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Chapter

Examining the Executioners,
Influenza Associated Secondary
Bacterial Pneumonia

Timothy R. Borgogna and Jovanka M. Voyich

Abstract

Influenza infections typically present mild to moderate morbidities in
immunocompetent host and are often resolved within 14 days of infection onset.
Death from influenza infection alone is uncommon; however, antecedent influenza
infection often leads to an increased susceptibility to secondary bacterial pneumonia.
Bacterial pneumonia following viral infection exhibits mortality rates greater than
10-fold of those of influenza alone. Furthermore, bacterial pneumonia has been iden-
tified as the major contributor to mortality during each of the previous four influenza
pandemics. Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus influenzae,
and Streptococcus pyogenes are the most prevalent participants in this pathology. Of
note, these lung pathogens are frequently found as commensals of the upper respira-
tory tract. Herein we describe influenza-induced host-changes that lead to increased
susceptibility to bacterial pneumonia, review virulence strategies employed by the
most prevalent secondary bacterial pneumonia species, and highlight recent findings
of bacterial sensing and responding to the influenza infected environment.

Keywords: pneumonia, influenza, Streptococcus pneumoniae, Staphylococcus aureus,
Haemophilus influenzae, Streptococcus pyogenes, co-infection, superinfection, secondary
pneumonia

1. Introduction

It starts mild. Congestion, fever, body aches, and fatigue. Influenza is infecting
the respiratory tract. Seven days and relief should be on the horizon, but the days
pass and the symptoms worsen. Breathing becomes laborious and the insides burn
with a fire. Crackling can be heard as the stethoscope is pressed against the chest.
The sequence of events to follow is all too common. Soon the lungs will be too weak
to fulfill their function. The infection will disseminate, shutting down the organs in
its path. Multisystem organ failure ensues and secondary bacterial pneumonia adds
another mark to its resumé.

Unlike many diseases that have plagued human past, influenza continues to
remain a prominent threat and leading cause of worldwide morbidity and mortality.
The etiology of influenza would be task for the 20th century, but descriptions of
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influenza-like diseases and pandemics begin as early as ca 410 BCE [1, 2]. Accurate
reports of disease are scarce through early middle-ages, however, descriptions of an
epidemic spreading through Britain in CE 664 have been attributed to influenza [3].
England, France, and Italy are thought to have experienced an influenza pandemic
from 1173 to 1174. Contemporaries of this period reported “..an inflammatory plague
spread... and all eyes swept following a cruel rhinorrhea” [3, 4]. A community in
Florence, Italy in 1357 associated a seasonality to the abrupt onset of symptoms—
fatigue, fever, and catarrh—with the changing weather of the winter months; collec-
tively members of community termed the disease “influenza di freddo” or “influence
from cold,” giving rise to the diagnostic term, “influenza” [3, 5].

Around 1500, descriptions of influenza become more consistent. Notably, it is
now accepted that during his second journey to the new world in 1493, Christopher
Columbus and his crew were suffering from influenza. Upon reaching the Antilles,
influenza spread from the crew to the native population killing an estimated 90% of
indigenous inhabitants [6, 7]. This was the first report of influenza spreading from
Europe across the Atlantic Ocean, a trait that would soon become a hallmark of its
infectivity. Reports of epidemics arising throughout Europe and spreading into the
Americas were observed in 1658, 1679, 1708, and 1729 and would continue into the
1800s; however, it was the devastating impact of the influenza pandemic of 1918 that
would forever influence modern research and understanding on influenza associated
pneumonia [3, 8].

The 1918 influenza pandemic has been referred to as “the greatest medical holo-
caust in history” [2]. Conservative estimates report the 1918 influenza strain led to 50
million global deaths while others suggest the death toll could have reached as many
as 100 million [9]. At the time of the 1918 outbreak, the etiological agent of influ-
enza had yet to be correctly identified. Despite this, contemporary physicians had
observed that the increases in influenza mortalities were not due to influenza alone.
In a letter to a colleague, Dr. Roy Grist states, “There is no doubt in my mind that there
is a new mixed infection here, but what I do not know” [10]. Similarly, in reference
to increases in influenza-associated deaths, Louis Cruveilheir made the infamous
confession, “If grippe condemns, the secondary infections execute” [11].

