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Abstract

Premature infants with bronchopulmonary dysplasia (BPD), are at risk for fre-
quent respiratory infections and reduced pulmonary function. We studied
whether neonatal hyperoxia disrupts adaptive immune responses in adult
mice, contributing to higher respiratory-related morbidities seen in these
infants. Newborn mice litters were randomized at 3 days to 85% O, or room
air (RA) for 12 days. Whole lung mRNA was isolated in both the groups at
2 weeks and 3 months. Gene expression for T-cell and B-cell adaptive
immune response was performed by real-time PCR and qRT-PCR; protein
expression (p21, IL4, IL10, IL27, cd4) was performed by enzyme immunoassay
along with p21 immunohistochemistry. Hyperoxia increased expression of p21
and decreased expression of 19 genes representing T/B-cell activation by >
fourfold; three of them significantly (Ragl, Cdldl, Cd28) compared to the
RA group at 2 weeks. Despite RA recovery, the expression of IFNy, IL27, and
CD40 was significantly reduced at 3 months in the hyperoxia group. Expres-
sion of p21 was significantly higher and IL27 protein lower at 2 weeks follow-
ing hyperoxia. Adult mice exposed to neonatal hyperoxia had lower IL4 and
IL10 in the lung at 3 months. Adaptive immune responses are developmen-
tally regulated and neonatal hyperoxia suppresses expression of genes involved
in T-/B-cell activation with continued alterations in gene expression at
3 months. Dysfunction of adaptive immune responses increases the risk for
susceptibility to infection in premature infants.

Introduction

Bronchopulmonary dysplasia is the most common form
of chronic lung disease following premature birth, espe-
cially in extremely low-birth-weight (ELBW) infants. Sev-
eral prenatal (Morrow et al. 2017), postnatal (Jobe 2011),
and genetic factors (Bhandari and Gruen 2006) act on the
immature lung leading to development of BPD. Multifac-
torial origin of the disease makes it especially difficult to
treat these infants, with no specific therapies in sight.
Despite recent advances such as gentler ventilation strate-
gies and surfactant, the incidence of BPD has not changed
over the last few decades, reflecting improved survival of
extremely low-birth-weight infants who are at highest risk
for BPD (Schmidt et al. 2015).
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Multiple factors are implicated in the pathogenesis of
BPD, including chorioamnionitis (Eriksson et al. 2014),
sepsis (Shah et al. 2015), mechanical ventilation (Allison
et al. 2008), and supplemental oxygen use (Jobe and Kal-
lapur 2010) in these infants. Resulting pulmonary inflam-
mation leads to recruitment of neutrophils and
monocytes in the lungs, production of pro-inflammatory
cytokines, and development of adaptive immunity for res-
olution of infection and inflammation. However, persis-
tent inflammation, resulting from environmental factors
such as mechanical ventilation or hyperoxia in a setting
of an immature lung, is a characteristic feature of BPD
(Balany and Bhandari 2015). Overall cytokine pattern
in infants who developed BPD or died indicated an
impairment in transition from innate immune response
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mediated by neutrophils to adaptive immune response
mediated by T lymphocytes (Ambalavanan et al. 2009).
Adaptive immune responses are subordinate to innate
immune responses, in that, mononuclear phagocytic cells
and antigen presenting cells are required for effective lym-
phoid responses to antigens (Hoebe et al. 2004). The
gradual development of immunity during gestation is
worsened not only by premature birth but also by the
immaturity of the cellular immune response at birth
(Gasparoni et al. 2003).

