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INTRODUCTION

BURDEN OF DISEASE
Evolution and Epidemiology of Influenza Viruses

Influenza virus and Streptococcus pneumoniae rank as two of
the most important pathogens affecting humans today. However, it may be their ability to work together that presents the
greatest threat to world health. The catastrophic influenza A
virus pandemic of 1918, which by conservative estimates killed
40 to 50 million persons worldwide (126), is an extreme example of the impact that this cooperative interaction can have.
The pandemic that may be developing in Southeast Asia (159)
is a warning that we need a better understanding of the basis of
the synergism between these pathogens. Identification and exploration of the underlying mechanisms of viral-bacterial synergism will provide targets for prevention and treatment using
drugs and vaccines. This review focuses primarily on the interaction between influenza virus and pneumococcus for two reasons: they are the pathogens most commonly associated with
dual infections, and there is more known about the basis of
their synergistic interaction than is known about any other pair
of organisms.

Influenza viruses are members of the family Orthomyxoviridae and contain a single-stranded, negative-sense, segmented
genome. Of the three types of influenza viruses, types A and B
cause epidemic disease in humans on an annual basis, while
type C causes only sporadic disease. Type A influenza viruses
are further subtyped based on differences in the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA). Sixteen subtypes of HA and nine of NA circulate in wild aquatic
birds (48, 160). Viruses which express one of these antigenically novel HAs may periodically cross over into a variety of
terrestrial animals, including humans, precipitating a global
pandemic if they are able to transmit efficiently and cause
mortality (85). Influenza B viruses do not have an animal
reservoir or antigenically distinguishable subtypes and therefore do not represent a pandemic threat.
Protection against infection is mediated primarily by neutralizing antibodies directed against the HAs of influenza viruses. Seasonal variation in the surface of the HA through
antigenic drift allows annual epidemics to occur. The infidelity
of the viral RNA polymerase coupled with a lack of proofreading mechanisms creates a quasispecies pool of viruses in which
many variants exist (100). When new variants have changes in
the HA that abrogate binding by neutralizing antibodies, these
nascent viruses are more likely to be successfully transmitted in
an immune population and may emerge as an epidemic strain.
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Epidemiology of Streptococcus pneumoniae
The considerable morbidity and mortality for which S.
pneumoniae is responsible make it one of the most important
pathogens currently plaguing humans. The pneumococcus has
historically been the most common etiologic agent of community-acquired pneumonia, as well as bacterial meningitis, otitis
media, and sepsis (16, 44, 118, 168). Over 90 distinct serotypes
exist based on the structural and chemical composition of its
polysaccharide capsule. Multiple distinct genetic clones that
share a common set of genes (clonotypes) can exist within and
across serotypes (130, 166). Many factors contribute to the
virulence of pneumococci. Animal challenge studies have implicated numerous cell wall-associated and secreted proteins,
cell wall components such as teichoic acid and peptidoglycan,
and the polysaccharide capsule that surrounds the organism
(106). It is estimated that pneumococci possess over 100
surface proteins, many of which play a role in pathogenicity
and virulence (166). Little is known about the expression patterns of these proteins in different clonotypes or how straindependent differences in structure or expression might account
for differences in the invasiveness or virulence of particular
bacteria.
Pneumococci are human commensals which colonize the
nasopharynxes of 20 to 50% of healthy children and 8 to 30%
of healthy adults (16, 66, 67, 71). Children typically acquire a
succession of serotypes early in life and are the primary vector
for transmission to vulnerable populations (56, 57, 71). A re-

cently implemented conjugate vaccine is directed against the
seven pneumococcal serotypes which most commonly cause
invasive disease in the Western world (14). This vaccine has
had a profound impact on invasive pneumococcal disease in
children and a smaller but clinically significant effect on otitis
media. While it has been suggested that a herd effect provides
some protection to unvaccinated at-risk adults, significant morbidity and mortality still occur, with 22.8 to 27.3 cases of invasive pneumonia per 1,000 adults over the age of 50 years
detectable by active surveillance since widespread implementation of the vaccine (84). The burden of pneumococcal disease in both adults and children in developing countries where
the vaccine is not available is considerably higher than that in
the United States (11, 18, 33, 44).
Synergism between Influenza Virus and Pneumococcus
It is well appreciated that upper respiratory tract viral infections are often complicated by more serious bacterial diseases.
