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Abstract

Bronchopulmonary dysplasia (BPD) isa common and serious
complication of preterm birth. Limited pharmacological and
other medical interventions are currently available for the
management of severely affected, very preterm infants. BPD
can be modelled in preclinical studies using experimental
animals, and experimental animal models have been ex-
tremely valuable in the development of hallmark clinical
management strategies for BPD, including pulmonary sur-
factant replacement and single-course antenatal corticoste-
roids. A gradual move away from large animal models of BPD
in favor of term-born rodents has facilitated the identifica-
tion of a multitude of new mechanisms of normal and stunt-
ed lung development, but this has also potentially limited
the utility of experimental animal models for the identifica-
tion of pathogenic pathways and putative disease manage-
ment targets in BPD. Indeed, more recent pharmacological
interventions for the management of BPD that have been

validated in randomized controlled trials have relied very lit-
tle on preclinical data generated in experimental animal
models. While rodent-based models of BPD have tremen-
dous advantages in terms of the availability of genetic tools,
they also have considerable drawbacks, including limited
utility for studying breathing mechanics, gas exchange, and
pulmonary hemodynamics; and they have a less relevant
clinical context where lung prematurity and a background of
infection are now rarely present in the pathophysiology un-
der study. There is a pressing need to refine existing models
to better recapitulate pathological processes at play in af-
fected infants, in order to better evaluate new candidate
pharmacological and other interventions for the manage-

ment of BPD. ©2020 The Author(s)
Published by S. Karger AG, Basel

Preterm-born infants with respiratory failure are at
risk for the development of bronchopulmonary dysplasia
(BPD), first described in 1967 [1]. In affected infants, the
immature, developing lung is exposed to a series of injuri-
ous stimuli (oxygen injury, mechanical trauma, infection
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and inflammation, amongst others) culminating in a syn-
drome where lung developmental programs are deregu-
lated, creating disturbances to the delicate lung architec-
ture, which are further distorted by tissue repair pro-
grams that are engaged in response to injury [2]. In
addition to presenting a clinical challenge in a neonatal
intensive care setting, BPD survivors are at risk for com-
promised respiratory function and adverse neurodevel-
opmental effects which persist into adolescence and
adulthood [2]. Advances in the medical management of
preterm birth have caused the spectrum of affected in-
fants to shift over time, with “less preterm” infants no
longer affected, while extremely preterm infants now sur-
vive, but develop severe disease [3]. This shift in the af-
fected infant population was accompanied by evolving
BPD pathology which has shifted from that first described
in 1967 [1] to what is now largely a stunting of distal lung
development [4].

The first description of BPD in 1967 [1] heralded the
advent of a new era in neonatology and pediatric pul-
monology, and inspired tremendous interest in under-
standing lung development, particularly the development
of the alveoli and their associated vasculature [5]. Fur-
thermore, there was much enthusiasm for the generation
of appropriate animal models to study pathological pro-
cesses at play in infants with BPD, with the aim to iden-
tify putative disease-driving pathways that could be ther-
apeutically targeted. To this end, shortly after the first de-
scription of BPD in 1967, the same groups of investigators
presented radiological and histological evidence of pul-
monary oxygen toxicity in two new animal models: new-
born guinea pigs in 1969 [6] and newborn mice in 1975
[7]. Since then, a broad spectrum of animal models of
BPD has been developed, including term-born mice and
rats, and preterm-born rabbits, pigs, sheep and baboons
[reviewed in 8, 9]. The engagement of experimental ani-
mals in BPD research proved pivotal for the development
of the first two key pharmacological interventions that
had a tremendous impact on the medical management of
preterm-born infants: surfactant therapy [10, 11] and sin-
gle-course antenatal corticosteroids [12].