In the previous decades Richard Pfeiffer had isolated a rod-shaped bacterium
from the nose of flu-infected patients that he believed to be the causative agent of
influenza [12]. Pfieffer named the bacterium Bacillus influenzae which would later
come to be known as H. influenzae [12]. Though Pfieffer’s work was widely accepted,
the devastation accompanying the 1918 pandemic caused renewed vigor in influenza
research that ultimately called into question the validity of Pfieffer’s claims. In 1921
Peter Olitsky and Fredericck Gates took nasal secretions from patients infected from
the 1918 strain and passed them through a Berkefeld filter. The filtrate, presumably
devoid of bacteria, was then exposed to rabbits wherein the rabbits subsequently
demonstrated symptoms indicative of an influenza infection [12, 13]. Olitsky and
Gates’ studies were the first to suggest the causative agent of influenza was not of
bacterial origin, but their work became heavily criticized as others struggled to repeat
it. It wasn’t until 1929 that Richard Shope, following Olitsky and Gates’ filtration
method, would use lung samples from an influenza infected pig to demonstrate that
the filterable agent was the cause of the influenza, thus ending the debate on bacte-
rial influenza [12, 14]. In the same journal issue that Shope published his findings
regarding the causative agent of influenza, he published a separate article describing
that swine infected with influenza displayed an increased susceptibility to bacterial
infection [15]. While the significance of this finding would not be fully realized for
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nearly 100 years, Shope had identified the leading cause of influenza associated
mortalities—secondary bacterial pneumonia.

2. Influenza pandemics and secondary bacterial pneumonia

Influenza is a prominent global pathogen responsible for an estimated 1 billion
infections annually [16-18]. Despite maintaining high infection rates, mortalities due
to influenza infection alone are infrequent. In most immunocompetent hosts, infec-
tions cause mild to moderate morbidities and are often resolved within 14-days of
symptom onset; however, infection with influenza markedly increases host suscep-
tibility to secondary bacterial infection [11, 19-22]. Cases such as these often display
mortality rates between 10 and 15-fold greater than those of influenza alone [23-26].

Modern studies examining the samples from the four most recent influenza pan-
demics (1918, 1957, 1968, and 2009) demonstrated up to 95% of fatal cases were asso-
ciated with secondary bacterial infections [11, 22, 27]. The dominant causative agents
of this pathology have been S. aureus (S. aureus), S. pneumoniae (S. pneumoniae), and
to a lesser extent H. influenzae (H. influenzae) [11, 22, 28]. Each of the previous pan-
demics demonstrated a unique predisposition for secondary bacterial infection with
specific species. For example, bacterial pneumonia associated with the 1918 HIN1
pandemic was dominated by S. pneumoniae; conversely the 1957, H2N2 pandemic was
dominated by S. aureus [28]. Both S. pneumoniae and S. aureus were highly prominent
in the 1968 H3N2 related bacterial infections, however, infections with S. pneumoniae
were slightly more common. In the most recent 2009 HIN1 outbreak cases associated
with S. pneumoniae and S. aureus were nearly equivalent [28].

Comparative genetic analysis of seasonal and pandemic influenza viruses has
highlighted the importance of the PB1-F2 protein in increased inflammation and sus-
ceptibility to secondary bacterial pneumonia; however, the mechanisms defining the
associations between different strains of influenza and specific bacterial pathogens
remain incompletely defined [29-31]. Differences between bacterial agents follow-
ing antecedent influenza infection were first described in the immediate wake of the
1957 pandemic. Two distinct pathologies of bacterial infection were observed. In the
first, bacterial infection arose after viral clearance and were highly dominated by
S. pneumoniae. In the second, bacterial infection occurred during the viral infection
and were predominantly caused by S. aureus. Patients inflicted with superinfections
by S. aureus represented the majority of severe and fatal cases [32]. Of note, this pat-
tern of infection sequence and outcome is consistent with current observations. It is
now generally recognized that S. pneumoniae is the most prevalent cause of secondary
bacterial infection whereas S. aureus has emerged as the most common cause of severe
and life-threatening cases [22, 27, 33, 34].

