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Abstract: Pneumonia is one of the leading causes of severe and occasionally life-threatening 

infections. The physiopathology of pneumonia has been extensively studied, providing informa-

tion for the development of new treatments for this condition. In addition to in vitro research, 

animal models have been largely used in the field of pneumonia. Several models have been 

described and have provided a better understanding of pneumonia under different settings and 

with various pathogens. However, the concept of one pathogen leading to one infection has 

been challenged, and recent flu epidemics suggest that some pathogens exhibit highly virulent 

potential. Although “two hits” animal models have been used to study infectious diseases, few of 

these models have been described in pneumonia. Therefore the aims of this review were to pro-

vide an overview of the available literature in this field, to describe well-studied and uncommon 

pathogen associations, and to summarize the major insights obtained from this information.
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Introduction
Pneumonia is responsible for frequent hospitalizations and remains one of the leading 

causes of mortality from infectious diseases worldwide,1 with a 20%–30% mortality 

rate.2,3 The emergence of antibiotic resistance among the pathogens responsible for 

nosocomial and community-acquired pneumonia presents a challenge to delivering 

adequate treatment.4 In recent years, new antibiotics have been developed; however, 

the emergence of multidrug-resistant strains persists.5 Extensive research is neces-

sary to obtain a better understanding of the mechanisms underlying the emergence 

of resistant strains and decipher host-pathogen and pathogen–pathogen interactions, 

particularly when polymicrobial invasion is concerned.

The physiopathology of pneumonia is more complex than expected when consid-

ering microbial pathogenicity in respiratory airways. The common idea of a single 

pathogen being responsible for the development of the observed pneumonia is likely 

misleading. In some cases, multiple microorganisms share the responsibility for the 

disease, whereas in other cases, the infection is the direct reflection of a first pathogen, 

favoring the subsequent multiplication of another microorganism. This concept, so-

called “super-infection”, was proposed 30 years ago to explain “chronic” viral infec-

tions, such as HIV infections.6 More recently, super-infection has also been described 

for acute pneumonia, with viruses or fungi as the primary causative agent, followed by 

a bacterial superinfection.7 The primary example of superinfection concerns Staphy-

lococcus aureus or Streptococcus pneumoniae pneumonia occurring after influenza 

virus infection.8–10 More importantly, Herpesviridae could favor the development of 

bacterial pneumonia.11–13 Recent studies using molecular biology have confirmed 

previous pathological findings of frequent polymicrobial pneumonia, particularly in 

ventilator-associated pneumonia (VAP).14 However, many questions remain: how do 

multiple pathogens interact? How are host-pathogen responses balanced? What is the 
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precise pathogen-specific pathogenicity, and how should this 

condition be treated?

Animal models have been extensively used in the field 

of pneumonia research and have often provided insight into 

the pathophysiology of this infection. Several models of 

acute or chronic pneumonia due to a single-pathogen spe-

cies have been described,15 but there are few descriptions of 

polymicrobial pneumonia models.

The aims of this review are to present the main animal 

models of polymicrobial pneumonia developed thus far, to 

assess the mechanisms or treatments of pneumonia com-

monly observed in humans, and to discuss some other 

research perspectives.

Polymicrobial pneumonia models: 
technical aspects
ethical considerations regarding animal 
experimentation
Before all, one must remind that all experimental stud-

ies conducted on animals must have beforehand been 

evaluated and approved by ethic committees which have 

expressed similar guidelines in Europe and the USA. These 

institutions are the warrant that the wellbeing of animals 

is respected throughout the experiments. In the European 

Union, the legislation concerning animal studies has been 

recently reformed to reinforce the controls. Ethic commit-

tees are consisting of scientists, physicians and veterinaries, 

experts in the field of animal studies but also non-scientist 

members such as sociologists and philosophers. Associa-

tions for the protection of animals are also associated to 

the reflection on the respect of animals in experimental 

procedures. The European legislation has highlighted the 

importance of some concepts such as the justification of 

the use of animals and the number of animals concerned, 

the particular protection of some species (especially pri-

mates), the conditions of transport, the improvement of the 

accommodation conditions, the measures to avoid pain and 

anxiety. The competences required for the experimenters 

have been specified and the control of the institutions in 

which experiments are conducted reinforced. The “three 

Rs” concept summarizes the key points of the European 

and US legislation about animal protection during animal 

experimentations. “Replacement” refers to methods that 

avoid using animals. “Refinement” refers to modifications 

of husbandry or experimental pro cedures to enhance animal 

wellbeing and minimize or eliminate pain and distress. 

“Reduction” involves strategies for obtaining comparable 

levels of infor mation from the use of fewer animals or for 

maximizing the information obtained from a given number 

of animals (without increasing pain or dis tress) so that in 

the long run fewer animals are needed to acquire the same 

scientific information.

The selection of an appropriate animal 
species
In pneumonia models, mammalians are most often used 

because of the anatomical and physiological proximity of 

these animals with humans. As non-mammalian species, 

such as birds, are typically studied for veterinary or zoonotic 

purposes, these models will not be further discussed herein. 

