM, Kolls JK, Evans SE. Lung epithelial cells: therapeutically 
inducible effectors of antimicrobial defense. Mucosal Immunol (2017) 11:21–34.  
doi:10.1038/mi.2017.71 

162. Gómez MI, Prince A. Airway epithelial cell signaling in response to bacterial 
pathogens. Pediatr Pulmonol (2007) 43:11–9. doi:10.1002/ppul.20735 

163. Rynda-Apple A, Robinson KM, Alcorn JF. Influenza and bacterial superin-
fection: illuminating the immunologic mechanisms of disease. Infect Immun 
(2015) 83:3764–70. doi:10.1128/IAI.00298-15 

164. Tisoncik JR, Korth MJ, Simmons CP, Farrar J, Martin TR, Katze MG. Into 
the eye of the cytokine storm. Microbiol Mol Biol Rev (2012) 76:16–32. 
doi:10.1128/MMBR.05015-11 

165. Cayrol C, Girard J-P. IL-33: an alarmin cytokine with crucial roles in innate 
immunity, inflammation and allergy. Curr Opin Immunol (2014) 31:31–7. 
doi:10.1016/j.coi.2014.09.004 

166. Suwara MI, Green NJ, Borthwick LA, Mann J, Mayer-Barber KD, Barron L, 
et al. IL-1alpha released from damaged epithelial cells is sufficient and essen-
tial to trigger inflammatory responses in human lung fibroblasts. Mucosal 
Immunol (2013) 7:684–93. doi:10.1038/mi.2013.87 

167. McCubbrey AL, Curtis JL. Efferocytosis and lung disease. Chest (2013) 
143:1750–7. doi:10.1378/chest.12-2413 

168. Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A, Walk SF, et al. 
Nucleotides released by apoptotic cells act as a find-me signal to promote 
phagocytic clearance. Nature (2009) 461:282–6. doi:10.1038/nature08296 

169. Uddin M, Levy BD. Resolvins: natural agonists for resolution of pulmonary 
inflammation. Prog Lipid Res (2011) 50:75–88. doi:10.1016/j.plipres.2010. 
09.002 

170. Schultz-Cherry S, Hinshaw VS. Influenza virus neuraminidase activates 
latent transforming growth factor beta. J Virol (1996) 70:8624–9. 

171. Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk H-D. Human 
and avian influenza viruses target different cell types in cultures of human 
airway epithelium. Proc Natl Acad Sci U S A (2004) 101:4620–4. doi:10.1073/
pnas.0308001101 

172. Zhang L, Peeples ME, Boucher RC, Collins PL, Pickles RJ. Respiratory syn-
cytial virus infection of human airway epithelial cells is polarized, specific to 
ciliated cells, and without obvious cytopathology. J Virol (2002) 76:5654–66. 
doi:10.1128/JVI.76.11.5654-5666.2002 

173. Sims AC, Baric RS, Yount B, Burkett SE, Collins PL, Pickles RJ. Severe 
acute respiratory syndrome coronavirus infection of human ciliated airway 
epithelia: role of ciliated cells in viral spread in the conducting airways of the 
lungs. J Virol (2005) 79:15511–24. doi:10.1128/JVI.79.24.15511-15524.2005 

174. Griggs TF, Bochkov YA, Basnet S, Pasic TR, Brockman-Schneider RA, 
Palmenberg AC, et al. Rhinovirus C targets ciliated airway epithelial cells. 
Respir Res (2017) 18:1–11. doi:10.1186/s12931-017-0567-0 

175. Zhang L, Bukreyev A, Thompson CI, Watson B, Peeples ME, Collins PL, et al. 
Infection of ciliated cells by human parainfluenza virus type 3 in an in vitro 
model of human airway epithelium. J Virol (2004) 79:1113–24. doi:10.1128/
JVI.79.2.1113-1124.2005 

176. Kotha PLN, Sharma P, Kolawole AO, Yan R, Alghamri MS, Brockman TL, et al. 
Adenovirus entry from the apical surface of polarized epithelia is facilitated 

by the host innate immune response. PLoS Pathog (2015) 11:e1004696. 
doi:10.1371/journal.ppat.1004696 

177. Hendaus M, Jomha F, Alhammadi A. Virus-induced secondary bacterial infec-
tion: a concise review. Ther Clin Risk Manag (2015) 11:1265–71. doi:10.2147/ 
TCRM.S87789 

