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Introduction
In their 1987 community-acquired pneumonia (CAP) guidelines, the British Thoracic Society recommended
amoxicillin with or without erythromycin (or tetracycline) in all admitted patients, with the coverage for
Legionella being mandatory in seriously ill patients [1]. They also recommended intravenous flucloxacillin
when Staphylococcus aureus was suspected and gentamicin or ceftazidime if a Gram-negative agent was
suspected. This guideline, now more than 30 years old, also emphasised the need to identify critically ill
patients based on objective physiological criteria so they could receive intensive care support, recommended
obtaining culture specimens when possible and stated that antibiotics should be started immediately upon
diagnosis. All of these 1987 recommendations were based on clinical studies on the aetiology of pneumonia,
analysis of the predictors of outcome from pneumonia from clinical studies and a series of observational
studies comparing outcomes of different antibiotic regimens in the prior three decades.

Fast forward 30 years and what has changed? Increasing penicillin resistance in pneumococci has driven a
shift towards third-generation cephalosporins and/or respiratory fluroquinolones. Newer macrolides have
replaced erythromycin. In some hospitals a blurring of hospital-acquired and community-acquired
pathogens due to an increased frequency of comorbidities, frequent hospital contact and more widespread
use of immunosuppressants has increased the need to consider covering pathogens like Pseudomonas
aeruginosa and methicillin-resistant S. aureus. We have better validated severity tools for assisting
clinicians in identifying patients who can be safely treated as outpatients, or who might need higher levels
of inpatient care, such as in an intensive care unit. We have some debate over the utility of new tools like
biomarkers and rapid diagnostic platforms, as well as the role of “protective” agents, like steroids, aspirin
and statins, in subsets of patients and, especially, in those with severe disease [2].

Without exception, all of the changes since 1987 have come from insights generated by clinical studies, not
laboratory experiments on animals. That is not to say there have not been improvements in many areas
derived from laboratory science that are relevant to pneumonia, for example the marked reduction in
pneumococcal disease with conjugate pneumococcal vaccines [3]; however, studies of animal pneumonia
have not translated into any viable clinical treatment.
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It is also important to note that the lack of concordance between animal models and human disease is not
without cost. Enormous amounts of money, time and effort have been devoted to large clinical trials of
non-antimicrobial ancillary treatments for pneumonia and sepsis (of which up to 50% was caused by
pneumonia), with animal studies usually providing some of the evidentiary basis for these trials. Among
the many examples are filgrastim (G-CSF) [4], anti-tumour necrosis factor antibodies [5] and
anti-endotoxin antibodies [6]. Without exception, all of these treatments have ultimately been found to be
ineffective or harmful in humans. Had it not been for the animal studies, perhaps the considerable
resources and effort could have been applied to more relevant human studies.

There is no doubt that there is a need for better therapies for pneumonia. CAP remains a major health
problem, ranking in the top six causes of death worldwide [7]. Equally, there is evidence that even with
best possible practice there is little at this time that we can do to decrease mortality in patients with CAP
[8]. Hospital-acquired and especially ventilator-associated pneumonia are major causes of morbidity,
mortality and breeding grounds for antibiotic-resistant bacteria [9]. In defending the “con” argument of
this pro/con debate, here we outline major problems with research into pneumonia using animal models,
with the goal of redirecting efforts away from fundamentally flawed approaches to developing models with
greater chance of delivering better therapeutic tools that clinicians and their patients need.

Is the animal model relevant to human pneumonia?
There is no question that animal models of pneumonia have pathology that looks identical to human
pneumonia. However, animals in captivity, unlike humans in the wild, do not spontaneously develop
pneumonia, at least not at a rate that makes it feasible to study the disease. Pneumonia must therefore be
induced in animals so it can be studied, which creates a fundamental problem in adequately mimicking
human disease. Humans do not present to emergency departments having just aspirated 109 cfu·mL−1 of
pneumococci via syringe, yet this is the clinical scenario for animals acquiring pneumonia in the
laboratory. The usual duration of symptoms in humans prior to presentation with pneumonia is days, and
it is reasonable to hypothesise that infection was present for some time prior to the development of
symptoms. In this “pre-pneumonia” time period, there are a large number of intrinsic, innate and adaptive
immunological processes specifically designed to kill the invading pathogens and ameliorate damage from
them. Indeed, it is known that in humans, the pattern of inflammatory response to pneumonia is in part
dependent upon how long the patient was symptomatic prior to presentation [10].