Adult mice exposed to neonatal hyperoxia demon-
strate enhanced inflammation, suggesting that neonatal
hyperoxia not only disrupts lung development but also
reprograms key innate immunoregulatory molecules in
the lung contributing to viral disease (O’Reilly et al.
2008). Neonatal hyperoxia may alter the host response
to respiratory viral infection in adult mice by inducing
long-term changes in the reparative or the cytotoxic
nature of natural killer cells (Reilly et al. 2015). We
have shown that the absolute lymphocyte count in lung
lavage is higher, with an increase in CD3 cell count in
the lung in adult mice following neonatal hyperoxia
(Kumar et al. 2016). Extremely low-birth-weight infants,
who are most risk for BPD, are also at increased risk
for dysfunctional innate and adaptive immune responses
in the postnatal period. We hypothesize that adaptive
immune responses are developmentally regulated and
hence its disruption by factors such as hyperoxia may
lead to dysfunctional immune response. We studied the
T-cell and B-cell immune responses in adult mice in a
neonatal hyperoxia model of lung injury similar to
BPD in infants.

Methods

Oxygen exposure

This is an in vivo study of hyperoxic lung injury in new-
born mice to mimic to the pathophysiology of BPD in
premature infants. The study was approved by IACUC of
the University at Buffalo. Time dated pregnant C57/BL6
mice were allowed to acclimate in the animal facility a
week prior to delivery. On postnatal day 3, newborn mice
litters were randomized to receive either 85% O, (hyper-
oxia) or room air (RA) for 12 days (P3-P15; humidity:
50-60%). Room air mice were subjected to the identical
environment as hyperoxia-exposed mice. Dams were
alternated between RA and oxygen exposed litters every
24 h to prevent maternal O, toxicity. Mice were recov-
ered in room air at the end of hyperoxia exposure at P15
in both the groups. Mice were killed at the end of study
(P15) and at 3 months by intraperitoneal injection of
sodium pentobarbital. Lung tissues was collected for gene
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expression studies and for formalin fixation at 2 weeks
and 3 months of age (N =6 in each group, each time
point).

RNA isolation

Lung tissue was flash frozen in liquid nitrogen and stored
at —80°C until processed. RNA was isolated from flash
frozen mouse lung using RNeasy Mini kit (Qiagen, Valen-
cia, CA) with on column DNase digestion per manufac-
turer’s protocol. RNA integrity was assessed using
Experion Automated Electrophoresis System (Bio-Rad,
Hercules, CA).

Whole lung gene expression profiling by RT?
qPCR

Mouse T-cell and B-cell activation RT* PCR array (SA
Biosciences, MD) profiles the expression of 84 genes rep-
resenting T-cell and B-cell activation, a key part of
adaptive immunity. The array includes genes involved in
T-cell and B-cell activation, proliferation, and differentia-
tion. Using RT? first strand kit (SA Biosciences, MD),
300 ng of total RNA was reverse transcribed to ¢cDNA,
which was mixed with RT>-SYBR Green qPCR master
mix. Aliquots of this mix was placed into each of the
PCR array plates containing the predispensed gene-speci-
fic primer sets and PCR performed on a 96-well MyiQ
thermocycler (Bio-Rad, Herculus, CA) according to man-
ufacturer’s protocol. The instrument’s software was used
to calculate the threshold cycle (C,) values for all the
genes on the PCR Array. Fold change in gene expression
for pair-wise comparison was processed using the excel-
based PCR Array Data Analysis software (SA Biosciences)
by 2724¢ ) method, comparing to the corresponding RA
group (RA 2 weeks; RA 3 months).

Quantitative reverse transcription PCR
(RT-gPCR)

Genes with significant expression (Cdldl, 1127, Cd28,
Cd4 and p21) from the gene expression profiling were
subjected to RT-qPCR. Total cellular RNA was reverse
transcribed using iScript ¢cDNA Synthesis kit (Bio-Rad,
Hercules, CA). Reactions containing no reverse transcrip-
tase were included for individual RNA. Primers were pur-
chased from Real Time Primers (Elkins Park, PA), and
reference genes f-actin, Rpl13A and Pgkl (Genorm Soft-
ware, Biogazelle, Belgium) were used per protocol. PCR
was run in duplicates in all samples in a CFX Connect
Real-Time PCR machine (Bio-Rad) using SYBR Green.
Results for these primers were analyzed using the online
data analysis software (SA Biosciences, MD).
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Protein analysis

