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Abstract 18 
 19 

Lower and upper respiratory infections are the fourth highest cause of global mortality (Lozano 20 
et al., 2012). Epidemic and pandemic outbreaks of respiratory infection are a major medical 21 
concern, often causing considerable disease and a high death toll, typically over a relatively 22 
short period of time. Influenza is a major cause of epidemic and pandemic infection. Bacterial 23 
co/secondary infection further increases morbidity and mortality of influenza infection, with 24 
Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus aureus reported as 25 
the most common causes. With increased antibiotic resistance and vaccine evasion it is 26 
important to monitor the epidemiology of pathogens in circulation to inform clinical treatment 27 
and development, particularly in the setting of an influenza epidemic/pandemic. 28 

 29 
Introduction 30 

 31 
From the Plague of Athens to the present day, infectious disease has beset mankind throughout 32 
history. Medical and socio-economic advances have substantially reduced this burden, the 33 
eradication of smallpox in 1979 (World Health Organisation) and the remarkable successes 34 
against polio and parasitic Guinea worm disease being three examples of an extensive list. 35 
Respiratory tract infections however continue to be a major cause of morbidity and mortality 36 
worldwide (Lozano et al., 2012; Morse et al., 2012; Zumla et al., 2014). When combined, lower 37 
and upper respiratory infections are the fourth highest cause of global mortality (Lozano et al., 38 
2012). Epi- and pandemic outbreaks of respiratory infection are a major medical concern, often 39 
causing considerable disease and a high death toll, typically over a relatively short period of 40 
time. The unpredictable nature of these outbreaks, in terms of their aetiology and the reservoirs 41 
from which they emerge, the constant emergence of new antigenic variants by mutation, 42 
combined with transmission within potentially immunologically naïve populations facilitates 43 
the characteristic high proficiency of spread (Morse et al., 2012).  44 
 45 
It is well established that both animals and humans can act as reservoirs of infection within 46 
which pathogens may adapt and evolve. Examples include Coxiella burnetii which typically 47 
causes Q fever in cattle, sheep and goats but can also infect humans (Eldin et al., 2017), the 48 
plague causing Yersinia pestis, infamously transmitted to humans by rats via a flea vector 49 
(Yang et al., 2016b), human immunodeficiency virus (HIV) which originated in non-human 50 
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primates before spreading into the human population (Rupp et al., 2016) and of course the most 51 
common example, influenza, which circulates within and between swine, avian and human 52 
hosts (amongst others). This cross-species flow can lead to adaptations that result in an 53 
increased pathogenicity to susceptible hosts, creating the potential for localised outbreaks or 54 
global spread (Murphy, 1998; Karesh et al., 2012; Morse et al., 2012). Important evolutionary 55 
modifications can occur during the timespan of an individual infection, permitting new and 56 
evolved strains of pathogens to emerge at an increased rate (Karesh et al., 2012). The evolution 57 
of pathogens (particularly zoonotic pathogens which account for 60% of human infectious 58 
diseases), and development of pandemics and epidemics, can be described in ecological 59 
principles whereby changing environmental pressures or opportunities drive a pathogen to 60 
exploit new niches or hosts to survive and thrive. This evolution is influenced by a range of 61 
anthropogenic factors, which include population expansion, changing land use and habitat 62 
destruction, selective pressures of increased antimicrobial usage, vaccination, global trade and 63 
travel (Daszak, 2012; Karesh et al., 2012; Morse et al., 2012).  64 
 65 
Pandemics are generally viral in cause. This is thought to be due to their high mutation rate, 66 
which is particularly true for RNA viruses such as influenza where high nucleotide substitution 67 
and poor proof reading leads to the accumulation of errors in newly synthesised RNA strands. 68 
Influenza can also undergo re-assortment during mixed infection. These factors can result in 69 
divergence of surface antigens, such as haemagglutinin (HA) and neuraminidase (NA),  70 
producing strains not recognised by the human immune system and not covered by extant 71 
vaccines (Holland et al., 1982; Webster et al., 1992; Chen and Holmes, 2006; Hampson and 72 
Mackenzie, 2006; Jones et al., 2008; Taubenberger and Morens, 2008; Dormitzer et al., 2011; 73 
Morse et al., 2012). For instance, influenza A is now known to have 18 subtypes of HA and 11 74 
subtypes of NA (Li et al., 2012; Tong et al., 2012; Wu et al., 2014). This high mutation rate 75 
and the emergence of new strains can also make vaccine development and policy difficult to 76 
plan and carry out. Due to viral antigenic shift, yearly influenza vaccines are required so the 77 
population is sufficiently protected by the vaccine, however vaccine composition is determined 78 
~8 months in advance of administration. This lag may allow new strains to emerge or for 79 
antigenic drift to result in a poor match between vaccine and the circulating strain of influenza. 80 
Furthermore as seen in the 2009 influenza pandemic, governments and public health 81 
departments face considerable  difficulties in the production and distribution of vaccines when 82 
faced with sudden or unexpected outbreaks of newly emerged strains (Houser and Subbarao, 83 
2015).  84 
 85 
A common complication of respiratory viral disease can be secondary bacterial infection. 86 
Noting this association is important as it has clear implications for global health, principally 87 
because bacterial co/secondary infection is known lead to increased morbidity (Smith and 88 
McCullers, 2014). Co/secondary bacterial infection, as the name suggests, is a bacterial 89 
infection that occurs during or after an infection from another pathogen, commonly viruses. A 90 
number of viral infections (including infection from influenza virus, respiratory syncytial virus, 91 
parainfluenza virus and human metapneumovirus) can be complicated by co/secondary 92 
infection by a variety of bacteria including Streptococcus pneumoniae, Haemophilus 93 
influenzae and Staphylococcus aureus. This association leads to an increased severity of 94 
disease and sequela such as pneumonia (Smith and McCullers, 2014). In this review we dwell 95 
on influenza pandemics since the late 1800’s, focussing on the associations and complications 96 
that arise from secondary bacterial infections. 97 
 98 