178. Chertow DS, Memoli MJ. Bacterial coinfection in influenza: a grand rounds 
review. JAMA (2013) 309:275–82. doi:10.1001/jama.2012.194139 

179. Bercovich-Kinori A, Tai J, Gelbart IA, Shitrit A, Ben-Moshe S, Drori Y, et al. 
A systematic view on influenza induced host shutoff. Elife (2016) 5:600. 
doi:10.7554/eLife.18311 

180. Harris JR, Racaniello VR. Changes in rhinovirus protein 2C allow efficient rep-
lication in mouse cells. J Virol (2003) 77:4773–80. doi:10.1128/JVI.77.8.4773- 
4780.2003 

181. Zhirnov OP, Konakova TE, Wolff T, Klenk HD. NS1 protein of influenza 
A virus down-regulates apoptosis. J Virol (2002) 76:1617–25. doi:10.1128/
JVI.76.4.1617-1625.2002 

182. Yang M-L, Wang C-T, Yang S-J, Leu C-H, Chen S-H, Wu C-L, et  al. IL-6 
ameliorates acute lung injury in influenza virus infection. Sci Rep (2017) 7: 
1–11. doi:10.1038/srep43829 

183. Quantius J, Schmoldt C, Vazquez-Armendariz AI, Becker C, Agha El E, 
Wilhelm J, et al. Influenza virus infects epithelial stem/progenitor cells of the 
distal lung: impact on Fgfr2b-driven epithelial repair. PLoS Pathog (2016) 
12:e1005544. doi:10.1371/journal.ppat.1005544 

184. Boyd DF, Sanders CJ, Bajracharya R, Diercks AH, Thomas PG. ADAMTS4 
modulates lung tissue repair following lethal influenza A infection in mice. 
J Immunol (2016) 196:78.22. 

185. Barthelemy A, Sencio V, Soulard D, Deruyter L, Faveeuw C, Le Goffic R, et al. 
Interleukin-22 immunotherapy during severe influenza enhances lung tissue 
integrity and reduces secondary bacterial systemic invasion. Infect Immun 
(2018). doi:10.1128/IAI.00706-17 

186. Hall OJ, Limjunyawong N, Vermillion MS, Robinson DP, Wohlgemuth N, 
Pekosz A, et al. Progesterone-based therapy protects against influenza by pro-
moting lung repair and recovery in females. PLoS Pathog (2016) 12:e1005840. 
doi:10.1371/journal.ppat.1005840 

187. Fahy JV, Dickey BF. Airway mucus function and dysfunction. N Engl J Med 
(2010) 363:2233–47. doi:10.1056/NEJMra0910061 

188. Baos SC, Phillips DB, Wildling L, McMaster TJ, Berry M. Distribution of 
sialic acids on mucins and gels: a defense mechanism. Biophys J (2012) 
102:176–84. doi:10.1016/j.bpj.2011.08.058 

189. Cohen M, Zhang X-Q, Senaati HP, Chen H-W, Varki NM, Schooley RT, et al. 
Influenza A penetrates host mucus by cleaving sialic acids with neuramini-
dase. Virol J (2013) 10:321. doi:10.1186/1743-422X-10-321 

190. Lijek RS, Weiser JN. Co-infection subverts mucosal immunity in the upper 
respiratory tract. Curr Opin Immunol (2012) 24:417–23. doi:10.1016/j.
coi.2012.05.005 

191. McGillivary G, Mason KM, Jurcisek JA, Peeples ME, Bakaletz LO. Respiratory 
syncytial virus-induced dysregulation of expression of a mucosal β-defensin 
augments colonization of the upper airway by non-typeable Haemophilus 
influenzae. Cell Microbiol (2009) 11:1399–408. doi:10.1111/j.1462-5822. 
2009.01339.x 

192. Mallia P, Footitt J, Sotero R, Jepson A, Contoli M, Trujillo-Torralbo M-B, 
et al. Rhinovirus infection induces degradation of antimicrobial peptides and 
secondary bacterial infection in chronic obstructive pulmonary disease. Am 
J Respir Crit Care Med (2012) 186:1117–24. doi:10.1164/rccm.201205-0806OC 