While influenza virus is most commonly thought of in this
context, other respiratory viruses, including respiratory syncytial virus, measles virus, parainfluenza viruses, adenovirus, and
rhinoviruses may also predispose to secondary infections. Several different bacteria have also been implicated, including
Haemophilus influenzae, Staphylococcus aureus, Streptococcus
pyogenes, Mycoplasma pneumoniae, and the pneumococcus. It
is thought that certain pairings of organisms better complement each other than other potential pairings (7). However,
support from epidemiologic studies for specific interactions
other than that between influenza virus and pneumococcus
is lacking (77), and the question of whether certain viral and
bacterial organisms work poorly together or antagonize each
other has not been addressed. The mechanisms that might
underlie such selectivity are currently unclear.
In children, the most common secondary bacterial infection
is acute otitis media (AOM), which affects 70% of all children
by the age of 2 years. Respiratory viruses can be detected in the
nasopharynxes of up to 90% of children with AOM and in the
middle ear fluid of 20% (64). Pneumococcus is the most common bacterial cause of AOM, while multiple viruses, including
influenza virus, can predispose to AOM. Sinusitis and community-acquired pneumonia (CAP) are also frequently of polymicrobial etiology in children. S. pneumoniae is the most commonly identified pathogen in hospitalized children with either
primary or secondary CAP, accounting for 44% of all episodes
and 54% of coinfections with a viral pathogen (109). Influenza
viruses are the most common viral contributors, appearing in
22% of CAP cases overall and 39% of mixed infections. In
adults, secondary bacterial pneumonia after influenza is an
important cause of mortality, particularly in the elderly.
Strain Dependence of Disease
Influenza may cause death in one of three ways. The primary
viral infection may be sufficiently virulent in itself to be fatal,
death may result from a secondary bacterial infection, or the
viral disease may increase the physiologic load in a person with
chronic heart, lung, or metabolic disease such that he or she is
unable to survive (111). In the majority of instances, the viral
infection is not of sufficient virulence to cause death from
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Evolution occurs by negative selection as the new strains replace the old, infecting both naı̈ve hosts and those with prior
immunity against a different strain.
Because the genomes of influenza viruses are segmented, a
second evolutionary process called reassortment can occur,
where two viruses infecting one host exchange gene segments.
This occurs commonly in humans with both influenza A and B
viruses (87, 105). Because the avian reservoir provides a set of
antigenically distinct HAs, however, influenza A viruses can
undergo rapid, radical change by acquiring a new HA. This
process, called antigenic shift, may lead to a pandemic, as
occurred in 1957 and 1968 (160). Pandemics may also result
from direct transfer to and adaptation in humans of a whole
avian influenza virus, however, as is suspected to have occurred
in or just before 1918 (148). It is feared that another such event
may be occurring in Southeast Asia, where avian H5N1 influenza A viruses have become endemic in terrestrial poultry and
are being transmitted to humans with increasing frequency (8).
Influenza and its complications are a leading cause of morbidity and mortality worldwide. Despite the availability of effective antiviral drugs and vaccines, the World Health Organization estimates that annual influenza epidemics cause 3 to 5
million severe illnesses and 250,000 to 500,000 deaths each
year in the developed world alone (143). The impact in the
developing world is unknown and is likely to be even higher.
The potential toll from the next pandemic is staggering; the
mortality from a mild pandemic has been conservatively estimated at 89,000 to 207,000 deaths in the United States alone
(108), a figure that could be greatly exceeded if the H5N1
strains endemic in Southeast Asia retain their virulence after
achieving widespread distribution.
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HISTORICAL CONTEXT
Recognition of Dual Infections
The earliest suggestion that viral infections predispose to
bacterial diseases has been attributed to R. T. H. Laennec, a
French physician and the inventor of auscultation. He observed that the prevalence of pneumonia increased following
an epidemic of influenza (“la grippe”) in 1803 (80). In 1847,
the eminent London epidemiologist William Farr, remembered chiefly for his assistance to John Snow in determining
that cholera was a waterborne disease, coined the term “excess
mortality” to describe the increase in deaths that occurred
during the influenza season and that were attributed to causes
other than influenza itself. Using this concept, he developed in
detail the methodology used today to quantitate mortality in

influenza epidemics (43, 82). Selwyn Collins of the U.S. Public
Health Service then further refined the terms by which we
classify outcomes after influenza in a series of thorough and
detailed reports on epidemic mortality in the early part of the
20th century (25–28).
The association between influenza and bacterial pneumonia
came into particular focus following the 1918 pandemic, during
which an estimated 40 to 50 million persons died (126), most of
them from secondary bacterial pneumonia (1, 112, 144, 164).