Larger mammalian species, such as rabbits, dogs, pigs, 

baboons, etc, are typically preferred when extensive physio-

logical cardiovascular monitoring and hemodynamic support 

are assessed (Figure 1). Specifically, non-human primates 

are the only animal species able to evaluate primate-specific 

infectious agents, such as HIV. Because of the feasibility of 

lung mechanics measurements, large animals are preferred in 

VAP models. Although baboons16 have been used, piglets are 

the currently and more frequently used models. In contrast, 

polymicrobial infections have primarily been assessed in 

rodents, particularly mice and rats. The small size and rapid 

reproductive rate of rodents are conducive to many of the 

practicalities of laboratory research. Inbred mice strains are 

typically used to study genetically identical cohorts, and these 

animals facilitate the use of genetic approaches to understand 

molecular mechanisms of a disease. Genetic engineering of 

mouse embryonic stem cells is currently available, and a wide 

variety of transgenic mice harboring loss-of-function, gain-of 

function, or reporter genes have been generated. For example, 

the engineering of cystic-fibrosis-like mouse models to 

study airway colonization or chronic pneumonia might be of 

particular interest even if one must keep in mind that mice 

models do not exactly reproduce human pathophysiology of 

cystic fibrosis (CF) lungs.17,18 Because mice have become a 

mainstay of biomedical research, the development of new 

mouse studies benefits from the vast amount of existing 

literature regarding murine host defenses and immunologi-

cal responses and the many relevant and readily available 

resources, such as recombinant mouse proteins or antibodies 

against mouse proteins.

The species selection also impacts the inoculation route. 

For example, mice and rats do not have cough reflexes, 

which make the nasal route a particularly interesting infection 

route in this species. In contrast, guinea pigs have a marked 

cough reflex, which explains the need to use intra-tracheal 

or aerosol routes.
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inoculation routes
Several inoculation routes have been described. Nasal inocu-

lation is a simple method that can be used with several respi-

ratory pathogens.19,20 For this technique, anesthetized mice 

are held in the vertical position, and the microbial suspension 

is deposited in the nares. The inoculum is aspirated into 

the lungs. Animals can be anesthetized for a short duration 

for this procedure, which is likely preferable to minimize 

variations in the rate and depth of respirations. Inoculation 

volumes vary from 5 to 50 µL. Smaller volumes typically 

remain localized in the upper respiratory tract, whereas higher 

volumes expose the animal to drowning without improving 

the efficacy of infection.21 This technique has particular rel-

evance for modeling respiratory infections involving both 

the upper and lower respiratory tracts. However, the major 

limitation of intranasal instillation is the highly variable 

deposition of microorganisms in the lungs, with inter-animal 

differences in microbial deposition.22 Sources of variability 

have primarily been associated with the expulsion of inocula-

tion volume from the nose and the diversion of the inoculum 

into the alimentary tract.

Direct endotracheal inoculation is another route facili-

tating the direct deposition of the microorganisms into 

the respiratory tract, decreasing the risks of expulsion or 

esophageal deposition of the inoculum. This technique can be 

achieved using orotracheal intubation or tracheotomy, which 

includes a surgical procedure with potential complications. 

Both techniques necessitate the use of general anesthesia. 

Direct endotracheal instillation facilitates the inoculation 

of the microorganisms into a localized zone of the lungs. 

However, pneumonia concerns most often lower lung zones 

in a non-uniform manner.15

Many lower respiratory tract infections are acquired 

through the inhalation of infectious aerosols, including 

tuberculosis, legionellosis, mycoplasma and chlamydia 

infections, fungal pneumonias, and respiratory viral infec-

tions. Airborne transmission can be mimicked through the 

exposure of mice to aerosolized microorganisms in whole-

body (Figure 2) or nose-only chambers. The inhalation of 

aerosolized microorganisms results in symmetrical deposi-

tion throughout both lungs.23 The disadvantages of aerosol 

models of infection include the costly equipment that must be 

regularly maintained and tested and the potential exposure of 

laboratory personnel to airborne biohazards. The deposition 

of aerosolized organisms in the upper respiratory tract, on the 

eyes and pelt, and clearance to the alimentary tract might be 

a confounding factor in some infections. Furthermore, some 

respiratory pathogens, such as S. pneumoniae or several 

respiratory viruses, are particularly sensitive to desiccation 

and/or oxygen toxicity and survive poorly when aerosolized. 
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Figure 1 Characteristics and targets of frequently used species in animal models of pneumonia.
Notes: The main animal species used are presented. For each, the experimental advantages are mentioned in a panel followed by the list of the main topic for which these 
species are usually used.
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Moreover, there is an inoculum upper limit achieved through 

inhalation, and higher dose infections can be achieved 

through bolus methods (nasal/intra-tracheal route).

Acute or chronic infection
Acute pneumonia models are preferred in mortality studies. 

Infection symptoms are rich and appear rapidly (within a few 

hours). Bacterial burdens in lungs are high during the first day 

of infection but rapidly decrease as the animal recovers. Con-

versely, when using chronic models, the animals exhibit less 

evident signs of sepsis, but the bacterial pulmonary count and 

histological lesions of bronchopneumonia remain present for a 

longer period, occasionally lasting for several weeks.24 The use of 

a vector solution containing the infectious agent is crucial for the 

kinetics of the spread of the microorganisms in the airways. Buff-

ered suspensions, such as phosphate-buffered saline, or aqueous 

solutions facilitate rapid spread and favor the development of 

acute pneumonia. When chronic carriage is targeted, bacteria 

embedded in agar beads should be preferred (Figures 3 and 4).25 

Beads mediate the slow dissemination of bacteria in the lungs 

and provide relative protection against immune cells; thus, bac-

teria persist in the respiratory tractus for several days. Alginate 

beads have also been successfully used with mucoid strains, as 

these materials favor biofilm development.26

Time interval between successive 
inoculations
In polymicrobial pneumonia models, the sequence of 

microorganism administration varies and is a key factor in 

the severity of infections. Generally, pathogens are succes-

sively administered because simultaneous inoculation is 

less relevant from a pathophysiological point of view. The 

time between the two infections varies from approximately 

1 to 7 days, and even 21 days in some studies, and this time 

interval represents a determining factor in the synergism of 

pathogens.27 Concerning the associations between viruses 

and bacteria, the administration of bacteria prior to virus 

administration does not result in increased lethality, whereas 

viral infection increases bacterial virulence, with a climax 

when bacterial inoculation occurs 7 days after viral infec-

tion. A similar design has been observed in fungal-bacterial 

infections. However, in models of polybacterial pneumonia, 

mixed inoculums containing several pathogens are inoculated 

together. Indeed, the question of bacterial interaction and 

communication and the influence on biofilm formation is 

subtended in these models.