Influenza 99 
 100 

2 
 



Influenza viruses are important zoonotic pathogens as they are highly contagious and one of 101 
the most prevalent causes of respiratory infection. Worldwide annual epidemics reportedly 102 
cause up to five million cases of severe illness, which result in 250,000 to 500,000 deaths per 103 
year. The majority of deaths caused by influenza occur in young children and people over 65 104 
(World Health Organisation, November 2016). Reports suggest that each year up to 20% of the 105 
USA population may be infected by influenza (Sullivan et al., 1993; Biggerstaff et al., 2014). 106 
The virus spreads easily from person to person via aerosol droplets (Hilleman, 2002; 107 
Taubenberger and Morens, 2008) and replicates in the upper and lower respiratory tract 108 
(Taubenberger and Morens, 2008). Commonly, in non-tropical regions, annual influenza 109 
epidemics occur during late autumn and winter. Although less frequent, tropical regions too 110 
suffer influenza epidemics, these generally coinciding with the rainy season (Cox and 111 
Subbarao, 2000; Biggerstaff et al., 2014).  112 
 113 
There are three types of influenza virus, types A, B and C, each differing in host range and 114 
pathogenicity (Taubenberger and Morens, 2008). Type A has been isolated from humans, 115 
avian, swine, horses, mink, dogs, seals and ferrets (Jakeman et al., 1994; Taubenberger and 116 
Morens, 2008; Parrish et al., 2015), whilst type B has been isolated from humans, seals 117 
(Osterhaus et al., 2000) and ferrets (Jakeman et al., 1994), and type C from humans (Matsuzaki 118 
et al., 2002), swine and dogs (Youzbashi et al., 1996). Influenza A and B virions contain several 119 
structural antigens and three antigenic surface proteins; HA, NA and M2/BM2 ion channels 120 
(Webster et al., 1992; Hampson and Mackenzie, 2006; Racaniello, 2009; Dormitzer et al., 121 
2011). Influenza virus C only expresses one antigenic surface protein, haemagglutinin-122 
esterase-fusion (HEF), and thus stimulates a lesser immune reaction than types A or B 123 
(Taubenberger and Morens, 2008; Racaniello, 2009). Influenza A is the fastest to evolve, at a 124 
rate 2-3 times faster than B, whilst C is the slowest (Yamashita et al., 1988). Antigenic drift 125 
allows the influenza virus to escape immunity acquired through previous exposure or 126 
vaccination; thus influenza A causes more epidemics and pandemics than either influenza B or 127 
C (Hampson and Mackenzie, 2006; Taubenberger and Morens, 2008). Whilst influenza B 128 
causes periodic/yearly epidemics but not pandemics, influenza C viruses only cause relatively 129 
infrequent mild respiratory problems (Taubenberger and Morens, 2008). Throughout the past 130 
300 years there have been 12 pandemics caused by influenza A; the most infamous being the 131 
1918 ‘Spanish flu’ pandemic (Taubenberger and Morens, 2008). In the years between 1933 132 
and 1957 there were nine influenza A (H1N1) epidemics and five influenza B epidemics. The 133 
worst of all these epidemics was the 1935-1936 influenza B epidemic that resulted in at least 134 
55,000 deaths. This was closely followed by the 1943-1944 influenza A (H1N1) epidemic 135 
which caused 53,000 deaths (Glezen, 1996). Evidently, although influenza B doesn’t cause 136 
pandemics, it is still a cause for concern.  137 
 138 
During an infection influenza virions attach to and enter host epithelial cells by the binding of 139 
viral HA to sialic acid on the host cell which instigates endocytosis and the movement of the 140 
virion into the cell within an endosome. The virus then uses/hijacks the host cells ‘machinery’ 141 
to replicate and transcribe viral RNA and produce more viral components (Samji, 2009). 142 
Progeny virions bud from the host cell, using the host cell membrane as a viral envelope, and 143 
go on to infect neighbouring host cells (Nayak et al., 2009). As influenza infection develops 144 
the virus causes cell damage and death within the host’s airways and up-regulates the 145 
production of toxins, causing further destruction. Influenza cytotoxins for example causes 146 
necrosis of host cells (Conenello and Palese, 2007; Iverson et al., 2011).  Influenza infection, 147 
particularly pandemic influenza infection, is known to generate an increased inflammation 148 
response within the host, as the body works to rapidly deliver immune cells to the site of 149 
infection. This inflammation is a response to the expression of cytokines and chemokines (de 150 
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Jong et al., 2006; Kash et al., 2006; Kobasa et al., 2007; Rock and Kono, 2008). Virally induced 151 
decreased mucociliary activity, the dysfunction of immune cells and the reduction of 152 
phagocytosis reduces clearance of the virus from the host airways and the host’s ability to fight 153 
the virus (Brundage, 2006; Wu et al., 2011; Cauley and Vella, 2015). In an attempt to limit and 154 
control infection, the host immune system kills infected host cells. It does this in several ways, 155 
including; the production of perforin by Natural Killer (NK) cells which creates lesions/pores 156 
in cell membranes resulting in the induction of apoptosis, apoptosis from tumour necrosis 157 
factor (TNF) and FasL and the production of reactive oxygen species from macrophages and 158 
neutrophils causing oxidation of cellular lipids, proteins and DNA resulting in cell dysfunction 159 
and death (Topham and Hewitt, 2009; Kash et al., 2014; Kash and Taubenberger, 2015). Of 160 
course viral infection and/or interference with host processes can cause and direct the pathway 161 
of cell death, as is the case for necrosis. Host cell death, whether apoptosis, necrosis or 162 
pyroptosis, impacts on the severity and outcome of influenza disease in a variety of ways. 163 
Virally induced death of immune cells assist in the evasion of host defences and hinders the 164 
clearance of the virus promoting the development of infection. Studies have shown a 90% 165 
reduction of alveolar macrophages in mice within a week of influenza infection, and evidence 166 
of necrosis in the remaining macrophages (Robinson et al., 2015). Necrosis and pyroptosis are 167 
pro-inflammatory due to their role in the release of cytokines. These cell death pathways allow 168 
for the rapid release of intracellular contents, including any viral components, from the infected 169 
host cell promoting host inflammatory responses and the formation of a cytokine storm which 170 
causes host tissue damage (Cundell et al., 1995; Rock and Kono, 2008; Lamkanfi and Dixit, 171 
2010; Cauley and Vella, 2015). Furthermore infection with some influenza subtypes, for 172 
instance H1N1 and H5N1, typically result in lymphopenia, a state of abnormally low levels of 173 
lymphocytes, which has been associated with higher viral load. De Jong et al (2006) found 174 
influenza infection caused lower levels of cytotoxic T cell lymphocytes, which would therefore 175 
negatively affect acquired immunity (de Jong et al., 2006; Cunha et al., 2009). Where 176 
lymphopenia occurs, studies have shown a corresponding increase in macrophages. Supporting 177 
the evidence for the increase in macrophages is the significant increase in IP-10 (a chemokine 178 
secreted in response to gamma interferon (IFNγ) which activates macrophages), Interleukin-8 179 
(IL-8, a chemokine which is produced by macrophages), IL-6 (in this case, a pro-inflammatory 180 
cytokine secreted by macrophages), and MCP-1 (a chemokine that recruits monocytes, a type 181 
of leukocyte that can differentiate into macrophages) (de Jong et al., 2006; Kobasa et al., 2007).   182 
 183 

Influenza pandemics since the late 1800’s 184 
 185 

Influenza pandemics, generally characterised by the emergence of a novel influenza A against 186 
which little or no immunity exists within the global populace, are a cause of high mortality and 187 
morbidity and are a major financial burden (Glezen, 1996). Since the 1800’s these pandemics 188 
have arisen from a number of countries, spreading across the globe (Figure 1). Detailed below 189 
and in Table 1 we have sought to describe some of the most significant influenza pandemics 190 
since the late 1800’s to highlight the potential impact of influenza with respect to associations 191 
with bacterial infection. 192 
 193 

Bacterial co-infection and secondary infections 194 
 195 

Laboratory, clinical and epidemiological research has made it abundantly clear that bacterial 196 
co/secondary infection can significantly increase the morbidity and mortality of viral infections 197 
(Gupta et al., 2008). Up to 75% of those infected with influenza that go on to acquire 198 
pneumonia, are confirmed to have bacterial co-infection (Zambon, 2001). Bacterial 199 
co/secondary infection of influenza infection appears to occur frequently. Studies have shown 200 

4 
 



that up to 65% of laboratory confirmed cases of influenza infection exhibited bacterial 201 
co/secondary infection, although Klein et al. state that in the majority of the research included 202 
in their meta-analysis this figure ranged between 11 and 35%. (Klein et al., 2016). In the setting 203 
of an influenza epidemic or pandemic bacterial co/secondary infection can have devastating 204 
consequences, particularly in at-risk groups such as the immunocompromised/ 205 
immunosuppressed. Immunosuppression is associated with more severe morbidity and a much 206 
higher risk of mortality from co/secondary bacterial infection (Rice et al., 2012). During the 207 
2009 Swine influenza pandemic, there was an increase in hospital pneumonia cases as a result 208 
of secondary bacterial pneumonia, which was identified in 29-55% of mortalities (Centers for 209 
Disease Control and Prevention, 2009; Gill et al., 2010; Weinberger et al., 2012).  210 
 211 