193. Pohl C, Hermanns MI, Uboldi C, Bock M, Fuchs S, Dei-Anang J, et  al. 
Barrier functions and paracellular integrity in human cell culture models 
of the proximal respiratory unit. Eur J Pharm Biopharm (2009) 72:339–49. 
doi:10.1016/j.ejpb.2008.07.012 

194. Chiba H, Osanai M, Murata M, Kojima T, Sawada N. Transmembrane 
proteins of tight junctions. Biochim Biophys Acta (2008) 1778:588–600. 
doi:10.1016/j.bbamem.2007.08.017 

195. Brune K, Frank J, Schwingshackl A, Finigan J, Sidhaye VK. Pulmonary 
epithelial barrier function: some new players and mechanisms. Am J Physiol 
Lung Cell Mol Physiol (2015) 308:L731–45. doi:10.1152/ajplung.00309.2014 

196. Kojima T, Go M, Takano K-I, Kurose M, Ohkuni T, Koizumi J-I, et  al. 
Regulation of tight junctions in upper airway epithelium. Biomed Res Int 
(2013) 2013:1–11. doi:10.1155/2013/947072 

197. Cohen CJ, Shieh JT, Pickles RJ, Okegawa T, Hsieh JT, Bergelson JM. The 
coxsackievirus and adenovirus receptor is a transmembrane component of 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/sj.gene.6363791
https://doi.org/10.1194/jlr.M055723
https://doi.org/10.1371/journal.pone.
0193334
https://doi.org/10.1371/journal.pone.
0193334
https://doi.org/10.1016/j.chom.2018.02.011
https://doi.org/10.1128/JVI.01864-15
https://doi.org/10.1038/mi.2013.26
https://doi.org/10.1038/mi.2017.71
https://doi.org/10.1002/ppul.20735
https://doi.org/10.1128/IAI.00298-15
https://doi.org/10.1128/MMBR.05015-11
https://doi.org/10.1016/j.coi.2014.09.004
https://doi.org/10.1038/mi.2013.87
https://doi.org/10.1378/chest.12-2413
https://doi.org/10.1038/nature08296
https://doi.org/10.1016/j.plipres.2010.09.002
https://doi.org/10.1016/j.plipres.2010.09.002
https://doi.org/10.1073/pnas.0308001101
https://doi.org/10.1073/pnas.0308001101
https://doi.org/10.1128/JVI.76.11.5654-5666.2002
https://doi.org/10.1128/JVI.79.24.15511-15524.2005
https://doi.org/10.1186/s12931-017-0567-0
https://doi.org/10.1128/JVI.79.2.1113-1124.2005
https://doi.org/10.1128/JVI.79.2.1113-1124.2005
https://doi.org/10.1371/journal.ppat.1004696
https://doi.org/10.2147/
TCRM.S87789
https://doi.org/10.2147/
TCRM.S87789
https://doi.org/10.1001/jama.2012.194139
https://doi.org/10.7554/eLife.18311
https://doi.org/10.1128/JVI.77.8.4773-
4780.2003
https://doi.org/10.1128/JVI.77.8.4773-
4780.2003
https://doi.org/10.1128/JVI.76.4.1617-1625.2002
https://doi.org/10.1128/JVI.76.4.1617-1625.2002
https://doi.org/10.1038/srep43829
https://doi.org/10.1371/journal.ppat.1005544
https://doi.org/10.1128/IAI.00706-17
https://doi.org/10.1371/journal.ppat.1005840
https://doi.org/10.1056/NEJMra0910061
https://doi.org/10.1016/j.bpj.2011.08.058
https://doi.org/10.1186/1743-422X-10-321
https://doi.org/10.1016/j.coi.2012.05.005
https://doi.org/10.1016/j.coi.2012.05.005
https://doi.org/10.1111/j.1462-5822.
2009.01339.x
https://doi.org/10.1111/j.1462-5822.
2009.01339.x
https://doi.org/10.1164/rccm.201205-0806OC
https://doi.org/10.1016/j.ejpb.2008.07.012
https://doi.org/10.1016/j.bbamem.2007.08.017
https://doi.org/10.1152/ajplung.00309.2014
https://doi.org/10.1155/2013/947072


17

Crane et al. Host Tolerance Mechanisms in the Pulmonary System

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1421

the tight junction. Proc Natl Acad Sci U S A (2001) 98:15191–6. doi:10.1073/
pnas.261452898 