Histological lesions
From a histopathological point of view, the pulmonary 

alterations of mice infected with virus and secondarily with 

bacteria are more extensive than those of mice infected with 

either virus or bacteria alone. The extensive and severe con-

solidation of affected lobes and the obliteration of alveolar 

architecture were striking findings. Inflammatory infiltrates, 

epithelial cell hypertrophy and hyperplasia, and fibrin deposi-

tion were also common.

Overview of available models of 
polymicrobial associations and 
pathophysiological contribution
Association of viruses and bacteria
Influenza virus models
Bacterial superinfection is a common contributor to the 

severe outcome of influenza pneumonia. In the 19th cen-

tury, the French physician Laennec documented the first 

viral-bacterial superinfections, noting the increased inci-

dence of typical lobar pneumonia in patients suffering from 

influenza. This association was also described during the 

three influenza pandemics of the 20th century, with bacte-

rial identification in 50%–95% of the patients with fatal or 

life-threatening influenza pneumonia.28 Moreover, bacterial 

superinfections were described during the recent 2009 H1N1 

pandemic, where bacterial superinfections were observed in 

Bacteria

Calibrated inoculums
A

B

CD
E

G

F

Glass vial nebulizer

Animals basket

Inhalation exposure system

Figure 2 whole-body inhalation exposure system.
Notes: The Glas-Col® aerosol exposure chamber system (Glas-Col, Terre Haute, 
iN, USA) is presented here. The bacterial suspension at a known concentration (A) 
is placed into a glass vial that is a venturi nebulizer (B), connected to a leak-proof gas 
flow system (C). Pumps generate compressed gas flow to disperse the suspension 
into a fine mist. Pumps’ flow rate is adjusted on manual flowmeters (D). Durations 
of the aerosolization and decontamination time are set via digital interface software 
displayed on a screen window (E). High-efficiency particulate arrestance filters, gas 
incinerators, and Uv decontamination (F) processes are all included in a whole 
block. The system operates under negative pressure. Before aerosolization starts, 
animals are placed in a stainless steel basket (G).
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25%–56% of severe or fatal cases.8 Since the early 1930s,29 

mammalian models have been developed to explore influenza 

virus pathogenesis, among which swine, mice, ferrets, and 

guinea pigs are the most relevant and currently used models 

as described below.

Animal models of influenza-S. pneumoniae 
superinfections
In mice, the nasal inoculation of H1N1 influenza virus, fol-

lowed 2 days later by an S. pneumoniae nasal inoculation 

has been associated with an increased mortality rate com-

pared with single infections with either influenza virus or S. 

pneumoniae.30 In this study, although the viral titers did not 

vary between groups, the bacterial count was 10–100-fold 

higher in superinfected than in single-infected mice. Consis-

tently, McCullers and Regh27 demonstrated lethal synergism 

between S. pneumoniae and influenza virus in mice, with 15% 

mortality with pneumococcal infection alone, 35% mortality 

with influenza infection alone and 100% mortality with an 

experimental S. pneumoniae superinfection performed at  

7 days after the first hit.

Mechanistic explanations have also been inferred from 

the above-mentioned studies: lung neutrophil function 

is altered and lung bacterial clearance is decreased when 

influenza virus infection precedes streptococcal infection.31 

Moreover, the concentrations of inflammatory cytokines/

chemokines, including TNF-α, IL-6, MIP-2, and RANTES, 

are higher in the lungs of co-infected mice than in the lungs 

of mice singly infected with either pathogen. An increase in 

cytokine release from T helper 1 cells has also been demon-

strated in superinfection models, but no significant changes 

in cytokine production in T helper 2 cells were observed.30 

Th1 cytokine activation exerts protective and antiviral 

effects, whereas Th2 cytokines exhibit inhibitory effects on 

viral clearance. The balance between Th1 and Th2 cytokine 

activation might therefore represent a key mechanism in the 

pathogenesis of severe lung damage following influenza- 

S. pneumoniae superinfections. TLRs and associated MAPK 

signaling might also be involved.30 PAF and its receptor PAFr 

were investigated in another mouse model, showing an up-

regulation in PAFr expression during the lung inflammatory 

response, facilitating bacterial invasion to cause bacteremia.32 

Figure 3 Chronic pneumonia model using agar beads: main steps.
Notes: (A) Agar beads synthesis (top row of pictures). Broth containing bacteria and agar is added to mineral oil with continuous shaking and heating. The solution obtained 
is centrifuged to obtain beads whose size is measured and must be about 100 µM. The precise inoculum is assessed by serial dilutions method. (B) Model of rat pneumonia 
(bottom row of pictures). After inhaled anesthesia, the rat is suspended by the teeth and intubated into the trachea. Agar beads solution is injected into a tracheal catheter. 
After animal sacrifice, macroscopic aspects of lung lesions can be observed. Then, the lungs are homogenized for bacterial count.
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The inflammatory activation of PAFr is an important factor in 

the attachment and invasion of cells by virulent pneumococ-

cal strains bearing the natural PAF ligand, phosphorylcholine, 

on the cell surface.33 Interestingly the inhibition of the PAF 

receptor delays the fatal outcome.32

Kosai et al also investigated the immunological mecha-

nisms underlying the virulence of S. pneumoniae-influenza 

virus co-infection using a fulminant pneumonia mouse 

model.34 These authors observed a synergistic effect of 

influenza-S. pneumonia superinfections on the expression of 

A1AT and the production of neutrophil proteolytic enzymes, 

such as NE, MPO, and LYZ.