Pathobionts associated with co/secondary bacterial infection 212 
 213 

The upper respiratory tract has been shown to host a diverse microbiota, within which a number 214 
of bacterial pathobionts may be found i.e. those bacterial species that can be pathogenic yet 215 
also harmlessly carried (Hooper et al., 2012; Cauley and Vella, 2015). Legionella pneumophila 216 
(Rizzo et al., 2010), Streptococcus pyogenes (Chertow and Memoli, 2013), Neisseria 217 
meningitidis, Moraxella catarrhalis, S. pneumoniae, H. influenzae, S. aureus (Dela Cruz and 218 
Wunderink, 2017), Pseudomonas aeruginosa as well as a number of other Streptococcus and 219 
Staphylococcus spp. (Yang et al., 2016a) have all been associated with co-infection of 220 
influenza. However S. pneumoniae, H. influenzae and S. aureus are the most commonly 221 
reported bacteria associated with co/secondary infections during influenza pandemics since the 222 
late 1800’s. 223 
 224 
Streptococcus pneumoniae 225 
S. pneumoniae is the most common bacteria found in viral secondary bacterial infections, and 226 
is particularly associated with causing high mortality and morbidity during influenza epidemics 227 
and pandemics (Brundage, 2006; Joseph et al., 2013). S. pneumoniae is a Gram-positive 228 
diplococci and is the most common cause of community-acquired pneumonia and invasive 229 
disease, i.e. sepsis and meningitis worldwide, as well as less severe acute disease such as otitis 230 
media (Bridy-Pappas et al., 2005; McCullers et al., 2010). S. pneumoniae is grouped into >97 231 
immunologically distinctive serotypes based on a polysaccharide capsule (Bentley et al., 2006; 232 
Park et al., 2007; Jin et al., 2009; Calix and Nahm, 2010; Calix et al., 2012). A burden to public 233 
health in its’ own right, the WHO has reported that diseases caused by S. pneumoniae resulted 234 
in approximately 826,000 deaths in 2000 alone (Pittet and Posfay-Barbe, 2012). A more recent 235 
study shows that there are 4 million cases of disease caused by S. pneumoniae and 22,000 236 
deaths annually in the USA (Huang et al., 2011). The current public health impact of S. 237 
pneumoniae infection is reduced by vaccine policies, with, for example, PCV-13 and PPV-23 238 
being used for children and adults respectively in the UK (Pittet and Posfay-Barbe, 2012).  239 
 240 
Many studies have shown that influenza infection facilitates the acquisition, colonisation and 241 
development of disease from S. pneumoniae in people of all ages (Shrestha et al., 2013; Grijalva 242 
et al., 2014; Siegel et al., 2014). This is partly due to S. pneumoniae’s ability to catabolise sialic 243 
acid which is released from host cells and mucus by influenza’s NA. Influenza infection also 244 
results in increased mucus production, further increasing the amount of metabolite available 245 
for S. pneumoniae. The NA produced by S. pneumoniae also assists in the release of sialic acid 246 
(Siegel et al., 2014). Mouse models support the concept that influenza facilitates the 247 
development of disease from S. pneumoniae; they have provided evidence that influenza 248 
infection enhances secondary S. pneumoniae pneumonia (McCullers and Rehg, 2002; 249 
McCullers and Bartmess, 2003). Wu et al. (2011), showed that co-infection of a virus and a 250 
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bacterium can either occur from mixed viral bacterial infection, or from a viral infection being 251 
sequentially followed by a bacterial infection. Sequential bacterial infection normally occurs 252 
within a 7-day period of the viral infection. Influenza infections and successive S. pneumoniae 253 
infections result is a time and dose dependent change in the host dendritic cells which produces 254 
enhanced inflammation. In 1975 Berendt et al. inoculated squirrel monkeys with either 255 
influenza A, S. pneumoniae or influenza A and S. pneumoniae. Influenza alone caused minor 256 
illness such as mild tracheitis, with symptoms such as sneezing, coughing and fever (although 257 
some did develop bronchopneumonia) and had a 100% survival rate. S. pneumoniae again 258 
caused minor illness with a 100% survival rate. Co-infection of influenza A with S. pneumoniae 259 
resulted in severe morbidity with a 75% death rate within 40 hours, clear evidence of the 260 
consequences of co/secondary bacterial infection (Berendt et al., 1975). These findings are 261 
reflected in several other studies, with some even showing that co-infection may assist in the 262 
spreading of S. pneumoniae infection to the lower respiratory tract (Takase et al., 1999; Seki et 263 
al., 2004). 264 
 265 
An additional mouse model of infection provided comparable results whilst comparing the 266 
effect of different S. pneumoniae serotypes on co-infection (Sharma-Chawla et al., 2016). More 267 
cases of pneumonia and bacteraemia were observed in mice infected with both influenza A and 268 
S. pneumoniae than in mice infected with these pathogens individually. This was the case for 269 
all S. pneumoniae serotypes tested. More virulent pneumococcal serotypes caused a greater 270 
burden of disease in both the co-infected mice and those infected with S. pneumoniae alone. 271 
The highly invasive pneumococcal serotype 4 caused pneumonia in 58% of mice and 272 
bacteraemia in 21% in a single infection model. When co-infecting with influenza these figures 273 
increased to 100% and 90% for pneumonia and bacteraemia respectively. Mortality rates 274 
increased from 0% for individual infection to 79% during co-infection. In comparison, 275 
individual infection with a carrier strain (of lower invasive potential) of serotype 19F, caused 276 
pneumonia in 91% of cases and bacteraemia in 0%. When co-infecting with influenza and 19F 277 
these figures increased to 100% and 33%. Mortality rose from 0% during individual infection 278 
to 63% during co-infection (Sharma-Chawla et al., 2016). 279 
 280 
Pneumococcal vaccination has shown to ameliorate the risk of secondary bacterial pneumonia. 281 
During a vaccine efficacy study, the incidence of pneumonia in those with influenza reduced 282 
by 45% in groups vaccinated against S. pneumoniae (Madhi et al., 2007). However, whilst 283 
vaccine implementation has successfully reduced pneumococcal disease in a number of 284 
countries, lower levels of vaccine implementation in low and middle income countries coupled 285 
with fractional serotype coverage and increasing levels of antibiotic resistance, means the 286 
spectre of influenza pandemic associated S. pneumoniae secondary infection remains a 287 
significant risk to global health. 288 
 289 
Haemophilus influenzae 290 
H. influenzae is another bacteria commonly found to co/secondarily infect viral infection, and 291 
has been associated with the complication of disease during influenza pandemics (Abrahams 292 
et al., 1919; Spooner, 1919; Brundage, 2006; Palacios et al., 2009). It is a Gram-negative 293 
fastidious coccobacillus. Typeable strains have a polysaccharide capsule and are categorised 294 
into 6 serotypes (A-F). H. influenzae serotype B was a major cause of invasive disease (World 295 
Health Organisation; Murphy, 2003; Chin et al., 2005; Brouwer et al., 2010) although 296 
widespread implementation of the Hib vaccine has significantly reduced the burden of disease 297 
(Rosenstein and Perkins, 2000). Those H. influenzae that lack a capsule, denoted non-typeable 298 
H. influenzae (NTHi), remain a significant cause of bacterial meningitis, otitis media and 299 
exacerbations of chronic lung disease such as COPD worldwide (Langereis and de Jonge, 300 
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2015).  301 
 302 
Various studies have shown the impact when H. influenzae co/secondarily infects with 303 
influenza, and some suggest a level of synergism. The effect of influenza and H. influenzae co-304 
infection verses individual infection of both pathogens is tellingly different; Shope found that 305 
co-infection resulted in severe disease or death when on their own H. influenzae and influenza 306 
only caused mild infection or disease (Shope, 1931). More recently, Lee et al. (2010) undertook 307 
a similar study which provided comparable results and evidence that influenza and H. 308 
influenzae co-infection produces more epithelial cell destruction than single infection with 309 
either pathogen (Lee et al., 2010b). Furthermore, they found individual infection caused mild 310 
bronchiolitis within 4 days of initial infection, from which the host lung was able to recover. 311 
Conversely, co-infection caused bronchial necrosis, bronchial inflammation and bronchitis 312 
within the same time period or less, and led to further complication such as epithelial erosion 313 
(Lee et al., 2010b). It is now commonly accepted that co-infection results in more severe 314 
morbidity and poorer clinical outcome than infection of influenza or H. influenzae alone.   315 
 316 
Further support of the impact of co-infection comes from Michaels et al. (1977), who dosed 317 
two groups of rats intranasally with H. influenzae with the intention of giving them meningitis. 318 
One group of rats were naive and the other had previously been dosed with influenza. In both 319 
groups ~50% of the rats acquired meningitis, however the naïve rats required a 100-fold larger 320 
dose of H. influenzae (Michaels et al., 1977).  321 
 322 
As is the case for many bacterial and viral co-infections, mortality from H. influenzae and 323 
influenza co-infection is highly dependent on the timing of the introduction of the secondary 324 
microbe as well as density of bacterial colonisation. Studies have shown that when influenza 325 
virus and H. influenzae are introduced at the same time there is no synergistic relationship. 326 
When H. influenzae is introduced 7 or more days after influenza there is again no synergistic 327 
relationship; however high lethality is exhibited when H. influenzae and influenza are 328 
introduced 3 or 4 days apart (Lee et al., 2010b). 329 
 330 
Staphylococcus aureus 331 
S. aureus is a Gram positive cocci that has been found to complicate influenza infection; 332 
increasingly so in more recent years/pandemics (Hers et al., 1958; Palacios et al., 2009). S. 333 
aureus is transiently carried in the nose of 30% of the population, whilst 20% of the population 334 
have persistent nasal colonisation (Wertheim et al., 2005). Like H. influenzae and S. 335 
pneumoniae, S. aureus is an opportunistic pathogen and a major cause of bacteraemia 336 
(Wertheim et al., 2005; Tong et al., 2015). It is also a common cause of pneumonia (Kollef et 337 
al., 2005); specifically necrotising pneumonia that is caused by community acquired 338 
Methicillin-resistant Staphylococcus aureus (MRSA) and has a 30% mortality rate (Murray et 339 
al., 2010). Necrotising pneumonia is highly associated with either the presence of Panton-340 
Valentine leukocidin (PVL) or prior/co influenza infection (DeLeo and Musser, 2010). MRSA 341 
is a particularly problematic pathogen and concern for public health as it can be hard to treat 342 
due to its multidrug-resistant properties (Wu et al., 2005; Eom et al., 2014; Fishovitz et al., 343 
2014). 344 
 345 
Influenza infection has been shown to increase the adherence of S. aureus  (as well as H. 346 
influenzae and S. pneumoniae) to host pharyngeal cells (Fainstein et al., 1980). In addition to 347 
this, mouse models have highlighted increased morbidity and mortality in mice that are pre-348 
infected with influenza before they are exposed to S. aureus versus those just exposed to S. 349 
aureus. Increased lung damage and bacterial density has also been shown (DeLeo and Musser, 350 
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2010; Lee et al., 2010c; Iverson et al., 2011). Lee et al. (2010) showed that mice infected with 351 
low doses of influenza, low doses of S. aureus and high doses of S. aureus were able to survive. 352 
Those infected with high doses of influenza died within 4-7 days; however all mice infected 353 
with a high dose of influenza and then a high dose S. aureus died within 2 days of bacterial 354 
exposure, showing how death can be accelerated by co-infection. When mice were infected 355 
with a low dose of influenza and then a high dose S. aureus they died at 7 days. The fact that 356 
the mice survived low influenza infection on its own, but could not survive co-infection with 357 
S. aureus shows the lethality of such co/secondary bacterial infection (Lee et al., 2010c). 358 
 359 
In an act of synergism, S. aureus infection may actually assist influenza infection by increasing 360 
the infectivity of influenza; when the virion is being moved into the host cell within an 361 
endosome the low pH in the endosome causes a conformational change to the HA (HA(0)) 362 
allowing it to be cleaved by host proteases into two subunits (HA(1) and HA(2)). This cleaving 363 
‘activates’ the HA, mediating fusion between the virus and endosome membrane, ready for the 364 
opening of the M2 ion channel so the vRNP (viral ribonucleoproteins) can be released into the 365 
host cell where the viral RNA is replicated and transcribed. Several strains of S. aureus produce 366 
proteases that cleaves influenza HA; the more protease that is available, the more HA can be 367 
cleaved meaning more vRNP can get into host cells meaning overall more progeny virions 368 
(Tashiro et al., 1987; Steinhauer, 1999; Samji, 2009). This aspect contributes to the increased 369 
severity of disease caused by co-infection verses individual influenza infection. And although 370 
not all strains of S. aureus produce proteases that cleave influenza HA, the proteases they do 371 
produce indirectly enhance morbidity by causing host inflammatory responses which result in 372 
the production of host enzymes that are capable of cleaving HA (Tashiro et al., 1987). 373 
 374 

