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Does animal model on ventilator-associated pneumonia reflect

physiopathology of sepsis mechanisms in humans?
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Abstract: Ventilator-associated pneumonia (VAP) is the leading cause of death in critically ill patients in
intensive care units. In the last 20 years, different animal models have been a valuable tool for the study of
pathophysiology and phenotypic characteristics of different lung infections observed in humans, becoming an
essential link between “in vitro” testing and clinical studies. Different animal models have been used to study
the mechanism of a deregulated inflammatory response and host tissue damage of sepsis in VAP, as well as
different infection parameters such as clinical, physiological, microbiological and pathological facts in several
large and small mammals. In addition, the dosage of inflammatory modulators and their consequences in
local and systemic inflammation, or even the administration of antibiotics, have been evaluated with very
interesting results. Although some bronchial inoculation ways do not resemble the common pathophysiologic
mechanisms, the experimental model of VAP induced by the inoculation of high concentrations of pathogens
in mechanically ventilated animals is useful for studying the local and systemic responses of sepsis in VAP and
it reproduces biological mechanisms such as acute lung injury, distress response, cardiac events and immune

modulation comparable with clinical studies
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Introduction

Ventilator-associated pneumonia (VAP) is considered
pneumonia in patients intubated and receiving invasive
mechanical ventilation (MV) for more than 48 hours.
The diagnosis of VAP is based on the presence of a new
radiographic infiltrate plus 2 out of 3 of the following
conditions: fever or hypothermia; leukocytosis or leucopenia
and/or purulent tracheobronchial secretions. In the ICU,
the risk of mortality appears to be 2- to 10-fold higher in
patients with VAP and may be as high as 70% (1,2).
According to the third international consensus definitions
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for sepsis and septic shock (Sepsis-3), sepsis should be
defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection (3). Sepsis is the
primary cause of death from infection; its recognition
mandates urgent attention. Pathogen factors and host
factors shape this syndrome: sex, age, comorbidities,
environment, etc., with characteristics that evolve over
time. Animal models may be useful to overcome some of
the obstacles, due to different factors, to understand their
pathophysiology and to develop new approaches for the
management of this syndrome. For this type of models
in vivo, sepsis is reached when animals have an infection and
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demonstrate ‘toxicity’ (fever, anorexia, weight loss, or other
signs of illness) (4). Such important issues compose the
complexity of this multifactorial disease (5).

In the last two decades, animal models and iz vitro
analyses, in combination with human population studies,
were essential to understand the complex relationship
between the microbiology and on the other hand, the
inflammatory response to infection in VAP (6,7). Literally
hundreds of different animal models of sepsis have been
used by scientists (8).

The objectives of this review are to present the major
animal models used in translational studies of sepsis and
VAP, and to evaluate whether they provide valuable and real
information on biological mechanisms. In addition, we want
to assess whether they have the potential to reflect “in vitro”
the actual pathophysiology of sepsis in VAP.

Pathophysiology of systemic inflammatory
response syndrome (SIRS) and VAP

We will describe as brief as possible, the beginnings and the
evolution in the definition of sepsis, SIRS and VAP in order
to reach a better understanding of the current definitions.

Sepsis and SIRS

Sepsis is an important cause of mortality; it constitutes 30%
to 50% of deaths in ICU patients and this situation amounts
to high costs in health (9).

In 1991 sepsis was first defined as a “SIRS to the presence
of infection”, setting the presence of 2 or more alterations
in heart and respiratory rate, body temperature and white
blood cell count as criteria; in addition, when sepsis
was associated with an organic dysfunction it was called
severe sepsis and when it was associated with refractory
hypotension, septic shock (10,11).

However, since this definition of SIRS has been
implemented, it was seen an excessive use of antibiotics
and fluid resuscitation because the criteria were not such
specific. That is why in 2016, through the “Sepsis-3 task
force” (1-4) the definition of sepsis was updated by the
European Society of Medical Care Intensive Care Society
and the Critical Care Medicine Society as an infection
associated with an excessive immune response of the host
with a consequent organ failure.