2.1 Dysregulation of innate immunity

The prevalent etiological agents of bacterial pneumonia following antecedent
influenza infection (S. aureus, S. pneumoniae, and H. influenzae) are common, persis-
tent, and asymptomatic colonizers of upper respiratory tract [35-38]. Curiously, this
is a trait shared by other microorganisms that are less frequent causes of secondary
pneumonia such as S. pyogenes (S. pyogenes) [38, 39]. Studies examining the contribu-
tions of respiratory commensals on lower respiratory disease have revealed residents
of the upper respiratory tract are frequently trafficked into the lungs via inhalation,
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microaspirations, and direct mucosal dispersion [40, 41]. Despite recurrent exposure
to the lower respiratory environment, and apart from a preceding influenza infection,
bacterial pneumonia in immune competent adults is uncommon [21, 22, 42]. This has
prompted many studies aimed at understanding influenza induced dysregulations in
immune function that lead to increases in susceptibility to bacterial infection. To that
end, considerable progress has been made identifying key changes within the host
environment that prelude bacterial pneumonia [21, 43, 44].

In general, susceptibility to bacterial co-infection peaks 6-7 days post influenza
infection and corresponds with increases in tissue damage and dysregulation of cyto-
kine production [36, 45, 46]. In immunocompetent individuals, alveolar macrophages
and neutrophils are the primary cell types responsible for controlling bacteria invad-
ing the lower respiratory tract (LRT). During influenza infection the bactericidal
activity of these two cells is severely impaired [47-50]. Specifically, influenza infec-
tion can cause a >85% loss in alveolar macrophages numbers by day 7 of the infection
[47, 51]. Aberrant interferon-gamma (IFN-y) signaling in the macrophages that are
present demonstrate impaired phagocytic activity [48]. Similarly, the incumbent
infection elicits production of the regulatory cytokine IL-10 in the lung epithelia.
IL-10 reduces phagocytic activity in neutrophils [36, 43, 52]. Pretreatment of mice
with a neutralizing monoclonal antibody against IL-10 after viral infection, but prior
to onset of bacterial infection, significantly increases mouse survival [34]. Other
notable immunological changes implicated in increased susceptibility to secondary
bacterial infection include disruptions in the TH17 pathway, type-I IFN production,
and antimicrobial peptide production [53-59]. While these studies certainly contrib-
ute to identifying factors leading to the increased susceptibility to secondary bacterial
pneumonia following influenza infection, they fail to address the direct impacts of
the viral infection on the pathogenesis of these bacterial species.

2.2 Viral influence on bacterial virulence

Given the frequency of upper respiratory colonization with bacterial pathobionts
and the opportunity for exposure into the lower respiratory environment, it is shock-
ing that severe bacteria pneumonia is not more common. Moreover, it is often over-
looked that these species contain a diverse repertoire of virulence factors that must be
suppressed during colonization to avoid a host response. Recent models of infection
have enabled investigators to begin to examine how influenza infections can promote
transcriptional changes leading to a transition from asymptomatic commensal to
life-threatening pathogen [26, 48, 60-63]. Identifying changes in bacterial virulence
production has highlighted an important role of bacterial toxin production causing
increased host tissue damage during these infections. Furthermore, these efforts have
led to a more complete understanding of the mechanisms influencing susceptibility
and severity of secondary bacterial pneumonia, as they not only consider the contri-
butions of the viral infection on host immunity, but account for the contributions of
the host and virus towards the pathogenesis of bacterial species.

Commensals of the anterior nares commonly grow in biofilm communities
[64, 65]. Recent studies have demonstrated infection with influenza promotes biofilm
dispersal and dissemination of S. aureus and S. pneumoniae into the LRT [60, 62].
Interestingly, in biofilm communities where both S. aureus and S. pneumoniae are pres-
ent influenza induced dissemination was almost entirely restricted to S. pneumoniae
[61]. This suggests interactions with influenza result in immediate transcriptional
changes that trigger S. pneumoniae biofilm dispersal while simultaneously suppressing
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S. aureus biofilm dispersal [61]. In addition, influenza can directly interact with
surface of Gram-positive and Gram-negative organisms [66]. Virus bound to the
surface of S. aureus, S. pneumoniae, and H. influenzae has been demonstrated to
enhance bacterial adherence to epithelial cells [66].