Following the discovery by Mary Ellen Avery and Jere
Mead in 1959 that extracts from the lungs of preterm in-
fants with respiratory distress syndrome effectively lacked
surfactant [13], three studies undertaken on preterm rab-
bits and preterm primates between 1972 and 1978 re-
vealed that intratracheal application of pulmonary sur-
factant improved lung expansion and ventilation in pre-
term experimental animals [reviewed in 10]. This paved
the way for the first successful administration of pulmo-
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nary surfactant to manage preterm birth in humans [14].
For antenatal steroids, the discovery was more serendipi-
tous and followed studies on premature parturition by
Liggins [15]. While studying the effects of dexametha-
sone on parturition in fetal sheep in 1969, Liggins ob-
served that while the steroid caused premature birth, the
lambs had partial aeration of their lungs unexpected at
these gestations. He believed that corticosteroids acted to
trigger the appearance of pulmonary surfactant [15]. Lig-
gins, an obstetrician, then conducted with Howie, a pe-
diatrician, the first clinical trial in 1972 that demonstrated
the utility of corticosteroids to reduce the incidence of
respiratory distress syndrome in the newborn after pre-
term labor [16]. Other preclinical studies included the ob-
servation in 1972, also by Mary Ellen Avery, that lung
maturation was accelerated and survival increased in pre-
term-delivered rabbits that had received hydrocortisone
in utero [17]. Furthermore, prenatal administration of
dexamethasone to pregnant rats protected offspring
against the deleterious effects of oxygen toxicity and pro-
moted postnatal lung growth [18]. Thus, experimental
animal models proved essential for the development of
the two most important pharmacological interventions
employed to manage preterm birth. In contrast, more re-
cent pharmacological interventions that have demonstra-
ble utility in the clinical management of preterm neonates
with, or at risk for, development of BPD appear to have
benefited far less from preclinical studies in experimental
animal models.

A recent systematic review of 47 randomized con-
trolled trials (RCTs) conducted between 1992 and 2014
that assessed the utility of pharmacological interventions
for the prevention of BPD [19] revealed that of 21 phar-
macological interventions, only 5 (tested in 13 RCT's with
4,794 enrolled patients) reduced the incidence of BPD:
vitamin A, caffeine citrate, postnatal dexamethasone,
inositol and clarithromycin. Interestingly, preclinical
studies in experimental animal models of BPD provided
very little support to underpin the clinical trials establish-
ing the success of these 5 pharmacological interventions.

Intramuscular vitamin A (retinol and its derivatives)
for prevention of BPD has been supported by a 1992 RCT
which was confirmed by a 2011 meta-analysis [discussed
in 19]. However, these studies were driven by observa-
tions that preterm infants were deficient in vitamin A at
birth, and that preterm neonates who developed BPD had
protracted periods of suboptimal plasma vitamin A levels
during the early postnatal period. Although dynamic
changes in expression of retinoic acid receptors over the
course of postnatal lung development in experimental
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animals were noted as early as 1976 [20], interventional
preclinical studies exploring the use of vitamin A and its
derivatives in experimental animal models of BPD took
place in parallel with the RCT. These preclinical studies,
undertaken between 2000 and 2002, were largely nega-
tive, and included the demonstration that antenatal reti-
noic acid (the physiologically active vitamin A; metabo-
lite) did not alter alveolarization or postnatal lung func-
tion in preterm sheep [21]. Furthermore, in term-born
rats, retinoic acid administration to newborn pups did
not attenuate stunted alveolarization provoked by oxygen
toxicity [22], but did promote increased alveolar growth
during a post-hyperoxia room air recovery period [23].
As such, studies on vitamin A in experimental animal
models of BPD provided very limited support at the pre-
clinical level to the successful clinical trials. However, ex-
perimental animal models of BPD have subsequently
provided a means of exploring the utility of combinations
of different vitamin A metabolites to promote postnatal
lung growth and development [24]. Beyond the lung,
while the administration of vitamin A metabolites to hy-
peroxia-exposed newborn mice attenuated later neurobe-
havioral impairments [25], a 2016 systematic review sug-
gested no evidence of either benefit or harm to the long-
term neurodevelopmental status from vitamin A
supplementation in very-low-birth-weight infants [26].
Thus, a disparity exists between outcomes of vitamin A
interventions in preclinical and those in clinical studies
on BPD. Different vitamin A dosing regimens, or species-
dependent responses either to vitamin A metabolites or
to the injurious stimuli employed (such as oxygen toxic-
ity), have been proposed to underlie the lack of effect of
vitamin A on lung maturation in experimental animal
models of BPD [21].