Reviews in the 1920s and 1930s of numerous reports from the
1889 and 1918 pandemics led to the conclusion that bacteria
were secondary invaders and not the primary agents of disease
(73; also reviewed in reference 88). The first case of secondary
bacterial pneumonia proven to follow influenza infection was
reported by Andrewes et al. in 1935. They described the recovery of virus from a febrile man who then developed pneumococcal pneumonia 7 days into his convalescence and died
(6). Once the viral etiology of influenza was firmly established,
a series of detailed studies on the pathology, bacteriology, and
epidemiology of bacterial pneumonia during influenza followed over the next decade (47, 97, 120, 132, 145, 156). Influenza A and B viruses were both shown to predispose to bacterial infections, with S. pneumoniae and S. aureus as the most
often cited invaders.
Modeling Viral-Bacterial Synergism in Animals
The earliest examples of modeling secondary bacterial infections in animals came during the 1918 pandemic. Wherry
and Butterfield passed unfiltered sputum from ill patients by
aerosol into a variety of animal species, including guinea pigs,
mice, and rats (162). Approximately one-third of the exposed
animals developed bacterial pneumonia and died. Although a
number of attempts had been made to prove that influenza was
caused by a filterable agent both before and after the 1918
pandemic, it was not until the demonstration in animals that
canine distemper was caused by a virus that similar experiments were successfully conducted for influenza virus. The
original breakthrough came in 1926, when Dunkin and Laidlaw
published a series of experiments with dogs and ferrets demonstrating that Bordetella bronchiseptica was a secondary bacterial invader responsible for complications in dogs with a
primary viral infection (37–39). Following this work, Shope
isolated the agent of swine influenza and postulated that it was
related to the virus causing human influenza. He then conducted a classic series of experiments demonstrating that intranasal inoculation of influenza virus or Haemophilus influenzae suis alone caused only mild disease in pigs, while
inoculation of both together caused the characteristic severe
illness (135).
The first well-controlled study of secondary bacterial pneumonia in mice was conducted by Thomas Francis and Mercedes V. de Torregosa in 1945 (49). They reported that H.
influenzae, S. pneumoniae, and S. aureus could all cause a fatal
pneumonia in an intranasal coinfection model with the mouseadapted influenza virus A/Puerto Rico/8/34 (PR8), a strain that
is still utilized in most laboratories studying influenza today.
Those authors also demonstrated that the dose of infecting
agents and the time between infections influenced the outcome. More recently, we have utilized a similar model to study
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pulmonary causes alone. Exceptions to this are infections
caused by the 1918 pandemic influenza virus strain, which
killed many of its victims within a few days of disease onset (1,
167), and the H5N1 avian influenza strains currently circulating in Southeast Asia, which cause a primary viral pneumonia
with features characteristic of the acute respiratory distress
syndrome that progresses to pulmonary failure (8). Although
the primary viral pneumonia which killed many healthy, young
persons in 1918 was the most striking clinical feature of this
virus, it appears likely that secondary bacterial pneumonia was
a more common cause of death during the pandemic. During
typical epidemic years, both hospitalizations and deaths are
most frequently due to secondary bacterial pneumonia or exacerbation of an underlying condition.
Pneumonia and influenza (P&I) mortality includes deaths
from the primary viral infection as well as from secondary
bacterial pneumonia, and these are considered together because they are difficult to distinguish using mortality data. This
measure does not include deaths attributed to other causes,
such as exacerbation of an underlying condition by the viral
infection. The percentage of all influenza-associated deaths
classified as P&I mortality appears to be strain dependent. For
example, the all-cause excess death rate in the United States
was 530 to 550 per 100,000 persons in 1918 to 1919, 64.9 to 99.7
per 100,000 in 1928 to 1929, and 44.2 to 49.8 per 100,000 in
1943 to 1944. However, P&I deaths accounted for 98% of all
influenza-related deaths in 1918 to 1919 and 54% to 63% in
1928 to 1929 but for only 24% to 35% in 1943 to 1944 (27, 116).
In the decade of the 1990s, P&I deaths accounted for only
15.8% of all influenza-related deaths (149). The number of
all-cause deaths and the percentage that could be attributed to
P&I varied from year to year during that decade, with more
deaths and a higher rate of secondary pneumonia in years
where an influenza A virus of the H3N2 subtype circulated
(149). H3N2 subtype viruses were also associated with a higher
rate of P&I hospitalization over 26 influenza seasons from
1970 to 1995 (138). Figure 1 illustrates the excess mortality
differences seen the last 3 decades when H3N2 viruses are
compared to either H1N1 or B viruses, but it also shows that
higher mortality rates were seen with H1N1 viruses earlier in
the century. We have proposed that strain-dependent differences in specific viral virulence factors account for these observed differences in excess mortality (122).