Quantitative determination of interleukin-4 (I14), inter-
leukin-10 (I110), interleukin-27 (1 127), cd4 antigen
(cd4) and cyclin-dependent kinase inhibitor 1A (cdknla
or p21) was performed in cell-free supernatants of lung
homogenates in both the oxygen and the room air
groups in 2 weeks and 3 months of age. Quantikine
mouse Il4 and I10 immunoassay (R & D Systems,
Minneapolis, MN), p21 EIA (Abcam, Cambridge, MA),
1127 enzyme immunoassay (Boster Biologicals, Pleasan-
ton, CA), and cd4 ELISA kit (Xpress Bio, Frederick,
MD) were used to determine whether the levels of pro-
tein in lung tissue extracts are per manufacturer’s pro-
tocol. All experimental groups were tested in duplicates.
The cytokine levels were normalized to the protein pre-
sent in cell-free preparation of each sample measured
by Lowry assay and expressed as either pg/mg or ng/
mg lung protein.

p21 Immunohistochemistry

Immunostaining was performed on lung sections for
the cell cycle inhibitor, p21. Antigen was first retrieved
in paraffin-embedded sections by heating in pH 6.0
citrate buffer (Lab-Vision, Fremont, CA) for 20 min.
Slides were washed in PBS and incubated with 2% BSA
to block nonspecific binding. Lung sections were incu-
bated for 60 min at 4°C with mouse monoclonal anti-
body to p21 (1:100 dilution; Santa Cruz # 6246) and
rinsed with PBS. The sections were then incubated with
peroxidase labeled rabbit anti-mouse IgG (1;1000) for
30 min at 37°C, washed with PBS, and stained with
DAB staining kit (Dako Envision_HRP-DAB; Carpinte-
ria, CA). Nonspecific IgG and omission of primary
antibody were used as controls for staining specificity.
Quantification of p21 staining was done at 400x and
the number of p21 stained nuclei per high-power field
(56,000 um?) of lung cross-sectional area was deter-
mined. Twelve random HPFs per animal (#n = 5 in each
group at 2 weeks/3 months) were evaluated. The iden-
tity of the sample was masked to the observer estimat-
ing THC staining to avoid bias. The score was given
according to the intensity of the nuclear or cytoplasmic
staining (no staining = 0; weak staining = 1; moderate
staining = 2; strong staining = 3) and the extent of
stained cells (0% = 0; 1-10% = 1; 11-50% = 2; 51—
80% = 3; 81-100% = 4). The final immunoreactive
score was determined by multiplying the intensity and
the extent of positivity scores of stained cells, with the
minimum score of 0 and maximum score of 12 (Han
et al. 2009).
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Statistical analysis

All data were expressed as mean =+ standard deviation
(SD) with n representing the number of animals studied
(N =6 in each group). P values are calculated based on
Students’ -test of the replicate 2722 values for each
gene in the control group and the treatment group. A P
value of <0.05 was considered significant. Differences
among groups were compared by ANOVA with Bonfer-
roni-Dunn post hoc test when appropriate.

Results

Hyperoxia suppresses genes involved in
T-cell and B-cell activation at 2 weeks

Of the 84 genes in the PCR array, there was widespread
suppression of gene expression involved in B-cell and
T-cell function following 12 days of hyperoxia (Table 1).
Forty-two percent (35/84) of the genes were underex-
pressed by >2-fold; 22% (19/84) genes were underex-
pressed by >4-fold (Table 1). The genes involved in
>4-fold underexpression compared to the room air group
were involved in regulation, activation, proliferation, dif-
ferentiation of T or B cells (Table 1). Genes that were sig-
nificantly downregulated included interleukin 4 (Il4),
recombination activation gene 1(Ragl), cd1ldl, and cd28.
Suppression of immune regulation genes was accompa-
nied by significant overexpression of cyclin-dependent
kinase inhibitor 1A (p21), a cell cycle inhibitor (Table 1).
All but one gene (p21) were underexpressed to a greater
or lesser degree compared with the room air group.