Similar to studies on vitamin A, preclinical studies on
the utility of caffeine and other methylxanthines to man-
age BPD largely came after the demonstrated success of
the intervention in clinical trials. Caffeine, first used to
manage apnea of prematurity in the 1970s [reviewed in
27] in infants with or at risk for BPD, has been supported
by multiple RCTs, starting in 2006 [28, 29]. However,
studies on caffeine in experimental animal models came
later, and have yielded mixed and often conflicting results
[30], where caffeine administration was either protective
[31] or without effect [32] or exacerbated stunting of lung
development provoked by oxygen toxicity in term mouse
models of BPD [33]. These diverse effects were attributed
to different oxygen toxicity protocols, different mouse
strains and different caffeine dosing [30]. In contrast, in
animal species other than mice - that is, in term rats [34]
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and preterm rabbits [35] - caffeine administration was
consistently protective against the deleterious effect of
oxygen toxicity on lung development. Thus, while mouse-
based experimental animal models of BPD did not high-
light caffeine as a candidate therapeutic intervention to be
tested in clinical trials, a combination of studies using
other animal models appears to support the testing of po-
tentially useful pharmacological interventions to manage
BPD.

From 1996 to 2005, 10 RCTs examined the ability of
dexamethasone administration to prevent BPD [36], with
the first BPD dexamethasone RCT having taken place in
1983 [37]. While administration of dexamethasone is ef-
fective at preventing BPD, this benefit does not outweigh
the risk of long-term adverse neurological outcomes [19].
However, there may still be a place for low-dose dexa-
methasone treatment of infants with BPD who are venti-
lator dependent after the first week of life [36]. In contrast
to the studies reported above for vitamin A and caffeine,
some preclinical studies do predate the first dexametha-
sone BPD trial. These preclinical studies include the dem-
onstration that postnatal dexamethasone partially res-
cued lung growth under conditions of caloric restriction
in newborn guinea pigs [38]. As such, these and other
preclinical studies may have contributed to the enthusi-
asm for the evaluation of dexamethasone in the manage-
ment of preterm birth. However, postnatal administra-
tion of dexamethasone failed to reduce oxygen-induced
lung injury in preterm guinea pigs [39], indicating the
existence of preclinical studies that also spoke against the
use of dexamethasone in preterm infants.

The last 2 of the 5 recent pharmacological interven-
tions validated in RCT's - inositol and clarithromycin -
were tested in single-center RCTs, and their efficacy has
not been confirmed [19, 40]. Inositol has not received any
attention in experimental animal models of BPD. Clar-
ithromycin administered alone was documented to be in-
effective in limiting the deleterious effect of oxygen toxic-
ity on postnatal lung maturation in rats [41], although
clarithromycin administered together with montelukast
and pentoxifylline showed promise. Thus, neither inosi-
tol nor clarithromycin was identified as a candidate ther-
apeutic intervention in preclinical models of BPD.

The rather dismal success of 5 out of 21 recent phar-
macological interventions has raised questions about the
low success rate of the drugs employed in these RCTs.
Better trial designs including considerations about phar-
macokinetics and appropriate endpoints, the need for
multicenter collaboration, and problems related to the
clinical definition of BPD [40] have been identified as po-
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tential reasons why some of the pharmacological inter-
ventions may have failed to prevent BPD. Interestingly,
none of these 5 “successful” pharmacological interven-
tions was first identified in experimental animal models
of BPD.