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the interaction between influenza viruses and S. pneumoniae
(104). Because mouse models are limited to a select set of
mouse-adapted viruses, however, we have also developed a
ferret model of pneumococcal otitis media and sinusitis following infection with naturally occurring viruses (121, 123).
This model is similar to an otitis media model in chinchillas in
that it supports coinfections between influenza and pneumococcus (51, 150). However, use of certain strains of pneumococcus engineered to express luciferase has also allowed us to
detect secondary bacterial pneumonia and meningitis in young
ferrets, enhancing the utility of the model (unpublished data).
Mechanisms Underlying the Interaction
The earliest pathology reports from the 1918 pandemic were
primarily descriptive, and it was assumed that since the lung
disease was characteristic of bacterial pneumonia in most
cases, a bacterial pathogen must be the underlying cause. After

careful studies of large numbers of patients, primarily in army
camps, the concept emerged that some entity, either a common
bacterial pathogen such as H. influenzae or perhaps “an unknown associated virus” (144), “acts as a pioneer and prepares
the way for the pneumococci, staphylococci, and streptococci,
which are able to grow and multiply in the damaged mucous
membrane of the bronchi and subsequently invade the lungs
and even the blood” (164). Thus, the idea that a viral infection
could damage the epithelial lining of the bronchi and lungs,
allowing bacterial pathogens a foothold, was the first proposed
mechanism to explain viral-bacterial synergism (112, 167). This
explanation become dogma over the next 50 years and was
strengthened by pathology studies during the “Asian flu” of
1957 to 1958. Death during that pandemic was frequently due
to staphylococcal pneumonia, and autopsy findings suggested
that S. aureus was able to adhere to portions of the trachea and
bronchi damaged by viral infection (90, 94).
An alternative, or perhaps complementary, mechanism pro-
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FIG. 1. Excess mortality rates by year in selected cities in the United States. Excess mortality is defined as the number of deaths in excess of
those that would be expected for a particular time of year in the absence of influenza; pictured is the rate of excess mortality attributable directly
to pneumonia and influenza. Bars define the proportions attributable to different types and subtypes of influenza virus and are stacked together
by year. Data are derived from those of Collins and Lehmann (25, 27, 28) (A), Housworth and Spoon (70) (B), and Reichert et al. and Simonsen
et al. (128, 136) (C) and were calculated by different methods. Note the different scales. The first known epidemic of influenza B was in 1935, but
the virus likely circulated before that time. H1N1 viruses circulated from 1917 to 1957 and then reentered humans in 1976 and have circulated since
that time. It is postulated based on serology data that an H3N8 virus circulated prior to 1917.
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VIRAL EFFECTS ON THE HOST
Changes in the Respiratory Tract
The bulk of clinicopathological evidence suggests that virusinduced changes in the respiratory tract prime the upper airway and lung for subsequent bacterial infection. The classic
dogma in the field has been that damage to the normally
protective epithelial layer exposes extracellular matrix molecules and basement membrane elements to which bacteria can
adhere. However, virus-induced changes in eustachian tube or
pulmonary function may exacerbate bacterial superinfections,
and alterations to the availability and permissivity of bacterial
receptors may allow access of bacteria to normally sterile sites.
Epithelial damage. The concept that influenza virus-induced
epithelial damage provides increased numbers of attachment
sites for bacteria is supported by mouse studies using the highly
pathogenic, mouse-adapted virus PR8 (49, 61, 104, 107). This
strain causes severe epithelial damage to the lungs, weight loss,
and death in mice at relatively low doses (89). In mice secondarily infected with pneumococcus after infection with PR8,
bacterial loads were increased in the lungs, and bacteria could
be seen to adhere to areas of the respiratory tract damaged by
the cytotoxicity of the virus (61, 125). In studies utilizing unadapted viruses of lower pathogenic potential, however, no
pathological damage to the tracheo-bronchial tree was seen,
and yet bacteria were able to persist in the lungs for prolonged
periods of time (60, 134). We have attempted to distinguish
between virus-induced cytotoxic epithelial damage and other
effects of infection by using chemical-induced cytotoxicity as
a surrogate. Lung epithelial and endothelial damage from
4-ipomeanol, an experimental cancer chemotherapeutic agent

which has been shown to induce lung injury in mice similar to
that seen with Sendai virus (40, 41), did not enhance secondary
bacterial infection in our model (unpublished data). However,
both Sendai virus and influenza virus, at low doses that induce
minimal pathology, can support secondary invasion (5, 104).
Therefore, while pathological studies suggest that epithelial
damage is a major factor in human disease with highly virulent
viruses such as the 1918 and 1957 pandemic strains, the relative
contribution of this mechanism in years when less virulent
viruses are circulating may be not be as robust.
