
Notwithstanding the high level of current medicine,

severe and sometimes lethal consequences of infection

diseases remain an urgent problem. In search for effective

approaches against infections, great attention is being

given to creating experimental models in which a specific

pathogen under study would be isolated from the envi�

ronment. However, such approach has some limitations,

in particular, it does not reproduce the natural situation

when various pathogens are coexisting in the host organ�

ism and can aggravate pathological effects of each other.

Most frequently, such situation occurs in barrier tissues,

such as the respiratory tract, skin, and the digestive and

urogenital tracts, which normally are inhabited with sym�

biotic bacteria, fungi, and other microorganisms. The

intestinal microbiome is best studied; it is known to influ�

ence many processes in the body, and its adequate com�

position is beneficial for maintaining homeostasis of the

immune system [1]. A microbiome also exists in the

lungs, but its role was underestimated for a long time [2],

although some representatives of the normal microbiome,

e.g. the bacteria Moraxella catarrhalis, are opportunistic

and capable of causing severe infections [3]. The majori�

ty of deaths during influenza pandemics of 1918, 1957,

and 1968 were caused by secondary bacterial infections

[4, 5]. Although infections of the lower respiratory path�

ways are significantly behind cardiovascular and oncolog�

ic diseases as causes of death, they are still among the ten

leading lethality causes even in developed countries,

notwithstanding impressive progress in therapy.

Secondary bacterial infections on the background of pri�

mary viral disease of the respiratory tract often occur in

current clinical practice, e.g. on the background of infec�

tion with influenza virus or respiratory syncytial virus

(RSV) [6�10]. In addition to viral–bacterial coinfections,

there are also cases of viral diseases on the background of

primary bacterial diseases [11].

In the present review, available data on viral–bacter�

ial infections are considered, and special attention is

given to diseases of the respiratory tract as the most wide�

spread and the best studied. Infiltration of an infection

site with cells of immune system, a decrease in the func�

tional activity of these cells, an increase in immunosup�

pression due to production of glucocorticoids and

immunosuppressive cytokines, and the role of Toll�like

receptors (TLRs) in inflammatory processes during

viral–bacterial coinfections are discussed.
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Abstract—Acute diseases of the respiratory tract are often caused by viral pathogens and accompanying secondary bacterial

infections. It is known that the development of such bacterial complications is caused mainly by a decreased infiltration with

immune system cells and by suppressed inflammation in the lungs. There are significant advances in understanding the

mechanisms of secondary infections, although many details remain unclear. This review summarizes current knowledge of

the molecular and cellular changes in the host organism that can influence the course of bacterial coinfections in the respi�

ratory tract.
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INCIDENCE OF SECONDARY BACTERIAL

INFECTIONS ON THE BACKGROUND

OF VIRAL DISEASES: CLINICAL CASES

Data on the incidence of secondary bacterial infec�

tions vary widely, from 4 to 66% [8, 12], and the range of

the coinfection incidence observed in adults is much

stronger (4�30%) than in children (22�33%) [12]. In

addition to the patients’ age, there are other parameters

obviously influencing the incidence of secondary coinfec�

tions: social status of the patients, geographic location,

genetic predisposition, and the adopted standards of

diagnosis and treatment. These parameters vary even

within the same geographical region. Therefore, the wide

range of the available data exemplified in the table is not

surprising. The high adaptability of the widespread

pathogens also plays an important role. Although during

seasonal influenza epidemics of 2003�2008 in the USA,

bacterial infections were observed in only 2% of patients

younger than 18 years old [13], the number of recorded

secondary bacterial infections with lethal outcome for

this short period increased six�fold (from 6 to 34%).

Meanwhile, the incidence of lethal infection with

Staphylococcus aureus increased 15�fold (from 2 to 30%),

and two thirds of these cases were represented by a highly

pathogenic meticillin�resistant strain of S. aureus [14].