The relative effectiveness of the host response compared to the virulence of the pathogen is a major factor
in the enormous diversity of clinical presentations and outcomes from pneumonia. The host responses
themselves are modified by additional factors such as genetics, epigenetics, comorbid illness and prior
exposures, including vaccination and medications (including in many cases oral antibiotics). Despite the
fact that mass aspiration of bacteria produces an identical pathological picture of pneumonia, given the
large number of factors at play prior to patients presenting clinically with pneumonia, it is clear that
immunologically and phenotypically the diseases must be different.

The impact of the initial size of the bolus of bacteria must also be considered a potential problem. While
humans may develop acute lung injury from pneumonia, large inocula of bacteria may directly cause an
acute toxic injury from bacterial antigens or bacterial toxins [11–14], rather than a progressive infective
process, with obvious implications for assessment of immune response, pathogenesis and the therapeutic
window. The characteristics of the inoculum in experimental pneumonia differs from human pneumonia
in other ways. In humans, the inoculum usually is due to microaspiration of oropharyngeal secretions,
which contains numerous species of microorganisms, many of which cause a unique pattern of
inflammatory response [15, 16], even if only one of these organisms successfully evades host defence and
results in pneumonia. To date very few pneumonia animal studies have employed anything other than a
pure culture of a single organism [17]. Even the medium in which the bacteria are carried may play a role
in the inflammatory response in human pneumonia. Aspiration of gastric secretions into the lung causes
its own unique inflammatory pattern, at least in mice [18].

There is a clear need to develop alternative models of inducing pneumonia in animals. While convenient,
a mass bolus of bacteria is far too limiting to understand human disease or how to successfully intervene
to improve outcomes. Ideally any model would start with colonisation and progress to pneumonia over
days, allowing time to study the interplay of evolving host responses that determine important clinical
outcomes.

The window of opportunity
As outlined above, humans do not present prior to becoming infected asking for treatment for pneumonia
they are about to have. In animal models however, pneumonia results from an intervention, so there is the
possibility of giving experimental agents prior to exposure, at exposure and at intervals soon after
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exposure. With agents acting early in the pathophysiological development of pneumonia it is very unlikely
that a window to intervene would still be open in the usual clinical situation. Therefore, any agent that
does not show significant activity out to 48 h after exposure is very unlikely to have clinical utility, but
despite this, most animal studies report interventions prior or at exposure or at most 6–8 h after. To be
relevant to human disease, animal studies need to examine the impact of therapy beginning at least 24–
48 h post-exposure, given that this is typically at the lower end of the duration of symptoms in patients
presenting to the hospital with pneumonia [19].

Do mice respond the same way as man?
Much more is known about the role of specific elements of the mouse inflammatory and immune
responses through experimental manipulation than the human. While it is certainly true that many
immunological responses are “ancient” and common to many species, for example Toll-like receptors [20],
how clear is it that mouse response correlates to the human response?

A substantial body of work has compared immune pathways in mice and man and it is clear that, while
there are significant commonalities, there are also marked differences [21–23]. These differences are more
than sufficient to cast doubt on extrapolation to the human response, at least in the level of detail to
adequately predict response to therapeutic interventions.

A further additional problem with laboratory animals is that they are deliberately kept in extremely clean
environments without exposure to disease. Humans, however, contract a variety of acute and chronic
infections throughout their lives, which almost certainly creates a very different immunological background
compared to an infection-naïve animal [24], especially as there is evidence that wild mice and laboratory
mice have very different immune responses to infection [25, 26]. This is probably the most important
dilemma for animal pneumonia researchers: their desire to control as many experimental variables as
possible ultimately limits their ability to translate findings into what is a very complex human scenario.

How relevant are animal outcomes to human outcomes?
Inflammation, histological findings and mortality are generally the outcomes assessed in pneumonia
animal studies. There is no doubt that mortality is an important outcome in human pneumonia, but well
over 95% of human patients survive, and in these patients there are many important outcomes that are not
assessed in animals. These include time to clinical stability, which is highly correlated with hospital length
of stay. Time until return of function and time until return to work are extremely important outcomes to
most patients recovering from pneumonia, yet cannot be measured in animals. Furthermore, even
mortality, as assessed in most animal studies, is incompletely studied. Approximately half of pneumonia
mortality occurs after discharge from the hospital [27], while animal studies generally assess only
short-term mortality. Much of both early and late mortality is not directly caused by the acute infection.
While humans die of cardiac events, strokes, pulmonary embolism, etc. [28], after a bout of pneumonia,
these are rare in mice.

Which mouse or rat?
Animals with deliberately created differences in immune response induced by gene deletion or
overexpression will obviously behave differently from an immunological standpoint. However, different
“normal” or wildtype animal laboratory strains may also respond differently to the same pathogen. Fischer
344 and Sprague-Dawley rats have very different susceptibility to pneumonia due to Listeria [29]. BALB/c
and C57BL/6 wildtype mice have different susceptibility and immune responses to Pasteurella pneumonia
[30]. There are significant differences in susceptibility to influenza amongst common laboratory mice strains
[31]. Clearly, the selection of animal strain may have a large impact on the outcome of any experiment,
further questioning translation into human disease.