Changes in airway function. Secondary bacterial pneumonia
is still a significant cause of morbidity and mortality in years
where the viruses are not virulent enough to cause severe lung
damage or death from the virus alone. The most likely explanation for this is that the virus can mediate effects on the lung
that benefit bacteria other than simple cytotoxicity. Obstruction of the small airways due to disruption of surfactant, increased mucinous secretions combined with fibrin and edema
fluid, and an influx of inflammatory cells create dead space and
a culture medium for bacteria (60, 89). Pulmonary functional
capacity and diffusion capacity are diminished (69, 72). Ciliary
function is compromised both by a decreased beat frequency
and by uncoordinated activity (68, 83, 119). Similar effects on
ciliary activity are seen in the eustachian tube and contribute to
otitis media (119). The net effect of these functional limitations
in the lungs is decreased mechanical clearance of bacteria,
increased airway hyperreactivity, and improved conditions for
bacterial growth. In patients with preexisting lung disease such
as chronic obstructive pulmonary disease, influenza predisposes to chronic bronchitis, exacerbations of chronic obstructive pulmonary disease, and pneumonia (20, 53, 140, 141).
Up-regulation and exposure of receptors. The method by
which the pneumococcus accesses the lower respiratory tract is
not well understood. Furthermore, once there, the pneumococcus is unable to adhere without changes to the epithelium
to expose or activate receptors. Aside from adhesins that the
bacterium uses to bind to these putative receptors, pneumococcus expresses several virulence factors that may help the
process (106). There are three methods by which adherence
might be facilitated distinct from cytotoxicity. First, cryptic
receptors may be exposed through the enzymatic activity of
viral or bacterial NAs, which cleave terminal sialic acids away
from cell surface glycoconjugates. Second, inflammation generated by the virus or bacteria may up-regulate inactive receptors. Third, fibrin and fibrinogen deposited during the regenerative process following viral infection may provide attachment
sites.
Influenza virus possesses an NA which acts to cleave terminal sialic acid residues, allowing viral particles to be released
from infected cells and to spread through mucinous secretions
(58). Pneumococcus possesses two NAs (NanA and NanB)
(17) and is thought to produce a third (12). The role of pneumococcal NA in the pathogenesis of bacterial infections has
been investigated in animal models. Exogenously administered
bacterial NA has been shown to increase adherence of pneumococcus in vitro to tracheal (152), eustachian tube (81), and
middle ear (86) epithelia in an organ perfusion model using
chinchilla tissues. NA is thought to contribute to adherence to
epithelial tissues by exposing receptors for pneumococcal adherence and invasion (102, 151). In our mouse model, NA
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poses that influenza virus-mediated dysfunction of immune
effectors such as neutrophils might compromise local immunity
at normally sterile sites such as the ear or alveolus, allowing
pneumococcus to cause pyogenic infections (4). Virus-induced
leukopenia does occur and has been associated with poor outcomes during secondary bacterial infections (90). In monkeys,
influenza virus-induced leukopenia predisposed to secondary
bacterial sepsis from a hemolytic group C Streptococcus (165).
The leukopenia, granulocytopenia, and severity of viral disease
were worsened by stressors such as cold and nutritional deficiencies (131). However, in most cases of secondary bacterial
infection leukocytosis, not leukopenia, is a prominent clinical
sign, with a preponderance of polymorphonuclear cells and
immature forms (90, 94, 95, 156). Activated neutrophils and
macrophages in the lung may contribute to the severity of
infection by expression of inflammatory mediators, leading to
tissue damage (161), particularly when combined with cytotoxins from the bacteria (24). Although these cells may be present
in great numbers in the lung, various functional capabilities
necessary for the clearance of bacteria may be altered, including chemotaxis, phagocytosis, and bacterial killing (30, 96).
Thus, the host may suffer the damaging effects of the inflammatory response without the expected benefit of bacterial
clearance. This depression of neutrophil function from influenza viruses has been shown in the chinchilla model to enhance the frequency and severity of secondary bacterial infections (2–4).
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directly related to the level of NA-specific activity of the
virus (unpublished data). One could speculate that differential effects on the postinjury healing response may occur
with different strains of the virus.
Alteration of the Innate Immune Response
The host defense against pathogenic microorganisms involves both innate and acquired immunity. The acquired immune responses to influenza virus and pneumococcus are quite
different, as CD8⫹ cell-mediated killing of influenza virusinfected cells facilitates clearance of primary viral infections,
while antibody-dependent opsonization and neutrophil-mediated phagocytosis account for the clearance of bacteria from
the lung during pneumonia. However, there is considerable
overlap in the innate immune responses to the two pathogens.