A search of the ClinicalTrials.gov database (accessed
on February 10, 2020) using the search term “broncho-
pulmonary dysplasia” yielded 219 registered studies, of
which 16 address cell therapy and 67 evaluate various as-
pects of pharmacological interventions. These interven-
tions include a number of compounds that have been
identified as being protective in preclinical studies under-
taken in experimental animal models of BPD, including
L-citrulline [42], w-3 fatty acids [43], sildenafil [44] and
vitamin D [45]. Additionally, some pharmacological
agents now being evaluated in clinical trials have not
demonstrated any utility in preclinical studies, such as
montelukast, which when applied alone did not protect
against hyperoxia-induced stunting of alveolarization in
newborn rats [46]. The outcomes of these ongoing trials
are eagerly awaited, and they will reveal whether preclin-
ical studies in experimental animal models of BPD proved
useful for the identification of further avenues for the
management of BPD. Should that indeed be the case, a
plethora of other candidate targets exists, which may sug-
gest additional candidates for further assessment. Over
the past 4 years alone, 212 pharmacological interventions
and 157 genetic interference studies have been undertak-
en in experimental animals and in experimental animal
models of BPD [reviewed in 5, 47], in order to identify
mediators of normal and stunted lung development, as
well as to promote improved lung maturation under
pathological conditions. The next generation of clinically
applicable pharmacological interventions may well be
amongst those mediators of normal and aberrant lung
development that have been identified in preclinical stud-
ies in experimental animal models of BPD. Particularly
exciting candidates amongst these include growth factor
signaling, such as transforming growth factor-f, as well
as mediators of inflammation, including the antagonism
of interleukin-1 receptor-mediated signaling and of
course the spectrum of cell-based therapies that are cur-
rently emerging.

No report on the utility of preclinical studies would be
complete without some critique of the experimental ani-
mal models currently in widespread use. Itis evident from
the discussion above, and other reviews addressing this
topic [48], that the seminal discoveries highlighting the
utility of surfactant and antenatal corticosteroids were
made in preterm rabbit, sheep and primate models. The
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selection of experimental animal models in preclinical
studies on BPD has shifted over time. Where the preterm
primate, rabbit and lamb models were formerly the ex-
perimental animal models of choice, for logistical, ethical
and financial reasons, these models are used less fre-
quently today. Many nations now forbid the use of non-
human primates in preclinical studies, and there are sub-
stantial labor and other costs associated with preterm
lamb models. These models, as well as the preterm rabbit
model, have largely been replaced by the term-born
mouse and rat models. There are several reasons for this,
including that (1) the costs of the animals, as well as the
animal husbandry, are considerably cheaper for mice and
rats; (2) due to the comparatively small size of mouse and
rat pups, a reduced amount of the interventional agents
is required to be administered to the pups, as compared
to the amount that would be used, for example, for much
larger preterm lambs; (3) the shorter period of postnatal
lung maturation in rodents, compared to primates and
lambs, means that experimental time courses are shorter
and results can be obtained faster and at lower cost; and
(4) particularly in the case of mice, extensive genetic tools
are available, including comprehensive knowledge of ge-
nomes, and widespread availability of transgenic mice.
However, this move in the direction of rodent models,
particularly mouse models, has multiple important draw-
backs. The most notable drawback for drug discovery
studies is the lack of the element of prematurity in rodent
models. While it is true that mouse and rat pups are born
in the saccular stage of lung development, the same stage
in which many preterm infants are born that go on to de-
velop BPD, these “saccular” mouse and rat pups are fully
competent for gas exchange and have no medical need for
any kind of oxygen supplementation. This contrasts
sharply with the clinical situation, where the very defini-
tion of BPD rests on the need for supplemental oxygen
[49]. A second drawback of mouse models, in particular,
is that mice cluster together separately from all other spe-
cies in preclinical studies on pharmacological interven-
tions in experimental animal models of BPD. The studies
on the utility of caffeine administration to promote lung
maturation described above are a case in point. A recent
overview of preclinical studies on caffeine and other
methylxanthines [30] reported that caffeine (or other
methylxanthines) exhibited a positive effect on lung mat-
uration or respiratory function in rats, rabbits, lambs and
baboons, while in mice, caffeine either exhibited no effect
at all or had a deleterious effect on lung maturation. As
such, mice appear to behave differently (indeed opposite-
ly) to all other species in terms of responses to candidate
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therapies for BPD. This raises an important point of cau-
tion and highlights the need to validate any intervention-
al study in a species other than the mouse prior to pro-
ceeding further with a candidate intervention. These con-
cerns highlighta pressing need to promote the widespread
use of experimental animals other than the laboratory
mouse — in particular, experimental animals that can be
delivered preterm - in an effort to mimic the clinical sce-
nario as well as possible.