Immune gene expression recovers in room
air following hyperoxia by 3 months

Following room air recovery up to 3 months, expression
of immune-related genes recovered for the most part.
Thirty-three percent (24/84) of the genes were overex-
pressed by >2-fold; 14% (12/84) genes were overexpressed
by >4-fold (Table 2). Most of the genes that were overex-
pressed at 3 months (cdldl, cd3d, cd3e, cd4, cd28,
cd40Ig, Ap3bl) were underexpressed at 2 weeks following
hyperoxia (Table 2). Genes that were significantly overex-
pressed at 3 months included cd3d, cd3e, 127, cd28, cd40
ligand, tumor necrosis factor (ligand) superfamily-13b
(Tnfsf13b), and interferon gamma (IFNy) (Table 2). The
cell cycle inhibitor, p21, was significantly underexpressed
at 3 months (Table 2). Only two other genes to be under-
expressed included early growth response 1 (Egrl; FR:
—3.8) and recombination activating gene 1(Ragl; FR:
—4.81, Table 2).
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Table 1. Real-time PCR array analysis of T-cell and B-cell genes in lung homogenate of mice exposed to 85% O, for 12 days from P3 to P15.

Fold Change of 85% O, — 2-week group

Gene Symbol Gene Description (compared with 21% O, — 2 weeks)
Genes involved in B-cell activation

Cr2 Complement receptor 2 —-4.73

Igbp1b Immunoglobulin (CD79A) binding protein 1b —12.46
B-cell differentiation

1110 Interleukin 10 —6.06

114 Interleukin 4 —5.31*

Nkx2-3 NK2 transcription factor related, locus 3 (Drosophila) —-5.32

Rag1 Recombination activating gene 1 —4.16*
Regulators of T-cell activation

Cd1d1 CD1d1 antigen —13.05*

Cd3d CD3 antigen, delta polypeptide —4.20

Cd8a CD8 antigen, alpha chain —5.43

Irf4 Interferon regulatory factor 4 —4.86

Prir Prolactin receptor —22.70
T-cell proliferation

Cd3e CD3 antigen, epsilon polypeptide —5.51
T-cell differentiation

Ap3b1 Adaptor-related protein complex 3, beta 1 subunit —12.68

Cd4 Cd4 antigen —39.71

1127 Interleukin 27 —6.75
Th1/Th2 differentiation

Cd28 CD28 antigen —7.06%*

Cd40lg CD40 ligand —-17.30
Other genes related to immune cell activation

H60a Histocompatibility 60a —14.90
Overexpressed gene

Cdkn1a Cyclin-dependent kinase inhibitor 1A (P21) 7.70%

Genes in the 85% O, 2-week group were expressed as the fold change of expression of the same gene in the RA 2-week group (control
group; gene expression in the control group = 1.0). Genes that are under (<4.0) or over (>4.0) expressed (relative to RA 2-week group or the
control group) or significant are shown (n = six in each group); *P < 0.05 versus RA 2 weeks by Student's t-test. A negative sign prefixes
underexpressed genes. Housekeeping genes — Gapdh and Hprt; some genes act at more than one phase of B-/T-cell activation.

Developmental regulation of immune gene
expression

Among the immune genes studied, several genes were
downregulated by >5-fold at 3 months compared with
2 weeks in the room air group (Table 3). Genes with sig-
nificant downregulation of expression in the lung
included Cdldl antigen and recombination activating
gene 1 (Ragl). This is in contrast to overexpression of
genes in the hyperoxia group at 3 months (Table 2). This
suggests that immune gene expression is relatively greater
early in development and tapers off in adult mice.

Hyperoxia alters immune gene expression in
adult mice

Despite prolonged recovery in room air, several of the
immune regulation genes in the lung were downregulated
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in the hyperoxia group at 3 months (Table 4). Interferon
gamma (IFNy)), interleukin 27 (1127), and CD 40 antigen
(cd40) were significantly downregulated in the hyperoxia
group compared with the room air group at 3 months
(Table 4). Secreted phosphoprotein 1 (Sppl) and early
growth response 1 (Egrl) gene were downregulated by
>2-fold compared with the room air group.

