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Introduction

Bronchopulmonary dysplasia (BPD) is a complex disease
with significant adverse outcomes for infants born at< 30
weeks gestational age. There remains a big gap in under-
standing the pathophysiology of this neonatal lung disease
because the injury pathways are complex.1 There are few
effective targeted therapies to prevent this devastating neo-
natal disease2 and management takes a significant toll on
healthcare resources, costing an average of $116,000 per
infant discharged.3,4 Additionally, BPD is associated with
significant pulmonary and neurodevelopmental sequelae
that continue to have health ramifications into adulthood.
Surfactant, vitamin D, corticosteroids, and non-invasive
respiratory support have all been incorporated into standard

of care, but the incidence of BPD has remained the same
(43%)5 or has even increased over the years.6

The pathologic hallmarks of BPD are enlarged simplified
alveoli, pulmonary inflammation,7 increased cell death,8 and
dysregulated angiogenic factors9 that culminate in impaired
alveolarization and disrupted vascularization of the lungs,
usually secondary to an immature lung. A variety of inflam-
matorymolecules, for example, tumor necrosis factor-α (TNF-
α), interleukin 1-β (IL-1β), IL-6, inducible nitric oxide synthase
(iNOS), were implicated and/or associated with BPD.

Chitin and chitosans are high molecular weight oligosac-
charides with diverse biological activities having hypocholes-
terolemic, antimicrobial, immunostimulating, antitumorigenic,
calcium and iron absorption acceleration, anti-inflammatory,
and antioxidant properties.10 We have previously shown
that11 a low molecular weight chitin analog AVR-25 (N-
((2R,3R,4R,5S,6R)-5-(2S,3R,4R,5S,6R)-3-acetamido-4,5-dihydr
oxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-2-
(cyclohexyloxy)-4-hydroxy-6-(hydroxymethyl)tetrahydro-2H-
pyran-3-yl)acetamide) modulated macrophages in a manner
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Abstract Infants born extremely preterm are at a high risk of developing bronchopulmonary
dysplasia (BPD) which is characterized by large, simplified alveoli, increased inflamma-
tion, disrupted and dysregulated vasculogenesis, decreased cell proliferation, and
increased cell death in the lungs. Due to lack of specific drug treatments to combat this
condition, BPD and its long-term complications have taken a significant toll of
healthcare resources. AVR-25, a novel immune modulator experimental compound,
was able to partially recover the pulmonary phenotype in the hyperoxia-induced
experimental mouse model of BPD. We anticipate that AVR-25 will have therapeutic
potential for managing human BPD.
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similar to its parent compound chitohexaose.12 This modula-
tion (via alternate activation) to a noninflammatory phenotype
occurs by interacting with the host immune receptor, toll-like
receptor 4 (TLR4). In doing so, AVR-25 increases the production
of IL-10 and inhibits polymicrobial infection-induced inflam-
matorymediators such as TNF-α, IL-1β, IL-6, and iNOS in a cecal
ligation and puncture-induced sepsis model of mice.11 It is
known that alternatively activated macrophages are known to
control inflammatory response, enhance phagocytic activity,
and repair tissue damage.13Because BPD is a complexmultifac-
torial inflammatory disease of the lung, we took advantage of
this therapeutic property of AVR-25 and tested it in an experi-
mental mouse model of BPD and found AVR-25 to be signifi-
cantly efficacious in mitigating, at least in part, the BPD
pulmonary phenotype.

Most preclinical research on BPD is performed in term
neonatal rodents exposed to excessive hyperoxia because
terms pups are born in the saccular stage of lung develop-
ment, morphologically comparable to moderate to very
preterm human neonates. Even in the absence of hyperoxia,
oxidative stress might play an important role in impairing
lung development after preterm birth.14 Also, room air
contains a supraphysiological oxygen pressure in compari-
son to the uterine environment, and preterm lungs have
weaker antioxidant defense mechanisms.15 Based on these
assumptions, we chose themouse as our preclinical model to
test the efficacy of AVR-25 as a future target for preventing
human BPD.