Physical barriers, viscous secretions imbued with nonspecific
binding molecules, and ciliary beat to clear this mucus conspire
to keep the organisms out of the lungs. Recognition of pathogen-associated molecular patterns by pattern recognition receptors such as the Toll-like receptors (TLRs) leads to activation of signaling cascades and the generation of an inflammatory
response (75). The effect of influenza virus on physical barriers has been considered above; here I consider the combined effect of influenza virus and pneumococcus on the
inflammatory response.
Elucidation of the pathways involved in generation of inflammation and immunity to pathogens has progressed rapidly
in recent years. Both pneumococcus and influenza virus are
recognized by TLRs, generating a cytokine response and triggering an influx of immune effector cells. Lipoteichoic acid
from the cell wall of S. pneumoniae is recognized by TLR2,
resulting in NF-B activation through pathways involving
MyD88 and other cofactors and intermediates (42, 78, 79, 170).
Pneumolysin is recognized by TLR4 (15, 92), leading to a
MyD88-independent signaling cascade mediated by IRF3 and
STAT1 but also leading to NF-B activation through TRAF6
(13). The combined effect of activation of these pathways is the
production of proinflammatory cytokines and chemokines such
as interleukin-1 (IL-1), IL-6, tumor necrosis factor alpha
(TNF-␣), MIP-1-alpha, KC, and gamma interferon, as well as
the anti-inflammatory cytokine IL-10 (10, 34). The singlestranded RNA of influenza virus is recognized through TLR7
(91) and perhaps through TLR8 in humans, while doublestranded RNA intermediates formed during influenza virus
replication are recognized through TLR3 (59). TLR7 and
TLR8 signal through pathways similar to those stimulated by
TLR2, requiring MyD88 and leading to NF-B activation,
while TLR3 utilizes the same MyD88-independent pathway as
TLR4, leading to IRF3 and STAT1 activation (13). Because
the pathways and intermediate signaling molecules are similar,
it is not surprising that the proinflammatory response to influenza virus mirrors that to pneumococcus, with induction of
IL-1, IL-6, TNF-␣, RANTES, MIP-1-alpha, IL-8, and gamma
interferon (62, 74). IL-10 is also elevated following influenza
virus infection, but this occurs late in the course of illness
during the induction of memory and the conversion from TH1
to TH2.
The use of the same pathways, cofactors, and intermediates,
and the overlap in the inflammatory mediators produced, cre-
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activity of the virus enhanced adherence of pneumococcus to
epithelial cells in vitro and predisposed to fatal pneumonia
(102). The secondary bacterial pneumonia could be prevented
or treated using an inhibitor of the influenza virus NA, independent of the effect on viral lung load (101, 102). Pairs of
otherwise isogenic influenza viruses engineered by reverse genetics to express different N2 NAs differentially contributed to
both adherence and pneumonia at a rate proportional to their
NA activity (122). Furthermore, deletion of the gene (nanA)
coding for the major pneumococcal NA attenuates pneumococcus in an intranasal infection model (117), but the full
virulence of the mutant can be restored by prior infection with
influenza virus (unpublished data). Thus, the combined effect
of the bacterial and viral NAs at the site of infection is an
important mechanism in synergism between the organisms.
Since NAs from N2 subtype influenza viruses have generally
higher activity than recent N1 or influenza B virus NAs, this
observation might partially explain why virulence and excess
P&I mortality have been higher over the last 3 decades in years
when H3N2 viruses circulate (52, 137, 149, 169).
The receptors that pneumococcus utilizes to adhere and
invade in the lung are currently unknown. One proposed mediator of this process is the receptor for platelet activating
factor (PAF-R), a ubiquitous G-coupled protein to which
phosphorylcholine expressed on the surface of the pneumococcus can adhere (31, 129). The expression of PAF-R is upregulated by inflammatory cytokines (32) and has been shown
to be an important factor in the transition from the blood to
the cerebrospinal fluid during the induction of meningitis
(117). We had advanced the hypothesis that the inflammatory
response to influenza virus infection up-regulates and activates
PAF-R in the lung, providing sites for pneumococcal adherence (104). Preliminary studies using competitive inhibitors of
PAF-R did not support this hypothesis, as secondary bacterial
pneumonia occurred at the same rate in the presence or absence of inhibition. In knockout mice which lack the PAF-R
entirely, ongoing studies support the use of PAF-R by pneumococcus in the transition from the lung compartment into the
blood but suggest that the receptor is not necessary for the
induction of pneumonia (unpublished data). However, it is still
possible that the mechanism is utilized by pneumococcus with
another, as-yet-unidentified receptor.