One of the primary environmental factors that effects S. pneumoniae virulence is
nutrition availability [57]. Carbohydrates are a necessary carbon source for pneumo-
coccal growth [67]. Destruction of the epithelia tissue due to viral replication leads to
increased mucus accumulation and decreased mucociliary clearance [21]. The accu-
mulation of carbohydrate-rich mucus in the LRT promotes S. pneumoniae growth and
production of epithelial adherence proteins [57, 62]. Intrinsic S. prneumoniae neur-
aminidase activity in combination with influenza neuraminidase activity during viral
exit, desialylate the surface of host cells providing an additional carbohydrate source
in the form of sialic acid [68, 69]. Continuous viral replication induces reactive oxygen
species (ROS) generation from host cells. The presence of viral-induced ROS leads to an
upregulation of the S. pneumoniae cytotoxin pneumolysin and causes enhanced necrop-
tosis of the lung epithelium [70]. Taken together, these observations demonstrate a
synergistic effect of S. pneumoniae growth and virulence with influenza infection.

There is substantial overlap regarding the broad effects of influenza infection on
S. pneumoniae and S. aureus. Both organisms demonstrated enhanced dissemina-
tion into the lungs and upregulation of virulence genes during influenza infection
[26, 61, 62, 70]. Evidence suggests that immediately upon being trafficked into the
LRT, S. aureus forms microaggregates in the crypts of the alveolar wall [71]. These
microaggregates secrete alpha-hemolysin (Hla), a toxin described to effect human
alveolar macrophages and promote lung damage [72-74]. Gene regulation of Ala
is predominantly controlled by the two-component regulatory system SaeR/S and
protein expression through the global gene regulator Agr [75, 76]. Agr regulates
expression through quorum sensing and may be playing a role in Hla during microag-
gregate growth [75]. In a murine model of secondary S. aureus pneumonia, influenza
infected mice demonstrated immediate upregulation of the S. aureus genes saeR and
saeS and saeR/S-regulated toxins over mock infected mice [26]. Furthermore, mice
challenged with a saeR/S isogenic gene deletion mutant strain of S. aureus displayed
100% survival compared to only 30% survival in mice challenged with wild-type
S. aureus [26]. These data clearly demonstrate that the contributions of the bacterial
pathogen towards S. aureus secondary bacterial pneumonia morbidity and mortality
are, at minimum, of equal importance to the effects of influenza infection on host
immune defenses.

3. Conclusion

A disease that has paralleled human progress throughout history is now just
beginning to be understood. It is now apparent that the contributions to the increased
susceptibility, morbidity, and mortality associated with secondary bacterial pneumo-
nia following influenza infection span multiple disciplines (Figure 1). Undoubtedly,
the effects of an influenza infection on the host immune system play a substantial
role in increasing susceptibility to bacterial infection. Tissue damage, dysregulation
of cytokine signaling, and suppression of phagocyte activity create an environmental
niche primed for bacterial exploitation. However, more recent data have demon-
strated changes in innate immune function alone are incomplete towards defining
how bacteria transition from commensals to pathogens. This has prompted studies
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Figure 1.

Influenza infection enhances secondary bactevial pneumonia. (A) Increased dissemination into the LRT,

(B) dysregulation of cytokine production and mucus accumulation, and (C) toxin production and tissue damage
and reduced phagocytic function.

examining the ability of bacteria to sense and respond to the changes induced during
and after influenza infection. Findings have demonstrated viral infection directly
impacts bacterial pathogenesis by increasing bacterial dissemination, binding to
epithelia, and upregulating virulence production. Taken together, these data indicate
that a more thorough understanding necessitates additional studies to interrogate the
contribution of host, viral, and bacterial interactions towards secondary bacterial
pneumonia following influenza infection.

Acknowledgements

This work was supported by grants U54GM115371 and RO1AI149491 from the
National Institutes of Health, and Montana State University Agriculture Experiment
Station.
Conflict of interest

The authors declare no conflict of interest.

Declarations

Portions of this chapter were adapted from Borgogna T. Initiation and
Pathogenesis of Staphylococcus aureus Pneumonia following Influenza A Infection
[Dissertation]. Montana State University; 2019.