Animal models of influenza-Staphylococcus 
superinfections
Associations between influenza and S. aureus, particularly 

necrotizing pneumonia, have been rarely described in 

humans.35 Some animal models have been used to investigate 

this association. Using a model similar to that used for the 

nasal inoculation of both influenza and S. aureus, Lee et al 

showed that viral infection performed at 72 hours prior to 

bacterial infection accelerated death.36 Interestingly, and in 

contrast to the evidence discussed in the preceding section, the 

lung bacterial count in co-infected mice was not higher than 

in singly infected mice. However, superinfection increased 

the systemic dissemination of S. aureus (blood, spleen, 

kidneys, and liver). Infected mice showed altered immune 

cellular responses and high levels of IFN-gamma.36

In cotton rats co-infected with both infectious agents, 

including a clinical nosocomial methicillin-resistant 

S. aureus (MRSA) strain, the synergy of influenza and 

S. aureus exhibited a higher lethality, with higher bacterial 

lung counts and an increased incidence of bacteremia. Higher 

levels of the pro-inflammatory cytokines IL-1β and IL-6 and 

anti-inflammatory cytokines, such as IL-10, were retrieved 

from the lungs of co-infected cotton rats. IFN-gamma levels 

were also increased.37

Animal models of influenza and Haemophilus 
influenzae superinfections
H. influenzae is one of the pathogens involved in bacterial 

pneumonia following influenza virus infection in humans. In 

a recent mouse model of dual infection, Lee et al38 reported a 

synergy between the two pathogens, independent of the delay 

A B

C D

Figure 4 Histological pictures.
Notes: Magnification ×30 showing lung lesions of acute (A) and chronic Pseudomonas aeruginosa pneumonia. Chronic pneumonia was obtained with infected agar beads 
intra-tracheal inoculation (B). Black arrows indicate the lesions of bronchopneumonia. (C) Shows normal lung and (D) is issued from rat lungs inoculated with sterile agar 
beads and shows normal lung parenchyma.
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between the inoculations (no lethality when administered 

together and high lethality when bacterial infection occurred  

3 days after viral inoculation). As previously shown for 

influenza-S. pneumoniae superinfections, the authors 

observed that with influenza and H. influenzae, the time 

sequence of the inoculation was crucial. To achieve the 

highest pathogenicity, the virus should be infected prior 

to the bacteria, and reversion of the order of inoculation 

resulted in less pathological effects. This observation sug-

gests the influence of the virus on the host ability to respond 

to bacterial infection.

Influenza virus in non-rodent models
A major disadvantage of mice models of influenza is that 

mice are not a natural host for human influenza A infec-

tion. Ferrets and pigs are useful models for studying lower 

respiratory tract flu infections (with non-avian strains). The 

attachment of the virus to the cells in ferrets and pigs is simi-

lar to that observed in humans. Using a pig model, Loving 

et al39 showed that flu infection decreases the clearance of 

Bordetella bronchiseptica, a bacteria that causes pulmonary 

disease in animals and immunocompromised humans (such 

as CF patients).40 Co-infection is responsible for the enhanced 

production of pro-inflammatory mediators that likely con-

tribute to exacerbated pulmonary lesions.

infections following metapneumovirus pneumonia
Human metapneumovirus (hMPV) is a recently described 

paramyxovirus that causes respiratory tract infections. Con-

sidering the evidence of bacterial superinfections following 

influenza pneumonia, Kukavica-Ibrulj et al41 investigated 

the effects of a primary viral infection with hMPV or influ-

enza A virus followed by S. pneumoniae superinfection 

5 days later. For the same infecting bacterial inoculum, 

both groups of superinfected mice exhibited a more severe 

pneumonia than animals infected with bacteria alone. 

Bacterial counts increased from 5×102 CFU/lung in mice 

infected with pneumococcus to 107 and 109 CFU/lung in 

mice previously infected with hMPV and influenza A virus, 

respectively. Marked interstitial and alveolar inflammation 

was also observed. Increased damage associated with higher 

levels of inflammatory cytokines and chemokines, such as 

IL-1, IL-6, IL-12, MCP1, MIP-1, the mouse IL-8 homolog 

KC, and GCSF. The increased expression of TLRs TLR2, 

TLR6, TLR7, and TLR13 was also observed in the lungs of 

superinfected animals compared with singly infected models. 

Regardless of the priming virus, hMPV or influenza A,  

similar immunological effects were observed.

Bacterial superinfection of viral pneumonia: what  
do animal models convey?
Animal models have provided numerous data and many 

insights in the field of viral and bacterial pneumonia: first, 

these data confirmed the pathogen synergism of co-infection; 

second, altogether, the results suggest that viral infection 

primes the host for bacterial pneumonia, making the subject 

prone to subsequently develop a more severe form of infec-

tion; and third, these data suggest that the role of the immune 

response is crucial, including an enhanced inflammatory 

response likely responsible for increased alveolar damage. 

In addition, global “immunosuppression” might favor the 

impaired clearance of microorganism from airways. More-

over, adhesion molecules have also been implicated in the 

severity of bacterial pneumonia (Figure 5).

More viruses than initially expected “open the road” 

to bacteria, and in some cases of immunosuppression, the 

virulence of weakly pathogenic bacteria could be increased. 