Thus, complementing the definition, the infection was
associated to the increment of the “secondary organ failure
assessment” (SOFA) score by 2 or more points from the
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baseline, and a new set of clinical criteria were approved,
called quick SOFA (qSOFA). On the other hand, septic
shock is a subset of septic patients, with circulatory and
cellular and/or metabolic dysfunction associated with
an increased risk of death (>25%), which from another
perspective is defined as “induced hypotension by sepsis
requiring vasopressors and an increased lactate level in the
absence of hypovolemia”. Following these foundations in
the current definitions, we must say that to date there is
some concern about its usefulness, since it can delay early
identification and intervention in infected patients before
they develop organ dysfunction and, moreover, there has
been no demonstrated that the use of the new sepsis criteria
improves clinical outcomes (12).

VAP

Patients with VAP, already defined above, should present
a new pulmonary infiltrate or progression of a previous
one, accompanied by clinical evidence of infection, such
as fever, purulent sputum, leukocytosis and/or decreased
oxygenation (13,14).

Aspiration of secretions from the oropharynx is the
major mechanisms of arrival or the pathogens to the lower
respiratory tract. Other mechanisms include contiguity
infection, hematogenous, or through the ventilator
circuits. Coma or deep sedation, cardio-respiratory arrest,
polytrauma and immune suppression are other possible
mechanisms.

The process by which ventilated patients develop VAP is
of prolonged microaspiration, whereas in the animal models
it is due to inoculation of a significant volume of respiratory
pathogens to induce the infection.

Additionally, it was proved that MV triggers a sterile
inflammatory response in lungs associated with an elevation
of levels of cytokines including interleukine (IL)-6, IL-
la and -1b, interferon (IFN)-y and tumour necrosis factor
(TNF) o and chemokines such as IL-8 (15,16).

Some authors divide VAPs in early and late stages
depending on if they are present before the 5" to 7" day of
invasive ventilation, or not; this is considered an important
fact, since it could be associated with the probability or
not of antibiotic resistance. However, others argue that
such a definition should be based on hospital admission as
a starting point and not at the time or place of intubation,
since intubation can take place after several days of
hospitalization and thus, the patient is colonized with
typically nosocomial pathogens (14,17).

atm.amegroups.com Ann Transl Med 2017;5(22):452



Annals of Translational Medicine, Vol 5, No 22 November 2017

Looking for the perfect animal model

The first studies of pneumonia in ventilated animals were
published in the 1980s using baboons. Animals, with no
lung injury, or lung injury induced by intravenous oleic
acid, 0.06 to 0.08 mL/kg; exposure to 100% oxygen for
3 to 6 days; or exposure to 80% oxygen for 6 days, were
used. Cultures of tracheal secretions, lung aspirates,
bronchoalveolar lavage (BAL) and protected specimen
brushes (PSB) were compared with cultures of homogenized
material of lung and with histological findings (18).

Most of studies with animals are performed in mammals,
more than half of sepsis studies are performed on rodents.
Rodent models are frequently used because their small
size, reproductive rate, low price and easy to manipulate.
However, rodents have many disadvantages for their
relevant differences with humans such as anatomy of
respiratory tract (they have not respiratory bronchioles,
no submucosal glands below trachea, etc.), physiology of
respiratory tract (weak cough reflex), pattern recognition
receptors (expression and ligand specificity of Toll-like
receptors), antimicrobial secretions (pattern of lysozyme
secretion) and other important facts for sepsis like lower
circulating neutrophils counts, no murine homolog of IL-8
and no alfa-defensins (19). For such reason, large animal
species are relatively heterogeneous genetic models that
represent in a more similar way the human species than
the one provided by rodents (20). Therefore, several large
models were used like dogs, cats, pigs, sheep, rabbits and
various species of primates in VAP and sepsis research (21).
The models of dogs and cats have been mostly replaced by
pigs and sheep, due to the public worry for these pet species.
Sheep are frequently used in chronic models, particularly in
studies investigating pulmonary pathophysiology, because
of their submissive nature.

The equivalences between humans and pigs towards
to anatomy and renal, cardiovascular, and gastrointestinal
physiology make pigs worthy experimental models. Non-
human primates, including baboons, cynomolgus monkeys
and rhesus monkeys are frequently held back for preclinical
and small size studies, due to the ethical requirements for
the use of the least susceptible species, significant cost and
potential for transmission of zoonotic diseases (22).