Following the initial insult and the inflammatory changes
associated with influenza virus infection, the airway undergoes
a regeneration and remodeling phase (89). Although pneumococcus binds poorly to ciliated epithelium, it may adhere more
readily to nonciliated, differentiating cells involved in the proliferation and regeneration response (35, 124). Deposition of
fibronectin, collagen, and other matrix elements during this
process provides further attachment sites for bacteria such as
S. pneumoniae and S. aureus. In part, this regeneration process in response to inflammatory damage is driven by the
immunoregulatory molecule transforming growth factor ␤
(TGF-␤) (99). An intriguing link to the problem of viralbacterial synergism is the finding that the influenza virus NA
can activate latent TGF-␤ to its active form (133). Thus, the
NA activity of the virus may initiate or accelerate the regeneration response, benefiting bacterial bystanders. Using
isogenic influenza viruses differing only in their NAs (122),
we have found that the magnitude of induction of TGF-␤ is
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CONTRIBUTION FROM THE BACTERIA
Effects on the Virus
Tashiro et al. were the first to suggest that the synergistic
effect might not be unidirectional. Because cleavage of the
nascent HA0 glycoprotein to its active components HA1 and
HA2 is required for infectivity, and because the virus must
utilize tissue-specific proteases to replicate, it was suggested
that bacterium-derived proteases might complement this need
(146). Proteases derived from S. aureus and concentrated in
vitro are able to cleave the HA, supporting the hypothesis
(147). Thus, some of the enhanced pathogenicity seen during
secondary bacterial pneumonia might be a function of increased viral virulence in concert with the bacterial infection.
Louria et al. reviewed 33 cases of severe influenza infection in
1957 and 1958 and found that bacterial infections that occurred coincident with the primary influenza virus infection
were more severe and more difficult to treat than bacterial
infections that followed influenza with a distinct period of
initial recovery between (90). They argued that this represented the effect of the bacteria on the virus, enhancing the
lethality of the primary viral disease and explaining why antibiotic therapy was less successful.
In our mouse model of secondary bacterial pneumonia, the
viral lung load is increased following bacterial challenge and
presumably contributes to the severe lung damage and death
of superinfected animals (104). It is unclear at present what
mechanism accounts for this increased viral titer. Pneumococcus does possess several putative proteases, so cleavage activation of the HA is one potential answer. To this point we have
examined only one of these candidates, choline binding protein
G (CbpG), a multifunctional protein that shares sequence homology with serine proteases (55, 93). In our model the absence of CbpG did not affect viral lung load or the induction of
secondary pneumonia (J. A. McCullers, A. R. Iverson, K. L.
Boyd, and C. J. Orihuela, submitted for publication). Another
potential candidate, the pneumococcal NA NanA, also does
not enhance viral titers in the lung and did not have an additive
effect on the incidence or severity of secondary bacterial pneumonia (unpublished data). Examination of other pneumococcal virulence factors in the context of dual-infection models is
necessary to answer this important question.
Enhancement of Inflammation
Several components of the pneumococcus contribute to the
induction of inflammation, including the cell wall, the cytotoxin
pneumolysin, and the pyruvate oxidase SpxB (24, 46, 54, 75,
106, 142). SpxB is responsible for endogenous H2O2 production by pneumococcus and contributes to cell damage and to
inflammation during infection. Studies using a deletion mutant
suggest that SpxB is involved in the pathogenesis of lung and
systemic infections in mice (117). In our mouse model of secondary bacterial pneumonia following influenza, we found
SpxB to be an indispensable virulence factor during pneumococcal superinfection (McCullers et al., submitted). The incidence of secondary pneumococcal pneumonia was decreased
with a mutant lacking SpxB, and the inflammatory response to
the coinfection was greatly diminished in those mice that did
develop pneumonia. In combination with the knockout virus
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ates an opportunity for either interference with or augmentation of the immune response during dual or sequential infection. In a coinfection model using H. influenzae and S.
pneumoniae, Ratner et al. demonstrated synergistic activation
of proinflammatory cytokines with resulting neutrophil accumulation, albeit in a TLR-independent manner (127). We have
attempted to study this possibility in our model by looking at
the cytokine response to single infection compared to a synergistic infection. We have found that certain cytokines, including TNF-␣, IL-1, IL-6, and IL-10, as well as the neutrophil- and
macrophage-chemoattractant chemokines KC and MIP-1␣,
are strikingly elevated in mice with secondary pneumococcal
pneumonia in our model (141a). We hypothesized that this
balanced elevation of both proinflammatory and anti-inflammatory cytokines and chemokines was dysfunctional. Large
numbers of neutrophils and macrophages were invading the
lung, amplifying the immune response and causing inflammatory damage, but were not effectively clearing the bacteria. In
a similar model, van der Sluijs et al. proposed that IL-10 was
the key mediator of this dysfunctional process, since it has an
inhibitory effect on the function of neutrophils during pneumococcal pneumonia (157, 158). Inhibition of IL-10 in mice
improved survival from bacterial pneumonia late after influenza virus infection. Thus, the enhanced anti-inflammatory
response when influenza virus infection precedes pneumococcal infection may sabotage the ability of the host to successfully
eliminate the bacteria before they can do lethal damage.