Most frequently, secondary bacterial infections were

caused by microbes “classical” for viral–bacterial coin�

fections (Streptococcus pneumoniae, S. aureus, and

Haemophilus influenzae), and by Moraxella catarrhalis,

which is a frequent member of the normal microbiome of

the upper respiratory pathways. Complications caused by

secondary bacterial infections of upper respiratory path�

ways (sinusitis, bronchitis, genyantritis) were found in

Russia in 32% of men hospitalized because of acute respi�

ratory viral infection, and pneumonia developed in 25%

of these patients [15].

SECONDARY BACTERIAL INFECTIONS

INCREASE RISK OF LETHAL OUTCOME

IN INFLUENZA PANDEMICS

The greatest attention was given to the viral–bacteri�

al coinfection phenomenon during the influenza pandem�

ic in 1918�1919 known as “Spanish flu”: ∼50 million peo�

ple died during 18 months because of the H1N1 subtype of

influenza virus A [16]. Later it was found that ∼90% of the

deaths during this pandemic were associated with the

presence in the pulmonary tissue of a “standard set” of

pathogenic bacteria: Streptococcus pyogenes, S. pneumoniae,

S. aureus, H. influenzae, and some others (table). Such

high lethality because of secondary bacterial infections

could be explained by the absence of antibiotics, but even

after their appearance during the “Asian influenza” pan�

demic in 1957 (subtype H2N2 of influenza virus A) three

quarters of the lethal cases were caused by bacterial com�

plications [17]. The majority were caused by the same

pathogens (table), although the ratio of pathogenic bacte�

ria changed in comparison with that during the 1918 pan�

demic, and this could be associated with the greater resist�

ance to antibiotics of bacteria of the Staphylococcus genus.

In 1968 during the “Hong Kong influenza” pandemic on

the background of infection with the H3N2 subtype of

others

45
22

40

26

no data

9
45

32

no data
no data

H. influenzae

5
18

7

no data

no data

3
13

29

no data
9

Disease

“Spanish flu” (1918)

“Asian flu” (1957)

“Hong Kong flu” 
(1968)

Pandemic 2009
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Acute otitis

Reference

[4]
[5]

[5]
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influenza virus A, the secondary infection most frequent�

ly was caused by S. pneumoniae. These bacteria were

found in 27.8% of the cases, more often than all other

bacteria together (table). In 2009 in the USA, there was a

repeated pandemic of influenza virus A subtype H1N1,

and notwithstanding the high level of the current medi�

cine, secondary bacterial infections developed on

influenza background in 29% of the cases (table).

ARE THERE STABLE “VIRUS−BACTERIUM”

PAIRS AS FREQUENT AGENTS

OF COINFECTIONS?

There is a question whether a secondary infection

with a particular bacterial species depends on the nature

of the primary viral disease. There is no unambiguous

answer to this question, but one can follow the tendency

for development of particular coinfections in dependence

on the patients’ age. In children, secondary bacterial

infections most often develop on the background of infec�

tion with RSV, whereas in adults – on the background of

influenza virus [12]. This can be associated with a partial

retention in adults of immunity to RSV due to infection

during their childhood. Influenza virus is known to be

highly variable, which promotes seasonal epidemics [18],

and can be the cause of a high incidence of coinfections

in adults on the background of influenza virus. The exis�

tence of stable “virus–bacterium” pairs in secondary

infections can be confirmed by the observation during the

influenza pandemic of 2009: the secondary infection with

S. aureus was more frequent in teenagers, whereas coin�

fection with S. pneumoniae was prevalent in adults [19].

IMMUNOLOGIC MECHANISMS

RESPONSIBLE FOR DEVELOPMENT

OF VIRAL–BACTERIAL COINFECTIONS

The majority of viral infections of the respiratory

tract are caused by so�called respiratory viruses: influen�

za virus, rhinoviruses, and RSV [20]. All respiratory virus�

es are RNA viruses characterized by a high rate of muta�

tions and, as a consequence, by high variability. Just this

feature of respiratory viruses, which is clearly pronounced

and especially well studied in influenza virus, makes it

impossible to form long�term immunity both natural and

via vaccination. From the immune system standpoint,

every cold, influenza, or rhinitis can have the same symp�

toms as previously, but be caused by a virus not encoun�

tered by the organism earlier.