198. Kast JI, McFarlane AJ, Głobińska A, Sokolowska M, Wawrzyniak P, Sanak M, 
et al. Respiratory syncytial virus infection influences tight junction integrity. 
Clin Exp Immunol (2017) 190:351–9. doi:10.1111/cei.13042 

199. Kaufhold I, Osbahr S, Shima K, Marwitz S, Rohmann K, Drömann D, et al. 
Nontypeable Haemophilus influenzae (NTHi) directly interfere with the reg-
ulation of E-cadherin in lung epithelial cells. Microbes Infect (2017) 19:560–6. 
doi:10.1016/j.micinf.2017.07.002 

200. Short KR, Kasper J, van der Aa S, Andeweg AC, Zaaraoui-Boutahar F, 
Goeijenbier M, et  al. Influenza virus damages the alveolar barrier by 
disrupting epithelial cell tight junctions. Eur Respir J (2016) 47:1–13. 
doi:10.1183/13993003.01282-2015 

201. Meng W, Takeichi M. Adherens junction: molecular architecture and 
regulation. Cold Spring Harb Perspect Biol (2009) 1:a002899. doi:10.1101/
cshperspect.a002899 

202. Yeo N-K, Jang YJ. Rhinovirus infection-induced alteration of tight junc-
tion and adherens junction components in human nasal epithelial cells. 
Laryngoscope (2010) 120(2):346–52. doi:10.1002/lary.20764 

203. Sajjan U, Wang Q, Zhao Y, Gruenert DC, Hershenson MB. Rhinovirus 
disrupts the barrier function of polarized airway epithelial cells. Am J Respir 
Crit Care Med (2008) 178:1271–81. doi:10.1164/rccm.200801-136OC 

204. Popov LM, Marceau CD, Starkl PM, Lumb JH, Shah J, Guerrera D, et al. The 
adherens junctions control susceptibility to Staphylococcus aureus α-toxin. 
Proc Natl Acad Sci U S A (2015) 112:14337–42. doi:10.1073/pnas.1510265112 

205. Hayashi N, Nishizawa H, Kitao S, Deguchi S, Nakamura T, Fujimoto A, 
et al. Pseudomonas aeruginosa injects type III effector ExoS into epithelial 
cells through the function of type IV pili. FEBS Lett (2015) 589:890–6. 
doi:10.1016/j.febslet.2015.02.031 

206. Bhowmick R, Maung N, Hurley BP, Ghanem EB, Gronert K, McCormick BA, 
et al. Systemic disease during Streptococcus pneumoniae acute lung infection 
requires 12-lipoxygenase-dependent inflammation. J Immunol (2013) 
191:5115–23. doi:10.4049/jimmunol.1300522 

207. Thomson BJ. Viruses and apoptosis. Int J Exp Pathol (2001) 82:65–76.  
doi:10.1111/j.1365-2613.2001.iep195.x 

208. Zhang R, Chi X, Wang S, Qi B, Yu X, Chen J-L. The regulation of autophagy 
by influenza A virus. Biomed Res Int (2014) 2014:1–7. doi:10.1155/2014/ 
498083 

209. Dyer A, Di Y, Calderon H, Illingworth S, Kueberuwa G, Tedcastle A, et al. 
Oncolytic group B adenovirus enadenotucirev mediates non-apoptotic cell 
death with membrane disruption and release of inflammatory mediators. 
Mol Ther Oncolytics (2017) 4:18–30. doi:10.1016/j.omto.2016.11.003 

210. Ryu J-C, Kim M-J, Kwon Y, Oh J-H, Yoon SS, Shin SJ, et al. Neutrophil pyro-
ptosis mediates pathology of P. aeruginosa lung infection in the absence of the 
NADPH oxidase NOX2. Mucosal Immunol (2017) 10:757–74. doi:10.1038/
mi.2016.73 

211. Butler RE, Brodin P, Jang J, Jang M-S, Robertson BD, Gicquel B, et al. The 
balance of apoptotic and necrotic cell death in Mycobacterium tuberculosis 
infected macrophages is not dependent on bacterial virulence. PLoS One 
(2012) 7:e47573. doi:10.1371/journal.pone.0047573 

212. Mizgerd JP, Meek BB, Kutkoski GJ, Bullard DC, Beaudet AL, Doerschuk CM. 
Selectins and neutrophil traffic: margination and Streptococcus pneumoni-
ae-induced emigration in murine lungs. J Exp Med (1996) 184:639–45. 
doi:10.1084/jem.184.2.639 