Historical evidence of co/secondary bacterial infection during major influenza 375 
pandemics 376 

 377 
1918 Spanish influenza pandemic  378 
The 1918 influenza pandemic was a result of influenza strain A (H1N1). It is considered the 379 
most devastating influenza pandemic ever recorded, infecting 50% of the world’s population 380 
and resulting in approximately 40-50 million deaths worldwide. India alone suffered 7 million 381 
deaths (Potter, 2001; Hilleman, 2002; Brundage, 2006; Michaelis et al., 2009). The main 382 
groups of individuals affected by this pandemic were those aged 20-40 years old, in addition 383 
to infants and those over 65.  Ordinarily only young children and the elderly are the age groups 384 
most at risk from influenza, showing how distinctive pandemic strains can be (Potter, 2001). It 385 
is suggested that war time efforts meant that influenza easily spread through military camps, 386 
allowing the 20-40 year old age range to be more at risk than usual. 387 
 388 
There are many published examples of co/secondary bacterial infections during the 1918 389 
influenza pandemic, and pneumonia as a consequence of bacterial infection is estimated to 390 
have occurred in up to 95% of deaths during this pandemic (Morens et al., 2008). A majority 391 
of those deaths due to secondary S. pneumoniae infection (Brundage and Shanks, 2008; Morens 392 
et al., 2008). Many of the examples that detail co/secondary bacterial infection come from 393 
outbreaks within army camps. Within a one-month period in 1918 at the military Camp Devens, 394 
a quarter of all troops were diagnosed with influenza. Of those infected, 17% developed 395 
pneumonia, of which 35% of cases were fatal. Out of 37 autopsies performed, 43% were 396 
positive for pure growth of H. influenzae in at least one lobe of the lung. Blood culture revealed 397 
65% had S. pneumoniae, 2.5% had H. influenzae and 1.3% had S. aureus (Spooner, 1919; 398 
Brundage, 2006). This pattern of invasive bacterial co/secondary infection has also been 399 
documented for several other camps during the same year, including Camp Logan. Here 2,487 400 
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influenza-associated hospitalisations were recorded, 17% acquired pneumonia with 4% of 401 
these cases being fatal. Post mortems found S. pneumoniae in the lungs of 44% and heart blood 402 
of 33% (Hall et al., 1918; Brundage, 2006). At Camp Jackson, 17% of influenza cases 403 
progressed to pneumonia with a further 31% of pneumonia cases proving fatal. Autopsies 404 
found S. pneumoniae to be the bacterial co-infection most associated with pneumonia, however 405 
155 of 312 lung cultures were positive for S. aureus (Michael and Jr, 1942; Brundage, 2006). 406 
At Camp Custer, 21% of influenza cases progressed to pneumonia, of which 28% died. Sputum 407 
cultures proved the presence of S. pneumoniae in 26% of cases. Further investigation found 408 
28% of lung and blood cultures were positive for S. pneumoniae, again acting as supporting 409 
evidence of the invasive potential of such co-infections (Blanton and Irons, 1918; Brundage, 410 
2006). Camp Fremont experienced 2418 hospitalisations, 17% had pneumonia of which 36% 411 
were fatal. Nasopharyngeal and sputum samples from 158 pneumonia cases found S. 412 
pneumoniae in 41% of cases, H. influenzae in 38% and other Streptococcus spp. in 29% (Brem 413 
et al., 1918).  414 
 415 
Further lung tissue from fatalities of this pandemic were re-examined in 1919; S. pyogenes 416 
longus was found in 36% of cases, S. pneumoniae in 29% of cases and H. influenzae in 25% 417 
(Abrahams et al., 1919; Brundage, 2006). Additional post-mortems of lung tissue suggest that 418 
at least 90% of samples showed evidence of bacterial infection (Oxford et al., 2002; Morens et 419 
al., 2008; Chien et al., 2009). Overall 95% of deaths were due to co/secondary bacterial 420 
pneumonia (Opie EL, 1921; Morens et al., 2008). 421 
 422 
Co-infection had also been reported as an issue prior to the official start of the pandemic. 423 
Influenza with secondary bacterial infection of S. pneumoniae (and other Streptococcus sp.), 424 
H. influenzae and/or Staphylococcus sp. was associated with major outbreaks of purulent 425 
bronchitis in 1916 and 1917 (Brundage, 2006; Joseph et al., 2013). Indeed in 1916-1917 426 
British, Australian, Canadian and American armed forces in England and France experienced 427 
an epidemic of purulent bronchitis. Out of 20 tested sputum specimens from a British army 428 
camp based in north France, 90% presented with H. influenzae, 65% presented with S. 429 
pneumoniae, 25% with other Streptococcus spp. and 15% with Staphylococcus spp. Out of the 430 
specimens positive for H. influenzae, many exhibited simultaneous H. influenzae and S. 431 
pneumoniae co-infection; with H. influenzae identified as the primary bacterial infector. S. 432 
pneumoniae infection first presented with low virulence however pathogenesis soon worsened, 433 
it has been suggested, as result of the symbiotic growth with H. influenzae (Brundage, 2006; 434 
Dennis Shanks et al., 2012).  Of course it is known that there is a positive association between 435 
the colonisation of H. influenzae and S. pneumoniae, and colonisation is a prerequisite for 436 
disease, so the presence of such co-infection fits with current knowledge (Jacoby et al., 2007; 437 
Abdullahi et al., 2008). 438 
 439 
1957 Asian influenza pandemic  440 
This pandemic affected 40-50% of people worldwide. The cause was influenza strain A 441 
(H2N2) (Potter, 2001). Although global death toll estimates vary (between 1.5 million 442 
(Gatherer, 2009) and 2-4 million (Michaelis et al., 2009)), the death toll in the USA is 443 
accurately reported to have been 69, 800 (Klimov et al., 1999; Hilleman, 2002). Post-mortem 444 
cultures show evidence of bacterial infection in up to 80% of all severe and fatal cases (Hers 445 
et al., 1958; Morens et al., 2008; Gill et al., 2010). 446 
 447 
During this pandemic the USA, and many other countries, experienced an increase in 448 
hospitalisation rates. A majority were due to pneumonia, predominantly caused by S. 449 
pneumoniae, H. influenzae and S. aureus infection (Petersdorf et al., 1959). There are similar 450 
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documented reports from the Netherlands; of the 148 deaths presumed to be from the Asian 451 
pandemic influenza strain that were examined fully, 75% presented with bacterial pneumonia 452 
of which 15% were positive for S. pneumoniae and 59% were positive for S. aureus (Hers et 453 
al., 1958).  454 
 455 
Robertson et al. (1968) unveiled similar findings when investigating the hospitalisation of 140 456 
people suffering pneumonia at Sheffield City General Hospital in 1957. A majority showed 457 
evidence of influenza A infection; 27% of those had co/secondary infection of S. aureus (which 458 
had a 47% death rate), 15% S. pneumoniae and 4% H. influenzae, although this is likely to be 459 
an underestimation as many patients had already started taking antibiotics (Robertson et al., 460 
1958).  461 
 462 
1968-1969 Hong Kong influenza pandemic 463 
Worldwide 1-2 million people died during this pandemic which was caused by the influenza 464 
strain A(H3N2) (Michaelis et al., 2009). Although this is a lower death toll than engendered in 465 
previous pandemics, it is still an awfully high number of deaths. Overall 33,800 people died in 466 
the USA (Klimov et al., 1999) and the pandemic cost 3.9 billion dollars (Hilleman, 2002). In 467 
1969, England and Wales saw a 55% increase in respiratory deaths, of which co/secondary 468 
bacterial infection was shown to be a major contributor (Tillett et al., 1983).  469 
 470 
Staphylococcal pneumonia in particular was a major source of complication to influenza 471 
infection. A hospital in Atlanta suffered a threefold increase in cases of Staphylococcal 472 
pneumonia during this pandemic. Staphylococcal infection caused 26% of pneumonia cases 473 
during this period, and a high correlation was recognised between influenza infection and 474 
bacterial pneumonia (Schwarzmann et al., 1971). In addition, out of 79 cases of fatal influenza 475 
with pneumonia complications, 16% had bacterial co-infection with S. pneumoniae (6%), S. 476 
pyogenes (5%) and S. aureus (1%) being the main causes. More than one of these bacteria were 477 
present in 4% of cases (Schwarzmann et al., 1971; Metersky et al., 2012). 478 
 479 
Another health care facility in the USA, the Mayo Clinic in Minnesota, also found S. aureus to 480 