There is an opinion formed historically that second�

ary bacterial infections are mainly caused by direct dam�

age of the pulmonary tissue because of the viral infection

[21], because many viruses, including influenza virus, are

lytic. Secondary infections develop more rapidly than the

immune response: mice are the most sensitive to second�

ary bacterial infections on the 7th day after infection with

a virus, whereas one�to�two weeks are required for devel�

opment of a stable adaptive immune response on the

background of the virus�induced suppression of immuni�

ty [22]. Therefore, the innate immunity mechanisms play

an important role in the development of coinfections, and

it will be considered further.

Direct influence of viruses on state of respiratory tract
tissues. Viruses influence development of secondary bac�

terial infection: neuraminidase (NA), a protein of the

virus envelope, is responsible for hydrolysis of sialic acid

residues on the surface of the host’s cells [23], and its

activity releases hidden sites of bacterial adhesion on lung

epithelial cells [24, 25] and also activates TGF�β [26].

During viral infection, increased expression of the

platelet activation factor receptor (PAFR), which is also a

receptor for adhesion of S. pneumoniae, is observed [27,

28]. Thus, viruses can directly promote the development

of secondary bacterial infection (Fig. 1).

Infection of mice with influenza virus leads to dam�

age of the pulmonary epithelium with subsequent devel�

opment of a lethal infection by the gram�negative bacteri�

um Legionella pneumophila [29]. During the secondary

bacterial infection, an important role belongs to gluco�

corticoids, whose level significantly increases upon viral

infection [30], possibly due to increase in production of

proinflammatory cytokines in response to the viral infec�

tion [31, 32]. Glucocorticoids act systemically, suppress�

ing immune response and decreasing tissue damage

caused by the host’s immune cells, but not by the infect�

ing agents during coinfections. In mice coinfected with

influenza virus and Listeria monocytogenes, the levels of

IFN�γ, IL�6, chemokines CXCL1, CXCL2 (Fig. 1), and

adhesion molecules (ICAM�1) are decreased in compar�

ison with mice infected only with the bacterium. After

adrenalectomy, preventing the production of glucocorti�

coids, the coinfected mice did not differ in phenotype

from the non�operated mice infected only by the bacteri�

um: in these mice, the production of IL�6, chemokines,

and adhesion molecules recovered, but the IFN�γ expres�

sion remained decreased [30].

Macrophages and their role in development of second�
ary bacterial infections. Macrophages play an important

role in the immune defense against bacteria penetrating

into the lungs [33], and in the case of viral infection their

ability for Fc�receptor�mediated phagocytosis is partially

suppressed [34]. Pneumonia caused by influenza virus is

associated with Th1�type differentiation of CD4+ cells

and with production of IFN�γ required for effective strug�

gle against intracellular pathogens [35]. However, in the

case of infection with extracellular bacteria, e.g. S. pneu�

moniae, increased production of IFN�γ on the primary

viral infection background suppresses Th2�differentiation

and decreases the effectiveness of the antibacterial

response [36]. Moreover, IFN�γ decreases expression of
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the innate immunity receptor MARCO, which recognizes

pneumococcus, and of the mannose receptor, which trig�

gers the complement system [36] (Fig. 2). Vaccination

against influenza leads to increase in migration of the

CD4+�T cells into the lungs, weakening IFN�γ production

and normalizing functions of phagocytes [35].

However, it has been shown that infection with RSV

results in the alternative, rather than classical, activation

of macrophages, notwithstanding the production of IFN�

γ [37, 38]. RSV stimulates the generation of IL�4 and IL�

13, which are required alternative differentiation of

macrophages. Alternatively activated macrophages, or

M2�macrophages [39], do not produce reactive nitrogen

species, and this critically lowers their bactericidal activi�

ty. On the other hand, a signal from IL�4Rα (the com�

mon subunit of IL�4 and IL�13 receptors) displaces the

immune response towards Th2, which decreases pul�

monary tissue damage [38] (Fig. 1). The bactericidal

activity of alveolar macrophages decreased in mice as a

result of viral infection could be additionally stimulated

by exogenous activators of the innate immunity, e.g. by

the granulocyte�macrophage colony�stimulating factor

(GM�CSF) [40].