Methods

The neonatal mice BPD experiments were done follow-
ing the methods described in Leary et al.16 C57Bl/6
strain (Jackson Labs; Bar Harbor, Maine, United States)
was used in the present study. The mouse model of experi-
mental BPD used was exposed to 100% O2 from postnatal
day 0 (PN0) to PN4, followed by recovery in room air for 10
days.8,16 AVR-25, in the dose of 10mg/kg (30 µL), was
injected intraperitoneally (IP) on PN2 and PN4. Mice were
sacrificed on PN14. All the pups in a litter (n¼ 6–7) were
used for the subsequent analysis for histology, morphome-
try, immunostaining, Western blotting, and enzyme-linked
immunosorbent assay (ELISA). All animal experiments were
approved by the institutional animal care committee at
Drexel University.

Bronchoalveolar lavage (BAL) fluid total cell and protein
count, morphometry, cell counting, Western blotting, histol-
ogy, and immunostaining were done as per Leary et al.16

Individual macrophage and neutrophil cell populations were
counted on cytosmears of BAL fluid after differential staining
with HEMA (Fisher Scientific: Waltham, MA, United States);
the absolute number of neutrophil and macrophage popula-
tion was counted on each individual slide and further
multiplied by the total cell count. Transferase dUTP nick
end labeling (TUNEL) staining (Roche) was done following
the manufacturer’s instructions. Multiplex ELISA for inflam-
matory markers in the lungs and serum was done using the
highly sensitive MSD multispot assay system (Rockville,

Maryland, United States); fluorescent immunostaining was
done for Ki67 (Abcam, 1:10) and vonWillebrand factor (vWF)
(Dako, 1:100). Western blotting was done for interferon
gamma (IFN-γ), IL-1β, IL-6, and TNF-α (1:1000; Cell Signaling
Technology, Massachusetts, United States). Densitometric
quantification of the Western blots was done using ImageJ.

Statistical Analysis
All statistical analyses were performed using Graph Pad
Prism version 8.0 (GraphPad Software; San Diego, California,
United States). The sample size was based on our previous
publications.8,16,17 Using chord length as the outcome of
alveolarization, we noted that this is abnormal in> 99% of
wild-type BPD mice lungs. Using our targeted molecular
therapy, we expected a 70% improvement. Hence, with an
α¼ 0.005, β¼ 0.2, and a power of 80%, we need n¼ 6 in each
group. The data are expressed as the mean� standard error
ofmeanwith n¼ 5 to 7mice in each group formorphometry,
n¼ 4 to 5 mice for Western blotting, n¼ 4 to 5 mice for total
cell count, and total protein estimation in BAL, n¼ 8 to 10
fields on hematoxylin and eosin sections for morphometry,
n¼ 4 to 5 mice for immunostaining and TUNEL assay, and
n¼ 4 to 5mice for serum ELISA. Groups were comparedwith
the two-tailed unpaired t-test and one- or two-way analysis
of variance, as appropriate. A p-value< 0.05 was considered
statistically significant.

Results and Discussion

We found AVR-25 to be significantly efficacious in mitigating
the BPD pulmonary phenotype at 10mg/kg, via IP dosing on
PN2 and PN4, when the immature lungs are in the saccular
stage of development. On PN14, the pups were sacrificed to
collect the BAL fluid, blood, and lung tissues to assess for
changes in various cytokine and chemokine levels, cell death,
cell proliferation, and vascularization.

Histologically, BPD is characterized by large simplified
alveoli (measured as chord length; ►Fig. 1A, 1B), increased
septal thickness (►Fig. 1A, 1C), decreased radial alveolar
count (►Fig. 1A, 1D), and mechanistically, by decreased cell
proliferation and increased cell death. After treatment with
AVR-25, all these parameters were restored toward room air
control values (►Fig. 1A–D). In addition, after treatment
with AVR-25, there was increased cell proliferation (evident
from Ki67 staining, ►Fig. 2A), improved vasculogenesis
associated with sprouting angiogenesis of terminal blood
capillaries and tiny blood vessels (evident from vWF
staining, ►Fig. 2B), and decreased cell death (evident from
TUNEL staining, ►Fig. 2C).