Given that viruses from various origins share some com-

mon physiopathological mechanisms of lung pathogenesis, 

it is reasonable to consider the potential priming effect of 

numerous other viruses, particularly those exhibiting respira-

tory tropism. A specific concern in mechanically ventilated 

patients is the reactivation of Herpesviridae associated with 

the genesis of bacterial pneumonia.10,11 To better assess 

this issue, animal models of bacterial pneumonia following 

Herpesviridae infections are required.

Multiple bacteria pneumonia:  
a microbiological conspiracy?
Clinical background
With the recent development of molecular biology and mass 

spectrometry for the identification of microorganisms in 

pulmonary samples obtained from patients with pneumonia, 

microbiologists and clinicians have observed polymicrobial 

infections. Molecular biology experiments performed on 

bronchoalveolar lavages obtained from intensive care unit 

(ICU) patients showed that 30% of bronchoalveolar lavages 

were polymicrobial, particularly samples obtained from 

patients with VAP.14 Other studies have shown similar results 

in samples from patients exhibiting community-acquired 

pneumonia.42 These results lead to questions concerning the 

responsibility of the isolated pathogens and suggest that the 

association of several bacteria, rather than a sole pathogen, 

results in the observed clinical symptoms. Animal models 

supporting this idea would provide interesting insights, but 

these data are surprisingly scarce. Most polymicrobial models 

involve secondary pneumonia after the initial triggering of 
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extrapulmonary sepsis in rat models of cecal ligature and 

punction.43 Excluding models of pneumonia with polymi-

crobial abscesses and anaerobes, the majority of aerobic 

polybacterial pneumonia models concern CF.

CF models of polybacterial pneumonia
Pseudomonas aeruginosa with S. aureus
S. aureus most commonly colonizes the respiratory tract 

of CF patients, typically during childhood. P. aeruginosa 

progressively becomes the predominant pathogen in adoles-

cents and young adults. These two pathogens co-exist in CF 

patients, and the interaction between these microorganisms 

likely influences their pathological potential.44 In a recent  

in vitro study, Baldan et al45 showed that “early” clones of  

P. aeruginosa (ie, strains collected in patients at the early phase 

of the disease) outcompeted S. aureus growth and exhibited bio-

film mass formation. This result was not observed using “late” 

clones of P. aeruginosa (with several patho-adaptive traits 

induced through multiple antibiotics treatments), as these clones 

show reduced virulence. These results were confirmed in a mouse 

model of dual pneumonia with S. aureus and P. aeruginosa 

(simultaneous co-infection). In the lungs of co-infected mice, 

early clones, but not late clones, of P. aeruginosa outcompeted  

S. aureus growth. It is plausible that late clones of P. aerugi-

nosa are less competitive, reflecting the antibiotic-induced 

patho-adaptive and reduced virulence of these microbes. These 

data underlie the importance of bacterial interactions in lung 

infections and particularly in the complexity of the interac-

tions between different pathogens that co-exist in the airways 

of CF patients.

P. aeruginosa with Burkholderia cenocepacia
P. aeruginosa and B. cenocepacia are opportunistic human 

pathogens responsible for severe nosocomial infections in 

CF and immunocompromised patients. These two bacteria 

form biofilms in the airways of CF patients, making these 

infections more difficult to treat. Scientists have recently 

begun to appreciate the complicated interplay between 

microorganisms during polymicrobial infections of the CF 

airway46 and the potential implications of this activity in 

disease prognosis and responses to therapy. To obtain insight 

into the potential relevance of the interactions between 

strains of P. aeruginosa and B. cenocepacia during infection, 

Bragonzi et al47 characterized co-inoculations using both in 

vitro and in vivo models. Co-inoculations were examined in 

an in vitro biofilm model. Thereafter, these authors infected 

cystic fibrosis transmembrane regulators-deficient mice 

with P. aeruginosa and B. cenocepacia strains embedded 

in agar beads at a 1:10 ratio via tracheal administration, 

resulting in a chronic lung co-infection. The data showed 

Figure 5 Pathophysiological mechanisms explaining the severity of a Streptococcus pneumoniae pneumonia following an influenza virus lung infection according to mice models.
Notes: When influenza pneumonia is followed by a streptococcal superinfection, the severity resulting from the synergy of both microorganisms can be observed at different 
levels. In the lungs, it is associated with edema, inflammation, and impaired immune response. From a microbiological point of view, the bacterial clearance is decreased and 
lung abscesses are more frequently described. extra-pulmonary bacterial dissemination is also more favored with an increased occurrence of bacteremia.
Abbreviation: A1AT, alpha1 antitrypsine; LYZ, lysozyme; Ne, neutrophil elastase; LT, T lymphocytes.
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that B. cenocepacia positively influenced P. aeruginosa 

biofilm development by increasing biomass formation. 

Interestingly, mouse models of co-infection revealed that  

P. aeruginosa retained the ability to establish chronic infection 

in the presence of B. cenocepacia, but co-infection increased 

biofilm formation and the host inflammatory response. These 

results indicate that co-infection with P. aeruginosa and  

B. cenocepacia might enhance biofilm formation and the host 

inflammatory response. Therefore, alterations in bacterial 

behavior due to interspecies interactions might be important 

for disease progression and persistent infection.

The importance of bacterial biofilm formation has also 

been demonstrated in clinical devices, such as endotracheal 

tubes, in ICU patients.48 Biofilm formation is one of the 

mechanisms through which the endotracheal tube facilitates 

bacterial contamination of the lower airways. A higher num-

ber of bacterial species is obtained using molecular biology 

and pyrosequencing than using traditional culture methods. 

As it is highly likely that biofilm formation plays a crucial 

role in the development of polybacterial infection, the devel-

opment of clinically relevant animal models of polybacterial 

infections would be of great interest.