Are natural killers another potentially important par�
ticipant of the inflammatory process? There are also data

about the role of natural killers (NK cells) in the develop�

ment of secondary bacterial infections, but it should be

noted that mechanisms of NK cell participation in bacte�

rial infections are not quite clear. Thus, mice with deplet�

ed NK cells were more resistant to influenza virus than

wild type mice [41], which could be explained by a

decrease in pulmonary tissue damage because of absence

of virus�infected cell elimination. However, when mice

infected with influenza virus were infected with S. aureus,

a decrease in lung infiltration with NK cells aggravated

the pathology. This was associated with a disturbance of

Damage of pulmonary tissue Bacteria

Virus

Immunosuppression

Decrease
in tissue
damage

Response
of Th2
type

Development of secondary
immunity in secondary

lymphoid organs

Decrease in
lung infiltration
with neutrophils

Glucocorticoids

Decrease
in tissue
damage

Antig
en�p

re
senta

tio
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Fig. 1. Changes in immune response on successive infection with viruses and bacteria. PAFR, platelet activation factor receptor; T, T cell; B,

B cell; MP, macrophage; AA�MP, alternatively activated macrophage; NP, neutrophil; Th2, T�helper type 2; Th17, T�helper type 17; Treg,

regulatory T cell; γδT, gamma�delta T cell.
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NK cell activation by alveolar macrophages and by an

insufficient production of tumor necrosis factor (TNF)

by NK cells. The adoptive transfer of NK cells into the

respiratory pathways of mice with influenza restored the

production of TNF and promoted resistance to secondary

bacterial infection [42].

Role of Toll�like receptors in the development of
viral–bacterial coinfections. Innate immunity cells can

recognize pathogen�associated molecular patterns

(PAMPs), i.e. conservative pathogen components, such

as lipopolysaccharide (LPS), single�stranded RNA, and

double�stranded RNA [43]. This recognition occurs due

to binding of PAMPs with innate immunity receptors,

including the family of Toll�like receptors (TLRs) [44].

After infection with influenza virus, a long�term (up to

6 months) TLR�dependent desensitization was observed,

i.e. loss of sensitivity of alveolar macrophages to bacterial

ligands – LPS, flagellin, and lipoteichoic acids [45] – and

this was not associated with suppressed expression of TLR

on the cell surface but with a decrease in transcription fac�

tor NF�κB translocation into the nucleus (Fig. 2).

Concurrently, poor migration into the lungs of the immune

system cells (mainly of neutrophils) and decreased produc�

tion of CXCL1, CXCL2, and TNF in response to the sec�

ondary bacterial infection on the background of viral infec�

tion were observed [45]. It was also shown that successive

activation of mouse macrophages with TLR7 and TLR4

ligands decreased the expression of proinflammatory

cytokine genes, which suggested a possible influence of jux�

taposition of innate immunity receptor signals on desensi�

tization of macrophages [46]. Inactivation of the TLR2�

signaling pathway did not provide increased defense against

secondary bacterial infection with S. pneumoniae [47], but

S. pneumoniae could be recognized by the immune system

through TLR4, which interacted with pneumolysin [48, 49]

and explained the resistance of TLR2�deficient mice to

infection with S. pneumoniae. Activation of the signaling

TLR4 signaling pathway by monoclonal antibodies

decreased pathologic effects caused by coinfection with the

influenza virus and S. pneumoniae due to an increase in

CXCL2 production and, consequently, attracting more

macrophages into the lungs [50].

As discussed earlier, alternatively activated

macrophages counteract the development of secondary

bacterial infection on viral infection background virtually

without damaging tissues, and this mechanism is con�

trolled through IL�4Rα, TLR4, and IFN�β [38]. TLR4

via an unknown mechanism induces production of the

nuclear receptor PPARγ, which suppresses innate immu�

nity due to binding with another nuclear protein, NCoR,

Fig. 2. Molecular events in myeloid cells during viral infection in the lungs, which can lead to weakening of the innate antibacterial response.