6



Examining the Executioners, Influenza Associated Secondary Bacterial Pneumonia
DOI: http://dx.doi.org/10.5772/intechopen.101666

Author details

Timothy R. Borgogna® and Jovanka M. Voyich
Montana State University, Bozeman, MT, United States of America

*Address all correspondence to: timothy.borgogna@montana.edu

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

7



Pneumonia

References

[1] Gerdil C. The annual production cycle
for influenza vaccine. Vaccine.
2003;21(16):1776-1779

[2] Potter CW. A history of influenza.
Journal of Applied Microbiology.
2001;91(4):572-579. DOI: 10.1046/j.
1365-2672.2001.01492.x

[3] Lina B. History of Influenza Pandemics.

In: Raoult D, Drancourt M, editors.
Paleomicrobiology. Berlin, Heidelberg:
Springer; 2008. ISBN:978-3-540-75854-9
Online ISBN: 978-3-540-75855-6. DOL:
10.1007/978-3-540-75855-6_12

[4] Ashley W], Creighton C. A history of
epidemics in Britain, from A.D. 664 to
the extinction of plague. Political Science
Quarterly. 1892;7(3):375-413

[5] Cornaglia G, Raoult D. Sometimes
they come back-the return of influenza.
Clinical Microbiology and Infection.
2011;17(5):647-648

[6] Mufioz-Sanz A. Christopher
Columbus flu. A hypothesis for an
ecological catastrophe. Enfermedades
Infecciosas y Microbiologia Clinica.
2006;24(5):236-334

[7]1 Guerra F. The earliest American
epidemic. The influenza of 1493. Social
Science History. 1988;12(3):305-325

[8] Curtin PD, Patterson KD. Pandemic
influenza, 1700-1900: A study in
historical epidemiology. The American
Historical Review. 1988;93(3):1-118

[9] Spreeuwenberg P, Kroneman M,
Paget ]. Reassessing the global mortality
burden of the 1918 influenza pandemic.
American Journal of Epidemiology.
2018;187(12):2561-2567. DOI: 10.1093/
aje/kwy191

8

[10] Grist NR. Pandemic influenza 1918.
British Medical Journal. 1979;2(6205):
1632-1633

[11] Morens DM, Taubenberger JK,
Fauci AS. Predominant role of bacterial
pneumonia as a cause of death in
pandemic influenza: Implications for
pandemic influenza preparedness.

The Journal of Infectious Diseases.

2008;198(7):962-970

[12] Van Epps HL. Influenza: Exposing
the true killer. Journal of Experimental
Medicine. 2006;203(4):803

[13] Olitsky PK, Gates FL. Experimental
studies of the nasopharyngeal secretions
from influenza patients: Filterability and
resistance to glycerol. The Journal of
Experimental Medicine. 1921;33(3):
361-372

[14] Shope RE. Swine influenza: III.
Filtration experiments and etiology.
Journal of Experimental Medicine.

1931;54(3):373-385

[15] Lewis PA, Shope RE. Swine
influenza: II. A hemophilic bacillus from
the respiratory tract of infected swine.
The Journal of Experimental Medicine.

1931;54(3):361-371

[16] Paget ] et al. “Global mortality
associated with seasonal influenza
epidemics: New burden estimates and
predictors from the GLaMOR Project.”
Journal of global health. 2019;9(2):
020421. DOI: 10.7189/jogh.09.020421

[17] Paget ], Spreeuwenberg P, Charu 'V,

et al. Global mortality associated with
seasonal influenza epidemics: New
burden estimates and predictors from the
GLaMOR project. Journal of Global
Health. 2019;9(2):20421



Examining the Executioners, Influenza Associated Secondary Bacterial Pneumonia

DOI: http://dx.doi.org/10.5772/intechopen.101666

[18] Lafond KE, Porter RM, Whaley MJ,
et al. Global burden of influenza-
associated lower respiratory tract
infections and hospitalizations among
adults: A systematic review and meta-
analysis. PLoS Medicine. 2021;18(3):
€1003550

[19] Rothberg MB, Haessler SD,
Brown RB. Complications of viral

influenza. The American Journal of
Medicine. 2008;121(4):258-264

[20] Smetana ], Chlibek R, Shaw J,
Splino M, Prymula R. Influenza
vaccination in the elderly. Human

Vaccines & Immunotherapeutics.
2018;14(3):540-549

[21] Hanada S, Pirzadeh M, Carver KY,
Deng JC. Respiratory viral infection-
induced microbiome alterations and
secondary bacterial pneumonia.
Frontiers in Immunology. 2018;9:2640.
DOI: 10.3389/fimmu.2018.02640

[22] Morris DE, Cleary DW, Clarke SC.
Secondary bacterial infections associated
with influenza pandemics. Frontiers in
Microbiology. 2017;8:1041

[23] Murphy SL, Xu ], Kochanek KD,
Arias E, Tejada-Vera B. Deaths: Final data

for 2018. National Vital Statistics Reports.