Anaerobic lung abscess models
In a rabbit model, the intra-tracheal inoculation of anaerobes 

obtained from the dental flora of healthy humans, containing 

Gemella, Fusobacterium nucleatum, Eubacterium lentum, 

Bacteroides fragilis, and group C Streptococcus, resulted in 

the development of multiple lung abscesses and empyema 

after 12 days, with the same bacteria isolated in culture.49 This 

slightly lethal model is bacteriologically well defined and is 

currently one of the only available polymicrobial anaerobic 

pneumonia models. Recently, lung abscesses were developed 

in mice after inoculation with anaerobic bacteria (Porphy-

romonas gingivalis and Treponema denticola) obtained from 

patients with periodontal disease.50 Similar to the results 

obtained from bacterial superinfection during viral pneu-

monia, mixed infection has been associated with the delayed 

clearance of bacteria and increased expression of inflamma-

tory cytokines, such as TNFα, IL1β, and IL6. These models 

underlie the pathogenic potential of anaerobes from the oral 

sphere to induce the development of lung abscesses.

Associations with fungi
Candida albicans with P. aeruginosa
The role of fungal pathogens is unclear in immunocompetent 

hosts.2 Candida species are detected in over 50% of ventilated 

critically ill patients,7 but this microorganism is uncommonly 

responsible for lung infections.51,52 Thus, the existence of 

true Candida pneumonia in critically ill patients remains 

unknown.53 In contrast, an association between Candida spe-

cies airway colonization and subsequent P. aeruginosa VAP 

has been demonstrated,54 suggesting that interactions between 

bacterial and fungal species could be more important than pre-

viously considered. In a recent study,55 Roux et al developed 

an intra-tracheal C. albicans instillation model in Wistar 

rats, and evaluated the inflammatory response induced after  

C. albicans colonization based on high IFN-gamma concen-

trations. Interestingly, fungal airway colonization increased 

the development of P. aeruginosa pneumonia. IFN-gamma 

inhibited the phagocytosis of unopsonized bacteria by alveolar 

macrophages. Colonization was decreased in animals treated 

with antifungal drugs, and these animals were less susceptible 

to P. aeruginosa infection. These results were consistent with 

the results obtained from studies in rat models56 showing 

that Candida airway colonization increased the severity of  

P. aeruginosa pneumonia through the impairment of mac-

rophage function. The reaction of the host immune system to 

the presence of the nonpathogenic Candida could reduce the 

clearance of pathogenic bacteria. Different conclusions have 

been drawn from another mouse study,57 in which the “protec-

tive effect” of C. albicans airway colonization was associated 

with increased P. aeruginosa clearance. This discrepancy 

between experiments might reflect a difference in the immune 

response developed in mice compared with rats during Can-

dida colonization, implicating a Th2 response. Roux et al56 

observed a specific Th1-Th17 response, the same immune 

response that protects against candidiasis in humans.58

Cytomegalovirus with Pneumocystis jiroveci
Using a mouse model of intraperitoneal murine cytomegalo-

virus infection and the simultaneous intra-tracheal infection 

with P. jiroveci, Qureshi et al59 explored the pathogenicity 

of these microorganisms in pneumonia in immunocompro-

mised patients. Co-infected BALB/c mice exhibited a severe 

form of Pneumocystis infection, with increased weight loss 

and Pneumocystis burden in the lungs and a decrease in the 

clearance of this pathogen. From an immunological point of 

view, the authors interestingly demonstrated that murine cyto-

megalovirus infection was accompanied by down-regulatory 

effects on dendritic cells, as indicated by reduced numbers of 

MHC-II- and CD40-expressing cells during the early phase 

of infection. This effect was concomitant with a diminished 

CD4 cellular response and delayed pneumocystis clearance 

from the lungs of dual-infected mice compared with singly 

infected mice. Thus, this model suggests that concomitant 

cytomegalovirus and pneumocystis infections result in a 

virus-mediated altered immune response to pneumocystis 
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with a prolonged course of pneumocystis pneumonia and 

more severe clinical illness.

Parasites
Trypanosoma cruzi with P. jiroveci
Few models have addressed the interactions between parasites 

and other microorganisms during pneumonia. One model 

was used to investigate the association between T. cruzi and  

P. jiroveci in rats and mice.60 The association between  

T. cruzi intraperitoneal infection and dexamethasone treatment 

was significantly associated with lethal secondary P. jiroveci 

pneumonia, suggesting that Chagas disease patients treated 

with corticosteroids might be at risk for P. jiroveci pneumonia 

and should be considered for chemoprophylaxis.

Discussion
Herein, we reviewed animal models of polymicrobial 

pneumonia to describe the elements of pathophysiological 

mechanisms and their potential clinical significance (Table 1).  

Whereas many animal models are available for single-pathogen 

pneumonia,13 polymicrobial designs have been poorly devel-

oped. This lack might reflect the complexity of these models 

requiring a host adapted to several micro-organisms, adequate 

timing between inoculations with different pathogens, and the 

determination of an effective inoculum that is not too lethal.