In BPD, several populations of circulating inflammatory
cells infiltrate into the lungs.18 At the same time, due to
injury to the alveolar epithelium and damage of the endo-
thelial wall, proteins leak into the BAL fluid and increase the
total protein content. However, after treatment with AVR-25,
the total immune cell numbers as well as the total protein
content were significantly decreased andwere close to room
air control values (►Fig. 3A, 3B). As pulmonary inflammation
in BPD is characterized by the presence of inflammatory
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cells, for example neutrophils and monocytes,1 we also
counted the individual neutrophil and macrophage popula-
tion in the BAL fluid cytosmears and found that both neu-
trophils andmacrophageswere significantly increased in the
BPD group as compared with the room air and room
airþAVR-25 group. After treatment with AVR-25, there
was no change in the neutrophil population between the
room air, room airþ AVR-25, and BPDþAVR-25 groups; but
the macrophage population was significantly decreased in
the BPDþAVR-25 as compared with BPD group but higher
than the room air group (►Fig. 3C, 3D).

Using Western blot in the lung tissues (►Fig. 4A) and
multiplex ELISA in the serum (►Fig. 4B, 4C), we confirmed
that after treatment with AVR-25 therewas decreased expres-
sion of proinflammatory cytokines IFN-γ, IL-1β, IL-6, TNF-α,
and an increase in anti-inflammatory cytokine IL-10, in both
the lungs and in the serum (►Fig. 4B, 4C) of the treated groups
as compared with the control groups. These cytokines were
selectedbasedonourpreviousobservations.19Wealso founda
decrease in macrophage inflammatory protein-1, monocyte
chemoattractant protein-1 (MCP-1), and induced protein-10
(IP-10) in mouse lungs and serum after treatment. It is to be
noted that lung inflammation is triggered by the activation of

the innate immunity system that in turn activates the cell
surface receptors.20 These receptors play a key role in the
activation of the inflammasome, and it is for this reason that
this pathway may be an active target for drug development to
combat inflammation.21MCP-1 recruits inflammatory cells to
the area of injury, while TNF-α enhances the expression of
other proinflammatory cytokines. IL-10, on the other hand,
suppresses inflammatory response by inhibiting the nuclear
factor kappa B pathway.1

The hyperoxia-induced mouse model of experimental BPD
does have some similarities to human BPD. Specifically, the
termmouse lung is in the saccular stage of lung development
and postnatal day (PN0) at birth is�26 to 28 weeks of human
equivalent gestational age.22 Furthermore, while the term
mouse is surfactant-sufficient, it can be considered akin to a
preterm infant who has received a full complement of antena-
tal steroids to mature the lung. Lack of surfactant (or presence
of respiratory distress syndrome) is not a prerequisite to
develop BPD. BPD is a disease of genetic–environmental inter-
actions; among the latter contributors, hyperoxia per se
(depending upon dose and duration of exposure) is sufficient
to initiate and result in persistent inflammation on the path to
BPD.1,23 In addition, ante (chorioamnionitis) and postnatal