CD200R, glycoprotein; Tnf, tumor necrosis factor gene; Ifn1, type I interferon genes; NP, neutrophils; MARCO, macrophage receptor with

a collagen structure; CD206, mannose receptor; IRFs, interferon�regulatory factors.

Influenza virus

Immunosuppression

Infiltration with NP

Inflammation

Recognition
of bacteria
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which stabilizes the NF�κB complex with gene promoters

[51]. In PPARγ�deficient mice, the response is shifted to

Th1�cells, and lung tissues are damaged more than in

wild type mice [38].

Activation of the TLR3�signaling pathway with

involvement of polyinosinic�polycytidylic acid (polyIC,

an analog of double�stranded viral RNA) before infection

of mice with gram�positive bacteria worsens their condi�

tion and increases the disease duration via a mechanism

depending on type I interferons (type I IFN) [52].

Infection of human dendritic cells in vitro with influenza

virus and then with S. pneumoniae also increases the

TLR3�dependent production of IL�12 [53]. The exact

mechanism of this effect is unclear; supposedly, produc�

tion of type I IFN in response to influenza virus increases

TLR3 expression in endosomes, whereas RNA of S. pneu�

moniae released from the bacteria on the late endosomes

stage activates TLR3 and thus increases the production of

IL�12 [53, 54]. TLR3 also participates in secondary rhi�

noviral infections on the background of infection with H.

influenzae [55], as discussed further in the next section.

Increase in production of immunosuppressive media�
tors during coinfection. Immunosuppression develops

during primary viral infection and decreases inflamma�

tion�caused tissue damage, and this immunosuppression

plays an important role in the development of secondary

bacterial infection. As discussed earlier, NA of the

influenza virus is able to activate TGF�β, which acts as a

tissue protection factor but concurrently reduces the effi�

ciency of virus elimination [56]. Th1 cells can counteract

this action of the virus due to production of IL�10, which

plays a key role in their regulation. During the early stage

of the viral infection, IL�10 inhibits the TGF�β�mediat�

ed immunosuppression and restores the function of T

cells. Later, when the viral NA becomes inactive, IL�10

begins to act as an immunosuppressor [57].

Infection with influenza virus is accompanied by

activation of the signaling pathway from CD200R, a gly�

coprotein, which is expressed on the surface of the major�

ity of myeloid and lymphoid cells and acts as an immuno�

suppressor in allergic and autoimmune reactions [58].

This leads to activation of the immunomodulatory

enzyme indoleamine 2,3�dioxygenase (IDO), and the

inflammatory response is suppressed due to production of

IL�10 [28, 59, 60]. Such inhibition of inflammation

together with desensitization of TLR (see above) decreas�

es the damage of lung tissues and promotes their rapid

recovery. Activation of IDO during viral infection (Fig. 2)

leads to production of the immunosuppressive IL�10

[28], suppression of neutrophil functioning and the

immune response in the lungs [61], and stimulates the

accumulation of immunosuppressive myeloid cells [62].

Type I interferons are important “players” during
coinfection. Type I IFNs are among the most important

mediators of viral infection [63, 64]. Their generation

increases expression of genes responsible for the antiviral

response [65, 66], but type I IFNs suppress expression of

neutrophil chemoattractants CXCL1 and CXCL2 (Fig. 2).

As a result, mice deficient in the type I interferon receptor

(Ifnar–/–) infected with influenza virus are more resistant

to secondary bacterial infection with S. pneumoniae [67].

The role of type I IFNs in this mechanism was confirmed

by data on the similar effect observed after the injection of

polyIC, which is a ligand to TLR3 [52].

Type I IFNs also suppress the activation of Th17

cells, which are necessary for elimination of bacteria in

the lungs: Th17 cells produce IL�17, IL�22, and IL�23,

and IL�23 overexpression significantly improves the state

of coinfected mice [68]. Moreover, type I IFNs suppress

the ability of γδT cells to express IL�17 [69], which plays

an important role during infection with influenza virus

[70] (Fig. 1).