be a major cause of complication. Of 129 adults diagnosed with pandemic influenza, 481 
pneumonia was established in 16%, of which 40% of these cases (6% of all 129 influenza 482 
cases) were fatal. S. aureus or P. aeruginosa bacterial infection was present in 75% of all fatal 483 
cases, indicating bacterial co/secondary infection was a major determinant of severe disease 484 
and death (Lindsay et al., 1970).  485 
 486 
In previous pandemics S. pneumoniae has been proposed as the major contributor of mortality 487 
and morbidity, however during this 1968-1969 Hong Kong and the 1957 Asian influenza 488 
pandemic S. aureus clearly had a larger impact. This is possibly a reflection of increased 489 
antibiotic use and increased antibiotic resistance. 490 
 491 
2009 Swine influenza pandemic  492 
Within four weeks this outbreak of influenza A(H1N1) had spread to 41 countries resulting in 493 
11,034 confirmed cases and 85 deaths (Michaelis et al., 2009; Wang and Palese, 2009). By the 494 
end of the pandemic it is thought that there were 284,000 deaths worldwide, with Mexico and 495 
the USA being most severely affected (Chertow and Memoli, 2013). Unlike other pandemics 496 
and yearly epidemics, during this pandemic it was predominantly children and young adults 497 
that were affected, particularly those aged 12 to 22 (Gill et al., 2010). Influenza A (H1N1) 498 
strains have been circulating amongst the human population for many years therefore this prior 499 
exposure could have provided many adults with some degree of immunity against the 2009 500 
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pandemic strain, particularly older groups who were more likely exposed during previous 501 
pandemics. 502 
 503 
Surveillance by the New York City Department of Health and Mental Hygiene has shown that 504 
during the 2009 Swine Flu Pandemic almost 30% of the first 47 deaths showed invasive 505 
bacterial disease. S. pneumoniae was the most common causative agent identified (followed by 506 
S. pyogenes) (Lee et al., 2010a). In the UK, of the 457 fatalities 68 were autopsied.  Of these, 507 
41% were shown to have complications associated with secondary bacterial infection, most 508 
commonly (25% of cases) due to S. pneumoniae (Lucas, 2010).   509 
 510 
Further studies in the USA have reviewed 77 deaths during the period of May to August 2009 511 
and found bacterial co-infection in almost 30% of cases; 46% of which were with S. 512 
pneumoniae, 9% with S. aureus and 1% with H. influenzae (Centers for Disease Control and 513 
Prevention, 2009). Studies based in Argentina produced similar evidence for the presence of 514 
bacterial infection, showing this wasn’t just a localised trend. Palacios et al (2009) examined 515 
nasopharyngeal swab samples from almost 200 cases of pandemic influenza.  H. influenzae 516 
was found in 52%, S. pneumoniae was found in 31% and S. aureus in 18% of samples. 517 
Although not the most common bacteria found, S. pneumoniae was the most strongly 518 
associated with severe disease (Palacios et al., 2009). 519 
 520 
Additional research in paediatric intensive care units in the USA, investigated 838 critically ill 521 
children who were infected with pandemic influenza. Within 72 hours of admission to the 522 
intensive care unit 33% exhibited bacterial co-infection; in 26% of these cases S. aureus was 523 
identified as the cause (48% of which were MRSA), 5.5% were positive for S. pneumoniae and 524 
5% were positive for H. influenzae. Bacteraemia was observed in 5% of admissions, for which 525 
S. aureus was the main cause (Randolph et al., 2011). This study highlights how quickly 526 
co/secondary bacterial infection can become invasive particularly in at risk groups such as 527 
young children or the elderly. A point of concern is that almost half of the S. aureus were 528 
MRSA, and therefore inherently resistant to multiple antibiotics.  529 
 530 
In another study of vulnerable and critically ill children in a paediatric intensive care unit in 531 
the USA, 51% of those with influenza infection had bacterial co/secondary infection. Of these 532 
35% presented with S. aureus, 18% P. aeruginosa, 18% M. catarrhalis, 9% NTHI, 6% S. 533 
pneumoniae and 6% Group A Streptococcus. Those with S. aureus showed more severe 534 
morbidity and were more likely to develop disseminated intravascular coagulation which leads 535 
to a compromised blood flow within body tissue and therefore tissue damage (Nguyen et al., 536 
2012).  537 
 538 
In a retrospective study of 50 patients who were infected during pandemic influenza, 28% 539 
showed co/secondary bacterial infection (Dhanoa et al., 2011). Mycoplasma pneumoniae was 540 
found in 10%, making it the most common co/secondary infecting bacteria. This was followed 541 
by S. aureus found in 6%, K. pneumoniae and S. pneumoniae found in 4% and M. catarrhalis, 542 
P. aeruginosa, S. pyogenes and Streptococcus agalactiae found in 2% of these patients 543 
(Dhanoa et al., 2011). 544 
 545 
M. catarrhalis is a bacteria of increasing importance being now acknowledged as the third most 546 
common cause of otitis media (OM), after S. pneumoniae and H. influenzae (Bluestone, 1986; 547 
Faden et al., 1994; Kilpi et al., 2001; Dupont et al., 2010) and the second most common cause 548 
of exacerbations in COPD, accounting for up to 4 million exacerbations per year in the USA 549 
alone (Murphy et al., 2005).  M. catarrhalis is a cause of pneumonia (Berg and Bartley, 1987; 550 
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Hager et al., 1987; Marchant, 1990; Verduin et al., 2002) and invasive disease such as 551 
bacteraemia (Ioannidis et al., 1995) and meningitis (Newing and Christie, 1947), with 552 
bacteraemia being a common complication of pneumonia, particularly in adults (Collazos et 553 
al., 1992; Ioannidis et al., 1995). Although this review has focused on S. pneumoniae, H. 554 
influenzae and S. aureus, it has cited other bacteria seen as a source of co-infection during the 555 
various pandemics described. In early influenza pandemics such as the 1918 Spanish pandemic, 556 
M. catarrhalis rarely appears to be a noted cause of co-infection. However in the 2009 557 
pandemic it is seen in up to 18% of cases (Nguyen et al., 2012). We have therefore considered 558 
the importance of this. Data produced towards the end of the 1970’s and throughout the 1980’s 559 
demonstrated M. catarrhalis’ potential to cause disease, however before this M. catarrhalis 560 
was considered a non-pathogenic harmless commensal (McNeely et al., 1976; Johnson et al., 561 
1981; Onofrio et al., 1981; McLeod et al., 1983; Feder and Garibaldi, 1984; Hager et al., 1987; 562 
Catlin, 1990). Therefore there are two possibilities to consider; perhaps M. catarrhalis wasn’t 563 
present in early pandemics as a cause of co-infection and has become more of an issue in recent 564 
years; possibly as a result of vaccines i.e. Hib and PCV, reducing the disease burden of other 565 
bacteria such as S. pneumonia and H. influenzae. Alternatively, we must consider that as M. 566 
catarrhalis was not considered a pathogen it was therefore missed or not commented upon 567 
prior to the 1980’s. Retrospective studies may be able to address this. For example, autopsies 568 
from the 1918 pandemic were reviewed and it was found that S. pneumoniae was the most 569 
common co-infector, followed by S. haemolytic, S. aureus and H. influenzae. ‘Other bacteria’ 570 
were also highlighted within which M. catarrhalis was grouped (Morens et al., 2008). 571 
 572 
Another point of consideration are changes of methodology. Pre-1983 laboratories would only 573 
undertake bacterial culture, however in 2009 more sensitive methodology i.e. PCR were 574 
available and commonly used in laboratories worldwide. The use of sensitive methods such as 575 
PCR, may have increased the likelihood of M. catarrhalis being detected, and as a known 576 
respiratory pathogen it would have been tested for, where as previously it may not have been. 577 
Alternatively maybe PCR detects bacteria that may have been out grown/not shown on a 578 
culture plate?  579 
 580 
In contrast to S. pneumoniae and H. influenzae little research has been undertaken looking at 581 
influenza and M. catarrhalis co-infection and the dynamics and mechanisms of such infection. 582 
This is therefore an area worthy of future research. M. catarrhalis has been highlighted as a 583 
frequent source of co-infection for influenza since the early 1980’s (Klein et al., 2016). In the 584 
setting of a pandemic it may therefore have a major public health impact. 585 
 586 