213. Doerschuk M. Mechanisms of leukocyte sequestration in inflamed lungs. 
Microcirculation (2001) 8(2):71–88.

214. Ochoa C, Wu S, Stevens T. New developments in lung endothelial heteroge-
neity: von Willebrand factor, P-selectin, and the Weibel-palade body. Semin 
Thromb Hemost (2010) 36:301–8. doi:10.1055/s-0030-1253452 

215. Müller-Redetzky HC, Suttorp N, Witzenrath M. Dynamics of pulmonary 
endothelial barrier function in acute inflammation: mechanisms and thera-
peutic perspectives. Cell Tissue Res (2014) 355:657–73. doi:10.1007/s00441- 
014-1821-0 

216. Bhattacharya M, Su G, Su X, Oses-Prieto JA, Li JT, Huang X, et al. IQGAP1 
is necessary for pulmonary vascular barrier protection in murine acute lung 
injury and pneumonia. Am J Physiol Lung Cell Mol Physiol (2012) 303:L12–9. 
doi:10.1152/ajplung.00375.2011 

217. Armstrong SM, Wang C, Tigdi J, Si X, Dumpit C, Charles S, et al. Influenza 
infects lung microvascular endothelium leading to microvascular leak: role 

of apoptosis and claudin-5. PLoS One (2012) 7:e47323. doi:10.1371/journal.
pone.0047323 

218. Tundup S, Kandasamy M, Perez JT, Mena N, Steel J, Nagy T, et al. Endothelial 
cell tropism is a determinant of H5N1 pathogenesis in mammalian species. 
PLoS Pathog (2017) 13:e1006270. doi:10.1371/journal.ppat.1006270 

219. Vidaña B, Martínez J, Martorell J, Montoya M, Córdoba L, Pérez M, et al. 
Involvement of the different lung compartments in the pathogenesis of pH1N1 
influenza virus infection in ferrets. Vet Res (2018) 47:1–11. doi:10.1186/ 
s13567-016-0395-0 

220. Wang C, Armstrong SM, Sugiyama MG, Tabuchi A, Krauszman A, 
Kuebler  WM, et  al. Influenza-induced priming and leak of human lung 
microvascular endothelium upon exposure to Staphylococcus aureus. Am 
J Respir Cell Mol Biol (2015) 53:459–70. doi:10.1165/rcmb.2014-0373OC 

221. Rizzo AN, Sammani S, Esquinca AE, Jacobson JR, Garcia JGN, Letsiou E, 
et al. Imatinib attenuates inflammation and vascular leak in a clinically rele-
vant two-hit model of acute lung injury. Am J Physiol Lung Cell Mol Physiol 
(2015) 309:L1294–304. doi:10.1152/ajplung.00031.2015 

222. Tanaka S, Chen-Yoshikawa TF, Kajiwara M, Menju T, Ohata K, Takahashi M, 
et al. Protective effects of imatinib on ischemia/reperfusion injury in rat lung. 
Ann Thorac Surg (2016) 102:1717–24. doi:10.1016/j.athoracsur.2016.05.037 

223. Walters K-A, D’Agnillo F, Sheng Z-M, Kindrachuk J, Schwartzman LM, 
Kuestner RE, et al. 1918 pandemic influenza virus and Streptococcus pneumoniae- 
infection results in activation of coagulation and widespread pulmonary throm-
bosis in mice and humans. J Pathol (2015) 238:85–97. doi:10.1002/path.4638 

224. Kuiken T, van den Brand J, van Riel D, Pantin-Jackwood M, Swayne DE. 
Comparative pathology of select agent influenza a virus infections. Vet Pathol 
(2010) 47:893–914. doi:10.1177/0300985810378651 

225. Guarner J, Falcón-Escobedo R. Comparison of the pathology caused by 
H1N1, H5N1, and H3N2 influenza viruses. Arch Med Res (2009) 40:655–61. 
doi:10.1016/j.arcmed.2009.10.001 

226. Teijaro JR, Walsh KB, Cahalan S, Fremgen DM, Roberts E, Scott F, et  al. 
Endothelial cells are central orchestrators of cytokine amplification during 
influenza virus infection. Cell (2011) 146:980–91. doi:10.1016/j.cell.2011.08.015 