Another point of consideration is the selection of ap-
propriate endpoints in preclinical studies, particularly
those studies employing rats or mice. Most preclinical
studies in rats or mice focus heavily on the alveolar sim-
plification aspect of “new” BPD. That is, almost every
study in rats or mice measures the lung structure (primar-
ily, the size or number of alveoli; directly or appropriate
surrogates). However, these studies focus overtly on only
one particular element of BPD pathophysiology: lung al-
veolarization. This is problematic for several reasons.
Firstly, other key pathophysiological hallmarks of BPD
are largely ignored. Remaining within the cardiopulmo-
nary system, there is little consideration of breathing or
respiratory function. This is largely due to difficulty with
performing breathing mechanics studies on immature
rodents, due to their small size. The signal-to-noise ratio
complicates the derivation of inspiration/expiration
loops from newborn mice studies using whole-body
plethysmography. Furthermore, the small internal diam-
eter of the trachea of newborn mice and mouse pups cre-
ates technical difficulties with intubation and airway can-
nula resistance in forced oscillation studies, for example,
using the flexiVent approach. However, efforts to address
this important deficit in our knowledge and technology
are already bearing fruit, with the first report on the im-
pact of hyperoxia exposure in the early postnatal period
in rats in the control of breathing [50]. Secondly, the small
size of newborn mice in particular makes any assessment
of pulmonary hemodynamics impossible. Right-heart
catheterization is technically impossible, and the small
size of the experimental animals also makes both echocar-
diography and computed axial tomography approaches
problematic. Thirdly, again related to the small size of
newborn mice, determination of any diffusion coeffi-
cients — for example, for carbon monoxide - is impossi-
ble. Thus, while it is possible to acquire excellent informa-
tion about the lung structure, the increasingly widespread
use of rodents as experimental animals in preclinical
studies on BPD has also resulted in limited knowledge
about the effect of pharmacological and genetic interven-
tion on breathing mechanics and function, as well as pul-
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monary hemodynamics. This is seen as an important lim-
itation of rodent-based experimental animal models of
BPD.

The nature of the injurious stimulus employed in ex-
perimental animal models of BPD also warrants discus-
sion. In a clinical setting, it is desirable to use as low an
FiO, as possible. However, hyperoxia-based studies with
experimental animals continue to routinely employ an
FiO, 0f 0.80-1.00 [51]. This is largely in an effort to mim-
ic structural changes that are noted in autopsy material
from BPD nonsurvivors. Two key issues emerge here.
Firstly, most autopsy material from BPD nonsurvivors
available to date is derived from patients with “old” BPD,
and it is highly desirable to reassess what perturbations to
the lung architecture exist in the lungs of patients with
“new” BPD. Once this is known, injurious stimuli can be
developed and refined, in order to properly mimic those
perturbations to the lung structure seen in infants with
BPD in the lungs of experimental animals in which BPD
is being modeled. Secondly, the injurious stimuli em-
ployed to provoke lung injury in experimental animal
models must better reflect the injurious stimuli in affect-
ed BPD patients. It is evident that the FiO, levels cur-
rently employed in experimental studies are not compa-
rable with those used clinically. Additionally, there is a
need for development of more complex and representa-
tive injurious stimuli. BPD patients have immature lungs
that are injured by a combination of oxygen toxicity, in-
fection, and other factors. Thus, the injury stimulus is
multifactorial. This is not the case in most rodent models,
where hyperoxia alone is frequently employed. There is a
clear need for development of more complex injurious
stimuli that encompass the spectrum of prematurity, ox-
ygen toxicity, and infection.

In summary, experimental animal models have been ex-
tremely valuable in the development of hallmark clinical
management strategies for BPD, including surfactant re-
placement and antenatal corticosteroids. While a move
away from large animal models of BPD in favor of term-
born rodents has facilitated the identification of a multitude
of new mechanisms of normal and stunted lung develop-
ment, this has come at a cost: (1) the loss of information
about breathing mechanics, gas exchange, and pulmonary
hemodynamics; and (2) a less relevant clinical context,
where lung prematurity and a background of infection are
now rarely present in the pathophysiology under study.
There is a pressing need to refine existing models to better
recapitulate pathological processes at play in affected in-
fants, in order to better evaluate new candidate pharmaco-
logical interventions for the management of BPD.
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