Animal studies represent approximately 3% of the total-

ity of studies published to date in the field of pneumonia as 

indexed in PubMed browser. However, constant growth of 

published articles using animal models in the last 10 years 

is in contrast with their scientific limits with regard to their 

reproducibility in humans.61 Technical constraints associ-

ated with the accommodation of animals and the recently 

reinforced legislation related to their wellbeing have come to 

superimpose on the infectious risk for animal experimenta-

tion manipulators, especially in the field of infectious agents 

with airborne transmission responsible for pneumonia. What 

would be the “ideal model” of pneumonia should be ques-

tioned first. At least, the chosen model should use strains 

Table 1 Characteristics of the major pathogen associations described in animal models of pneumonia

Pathogens Host Clinical/ microbiological effects Immune response Reference

Viruses-bacteria
Influenza-Streptococcus pneumoniae Mice  mortality

 lung bacterial count
 bacterial clearance

Alteration of neutrophils’ function 31

 mortality
 lung bacterial count
 mortality

 TNFα, iL6, MiP-2, RANTeS
 T helper cytokines
 TLR expression

30

 delay of mortality by PAFr  inhibition  PAFr expression 27
 mortality
 lung damage

 A1AT, Ne, MPO, LYZ
 alteration of neutrophils’ function

34

Influenza-Staphylococcus aureus Mice  bacteremia, liver, kidney abscesses  iFN-gamma
 cellular response

36

Cotton  
rats

 mortality
 lung bacterial count
 bacteremia

 iL1β, iL6, iL10, iFN-gamma 37

Influenza-Haemophilus Mice  mortality  Native immune response 38
Metapneumovirus-S. pneumoniae Mice  lung bacterial count

 alveolar/interstitial inflammation
 iL1, iL6, iL12
 MCP
 MiP
 TLR2, TLR6, TLR7, TLR13

41

Bacteria-bacteria
Pseudomonas aeruginosa-S. aureus Mice  S. aureus biofilm and lung growth Not evaluated 45
Burkholderia cenocepacia-P. aeruginosa Mice  biofilm formation of P. aeruginosa  Inflammatory response 47
Fungi/bacteria
Candida albicans-P. aeruginosa Rats  lung bacterial count  iFN-gamma

 phagocytosis
55

Rats  severity P. aeruginosa pneumonia  macrophage function 56
Mice Protective effects against P. aeruginosa  clearance of P. aeruginosa 57

Viruses-fungi
CMv-Pneumocystis jiroveci  weight loss

 Pneumocystis clearance
 dendritic cells function
 CD40 response

59

Abbreviation: CMv, cytomegalovirus.
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from environmental or clinical conditions, be inoculated 

through the airways, with an inoculum size plausible with 

the natural history of the target disease, in a host whose 

immunity and anatomy are as close as possible to those of 

the human. Regrettably, the choice of the final animal experi-

ment design is often the result of a compromise between 

technical/financial imperatives for the researcher, the risk 

of infectious transmission, and the question asked. Indeed, 

the primate, close to humans’ physiology, is legally reserved 

to specific topics, and the pig has important physiological 

similarities with humans but raises logistic and infectious 

problems for its maintenance and the volume of infective 

inoculums required. On the contrary, small animals, more 

easy to maintain and well known from a biological point-

of-view, are however relatively far from humans’ physiol-

ogy and anatomy. Rats and mice are frequently naturally 

resistant to many pathogens so numerous transformations 

are frequently used to favor a susceptibility to infection 

by the mean of various ways of immunosuppression that 

takes us even further away from initial clinical context. 

Conversely, some animal species are more susceptible to 

pulmonary infections and should be preferred depending on 

the microorganism tested.

Expectedly, most models of polymicrobial pneumonia 

have been developed in rodents and particularly in mice. 

Their small sizes and rapid reproductive rates are conducive 

to many of the practicalities of laboratory research. Inbred 

strains mediate the study of genetically identical cohorts and 

facilitate the use of genetic approaches for understanding 

molecular mechanisms of disease. The genetic engineering 

of mouse embryonic stem cells is currently available to most 

investigators, and a wide variety of transgenic mice harbor-

ing loss-of-function, gain-of function, or reporter genes have 

been generated in cell specific or condition-specific manners. 

Because mice have become a mainstay of biomedical 

research, the development of new mice models might benefit 

from the vast amount of existing literature regarding murine 

host defenses and immunology for comparison. In addition, 

many relevant resources, such as recombinant mouse proteins 

or antibodies against mouse proteins, are readily available.

Regarding the multiple pathogen association studied, it 

appears that viral-bacterial associations are by far the most 

developed, and among them, influenza models, reflecting the 

clinical impact of these associations and particularly those 

described during historical flu epidemics. It permitted a better 

understanding of the pathophysiology of co-infections and 

particularly the role of host immune responses to identify 

future treatment targets.

One of the main conclusions obtained from the available 

polymicrobial pneumonia models is that these infections are 

not only associated with high morbidity but also with the 

synergy of both pathogens in lethality. The clinical effects 

(weight loss, behavior alteration, clinical sepsis score, 

mortality) of co-infections are often higher than the sum 

of the effects observed in single-pathogen infections. This 

observation strongly suggests the existence of a “missing 

link” between the pathogens, perhaps corresponding to the 

host immune response.

The role of the host immune response is crucial in the 

pathogenesis of polymicrobial pneumonia. Both cellular 

and humoral immune responses have been implicated. 

Several animal models of viral and bacterial pneumonia 

have shown increased levels of pro-inflammatory and anti-

inflammatory cytokines. Viral stimulus induces an immuno-

suppressive state that favors secondary bacterial infection, 

limits pathogen clearance, increases bacterial adhesion and 

bacteremia, and enhances bacterial virulence. This has been 

confirmed by the absence of increased virulence when the 

bacteria are administered prior to virus infection. Impaired 

neutrophil function reduces bacterial clearance in the lungs 

and diminishes the importance of adherence molecules, 

such as PAF. The role of T helper cell dysfunction has also 

been determined.17,18 Pathogen infections likely trigger an 

innate immune response in the host leading to a systemic 

inflammatory response, followed by immune dysfunction in 

favor of the emergence of secondary infections. Dendritic 

cells link innate and adaptive immunity and might be cen-

trally involved in the regulation of sepsis-induced immune 

dysfunction.62

The airway epithelial mechanical barrier alteration may 

also be this “missing link” as it plays a crucial role in the 

penetration of microorganisms and host invasion. The air-

way epithelium lays at the interface between the external 

environment and the lung. It represents the first contact for 

microorganisms. The low permeability of the healthy pulmo-

nary epithelium is in a large part due to tight junctions (TJ). 