227. Marsland BJ, Gollwitzer ES. Host–microorganism interactions in lung 
diseases. Nat Rev Immunol (2014) 14:827–35. doi:10.1038/nri3769 

228. Ichinohe T, Pang IK, Kumamoto Y, Peaper DR, Ho JH, Murray TS, et  al. 
Microbiota regulates immune defense against respiratory tract influenza A 
virus infection. Proc Natl Acad Sci U S A (2011) 108:5354–9. doi:10.1073/
pnas.1019378108 

229. Budden KF, Gellatly SL, Wood DLA, Cooper MA, Morrison M, Hugenholtz P, 
et al. Emerging pathogenic links between the microbiota and the gut–lung 
axis. Nat Rev Microbiol (2017) 15:55–63. doi:10.1038/nrmicro.2016.142 

230. Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A, et al. 
Topographical continuity of bacterial populations in the healthy human 
respiratory tract. Am J Respir Crit Care Med (2011) 184:957–63. doi:10.1164/
rccm.201104-0655OC 

231. Boyton RJ, Reynolds CJ, Quigley KJ, Altmann DM. Immune mechanisms 
and the impact of the disrupted lung microbiome in chronic bacterial 
lung infection and bronchiectasis. Clin Exp Immunol (2013) 171:117–23. 
doi:10.1111/cei.12003 

232. Dickson RP, Erb-Downward JR, Huffnagle GB. Homeostasis and its dis-
ruption in the lung microbiome. Am J Physiol Lung Cell Mol Physiol (2015) 
309:L1047–55. doi:10.1152/ajplung.00279.2015 

233. Bellinghausen C, Gulraiz F, Heinzmann ACA, Dentener MA, Savelkoul PHM, 
Wouters EF, et al. Exposure to common respiratory bacteria alters the airway 
epithelial response to subsequent viral infection. Respir Res (2016) 17:1–12. 
doi:10.1186/s12931-016-0382-z 

234. Dickson RP, Singer BH, Newstead MW, Falkowski NR, Erb-Downward JR, 
Standiford TJ, et al. Enrichment of the lung microbiome with gut bacteria 
in sepsis and the acute respiratory distress syndrome. Nat Microbiol (2016) 
1:1–9. doi:10.1038/nmicrobiol.2016.113 

235. Teo SM, Mok D, Pham K, Kusel M, Serralha M, Troy N, et  al. The infant 
nasopharyngeal microbiome impacts severity of lower respiratory infection 
and risk of asthma development. Cell Host Microbe (2015) 17:704–15. 
doi:10.1016/j.chom.2015.03.008 

236. Krause R, Halwachs B, Thallinger GG, Klymiuk I, Gorkiewicz G, Hoenigl M, 
et  al. Characterisation of Candida within the mycobiome/microbiome of 
the lower respiratory tract of ICU patients. PLoS One (2016) 11:e0155033. 
doi:10.1371/journal.pone.0155033 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.261452898
https://doi.org/10.1073/pnas.261452898
https://doi.org/10.1111/cei.13042
https://doi.org/10.1016/j.micinf.2017.07.002
https://doi.org/10.1183/13993003.01282-2015
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1002/lary.20764
https://doi.org/10.1164/rccm.200801-136OC
https://doi.org/10.1073/pnas.1510265112
https://doi.org/10.1016/j.febslet.2015.02.031
https://doi.org/10.4049/jimmunol.1300522
https://doi.org/10.1111/j.1365-2613.2001.iep195.x
https://doi.org/10.1155/2014/
498083
https://doi.org/10.1155/2014/
498083
https://doi.org/10.1016/j.omto.2016.11.003
https://doi.org/10.1038/mi.2016.73
https://doi.org/10.1038/mi.2016.73
https://doi.org/10.1371/journal.pone.0047573
https://doi.org/10.1084/jem.184.2.639
https://doi.org/10.1055/s-0030-1253452
https://doi.org/10.1007/s00441-
014-1821-0
https://doi.org/10.1007/s00441-
014-1821-0
https://doi.org/10.1152/ajplung.00375.2011
https://doi.org/10.1371/journal.pone.0047323
https://doi.org/10.1371/journal.pone.0047323
https://doi.org/10.1371/journal.ppat.1006270
https://doi.org/10.1186/
s13567-016-0395-0
https://doi.org/10.1186/
s13567-016-0395-0
https://doi.org/10.1165/rcmb.2014-0373OC
https://doi.org/10.1152/ajplung.00031.2015
https://doi.org/10.1016/j.athoracsur.2016.05.037
https://doi.org/10.1002/path.4638
https://doi.org/10.1177/0300985810378651
https://doi.org/10.1016/j.arcmed.2009.10.001
https://doi.org/10.1016/j.cell.2011.08.015
https://doi.org/10.1038/nri3769
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1038/nrmicro.2016.142
https://doi.org/10.1164/rccm.201104-0655OC
https://doi.org/10.1164/rccm.201104-0655OC
https://doi.org/10.1111/cei.12003
https://doi.org/10.1152/ajplung.00279.2015
https://doi.org/10.1186/s12931-016-0382-z
https://doi.org/10.1038/nmicrobiol.2016.113
https://doi.org/10.1016/j.chom.2015.03.008
https://doi.org/10.1371/journal.pone.0155033