2021;69(13):24

[24] Kochanek KD, Murphy SL, Xu ],
Arias E. Deaths: Final data for 2017.

National Vital Statistics Reports.
2019;68(9):30

[25] Xu ], Murphy S, Kochanek K, Arias E.

Deaths: Final data for 2019. National
Vital Statistics Reports. 2021;70(8):25

[26] Borgogna TR, Hisey B, Heitmann E,
Obar JJ, Meissner N, Voyich JM.
Secondary bacterial pneumonia by
Staphylococcus aureus following influenza
A infection is SaeR/S dependent. Journal

9

of Infectious Diseases. 2018;218(5):
809-813

[27] Papanicolaou GA. Severe influenza
and S. aureus pneumonia for whom the
bell tolls? Virulence. 2013;4(8):666-668

[28] McCullers JA. The co-pathogenesis of
influenza viruses with bacteria in the

lung. Nature Reviews Microbiology.
2014;12:252-262

[29] Alymova IV, McCullers JA, Kamal RP,
et al. Virulent PB1-F2 residues: Effects on
fitness of HIN1 influenza A virus in mice
and changes during evolution of human
influenza A viruses. Scientific Reports.
2018;8:7474. DOI: 10.1038/
s41598-018-25707-y

[30] Iverson AR, Boyd KL, McAuley JL,
Plano LR, Hart ME, McCullers JA.
Influenza virus primes mice for
pneumonia from Staphylococcus aureus.
The Journal of Infectious Diseases.
2011;203(6):880-888. DOI: 10.1093/
infdis/jiq113

[31] McAuley JL, Hornung F, Boyd KL,
et al. Expression of the 1918 influenza A
virus PB1-F2 enhances the pathogenesis
of viral and secondary bacterial
pneumonia. Cell Host & Microbe.
2007;2(4):240-249

[32] Louria DB, Blumenfeld HL, Ellis JT,
Kilbourne ED, Rogers DE. Studies on
influenza in the pandemic of 1957-1958.
II. Pulmonary complications of
influenza. The Journal of Clinical

Investigation. 1959;38(1 Part 2):213-265

[33] Lee MH, Arrecubieta C, Martin FJ,
Prince A, Borczuk AC, Lowy FD. A
postinfluenza model of Staphylococcus

aureus pneumonia. Journal of Infectious
Diseases. 2010;201(4):508-515

[34] Wilden J], Jacob JC, Ehrhardt C,
Ludwig S, Boergeling Y. Altered signal



Pneumonia

transduction in the immune response to
influenza virus and S. preumoniae or

S. aureus co-infections. International
Journal of Molecular Sciences.
2021;22(11):5486

[35] Gorwitz R], Kruszon-Moran D,
McAllister SK, et al. Changes in the
prevalence of nasal colonization with
Staphylococcus aureus in the United States,
2001-2004. Journal of Infectious
Diseases. 2008;197(9):1226-1234

[36] Sender V, Hentrich K,
Henriques-Normark B. Virus-induced
changes of the respiratory tract
environment promote secondary
infections with Streptococcus pneumoniae.
Frontiers in Cellular and Infection
Microbiology. 2021;11:643326

[37] Tufvesson E, Markstad H, Bozovic G,
Ekberg M, Bjermer L. Inflammation and
chronic colonization of Haemophilus
influenzae in sputum in COPD patients
related to the degree of emphysema and
bronchiectasis in high-resolution
computed tomography. International
Journal of Chronic Obstructive
Pulmonary Disease. 2017;12:3211-3219