Preparation of large animal models of VAP

Marquette er al. investigated in pigs the development
of acquired pulmonary infection as a result of long
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MYV (5). Although a novel model of experimentally
produced VAP by oropharyngeal challenge, has been
recently described (23), most of the published experience
has been done following the Marquette’s method original
description. This pig model became the standardized model
of pig for VAP and since then, it has been used for different
purposes (24-28). Clinical studies usually used large white
Landrace piglets weighing up to 30 kg that may make easier
the haemodynamic controls during sepsis and replicate in a
more reliable way the clinical features of human infections.
Before pigs are bronchial inoculated and infected with
pathogens, they must receive antibiotics such as ceftriaxone
or ampicillin, to prevent infestation and pneumonia caused
by endogenous flora. These antibacterial drugs help to
protect against common bacteria such as P. multocida, S.
suis, Klebsiella oxytoca, P. aeruginosa, Staphylococcus epidermidis
and S. aureus, that colonized the upper airways of pigs.
The antibiotics should be administered intravenously,
approximately 30 minutes prior to intubation (29). After
orotracheal intubation, piglets are ventilated using a
volume-controlled ventilator (26). In order to avoid lung
atelectasis, both pigs, cows or sheep are ventilated in the
prone position and initially ventilated with a tidal volume
of <10 mL/kg to prevent iatrogenic ventilator-induced lung

injury (30).

Inoculation ways

Aspiration was studied in dog and cat models and
bacteriologic diagnosis was evaluated in baboons.
When animals are haemodynamic stabilized, they can
be inoculated, with a fibrobronchoscope, with a high
concentrated of bacterial suspension (10°~10° cfu/mL)
thus pneumonia is induced by a specific pathogen and the
suspension is uniformly distributed throughout the lobes of
both lungs (31-33).

Pigs were used for studying either spontaneous
or induced VAP. Marquette et a/. started a model of
experimental pneumonia in mechanically ventilated pigs.
The authors found that pigs mechanically ventilated for
4 days, experimentally developed tracheal stenosis
consistently started spontaneous pneumonia (34), and hence
decided to conduct a study comparing the histologic and
bacteriologic findings in previously healthy pigs infected
with bacterial pneumonia in contrast with those free of
antibiotic therapy (35).

Piglets with prolonged MV and/or experimental
bronchial stenosis quickly suffer from endogenous
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pneumonia predominantly due to P. multocida or S. suis (36).

Almost all piglets with no antibiotics, but less than half
of those receiving ceftriaxone, develop histologically-proven
pneumonia (P<0.05). Pneumonia is present in 54% of the
dependent segments and in only 25% of the nondependent
lung segments (P<0.05). In 75% of the cases, pneumonia
involves both lungs (37).

VAP and spontaneous lung infection

Panigada et al., studied long term-ventilation on sheep and
the effect of gravity on the aspiration of pathogens of the
oropharyngeal after tracheal intubation. They discovered
an important role of gravidity in the pathogenesis of VAP
and that airway colonisation could be prevented with the
horizontal orientation of the tracheal tube in lateral body
position maintaining good gas exchange and function
of lungs (38). However, pulmonary studies on sheep to
human pathology is difficult because of the differences in
anatomical conditions. But, the pig model gives a more
reliable data of experimental laboratory in the clinical
conditions for humans in the ICU (39). However the
Panigada’s study suggests the important role of the position
of the endotracheal tube for preventing aspiration and
bacterial contamination of the oropharynx and lower
airways in ventilation conditions and furthermore, the
pathogenesis of VAP consequence of colonization of
endogenous bacterial of the upper airways and gastric
pathogens, aspirated through the tracheal tube strike.

Hemodynamic and respiratory parameters

In 2007 Luna et al. investigated the physiologic and
pathological changes of severe pneumonia under MV
of 12 piglets inoculated with P. aeruginosa, during 72 h,
indicating appropriated antibiotic therapy to half of them.
They found that tachycardia presented early (HR at time
0: 129.1+31.3 and at 2 hours: 159.8+18.5/min, P=0.002),
diastolic blood pressure fell down at 36 hours and fever
reached 39.4 °C at 24 hours (P=0.02) compared with basal
parameters (Figure 14). Antibiotic therapy (appropriate or
inappropriate) did not altered any clinical or hemodynamic
value except for fever, which was remarkably higher in
piglets with no antibiotics (Figure 1A4).

The most significant finding on blood values was the
sharp decreased in the PaO,/FiO, ratio, which increasingly
worsened up to the final (Figure 1B).