Factors affecting the severity of bacterial co/secondary infection 587 
 588 
As discussed above, co/secondary bacterial infection can result in a deterioration of clinical 589 
condition with more severe disease. The severity of co/secondary infection depends on multiple 590 
factors such as the strain of virus and serotype/strain of bacteria, the lag between viral infection 591 
and bacterial exposure and density of bacterial colonisation (Lee et al., 2010b; McCullers et 592 
al., 2010; Smith and McCullers, 2014).  593 
 594 
Virally enhanced colonisation and attachment of bacteria 595 
It has become clear that influenza, as well as other upper respiratory tract viral infections, leads 596 
not only to a greater risk of infection from bacterial pathobionts but also an increased likelihood 597 
that an individual may become colonised with bacteria such as S. pneumoniae, H. influenzae 598 
and S. aureus (Hament et al., 1999; Hilleman, 2002). Plotkowski et al. (1986) found enhanced 599 
colonisation and adherence of S. pneumoniae to the tracheal cells of mice when they were 600 
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infected with influenza (Plotkowski et al., 1986). Other studies have intranasally inoculated 601 
ferrets with influenza, finding prior viral infection increases colonisation and adherence of S. 602 
aureus (Sanford and Ramsay, 1987). Furthermore, poor disease outcome has been linked to 603 
lost lung repair function and loss of basal epithelial cells, including alveolar epithelial cells; 604 
which is associated with increased bacterial attachment and apoptosis (Kash et al., 2011). 605 
Wadowsky et al. (1995) conducted a study in which adult subjects were inoculated with 606 
influenza and then screened for bacterial colonisation. After 6 days 15% of the subjects were 607 
heavily colonised by S. pneumoniae (Wadowsky et al., 1995).  Additionally, the effect of viral 608 
prevention methods further supports the idea of viruses predisposing a host to secondary 609 
bacterial infection (Peltola and McCullers, 2004; Lee et al., 2008). Studies have shown that 610 
influenza vaccination can reduce the occurrence of bacterial pneumonia. (Fedson et al., 1993; 611 
Nichol et al., 1998).  612 
 613 
Viral factors implicated in severity of infection 614 
Research shows that influenza A is the type most commonly associated with co/secondary 615 
bacterial infection and subtypes with NA2 traditionally result in more severe infection (Peltola 616 
et al., 2005). Although reported less, influenza B has also been associated with severe bacterial 617 
co/secondary infection (Finelli et al., 2008; Aebi et al., 2010). Various factors are known to 618 
impact the severity of viral infection, which in turn increases the likelihood of bacterial 619 
co/secondary infections; these include the type of HA and NA surface antigen. As mentioned 620 
previously, HA mediates virion binding to the host cell via sialic acid receptors. Binding is 621 
followed by endocytosis and the movement of the virion into the host cell within an endosome 622 
(Samji, 2009). HA binds to sialylated glycans found on the surface of human epithelial cells; 623 
traditionally seasonal influenza A virus binds to α2-6 sialylated glycans on cells in the upper 624 
respiratory tract whereas the highly pathogenic avian H5N1 strain binds to α2-3 sialylated 625 
glycans on type 2 pneumocytes lining lung alveoli (Shinya et al., 2006). Clearly the type of HA 626 
impacts on the site and development of infection. The low pH in the endosome causes a 627 
conformational change to the HA allowing it to be cleaved, an important step in penetrating 628 
into the host cell. Therefore HA and the availability of appropriate host proteases are 629 
determinants of infectivity (Steinhauer, 1999; Samji, 2009). Interestingly non-pathogenic and 630 
mammalian influenza HA undergoes cleavage outside of the host cell where as highly 631 
pathogenic strains are cleaved inside host cells (Steinhauer, 1999). Another example of how 632 
the type of HA can make a difference to infection, and therefore the impact of an epi- or 633 
pandemic, is that traditionally trypsin-like protease cleaves influenza HA; however some HA 634 
types (i.e. types 5 and 7) have the ability to acquire insertional mutations at the cleavage site 635 
which changes their recognition site in such a way that specificity is broadened so more 636 
proteases are recognised (Kash and Taubenberger, 2015).  637 
 638 
NA enables the release of newly formed progeny virions; by hydrolysing the sialic acid and 639 
detaching it from the HA the virion becomes liberated from the host cell (Zambon, 2001). To 640 
be truly effective the NA must be complementary and share the same receptor specificity as 641 
HA, so if the viral HA binds to α2-3 sialic acid then the NA should hydrolyse α2-3 sialic acid 642 
(Baum and Paulson, 1991).  643 
 644 
The production of viral toxins that impact host cell integrity is another important factor in the 645 
development of co/secondary bacterial infection. Influenza A virus can produce a viral 646 
cytotoxin PB1-F2 (Conenello and Palese, 2007; Iverson et al., 2011) which plays a role in 647 
increasing inflammation and therefore host cell damage and bacterial adherence, increasing 648 
mortality and morbidity (Lee et al., 2016). It also helps reduce bacterial clearance, increasing 649 
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the occurrence and severity of co/secondary bacterial infection, by causing cell death in host 650 
monocytes (Conenello and Palese, 2007; Iverson et al., 2011).  651 
 652 
Molecular co-pathogenesis 653 
Following bacterial colonisation, disease develops due to specific characteristics of viral 654 
infection that facilitate bacterial adhesion and penetration (Selinger et al., 1981). Influenza 655 
produces NA, which increases adhesion of some bacterial species by removing sialic acid to 656 
expose host cell receptors (McCullers and Bartmess, 2003; Peltola and McCullers, 2004). 657 
Alternatively some bacteria, i.e. group B Streptococci, contain sialic acid which allows for 658 
direct binding to the viral HA expressed by influenza infected host cells (Okamoto et al., 2003; 659 
Peltola and McCullers, 2004). Damaged host cells, whether damaged directly by the virus or 660 
by inflammation and immune cell responses, provide additional adhesion sites allowing for 661 
increased bacterial adhesion. For example the exposure of apical receptors like integrins permit 662 
the adhesion of bacteria such as S. aureus and P. aeruginosa (Sanford et al., 1978; Davison 663 
and Sanford, 1981; Bucior et al., 2012; Smith and McCullers, 2014). In response to viral 664 
infection, host inflammatory responses may cause an up-regulation in the expression of host 665 
receptor molecules and other molecules that bacteria can use as a receptors (Hakansson et al., 666 
1994; Peltola and McCullers, 2004). For example Cundell et al. (1995) showed an increased 667 
presentation of G-protein-coupled platelet-activating factor (PAF) receptor, which certain 668 
bacteria, i.e. S. pneumoniae, can utilise for cell attachment and colonisation in endothelial cells 669 
(Cundell et al., 1995; van der Sluijs et al., 2010). In contrast it has been suggested that the PAF 670 
receptor does not affect initial bacterial adherence and colonisation but is more involved with 671 
assisting bacterial transition/spread into the blood and thus the development of invasive disease 672 
(McCullers et al., 2008) 673 
 674 
Influenza infection appears to prime the host airways for bacterial infection, whilst modifying 675 
and impairing immune responses in a number of ways (Joseph et al., 2013). Viral induced 676 
immunosuppression can allow for a bacterial super infection, as host immune responses can be 677 
suppressed when immunologic cells are impaired during influenza infection and immune cell 678 
dysfunction can reduce the host’s ability to fight bacteria (Peltola and McCullers, 2004; 679 
Brundage, 2006; Wu et al., 2011). Many studies involving animal models have shown that 680 
influenza infection increases and prolongs bacterial growth, due to reduced macrophage 681 
accumulation and decreased bacterial clearance due to reduced phagocytic activity 682 
(Kleinerman et al., 1976; Wyde et al., 1989; Sun and Metzger, 2008). Additionally it has 683 
recently been shown that S. pneumoniae and influenza co-infection results in a reduction in the 684 
number of local alveolar macrophages, this due to increased death of these macrophages by 685 
apoptosis and necrosis (Sharma-Chawla et al., 2016). This reduction is likely to hinder bacterial 686 
clearance, hence the increased bacterial load found during co-infection during this study, and 687 
results in prolonged inflammatory response increasing morbidity. Even after influenza is 688 
cleared, S. pneumoniae bacterial clearance is affected. This study has highlighted some 689 
serotype dependent differences, suggesting different treatment programmes would be 690 
beneficial for different serotypes. Evidence that it is worth further looking into co-infection of 691 
influenza with different serotypes of S. pneumoniae and other bacteria of interest (Sharma-692 
Chawla et al., 2016). Impaired neutrophils have been shown to correlate with secondary 693 
bacterial infection in Chinchillas, due to the importance of phagocytosis during innate 694 
immunity (Abramson et al., 1981). Influenza infection is known to result in the production of 695 
IFN; pulmonary IFNγ pro-inflammatory cytokines are produced by natural killer (NK) cells as 696 
part of innate immunity and by CD4 and CD8 NK T cells as part of adaptive immunity 697 
(Schoenborn and Wilson, 2007). They increase macrophage activation during innate immunity 698 
(Scott et al., 2004) however during T cell responses to viral infection they have been shown to 699 
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inhibit bacterial clearance from the respiratory system by macrophages. It is thought that as 700 
they assist in the induction of specific anti-influenza adaptive immunity they down regulate 701 
innate immunity. The resulting suppression of phagocytosis paves the way for successful 702 
bacterial infection (Sun and Metzger, 2008). Additionally, Type I IFNs inhibit interleukin 23 703 
(IL-23) dependent induction of T helper cell 17 (Th17) immunity, and therefore there is a 704 
reduction in the levels of CD4+ T cells and gamma delta T cells and hence a reduction in the 705 
production of IL-17 and IL-22, preventing the clearance of bacteria (Shahangian et al., 2009; 706 
Kudva et al., 2011; Mulcahy and McLoughlin, 2016). Robinson et al. (2013) have also shown 707 
that influenza A infection significantly decreased IL-1β production; IL-1β has been shown to 708 
play a role in Th17 polarisation, therefore further hindering this pathway of immunity 709 
(Robinson et al., 2013). During co/secondary S. pneumoniae infection, type I IFNs have been 710 
shown to inhibit the production of specific chemokines (KC/CXCL1 and Mip2/CXCL2) 711 
resulting in an attenuated neutrophil response (Shahangian et al., 2009). Viral and bacterial co-712 
infection of monocyte derived macrophages synergistically induces a pro-inflammatory 713 
response related to the type-I IFN and JAK-STAT signaling pathways (Hoffmann et al., 2016). 714 
Inflammation causes tissue damage, revealing more attachment sites for increased/developed 715 
bacterial infection. Co-infection also results in a synergistic increase in type II IFN (IFNγ) 716 
when compared to individual infection of influenza or S. pneumoniae, CXCL10 (aka IFNγ-717 
induced protein 10/IP-10) is secreted in response. IP-10 attracts various immune cells including 718 
activated T cells, monocytes and macrophages, therefore causing inflammation (Dufour et al., 719 
2002; Hoffmann et al., 2016). Patients suffering severe pneumonia show significantly higher 720 
levels of IP-10 than those with minor cases of pneumonia. IP-10 is increased during H. 721 
influenzae and S. aureus co-infection as well, and like with S. pneumoniae, correlates 722 
with/highlights pneumonia etiology (Hoffmann et al., 2016). In addition, when S. pneumoniae 723 
successively co-infects with influenza it leads to severe clinical complications; partly due to an 724 
increase in apoptosis of dendritic cells, which therefore reduces T cell priming impairing the 725 
development of adaptive immunity. Influenza and S. pneumoniae infections can also lead to 726 
synergistic and non-synergistic dysregulation of cytokine responses (Wu et al., 2011).   727 
 728 
As previously described influenza infection results in a reduction in the production of IL-17 729 
and 22. IL-17 is important in the clearance of S. aureus by neutrophils (Archer et al., 2013). 730 
IL-22 in involved in controlling the production of antimicrobial peptides as well as 731 
staphylococcal ligand expression (Robinson et al., 2014; Mulcahy et al., 2016). In addition to 732 
this, influenza positively affects the colonisation of S. aureus by causing increased type III- 733 
IFN expression, which alters the IL-22 responses impairing host expression of antimicrobial 734 
peptides (Mulcahy and McLoughlin, 2016). Distress signals, such as ATP and norepinephrine, 735 
produced by damaged influenza also have several effects on S. aureus; namely the instigation 736 
of biofilm dispersal which helps the spread of S. aureus into the lungs, assisting in the 737 
development of pneumonia and invasive disease (Mulcahy and McLoughlin, 2016).  738 
 739 
Of course viral infection doesn’t just benefit bacteria; several mechanisms of synergism 740 
between viruses and bacteria have been suggested. A number of studies have documented an 741 
increase in viral load as viral clearance is reduced during bacterial co-infection. It is however 742 
unclear whether this is from bacterial and viral cooperation/interactions or simply from bacteria 743 
burdening the host immune system resulting in the reduction of viral eradication. Therefore 744 
further research is required to develop our understanding of the interaction between bacteria 745 
and viruses within co-infection (Peltola and McCullers, 2004; Iverson et al., 2011; Smith and 746 
McCullers, 2014).  747 
 748 