[38] Herrera AL, Huber VC, Chaussee MS.
The association between invasive group
A streptococcal diseases and viral

respiratory tract infections. Frontiers in
Microbiology. 2016;7:342

[39] Klonoski JM, Watson T, Bickett TE,
et al. Contributions of influenza virus
hemagglutinin and host immune
responses toward the severity of
influenza virus: Streptococcus pyogenes

superinfections. Viral Immunology.
2018;31(6):457-469

[40] Huffnagle GB, Dickson RP. The
bacterial microbiota in inflammatory

lung diseases. Clinical Immunology.
2015;159(2):177-182

10

[41] Dickson RP, Erb-Downward JR,
Martinez FJ, Huffnagle GB. The
microbiome and the respiratory tract.
Annual Review of Physiology.
2016;78:481-504

[42] 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.
Critical Care. 2010;14(2):219

[43] Iwasaki A, Pillai PS. Innate immunity
to influenza virus infection. Nature
Reviews Immunology. 2014;14(5):315-328

[44] Robinson KM, Kolls JK, Alcorn JF.
The immunology of influenza virus-
associated bacterial pneumonia. Current
Opinion in Immunology. 2015;34:59-67

[45] Plotkowski MC, Puchelle E, Beck G,
Jacquot J, Hannoun C. Adherence of type
I Streptococcus pneumoniae to tracheal
epithelium of mice infected with
influenza A/PR8 virus. American Review
of Respiratory Disease. 1986;134(5):
1040-1044

[46] Rynda-Apple A, Robinson KM,
Alcorn JF. Influenza and bacterial
superinfection: llluminating the
immunologic mechanisms of disease.
Infection and Immunity. 2015;83(10):
3764-3770

[47] Ghoneim HE, Thomas PG,
McCullers JA. Depletion of alveolar
macrophages during influenza infection
facilitates bacterial superinfections. The
Journal of Immunology. 2013;191(3):
1250-1259

[48] Verma AK, Bansal S, Bauer C,
Muralidharan A, Sun K. Influenza
infection induces alveolar macrophage
dysfunction and thereby enables
noninvasive Streptococcus pneumoniae to



Examining the Executioners, Influenza Associated Secondary Bacterial Pneumonia

DOI: http://dx.doi.org/10.5772/intechopen.101666

cause deadly pneumonia. The Journal of
Immunology. 2020;205(6):1601-1607

[49] Abramson JS, Mills EL, Giebink GS,
Quie PG. Depression of monocyte and
polymorphonuclear leukocyte oxidative
metabolism and bactericidal capacity by
influenza A virus. Infection and

Immunity. 1982;35(1):350-355

[50] Camp JV, Jonsson CB. A role for
neutrophils in viral respiratory disease.
Frontiers in Immunology. 2017:8

[51] Smith AM, Adler FR, Ribeiro RM,
et al. Kinetics of coinfection with
influenza A virus and Streptococcus
pneumoniae. PLoS Pathogens.
2013;9(3):e1003238. DOI: 10.1371/
journal.ppat.1003238

[52] Laichalk LL, Danforth JM,
Standiford TJ. Interleukin-10 inhibits
neutrophil phagocytic and bactericidal
activity. FEMS Immunology and Medical
Microbiology. 1996;15(4):181-187

[53] Kudva A, Scheller EV, Robinson KM,
et al. Influenza A inhibits Th17-mediated
host defense against bacterial pneumonia

in mice. The Journal of Immunology.
2011;186(3):1666-1674

[54] Robinson KM, McHugh K],
Mandalapu S, et al. Influenza A virus
exacerbates Staphylococcus aureus
pneumonia in mice by attenuating
antimicrobial peptide production.

Journal of Infectious Diseases.
2014;209(6):865-875

[55] Shepardson KM, Larson K,

Morton RV, et al. Differential type I
interferon signaling is a master regulator
of susceptibility to postinfluenza
bacterial superinfection. MBio. 2016;7(3)

[56] Subramaniam R, Barnes PF,
Fletcher K, et al. Protecting against

11

post-influenza bacterial pneumonia by
increasing phagocyte recruitment and
ROS production. Journal of Infectious
Diseases. 2014;209(11):1827-1836

[57] Sun K, Metzger DW. Influenza
infection suppresses NADPH oxidase-
dependent phagocytic bacterial clearance
and enhances susceptibility to secondary
methicillin-resistant Staphylococcus
aureus infection. The Journal of
Immunology. 2014;192(7):3301-3307