Fig. 1 Histology, morphology: (A) Hematoxylin and eosin (H&E) staining showing histology of mouse lungs in room air (RA), bronchopulmonary
dysplasia (BPD) (100% O2 from postnatal or PN day 0-PN4; recovery in RA for next 10 days till PN14), (RAþ AVR-25) and (BPDþAVR-25) treated
groups. In the BPD group, the alveoli are larger and simplified as compared with room air controls. After treatment with AVR-25 (10 mg/kg),
intraperitoneally (IP) (30 µL), at PN2 and PN4, the alveolar architecture recovers, in part, similar to those of RA controls. There was no change in
the histology in the (RAþ AVR-25) treated group. Bottom panel shows improvement in (B) chord length, (C) septal thickness and (D) radial
alveolar counts or radial alveolar count (RAC) after treatment. (X100). �p< 0.05, ���p< 0.0001, one-way analysis of variance (ANOVA), n¼ 3–6.
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Fig. 2 Cellular responses (proliferation and death), and vascularization of neonatal lungs after AVR-25 treatment: immunostaining showing (A)
restoration of cell proliferation by Ki67 staining, (B) improved vascularization by von Willebrand factor (vWF) staining, and (C) decrease in cell
death by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining with corresponding quantification in the bottom panel.
Arrows (white) point to the fragmented/apoptotic nuclei within a cell. X400. �p< 0.05, ��p< 0.001, ���p< 0.0001, one-way analysis of variance
(ANOVA), n¼ 3–6. BPD, bronchopulmonary dysplasia; HPF, high power field; RA, room air.
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Fig. 3 Biochemical changes in the neonatal lungs after AVR-25 treatment: (A) Total immune and inflammatory cells in bronchoalveolar lavage
(BAL) fluid and (B) total protein content in BAL fluid. After treatment with AVR-25 (10 mg/kg, intraperitoneally (IP) (30 µL), at PN2 and PN4, there
is a significant decrease in inflammatory cells as well as total protein in the treated group as compared with bronchopulmonary dysplasia (BPD)
alone group. (C) Individual neutrophil and (D) macrophage population in the BAL fluid as evident from cytosmears by differential HEMA staining.
Neutrophils are modestly increased while macrophages are robustly increased in the BPD group as compared with room air (RA) controls. After
treatment with AVR-25, there is no change in the neutrophil population in both the RA and in the BPD group. However, although the macrophage
population did decrease after treatment in the BPD group, it was still higher when compared with RA only or RA þ AVR-25 groups. �p< 0.05, ��p<
0.001, ���p< 0.0001, one-way analysis of variance (ANOVA), n¼ 5–7.

Fig. 4 Suppression of inflammation after AVR-25 treatment: (A) RepresentativeWestern blotting showing the expression of interleukin-1β (IL-1β), IL-6, and
IL-10 in the lung tissues.β actin is the loading control. Both IL-1β and IL-6 are increased inbronchopulmonary dysplasia (BPD) that ismarkedly decreasedafter
AVR-25 treatment; in contrast, the anti-inflammatory IL-10 is upregulated following treatment with AVR-25. n¼ 3–5. Similar results were also obtained in a
multiplex enzyme-linked immunosorbent assay (ELISA) assay on (B) lung lysates and (C) serum; �p< 0.05, ��p< 0.001, ���p< 0.0001, one-way analysis of
variance (ANOVA), n¼ 3–6. For cytokine ELISA assays, two-way ANOVA (Tukey’s multiple comparison test) was done. IP-10, induced protein-10; MCP-1,
monocyte chemoattractant protein-1; MIP-1, macrophage inflammatory protein-1; RA, room air; TNF-α, tumor necrosis factor-α.
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sepsis, in conjunction with invasive ventilation� hyperoxia,
exposure has also been associated with BPD.24,25

Although the mechanism of action of AVR-25 has not
been studied in detail, from the preliminary data generated
from this current study, we believe that AVR-25 modulates
the TLR4 pathway by decreasing the proinflammatory
cytokines and chemokines while simultaneously increasing
the expression of the anti-inflammatory IL-10. AVR-25
selectively binds to TLR4 but not to TLR2 protein (data
not shown) and in doing so, stimulates macrophages to
produce the compensatory cytokine IL-10.11 The depletion
of IL-10 is observed along with a significant increase in
inflammatory cytokines IL-6, IL-8, and IL-1β in preterm
neonates between 3 and 21 days26 after birth. It is also
known that IL-10 negatively regulates the production of IL-
1β,27–29 thus potentially protecting from lung injury, which
is evident from our results. More importantly, AVR-25 did
not have any toxic effect on other organ systems in the
neonatal pups (data not shown). Hence, we believe that
stimulation of IL-10 by AVR-25 contributes toward an
improved lung phenotype, which is otherwise compro-
mised in BPD.

Conclusion

We report that compound AVR-25 partially prevents the
development of the hyperoxia-induced experimental BPD
pulmonary phenotype in neonatal mice pups. This property
of AVR-25 can be harnessed as a potential therapeutic agent
for the prevention of a neonatal disease for which there is no
available treatment, to date. The detailed mechanism of
action of AVR-25 and structure activity optimization is
currently in progress.
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