Conclusion 749 
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 750 
Viral infection aids bacterial infection in a number of ways, including unveiling/providing 751 
more sites for adhesion, impairing immune responses and causing cell and tissue destruction 752 
allowing for the spread of bacteria and development of invasive infection. Bacterial infection 753 
is then able to worsen clinical outcome and the severity of disease. Of course viral and bacterial 754 
co-infection can be mutually beneficial, further helping viral infection, which is bad news for 755 
public health. Although antibiotics can help reduce the impact of co/secondary bacterial 756 
infection, we still need to better understand the interactions between viruses, bacteria and their 757 
host, and to fully understand all mechanisms of disease. Particularly in light of increased 758 
antibiotic resistance and the ability of microbes to adapt and evade vaccine induced immunity. 759 
 760 
The aim of this review was to emphasise the historical and continuing threat of influenza and 761 
to highlight the risk of bacterial co/secondary infection. Vaccines and antibiotics are readily 762 
available, however with antibiotic resistance at an all-time high, vaccination is becoming even 763 
more vital in the fight against influenza epidemics and pandemics and the bacterial 764 
co/secondary infections commonly associated. It is important to examine the strains and types 765 
of bacteria and viruses being spread amongst and transmitted throughout the general public (or 766 
continue to in the case of influenza) to inform clinical treatment and development, particularly 767 
in the setting of an influenza epidemic or pandemic. As the threat from influenza is ever 768 
changing, we need to ensure we know what strains are circulating, which could cause issue and 769 
how they interact with other potential pathogens.  This preparation also entails monitoring the 770 
changing epidemiology of bacterial pathogens associated with secondary infection, such as 771 
capsule switching which help S. pneumoniae evade immunity (Pai et al., 2005a; Pai et al., 772 
2005b).  773 
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Table 1: Details of significant influenza pandemics since the late 1800’s. 