[58] Karwelat D, Schmeck B, Ringel M,

et al. Influenza virus-mediated
suppression of bronchial Chitinase-3-like
1 secretion promotes secondary

pneumococcal infection. FASEB Journal.
2020;34(12):16432-16448

[59] Metzger DW, Sun K. Immune
dysfunction and bacterial coinfections

following influenza. The Journal of
Immunology. 2013;191(5):2047

[60] Reddinger RM, Luke-Marshall NR,
Hakansson AP, Campagnari AA. Host
physiologic changes induced by influenza
a virus lead to Staphylococcus aureus
biofilm dispersion and transition from

asymptomatic colonization to invasive
disease. MBio. 2016;7(4)

[61] Reddinger RM, Luke-Marshall NR,
Sauberan SL, Hakansson AP,
Campagnari AA. Streptococcus
pneumoniae modulates Staphylococcus
aureus biofilm dispersion and the
transition from colonization to invasive
disease. MBio. 2018;9(1)

[62] Pettigrew MM, Marks LR, Kong Y,
Gent JF, Roche-Hakansson H,

Hakansson AP. Dynamic changes in the
Streptococcus pneumoniae transcriptome
during transition from biofilm formation
to invasive disease upon influenza A

virus infection. Infection and Immunity.
2014;82(11):4607-4619



Pneumonia

[63] Borgogna TR, Sanchez-Gonzalez A,
Gorham K, Voyich JM. A precise
pathogen delivery and recovery system
for murine models of secondary bacterial
pneumonia. Journal of Visualized
Experiments. 2019;2019(151)

[64] Scherr TD, Heim CE, Morrison JM,
Kielian T. Hiding in plain sight: Interplay
between staphylococcal biofilms and host

immunity. Frontiers in Immunology.
201455

[65] Kumpitsch C, Koskinen K, Schopf 'V,
Moissl-Eichinger C. The microbiome of

the upper respiratory tract in health and
disease. BMC Biology. 2019;17

[66] Rowe HM, Meliopoulos VA,
Iverson A, Bomme P, Schultz-Cherry S,
Rosch JW. Direct interactions with
influenza promote bacterial adherence

during respiratory infections. Nature
Microbiology. 2019;4(8):1328-1336

[67] Buckwalter CM, King SJ.
Pneumococcal carbohydrate transport:
Food for thought. Trends in
Microbiology. 2012;20(11):517-522

[68] Siegel S], Roche AM, Weiser JN.
Influenza promotes pneumococcal
growth during coinfection by providing
host sialylated substrates as a nutrient
source. Cell Host & Microbe.
2014;16(1):55-67

[69] du Toit A. Pneumococci find a sugar
daddy in influenza. Nature Reviews
Microbiology. 2014;12(9):596

[70] Gonzalez-Juarbe N, Riegler AN,
Jureka AS, et al. Influenza-induced
oxidative stress sensitizes lung cells to
bacterial-toxin-mediated necroptosis.
Cell Reports. 2020;32(8)

[71] Hook JL, Islam MN, Parker D,
Prince AS, Bhattacharya S, Bhattacharya J.
Disruption of staphylococcal aggregation

12

protects against lethal lung injury. Journal
of Clinical Investigation. 2018;128(3):
1074-1086

[72] Brann KR, Fullerton MS,

Onyilagha FI, et al. Infection of primary
human alveolar macrophages alters
Staphylococcus aureus toxin production
and activity. Infection and Immunity.

2019;87(7)

[73] Parker D, Prince A.
Immunopathogenesis of Staphylococcus

aureus pulmonary infection. Seminars in
Immunopathology. 2012;34(2):281-297

[74] Kitur K, Parker D, Nieto P, et al.
Toxin-induced necroptosis is a major

mechanism of Staphylococcus aureus lung
damage. PLoS Pathogens. 2015;11(4)

[75] Jenul C, Horswill AR. Regulation of
Staphylococcus aureus virulence.
Microbiology Spectrum. 2019;7(2)

[76] Flack CE, Zurek OW, Meishery DD,
et al. Differential regulation of
staphylococcal virulence by the sensor
kinase SaeS in response to neutrophil-
derived stimuli. Proceedings of the
National Academy of Sciences of the
United States of America. 2014;111(19):
2037-2045