In the course of pneumonia, airway pressures elevated

© Annals of Translational Medicine. All rights reserved.

Pulido et al. Animal model of sepsis in VAP

remarkably at 2 hours, while static compliance dropped
(Figure 1C). Antibiotic therapy had no effects in lung
mechanics (25).

Furthermore, Bruno et al. investigated animal models
of VAP evaluating studies of piglets initially ventilated in
prone position with a VT of <10 mL/kg to avoid iatrogenic
ventilator-induced lung injury. In these studies, they
observed a tendency to hypoventilation and respiratory
acidosis, therefore a higher VT per kg is required in piglets
to prevent lung injury because of their bigger lungs in
comparison with their weight (29).

Inflammatory response

When pathogens enter into the alveolar space, they trigger
an inflammatory response with the development of defense
mechanisms and the production of several mediators and
acute phase proteins. This response consists of many pro-
inflammatory cytokines, as IL-1b, IL-6, IL-8, TNF-o to
control the progression of infection and to eliminate the
pathogens (34,35).

The pro-inflammatory cytokines induce the delivery from
the circulatory system of defense cells such as lymphocytes,
platelets, and neutrophils to the inflammatory sites (Figures 2
and 3). Later, the infection remains beneficial when it is
locally limited by the recruitment of anti-inflammatory
cytokines like IL-10 and IL-1 receptor antagonist (grading
of pneumonia Table 1). If the inflammatory response is
greater and not limited, it can affect negatively in the
evolution of the infection.

That is the reason why the measurement of inflammatory
mediators detected in serum or BAL, has an important
prognostic value and is an important predictor of failure
of treatment and mortality in severe pneumonia and
VAP (36,37).

Several studies measured cytokines such as IL-8,
IL-6, IL-5, IL-1b and TNF-o in BAL and serum in order
to evaluate and compare the local inflammatory response
(BAL) with the systemic response (serum) in ventilated
piglets with VAP induced by P. aeruginosa (26) and with
methicillin resistant S. aureus (18). The results showed an
increased production of pro-inflammatory cytokines in both
responses but tended to be higher in BAL in comparison
with serum, suggesting the initially compartmentalization
of the production of cytokines (26).

Luna er al. (30) studied these inflammatory responses
in ventilated piglets with VAP after different antibiotics
therapies, showing a lower local and systemic response in
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Figure 1 Temperature, PaO,/FiO,, airway pressures and compliance variations in piglets. (A) (a) After inoculation the temperature rose
steeply, being 36.6+1.0 °C, at baseline and rising to 39.4=1.4 °C at 24 hours (*), P=0.0002 and 38.1x1.8 °C at 48 hours (*), P=0.021. (b) body
temperature tended to be higher in piglets not receiving ABT, beginning 24 hours after inoculation. This difference became significant
at the last measurement before death or sacrifice (*) P=0.018. (B) PaO,/FiO, decreased over time, becoming significant 24 hours after
inoculation, basal =386 and at 24 hours =242 mmHg (*), P=0.034. (C) Peak and plateau pressures and compliance in the overall population at
the different time points from the time of inoculation to the time of sacrifice. A continuous increase in airway pressures was obvious from the
beginning of the experiment achieving significance at 2 hours, P=0.003 for peak (*) and P=0.007 for plateau (§) pressures. Static compliance

reduction became significant at 72 hours (¥), P=0.009. These changes may be attributed to pneumonia and to acute lung injury. According
with Luna et al. (25).

Figure 2 Confluent pneumonia. Micro-photograph showing Figure 3 Abscess pneumonia. Consolidation; infiltration of
alveolar spaces with polymorphonuclear leukocytes infiltration. It polymorphonuclear leukocytes, fibrinous exudates, and cellular
also shows the alveolar epithelium covered by hyaline membranes. necrosis with disruption of cellular architecture. Hematoxylin-
Hematoxylin-eosin 250x. According with Luna et 4/. (25). eosin 250x. According with Luna ez al. (25).
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Table 1 Histopathological grading of pneumonia

Pulido et al. Animal model of sepsis in VAP

Grade Histologic lesion Description

0 No pneumonia Absence of lesions

1 Mucus plugging Purulent mucus plugging in peripheral airway

2 Bronchiolitis Polymorphonuclear leukocytes localised within the lumen and bronchiolar
wall alterations

3 Pneumonia Focal polymorphonuclear leukocytes, fibrin and few erythrocytes in the
alveolar lumen

4 Confluent pneumonia Confluent pneumonia lesions (Figure 2)

5 Abscessed pneumonia Pneumonia coexisting with parenchymal necrosis (Figure 3)

According with Rouby et al. (40).

piglets after 72 hours of therapy in comparison with those
which had not received antibiotics. This result suggests an
anti-inflammatory effect in the antibiotic therapy.