RT-gPCR analysis of selected immune genes

The analysis of selected genes was to confirm the trend
we noticed in real-time PCR. CD1D1, CD28, and IL27
were all underexpressed and p21 overexpressed in the
hyperoxia group at 2 weeks compared with room air
group (CDIDI1: —6.05; CD28: —2.55; IL27: —3.85; p2l:
+19.80). The same genes were overexpressed except p2l
in the hyperoxia groups at 3 months (CD1DI1: 2.05;
CD28: 3.72; 1L27: 2.48; p21: —6.64 vs. 85% O, 2 weeks).

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 2. Real-time PCR array analysis of T-cell and B-cell genes in lung homogenate of mice exposed to 85% O, for 12 days from P3 to P15.

Gene symbol Gene description

Fold change of 85% O, — 3-month group
(compared with 85% O, — 2 weeks)

Overexpressed genes at 3 months

Clcf1 Cardiotrophin-like cytokine factor 1 478
Cd1d1 CD1d1 antigen 4.24
Cd3d CD3 antigen, delta polypeptide 4.27*
Sit1 Suppression inducing transmembrane adaptor 1 412
Cd3e CD3 antigen, epsilon polypeptide 7.96*
Ap3b1 Adaptor-related protein complex 3, beta 1 subunit 5.45
Cd4 Cd4 antigen 6.59
1127 Interleukin 27 4.67*
Cd28 CD28 antigen 5.15%
Cd40lg CD40 ligand 5.37*
Tnfsf13b Tumor necrosis factor (ligand) superfamily-13b 5.10%
Ifny Interferon gamma 7.10%
Underexpressed genes at 3 months
Cdkn1a Cyclin-dependent kinase inhibitor 1A (P21) —4.29*
Rag1 Recombination activating gene 1 —4.81

Genes in the 85% O, 3-month group were expressed as a fold change of expression of the same gene in the 85% O, 2-week group (control
group; gene expression in the control group = 1.0). Genes that are under (<4.0) or over (>4.0) expressed (relative to 85% O, 2 weeks or the
control group) or significant are shown (n = six in each group); *P < 0.05 versus RA-2 weeks by Student’s t-test. A negative sign prefixes

underexpressed genes. Housekeeping genes — Gapdh and Hprt.

Table 3. Real-time PCR array analysis of T-cell and B-cell genes in lung homogenate of mice exposed to room air.

Gene symbol Gene description

Fold change in 21% O, — 3-month group (compared with 21% O, — 2 weeks)

Overexpressed genes at 3 months
Tnfsf13b Tumor necrosis factor (ligand) superfamily — 13b
Underexpressed genes at 3 months

Cd1d1 CD1d1 antigen

Cd4 Cd4 antigen

H60a Histocompatibility 60a

Hells Helicase, lymphoid specific

Igbp1b Immunoglobulin-binding protein 1b
1110 Interleukin 10

Prir Prolactin receptor

Rag1 Recombination activating gene 1

5.25%

—6.26%
—6.59
—8.83
—5.67
—7.38
—10.0
—12.48
—30.30%

Genes in the 21% O, 3-month group were expressed as the fold change of expression of the same gene in the 21% O, 2-week group (con-
trol group; gene expression in the control group = 1.0). Genes that are under (<4.0) or over (>4.0) expressed (relative to 21% O, 2 weeks or
the control group) or significant are shown (n = six in each group); *P < 0.05 versus RA-2 weeks by Student’s t-test. (A negative sign prefixes

underexpressed genes). Housekeeping genes — Gapdh and Hprt.

Interleukin-27 was underexpressed in the hyperoxia group
compared with room air group at 3 months (IL-27:
—2.18). The trend in expression was similar in both real-
time PCR and qRT-PCR for these selected genes.