Name of 
Pandemic Year Strain Disease Burden Additional Information 

Russian 
influenza 
pandemic 

1889 A(H2N2)  
132,000 deaths in England, 

Wales and Ireland alone 
(Smith, 1995) 

The 1889 ‘Russian Flu’ as the name suggests started in Russia and spread 
across Europe reaching North America in 1890. In only four months the 

infection had spread across all of Europe and the USA. The UK encountered 
four waves of disease and it is thought that at least one third of the adult 
population in England and Ireland suffered at least one bout of disease 

(Smith, 1995; Valleron et al., 2010). 

Spanish 
influenza 
pandemic 

1918 A(H1N1)  
 

Caused 40-50 million deaths 
worldwide. India alone 

suffered 7 million deaths 
(Potter, 2001; Hilleman, 
2002; Brundage, 2006; 
Michaelis et al., 2009) 

Considered the most devastating influenza pandemic ever recorded, infecting 
50% of the world’s population. The origin of this pandemic is unclear as it 

appeared in North America, Asia and Europe at roughly the same time 
(Taubenberger et al., 2001; Hilleman, 2002). Reports of disease and mortality 
were initially supressed in many countries, included the UK, France and the 
USA, to ensure wartime efforts and morale weren’t negatively affected. In 
Spain the press were able to print freely, meaning the first publicised cases 

were reported from Spain facilitating the nickname ‘the Spanish flu’ 
(Johnson, 2016; Peckham, 2016). In contrast to its name, it has been 

suggested that the pandemic started in France/mainland Europe and that it 
reached Spain from France (Reid et al., 2001; Trilla et al., 2008) although 

more recent papers suggest New York as the origin due to evidence of a pre-
pandemic wave of the H1N1 virus (Olson et al., 2005). What is remarkable is 

how far the pandemic spread; the pandemic reached as far as the Alaskan 
wilderness to remote Pacific islands (Burnet, 1942; Taubenberger et al., 

2001). 
 

The pandemic experienced a couple of waves; the first of which was 
relatively mild. The second wave however was far more lethal (Hilleman, 

2002). The first outbreaks were reported in military camps as males 
responded to the call for troops in the spring and summer of 1918. A period 
of dormancy was then recorded towards the end of summer in America, but 
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this was short lived as transmission picked up as schools reopened in 
September after the summer holidays (Glezen, 1996). 

Asian 
influenza 
pandemic 

 

1957-
1958 

A(H2N2)  
 

Although global death toll 
estimates vary (between 1.5 
million (Gatherer, 2009) and 
2-4 million (Michaelis et al., 
2009)), the death toll in the 

USA is accurately reported to 
have been 69, 800 (Klimov et 

al., 1999; Hilleman, 2002). 

The pandemic affected 40-50% of people worldwide (Potter, 2001), however 
resulted in lot less mortality than the previous pandemic. This Asian influenza 

pandemic started in March 1957 in Southern China, where pigs, ducks and 
humans live together closely. It reached Hong Kong in April, and then spread 

to Singapore, Taiwan and Japan (Fukumi, 1959; Potter, 2001; Hilleman, 
2002). The pandemic reached India, Australia and Indonesia by May, 

Pakistan, Europe, North America and the Middle East by June, South Africa, 
South America, New Zealand and the Pacific Islands by July, and Central, 
West and East Africa, Eastern Europe and the Caribbean by August (Dunn, 

1958; Payne, 1958; Potter, 2001). 

Hong 
Kong 

influenza 
pandemic 

 

1968-
1969 

A(H3N2) 
 

1-2 million people died 
worldwide (Michaelis et al., 
2009). Overall 33,800 people 
died in the USA (Klimov et 
al., 1999) and England and 

Wales saw a 55% increase in 
respiratory deaths in 1969 

(Tillett et al., 1983).  

The 1968 Hong Kong pandemic started in July 1968 in Hong Kong and 
spread to the Southern hemisphere by June 1969 (Biggerstaff et al., 2014). 

The H3N2 virus was isolated and identified too late in the pandemic for 
vaccine intervention (Nakajima et al., 1978; Hilleman, 2002) so it was 

fortunate that in most countries, apart from the USA, the disease was mild 
(Cockburn et al., 1969).  There are several proposed reasons for the reduced 
mortality of this compared to the Asian Flu. Firstly the N2 was seen in the 
Asian Flu so may have contributed some cross-reactive immunity to this 
H3N2 strain (Glezen, 1996).  Although antibodies to NA do not prevent 

infection, they help to reduce the amount of newly formed virus released from 
infected cells (Couch et al., 1974; Glezen, 1996). Secondly, during the initial 
wave of this pandemic, the number of cases started to grow exponentially in 

December, at this point the school Christmas holidays began; it has been 
speculated that this removed an important susceptible population (Glezen, 

1996). 
Russian 

Flu 
influenza 
pandemic 

 

1977-
1978 

A(H1N1) 
 

Approximately 700,000 
deaths globally (Michaelis et 

al., 2009) 

This pandemic was caused by a reappearance of H1N1, identical to that of the 
Spanish flu virus (Michaelis et al., 2009). 
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The disease mainly affected those born after the late 1950’s, so those who had 
not been exposed to the pandemic H1N1 strain that had circulated previously 

(Hilleman, 2002). 

Swine 
influenza 
pandemic 

 

2009 A(H1N1) 
 

By the end of the pandemic it 
is thought that there were 
284,000 deaths worldwide 

(Chertow and Memoli, 2013). 

In early 2009, an influenza A H1N1 virus outbreak was initially identified in 
Mexico and then the USA (Michaelis et al., 2009). In June 2009 the WHO 

declared the outbreak a pandemic. Within four weeks the outbreak had spread 
to 41 countries, resulting in 11,034 confirmed cases and 85 deaths (Michaelis 
et al., 2009; Wang and Palese, 2009). Disease/symptoms were generally mild 

(Peiris et al., 2009) however complications of the disease did result in 
hospitalisation, particularly in at risk groups (Wang and Palese, 2009). Unlike 

other pandemics and yearly epidemics, during this pandemic it was 
predominantly children and young adults that were affected, particularly 

those aged 12 to 22 (Gill et al., 2010). Overall this pandemic was relatively 
mild. It is thought that morbidity and mortality rates were reduced due to 
three main factors. Firstly, the quick responses of various governments in 

terms of school closures helped reduce the spread of the virus. Thousands of 
schools were shut worldwide, including the US and Mexico. Japan alone 

closed almost 2000 schools (Wang and Palese, 2009; Jackson et al., 2014). 
Secondly, influenza A H1N1 strains have been circulating amongst the 

human population for decades, therefore prior exposure could have provided 
some degree of immunity against the 2009 pandemic strain. Lastly an 

important pathogenicity factor, PB1-F2, was not present making the strain 
milder than those present in previous pandemics (Wang and Palese, 2009). 

 

34 
 