Alternatively, the proinflammatory response may be the
most important factor in poor outcomes from secondary
bacterial pneumonia. Recent work from Tumpey et al. suggests that the severe lung inflammation seen with the 1918
pandemic strain (154) may be due to increased levels of
proinflammatory cytokines and a massive influx of neutrophils into the lung (155). Similar findings for humans with
highly pathogenic H5N1 avian influenza viruses provide
further support for this concept (8, 21). Data from our lab
suggest that PB1-F2, a recently discovered proapoptotic
protein encoded by most human influenza A viruses (19, 50),
contributes to this inflammatory response (J. L. McAuley, F.
Hornung, K. L. Boyd, R. McKeon, R. Salomon, E. Hoffmann, J. Bennink, J. W. Yewdell, and J. A. McCullers,
submitted for publication). In mice, a virus expressing
PB1-F2 enhanced secondary bacterial pneumonia, while an
isogenic virus unable to express this protein did not (McAuley et al., submitted). The sequences of the PB1 present in
H1N1 viruses isolated since 1956 predict that these viruses
produce a truncated PB1-F2 protein of 67 amino acids instead of the 87 amino acids found in most other human
influenza viruses, due to the introduction of a stop codon.
The resulting PB1-F2 protein, if it is expressed, would lack
the C-terminal sequences that are required for induction of
apoptosis (50). Such a truncated PB1-F2 might not be able
to prime the host for secondary bacterial infections as efficiently as viruses expressing a full-length PB1-F2. Thus,
differences in the PB1-F2 may contribute to the differences
in excess mortality exhibited by H1N1 and H3N2 strains.
Further work is needed to establish the precise interactions
between the pathways, mediators, and effector cells of the
complex cytokine network and inflammatory cascade activated during lung infection with more than one pathogen.
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lacking PB1-F2, the incidence of pneumonia was further decreased. These data demonstrate the impact that a single virulence factor from the virus or the bacterium can have on the
synergistic inflammatory response. It is likely that multiple
factors contribute to the interaction and account for the intense reaction to dual infections.

TREATMENT AND PREVENTION

SUMMARY OF A MULTIFACTORIAL PROCESS
The full details of the mechanisms of synergism between
influenza virus and pneumococcus remain to be elucidated.
There is ample evidence that influenza virus alters the host in
a way that predisposes to adherence, invasion, and induction of
disease by pneumococcus. Access to receptors is a key factor
and may be facilitated by the virus through epithelial damage,
by exposure or up-regulation of existing receptors, or by provoking the regeneration response of epithelia following cytotoxic damage. Alteration of the immune response either by
diminishing the ability of the host to clear pneumococcus or by
amplification of the inflammatory cascade likely contributes to
the severity of the resulting infection. Although the precise
contributions of the many virulence factors expressed by these
important pathogens are not completely understood, it is clear
that the process is multifactorial and complex. It is likely that
differences in these virulence factors between strains of the
virus or the bacterium account in part for differences in the
spectrum and severity of disease in humans. The insight gained
into the pathogenesis of the interaction between influenza virus and pneumococcus may serve as a starting point towards
the elucidation of the mechanisms underlying the many other
polymicrobial interactions that contribute to disease in humans
and animals.
CONCLUDING REMARKS
The repeated incursions of highly pathogenic H5N1 avian
influenza viruses into humans in Southeast Asia are a warning
that we are overdue for the next influenza pandemic. Based on
history, it can be predicted that much of the morbidity and
mortality from this pandemic will stem from bacterial complications. It is therefore imperative that we have a firm understanding of the molecular basis of the interaction between
influenza and the epidemiologically important bacteria that
follow it—S. pneumoniae and S. aureus. Effective vaccination
and timely use of the NA inhibitor class of drugs will likely
have an impact on the incidence and severity of secondary
bacterial complications during a pandemic. However, the availability of the drugs in this class is limited, and ongoing hurdles
to developing an effective vaccine exist. Targeting viral or bacterial virulence factors that participate in the interaction between these organisms by using novel vaccine or anti-infective
approaches should be a priority for the scientific and pharmaceutical communities.
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