Immune protein expression

Whole lung p21 expression was significantly higher fol-
lowing hyperoxia at 2 weeks (*P < 0.05 vs. room air —
2 weeks, Fig. 1A); however, there was no difference in

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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p21 expression at 3 months between the groups (Fig. 1A).
Expression of interleukin-4 (Fig. 1C) and interleukin-10
(Fig. 1E) was significantly higher in the room air group
at 3 months compared with hyperoxia group (P < 0.05
vs. hyperoxia — 3 months). Expression of interleukin-27
was significantly higher in the room air group at 2 weeks
(*P < 0.05 vs. room air — 2 weeks, Fig. 1D); however,
there were no differences at 3 months between the groups
(Fig. 1D). Expression of cd4 protein was not different
between the groups at 2 weeks or at 3 months (Fig. 1B).
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p21 immunohistochemistry

Nuclear staining for p21 protein was markedly intense
and numerous in the 85% O, group (Fig. 2C and D)
with minimal to no staining in the room air group
(2A/2B) at 2 weeks. On quantification of p21 immuno-
histochemistry, the scores were significantly higher in
the hyperoxia group at 2 weeks (*P < 0.05 vs. room air
group, Fig. 2I). Staining for p21 was present at
3 months; however, it was minimal to moderate, and
there was no significant difference in the quantitative
score between the two groups (2E/2F — room air, 2G/
2H — hyperoxia, Fig. 2I).

V. H. S. Kumar et al.

Discussion

Hyperoxia during the saccular stages of development in
mice for 4-10 days induce alveolar simplification and
structural and functional alterations in the lung (Veness-
Meehan et al. 2000, 2002; O’Reilly et al. 2008; Kumar
et al. 2016) very similar to changes in infants with bron-
chopulmonary dysplasia. Infants with BPD are at
increased risk for respiratory infections, airway reactivity,
and alterations in function of the lung even in late child-
hood and early adult years (Doyle et al. 2006; Greenough
2008; Fawke et al. 2010). Mice exposed to neonatal hyper-
oxia do poorly upon challenge with influenza virus as

Table 4. Real-time PCR array analysis of T-cell and B-cell genes in lung homogenate of mice exposed to 85% O, for 12 days (P3 to P15).

Gene symbol Gene description

Fold change of 85% O, — 3-month group (compared with 21% O, — 3 months)

Genes involved in B-cell activation

Spp1 Secreted phosphoprotein 1
Ifng Interferon gamma

Egr1 Early growth response 1
IL27 Interleukin 27

CD40 CD 40 antigen

—-3.7
=27
2.4
=27
—2.0*

Genes in the 85% O, 3-month group were expressed as the fold change of expression of the same gene in the RA 3-month group (control
group; gene expression in the control group = 1.0). Genes that were under (<2.0) or over (>2.0) expressed (relative to control: RA 3-month
group) or significant are shown (n = six in each group); *P < 0.05 versus RA 3 months by Student’s t-test (a negative sign prefixes underex-
pressed genes). Housekeeping genes — Gapdh and Hprt; some genes act at more than one phase of B-/T-cell activation.
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Figure 1. Protein expression of selected molecules in whole lung homogenate in room air and the hyperoxia (85% O,) groups (columns with
black fill — room air groups; columns with gray fill — hyperoxia groups). Cell cycle inhibitor, p21 (1A), cluster of differentiation 4 (CD4)
glycoprotein (1B), immune-regulatory cytokines interleukin-4 (IL4) (1C), and interleukine-27 (IL27) (1D); and inteleukin-10 (IL10) (1E), an anti-
inflammatory cytokine was measured in the lung by enzyme immunoassay (see text for details). *P < 0.05 versus room air — 2 weeks;

TP < 0.05 versus hyperoxia — 3 months, ANOVA. N = six in each group, each time point.
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Figure 2. Immunohistochemistry for cell cycle inhibitor, p21, was performed in the lung at 2 weeks (A-D) and 3 months (E-H) in both the
room air (A/B; E/F) and the hyperoxia (C/D; G/H) groups (100x — A, C, E, F; 400x — B, D, F, H). The staining quantified by intensity and the
extent of staining (see text for details). Columns with black fill — room air groups; columns with gray fill — hyperoxia groups; *P < 0.05 versus

room air — 2-week group.

adults, with increased severity of infection, greater weight
loss, recruitment of inflammatory cells, and poor survival
(O’Reilly et al. 2008). Hence, we studied the hyperoxia
model of lung injury to investigate the immune responses
in adult mice. Our results suggests that perinatal oxygen
exposure may alter the developmental dynamics of
immune response and the cell cycle regulator, p21, may
play a role in the alteration of this response following
neonatal hyperoxia.