Acute lung injury and distress response

MV is a significant risk factor for the occurrence of acute
lung injury and acute respiratory distress syndrome (41). A
frequent evolution of these complications is the multiple
organ dysfunction syndrome (42). This syndrome commonly
affects kidneys and liver with the elevation of biochemical
markers such as creatinine, aspartate aminotransferase (AST)
and alanine aminotransferase (ALT). This is an important
predictor of mortality, elevating the morbidity and mortality
in ventilated patients with and leads to significant morbidity
and mortality in these patients, and is a major risk factor for
death in patients with distress syndrome (42).

Dhanireddy et 4/. studied six mice with bacterial (S.
aureus or Escherichia coli) aspiration and MV. The aim was to
determine whether MV affects the inflammatory response
in a mouse model of pulmonary bacterial infection. They
studied not only the pro-inflammatory cytokines but also
the extra-pulmonary organ dysfunction caused by MV.
Serum levels of creatinine, AST and ALT, as measures of
kidney and liver injury were increased in the ventilated
mice (43). As a mechanism for the development of these
injuries it has been suggested the apoptosis (44).

Cardiac events output

Almost one-third of patients with severe pneumonia by
Streptococcus pneumoniae (SP) suffer from adverse cardiac
events during or after pneumonia. In several studies
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was observed that in mice with bacteremia by SP, it can
disseminate through the heart, attack the cardiomyocyte,
and damage cardiac function. Reyes er 4/. investigated
in nonhuman primate models if SP can invade the
myocardium, induce apoptosis of cardiomyocytes, cause
cardiac dysfunction and origin cardiac injury during severe
pneumonia after antibiotic therapy. They studied severe
pneumonia by SP in six non-human primates and three
controls animals with no infection. They didn’t find specific
electrocardiographic and echocardiographic ischemic
changes (45).

They measured increased serum levels of heart-type
fatty acid binding protein and troponin T in acute infected
animals (P<0.05). Furthermore SP was present in the
myocardium of the all models with severe pneumonia,
detecting the necroptosis and apoptosis of myocardiocytes,
followed by cardiac permanent damage (45).

From laboratory animal model to clinical
practice

Although experimental studies in animal models are useful
in the study of ventilated severe pulmonary infections,
translational medicine has its similitudes and differences
with respect to the true reproduction of the mechanisms of
VAP in humans.

First at all, VAP is the result of oropharyngeal and upper
airways bacterial colonization and subsequent aspiration,
but in animal models, pneumonia is due to bronchial
inoculation. However, depending on the size of this
instillation and the pathogen used, the model may replicate
the mechanisms of the majority of VAPs associated with
sepsis, but probably not in all of cases.
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In the laboratory, the animals used for models are healthy
before they are inoculated and mechanical ventilated. This
is not the same scene in UCI, where most of ventilated
patients have comorbidities and/or previously antibiotics
therapy that influence the evolution and prognosis of
VAP. In the other hand, without comorbidities or previous
drugs, there is no interference in the appreciation of
clinical, inflammatory, microbiological and haemodynamic
development of the infection in the ventilated animal
models.

Conclusions

VAP is one of the main causes of nosocomial infection.
Animal models of VAP are performed mainly after the
inoculation of high concentration of pathogens in the
airway and produce a strong dissemination of the infection
in the lungs. The results of this challenge are the production
of acute lung injury, distress response, cardiac events and
immune modulation, resembling very closely severe VAP.
This model is reproducible, and thus, it could provide
valuable information. Sepsis causes thousands of deaths
and expenditures in healthcare worldwide. Novel therapies,
beside antibiotics, fluid resuscitation, and basic supportive
care, are the main issues of clinical research. However, the
search for new targets to improve care, to provide platforms
for testing different hypotheses and to provide newer
approaches to manage this complex disease, continues, and
for doing this, animal models are necessary.
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