Secondary bacterial infections and adaptive immunity.
Secondary bacterial infection can immediately influence

the adaptive antiviral response of the immune system.

During secondary bacterial infection with S. pneumoniae

on the background of influenza virus, a strong stable B�

cell response was observed in the mediastinal lymph nodes

and spleen, and the blood serum level of IgG increased

[71]. However, during the infection of mice with S. pneu�

moniae on the background of infection with influenza

virus, the number of CD4+ T cells and B cells decreased

and the titers of antiviral IgG, IgM, and IgA antibodies

also decreased compared to mice infected only with the

virus [72]. In the case of development of secondary infec�

tion with influenza virus after infection with S. pneumoniae,

the primary B�cell response could be detected only in the

local lymph nodes and spleen, but it was not retained for a

long time and failed to protect against the virus [71].

Development of secondary viral infections on the
background of primary bacterial infections and mecha�
nisms involved in this process. It should be noted that only

few cases of secondary viral diseases on the background of

bacterial infections are described in the literature.

Nevertheless, it was shown that infection with H. influen�

zae increased the expression of ICAM�1 and TLR3 inter�

acting with the rhinovirus that promoted its penetration

into cells [55]. Moreover, in vitro infection with human

metapneumovirus (HMPV) occurred more often after

infection caused by S. pneumoniae, but not by H. influen�

zae, M. catarrhalis, or S. aureus [73]. Infection with S.

pneumoniae also increased the replication level of RSV

and production of syncytial cells in vitro and in vivo [11],

but on successive infection in vitro of epithelial cell lines

with S. pneumoniae and the influenza virus, influenza

virus replication did not increase [74].

Clinical data indicate that secondary bacterial infec�

tions are a great threat for human health and life.

According to the data presented in this review, pneumo�

nia often leads to lethal outcome. The upper respiratory

pathways are connected with the middle ear; therefore,

acute respiratory diseases can be complicated by otitis,
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which is often accompanied by viral–bacterial coinfec�

tions and results in hearing loss in children [75]. However,

despite efforts of many research groups throughout the

world, details of the mechanisms underlying secondary

bacterial infections are still unclear.

An important role of the innate immunity during the

development of viral–bacterial coinfections in respirato�

ry diseases has been shown in many works. In particular,

a decrease in the entrance of immune cells into the lungs

is extremely important for the development of coinfec�

tions. This decrease can be caused by a weakened pro�

duction of chemokines and proinflammatory cytokines in

the lung tissues, mainly those mediated by type I IFN and

IFN�γ. Concurrently, production of anti�inflammatory

cytokines is increased.

Adaptive immune reactions have not been studied

comprehensively during coinfections, although in the

pneumonia model in mice it has been shown that num�

bers of T and B cells in the lungs can be significantly

decreased in coinfections compared to mice infected only

with bacteria [72]. It is interesting if there are qualitative

changes in the repertoires of T� and B�lymphocyte recep�

tors in viral–bacterial coinfections in comparison with

solitary infections. Deep sequencing methods can be of

help for answering these questions [76]. It is also interest�

ing if the allelic set of the HLA�locus genes of patients

can influence the possibility of secondary infection devel�

opment on the background of viral diseases [19].

One of the major problems in the identification of

viral–bacterial coinfections is the absence of a reliable

method for determination of infection in a patient.

Recently, a research group from Stanford University pro�

posed an approach for discriminating viral and bacterial

diseases using a simple test on expression of a set of 11

genes [77]. Moreover, this test allows researchers to dif�

ferentiate infection with the influenza virus from infec�

tions with other viruses [78]. This approach is promising

not only for accurate statistical analysis of the expansion

of viral–bacterial coinfections, but also for choosing the

necessary treatment. However, changes in the expression

of these genes have not been studied yet in viral–bacteri�

al infections and are interesting in the context of the

theme under discussion. It can be expected that in the

development of personalized medicine the above�men�

tioned advances in molecular�genetic analysis of adaptive

immunity components will result in rapid progress in

understanding the individual reactions of patients to

coinfections.
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