Genes studied by the PCR array was a broad represen-
tation of the expression of T-cell and B-cell activation,
proliferation, and differentiation along with genes regulat-
ing Thl and Th2 development, a key component of adap-
tive immunity. Neonatal hyperoxia for 12 days from Day
3 to Day 15 suppresses the expression of genes involved
in adaptive immunity during the critical phase of lung
development and immune maturation. More than 25% of
the genes studied were downregulated by >4-fold,

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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compared with the room air group by 2 weeks. T-cell
receptor signaling pathway was significantly downregu-
lated in infants with BPD through the first month of life
(Pietrzyk et al. 2013). A critical component of innate
immune response involves presentation of the lipid anti-
gen by CD1dl to NK T cells to produce cytokines and
activate adaptive immune responses. Hyperoxia downreg-
ulates the expression of CDI1dl, one of the key
immunoregulatory molecule, a critical first step, in pro-
tection against viral immunity. Neonatal hyperoxia has
been shown to alter NK responses to influenza A virus
infection in adult mice (Reilly et al. 2015). Expression of
CD28 molecule, which transduces a positive signal to pro-
mote proliferation of TCR (T-cell receptor)-stimulated T
cells, was significantly downregulated by hyperoxia. CD28
prolong survival of activated T cells, induces memory
phenotype and hence critical for viral immunity. Down-
regulation of recombinant activation gene-1 (Rag-1)
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contributes to the delay or dysfunctional maturation of B
and T lymphocytes following hyperoxia exposure; the
gene is essential for rearrangement of immunoglobulin
and T-cell molecules produced by lymphocytes.

The cyclin-dependent kinase inhibitor p21, a check-
point regulator of cell cycle, was significantly overex-
pressed following neonatal hyperoxia. p21, in addition to
being a regulator of cell cycle, is involved in cell differen-
tiation and DNA repair (Sheikh et al. 1997; Stein et al.
1999). Previous studies have shown that hyperoxia
induces p21 in the neonatal lung (McGrath 1998; O’Reilly
et al. 1998, 2001). Newborn p21 knockout (21 /7) mice
exposed to hyperoxia had decreased survival and signifi-
cantly larger alveoli than p21~/~ control lungs (McGrath-
Morrow et al. 2004); p21 may also be important during
recovery from lung injury because it is associated with
lower levels of oxidative stress contributing to signifi-
cantly lesser abnormalities in the lung (McGrath-Morrow
et al. 2004). When cells are damaged, p21 is the predomi-
nant mediator of G; checkpoint, protecting cells against
genotoxic stress inducing growth arrest. Low levels of p21
inhibits cell proliferation and growth, whereas higher
levels promote an anti-apoptotic phenotype, allowing
repair of damaged DNA that might otherwise be a stimu-
lus for apoptosis (Vitiello et al. 2006). Inhibition of cell
proliferation and growth by p21 can suppress the expres-
sion, differentiation, and maturation of adaptive immune
responses during development. All immune response
genes studied were downregulated following hyperoxia
except for p21, which was overexpressed. Costimulatory
molecule, CD28, promotes T-cell viability via upregula-
tion of the anti-apoptotic molecule Bcl-X; (Jones et al.
2002). The p21 protein expression was significantly higher
in the lung and by immunohistochemistry at 2 weeks.
Higher levels of p21 protein might also promote an anti-
apoptotic effect by maintaining the expression of Bcl-Xj,
allowing for repair of damaged DNA from hyperoxia
(Vitiello et al. 2006).