18

Crane et al. Host Tolerance Mechanisms in the Pulmonary System

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1421

237. Hu Y, Zhang Y, Ren X, Liu Y, Xiao Y, Li L, et al. A case report demonstrating 
the utility of next generation sequencing in analyzing serial samples from the 
lung following an infection with influenza A (H7N9) virus. J Clin Virol (2016) 
76:45–50. doi:10.1016/j.jcv.2015.12.013 

238. Lu H-F, Li A, Zhang T, Ren Z-G, He K-X, Zhang H, et al. Disordered oropha-
ryngeal microbial communities in H7N9 patients with or without secondary 
bacterial lung infection. Emerg Microbes Infect (2017) 6:e112. doi:10.1038/
emi.2017.101 

239. Tomosada Y, Chiba E, Zelaya H, Takahashi T, Tsukida K, Kitazawa H, 
et  al. Nasally administered Lactobacillus rhamnosus strains differentially 
modulate respiratory antiviral immune responses and induce protection 
against respiratory syncytial virus infection. BMC Immunol (2013) 14:40. 
doi:10.1186/1471-2172-14-40 

240. Clua P, Kanmani P, Zelaya H, Tada A, Kober AKMH, Salva S, et  al. 
Peptidoglycan from immunobiotic Lactobacillus rhamnosus improves resis-
tance of infant mice to respiratory syncytial viral infection and secondary 
pneumococcal pneumonia. Front Immunol (2017) 8:948. doi:10.3389/
fimmu.2017.00948 

241. Kanmani P, Clua P, Vizoso-Pinto MG, Rodriguez C, Alvarez S, Melnikov V, 
et  al. Respiratory commensal bacteria Corynebacterium pseudodiphtheriti-
cum improves resistance of infant mice to respiratory syncytial virus and 
Streptococcus pneumoniae superinfection. Front Microbiol (2017) 8:1613. 
doi:10.3389/fmicb.2017.01613 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Crane, Lee, FitzGerald and Jamieson. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License  
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these  
terms.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jcv.2015.12.013
https://doi.org/10.1038/emi.2017.101
https://doi.org/10.1038/emi.2017.101
https://doi.org/10.1186/1471-2172-14-40
https://doi.org/10.3389/fimmu.2017.00948
https://doi.org/10.3389/fimmu.2017.00948
https://doi.org/10.3389/fmicb.2017.01613
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Surviving Deadly Lung Infections: Innate Host Tolerance Mechanisms in the Pulmonary System
	Introduction
	Public Health Implications of Lung Infections
	Polymicrobial Lung Infections
	Host Disease Tolerance to Infectious Disease

	Innate Immune Tolerance Mechanisms
	Decrease of Innate Immunity-Induced Damage Can Increase Host Tolerance
	Modulating Tolerance Mechanisms to Infections Can Impact Disease Outcomes

	Lung Epithelium Tolerance Mechanisms
	Epithelial Cells Modulate the Local Pulmonary Immune Response During Acute Infection
	Alteration of the Lung Epithelium During Infection
	Tissue Repair/Cytoprotection-Mediated Tolerance
	Modulation of Respiratory Epithelial Barrier Dynamics

	Pulmonary Endothelial Cell Tolerance Mechanisms
	Endothelial Barrier Function
	Contribution of Endothelial Cells 
to Cytokine Storm

	Lung Microbiome in Host Tolerance
	Conclusion
	Author Contributions
	Funding
	References