What about the general milleu of comorbidity and ageing?
Pneumonia is greatly increased in patients with comorbidities and advancing age. In particular, heart
failure, COPD, diabetes, renal insufficiency, chronic liver disease and prior stroke all greatly increase the
risk of acquiring pneumonia. Not only do these factors predispose to acquiring pneumonia, all except
COPD have also been shown to be associated with worse outcomes from pneumonia [32]. Providing
suitable animal models for these conditions is challenging, particularly as none of the human diseases are
binary, they have a large range of severity modified by treatment.

As most patients who die from pneumonia are elderly, the large amount of literature regarding
immunosenescence [33–35] has particular relevance in any consideration of animal models, where typically
young or young-adult mice used. Attempts have been made to use elderly mice in pneumonia experiments
[36–38], but how accurately they parallel human age-related change is unclear. Equally aged mice do not
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have the same level of chronic comorbid diseases as humans due to their strictly controlled diets and
environments, further questioning how relevant aged mice are as an appropriate model for human elderly.

Are larger animal models better than rodent models?
While most of our argument has been focused on mice and rat models, in part because of the very large
volume of research with rodents, larger animal models for pneumonia have been developed, including
pigs, dogs, sheep and monkeys. While monkey models in particular may more closely replicate human
immune responses, all these models still suffer from the basic problem of requiring a high initial inoculum
to cause pneumonia. Large animal models are also expensive, especially monkeys, limiting the number of
animals that can be studied, to the point that demonstrating reproducibility of results is an additional
problem. Limitations due to comorbidity and ageing are also equally applicable in large animal models, as
are problems with using an array of human pathogens. Therefore, while large animal models have some
advantages, we still do not consider that there are any valid models to replicate human disease.

What about the pathogen?
Most human pathogens are not pathogenic for mice or indeed other animals under non-experimental
conditions. This creates a further problem in translating human disease, if the pathogens have to be
modified so they can infect and cause injury to the animal model.

For example, Streptococcus pneumoniae virulence is highly dependent on its polysaccharide capsule, of
which more than 90 serotypes have been identified. More invasive serotypes (e.g. 1, 7 and 14) are more
likely to cause infection when acquired and are much less likely to be found in the nose [39]. Less invasive
serotypes (e.g. 9N, 12F, 22F and 23A) are more likely to persist and spread, reaching a greater number of
vulnerable hosts who may develop disease despite the lower virulence of the pathogen [40]. Incorporating
these very important pathogen factors into an animal model is difficult.

Potentially even more important from a pathogen perspective is that there is increasing evidence that in
many, if not the majority, of cases of human pneumonia two or more pathogens can be detected if a full
array of molecular tests are employed [19, 41]. Whether these represent concurrent infection, sequential
infection, or more likely a mixture of both, remains unclear. However, at face value human pneumococcal
pneumonia, up to 50% of which is associated with a co-pathogen, presents a very different scenario to a
laboratory animal aspirating a large bolus of pneumococci.

It is clear that there are significant pathogen-driven differences that can be detected in the pathology of
pneumonia produced in animal models [42]. While it does not necessarily follow that an intervention may
be pathogen-specific, given that even pneumococcus accounts for probably less than 25% of all CAP [19,
41], demonstration of effect across multiple pathogens (including viruses) in any animal model would be
required before having confidence in having developed a potentially useful human therapy.

Conclusion
We do not dispute that there has been significant new knowledge generated by studies of animal models of
pneumonia. What is clear is that animal pneumonia in a laboratory is a tightly controlled, narrow focused,
unidimensional disease that bears little resemblance to the very complex, messy and frequently
multi-pathogen disease that is human pneumonia. It is therefore hardly surprising that we have no new
therapies for human pneumonia that have arisen from animal model insights. Funding agencies, which
often preferentially fund mechanistic studies as opposed to more clinically relevant studies, must accept
some responsibility for this lack of progress. Instead of insisting on mechanistic studies, funders should
support more clinical trials based on sound clinical and translational observations as these may provide
more insights applicable to human pneumonia and treatment.

If basic science using animals to understand human pneumonia is to continue, then there must be changes
to the experimental models we have described. Moving forward, scientists will need to embrace the
complexity in terms of immunological background (i.e. prior exposures), age and comorbidity factors
critical to driving outcomes from human disease, as persistence with existing paradigms is likely to
continue to deliver what it has over the past three decades.

Conflict of interest: None declared.
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