TJ dysfunction induced by microorganisms may be involved 

in pathogen virulence and host invasion. In particular,  

P. aeruginosa elastase compromises the human airway epi-

thelium and increases paracellular permeability in epithelial 

cell monolayers by mechanisms involving TJ disruption and 

cytoskeletal reorganization, leading to destruction of epithe-

lial barrier function.63 In chronic pulmonary diseases such 

as CF, impaired TJ function, as a consequence of chronic 

inflammation, is probably responsible for increased suscep-

tibility toward microorganisms’ invasion.64 Rodent models 
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showed that P. aeruginosa lipopolysaccharide increased 

airway paracellular permeability and the number of opened 

TJ, a phenomenon dependent of MLCK. MLCK could 

therefore be a potential target for novel drugs intended for 

relief of lung injury.65 Whether alteration of TJ may play a 

role in polymicrobial pneumonia would need specific inves-

tigations. It is plausible that the observed synergy between 

pathogens into the infected lung relies on disruption of the 

airway barrier by the first pathogen favoring the invasion of 

the subsequent microorganism.

Perspectives
The inconvenience and limits of animal models of pneumonia 

are counterbalanced by the advances that they give in the 

comprehension of the interaction between hosts and patho-

gens and the development of future therapeutic ways.

New researches and application progress 
of commonly used optical molecular 
imaging technology
With the advent of new technologies such as intravital 

microscopy, the era of a “static” description of the behavior 

of the actors of anti-infectious defenses has let the place 

to a dynamic description with modified species harboring 

fluorochrome-marked cells. It is now possible to observe in 

real time the traffic of immunity cells and their interaction 

with the surrounding tissue and in particular the vascular 

endothelium.66 In the field of pneumonia research, it may 

perhaps allow describing in detail the development of 

severe lung lesions and the systemic dissemination of infec-

tion and may permit to identify new therapeutic targets.  

New advances in optical molecular imaging technology is 

also highly contributive to animal research.67

Various markers are available such as fluorescent protein, 

luciferase, fluorescent material, nanoparticle or others that 

can be used for further in vivo whole-body imaging. It allows 

the same animal to be its own control so animal numbers 

required for evaluation can be reduced. Therefore, inflam-

matory cells and/or bacteria can be tagged and infection-

induced inflammatory cells or bacterial infiltration of the 

lung or other organs could be dynamically imaged, allowing 

quantitative data to be collected in all organs simultaneously. 

Bioluminescence imaging has been recently used for polymi-

crobial tuberculosis challenge using distinct bioluminescent 

spectra and allowed co-localization of two different bacterial 

strains of Mycobacterium tuberculosis.68 Despite the fact 

that it could bring new insight into the in vivo behavior of 

co-infecting pathogens and their interaction with the host as 

well as  important advances in pharmacological research to 

treat infections, to our knowledge, this technique has not yet 

been reported in polymicrobial models of pneumonia.

New therapeutic ways
Because physicians always have to face more challenging 

issues in the treatment of pneumonia, animal models remain 

essential and particularly valuable to evaluate new therapeutic 

ways. Indeed, the dramatic increase of antibiotic resistance 

in bacterial isolates from nosocomial pneumonia or patients 

with chronic lung infections leads to an important reduction 

of the therapeutic arsenal.69 However, the “pipeline” of new 

antibiotics developed is running dry5 and physicians are facing 

the threat of extremely-resistant strains.70 In vivo pneumonia 

models have recently permitted to evaluate future perspectives 

of new drugs to fight “super bugs”. Gram-negative bacteria are 

of particular concern and recently, new therapeutic approaches 

have been tested with success in rodent models of P. aeruginosa 

pneumonia. In particular, the way of quorum sensing inhibition 

through the enzymatic hydrolysis of acyl-homoserine-lactones 

(with lactonases), implicated in the virulence and biofilm pro-

duction of P. aeruginosa, is under extensive research. Animal 

models of acute pneumonia have shown promising results in 

this field. Recently, the demonstration of a reduction of mortal-

ity in rats pre-treated with a newly engineered inhaled lactonase 

was made.71 Similarly, the use of bacteriophages (viruses able 

to specifically “kill” bacteria) in the treatment of pneumonia 

implicating multidrug-resistant strains (especially in some 

specific populations such as CF patients) might be a promising 

alternative or adjunctive therapy combined with antibiotics. 

Again, the first results obtained in mice models of pneumonia 

using clinical strains from CF patients suggest an antibacterial 

efficacy with a reduction of mortality and a preventive effect 

against P. aeruginosa lethal pneumonia.72 One can expect that 

given the results obtained in animal models, the first clinical 

trials investigating these new therapeutics in pneumonia will 

soon begin, underlining the importance of experimental studies 

in the research on pulmonary infections.

Conclusion
In this review, we focused on the role of animal models in 

the comprehension of the pathogenicity of polymicrobial 

pneumonia. The main conclusion obtained from experimental 

models is that the high severity of the associations between 

microorganisms may be correlated with the immunomodu-

lation induced by the first pathogen, particularly in viral 

infections but also with the alteration of the airway epithelial 

mechanical barrier. Because the currently available models 
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are limited, the development of future models will likely 

help to define the role of pathogen interactions in pneumonia 

and contribute to the development of innovative drugs with 

new targets.
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