The overexpression of immune genes by 3 months in
the hyperoxia group is essentially a “catch-up” in terms
of expression of these genes. Despite a prolonged period
of room air recovery, there were some differences in
immune responses between the hyperoxia and room air
groups at 3 months. Significant downregulation of inter-
feron-y, interleukin-27, and CD40 was noted in the
hyperoxia group compared with the room air group at
3 months. Recovery from severe suppression of immune
genes following hyperoxia may be prolonged and dysfunc-
tional in adult mice. Downregulation of interferon-y may
be related to higher p21 levels in the hyperoxia group at
3 months, as overexpressed p21 reduces T-cell activation
and interferon-y secretion (Daszkiewicz et al. 2015).
CD40-CD40 ligand interactions are critical for
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development of CD4 T-cell-dependent effector functions.
Lack of this important interaction results in greatly
reduced activation of CD4 T cells (Grewal and Flavell
1996). Interleukin-4 (IL-4) and interleukin-10 (IL-10)
protein was higher in the room air group at 3 months. In
T cells, binding of IL-4 to its receptors induces prolifera-
tion and differentiation into Th2 cells. Thl cells are vital
for cell-mediated immunity, whereas Th2 provide help
for B cells and promote class switching from IgM to IgGl
and IgE (Choi and Reiser 1998). Lower IL-4 in the hyper-
oxia group may reflect either delayed maturation or dys-
functional B-cell responses from neonatal hyperoxia.
Interleukin-10, an anti-inflammatory molecule, has role
in controlling inflammation, immunoregulation and in
downregulation of expression of Thl cytokines (Ouyang
et al. 2011). Neonatal mouse pups exposed to hyperoxia
dramatically reduced abundance of IL-0 in the lung dur-
ing postnatal lung maturation (Lignelli et al. 2017); how-
ever, IL-10 applied by intraperitoneal injection in the
mouse model of BPD was not able to influence stunted
lung alveolarization (Lignelli et al. 2017). IL27 protein
expression was lower following hyperoxia at 2 weeks.
IL27 has the ability to directly modify CD4" and CD8"
T-cell effector functions to induce IL10 and can modulate
the intensity and duration of T-cell responses to inflam-
mation and infection (Hunter and Kastelein 2012). Lower
IL27 at 2 weeks seen in the hyperoxia group may perma-
nently alter the flexibility in responding to infection,
inflammation, and stress in adult mice.

The study was limited by the absence of allergen or
viral challenge to study Thl and Th2 immune responses
in adult mice. Protein expression was limited to few
immunoregulatory molecules. Our intention was to
assess adaptive immune responses to hyperoxia, to select
few immunoregulatory molecules for detail analysis.
Delaying O, administration until postnatal day 3 may
have limited the applicability of the model to infants
with BPD who experience injury in the early saccular
stage of lung development. However, hyperoxia is cap-
able of causing “arrest of alveolarization” when exposure
occurs from P3 in rodents (Veness-Meehan et al. 2000).
Significant numbers of infants with minimal O, require-
ments at birth need increasing O, concentrations by 2—
4 weeks of age (Charafeddine et al. 1999). Hyperoxic
lung injury early in development can alter the regulation
of immune gene expression with effects in adult mice.
We have shown that immune response gene expression
is developmentally regulated, with massive suppression
of immune genes by hyperoxia. This lays the foundation
for altered and dysfunctional adaptive immune response
in adults. Despite recovery in room air for prolonged
periods, the continued suppression of immune responses
suggests the effects of neonatal hyperoxia. Key signaling
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molecules such as IL27, IL4, and IL10 and p21 may play
significant role in altered immune responses in adults.
affecting the natural evolution of adaptive
immune responses after birth are not known, especially

Factors

in premature infants. Hyperoxia alter the developmental
regulation of adaptive immune response over time. The
role of signaling molecules as therapeutic targets not
only to treat BPD but also to facilitate normal adaptive
immune responses will have broad implications in the
management of premature infants.
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