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Abstract

Background Antenatal steroid (ANS) therapy is given to women at risk of preterm delivery to accelerate fetal lung
maturation. However, the benefit of ANS therapy is variable and how maternal and fetal factors contribute to this
observed variability is unknown. We aimed to test the degree of concordance in preterm lung function, and correlate
this with genomic, transcriptomic, and pharmacokinetic variables in preterm dizygotic twin ovine fetuses.

Methods Thirty-one date-mated ewes carrying twin fetuses at 123+ 1 days’ gestation received maternal intramus-
cular injections of either (i) 1x0.25 mg/kg betamethasone phosphate and acetate (CS1,n=11 twin pairs) or (ii)
2x0.25 mg/kg betamethasone phosphate and acetate, 24 h apart (CS2, n=10 twin pairs) or (iii) 2 x saline, 24 h apart
(negative control, n="10 twin pairs). Fetuses were surgically delivered 24 h after their final treatment and ventilated
for 30 min.

Results ANS-exposed female fetuses had lower arterial partial pressure of carbon dioxide (PaCO,) values than male
fetuses (76.5+38.0 vs. 97.2+42.5 mmHg), although the observed difference was not statistically significant (p=0.1).
Only 52% of ANS-treated twins were concordant for lung maturation responses. There was no difference in fetal lung
tissue or plasma steroid concentrations within or between twin pairs. Genomic analysis identified 13 single-nucleo-
tide polymorphisms (SNPs) statistically associated with ANS-responsiveness, including in the proto-oncogene MET
and the transcription activator STAT].

Conclusions Twin fetal responses and ANS tissue levels were comparable with those from singleton fetuses in earlier
studies. Twin ovine fetuses thus benefit from ANS in a similar manner to singleton fetuses, and a larger dose of beta-
methasone is not required. Assuming no difference in input from the placental or maternal compartments, fetal lung
responses to ANS therapy in dizygotic twin preterm lambs are dependent on the fetus itself. These data suggest

a potential heritable role in determining ANS responsiveness.
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Preterm birth

Background

Preterm birth (being born earlier than 37 weeks’ gesta-
tion) is a leading cause of death in children under 5 years
of age [1]. Being born preterm exposes babies to a greatly
increased risk of neonatal mortality and morbidities
(including respiratory distress syndrome (RDS), necrotiz-
ing enterocolitis (NEC), and intraventricular hemorrhage
(IVH)), with risk proportional to the degree of prematu-
rity [2—4].

Maternal administration of exogenous antenatal ster-
oids (ANS; generally 24 mg of either dexamethasone
phosphate or a combination of betamethasone acetate
and phosphate) has been shown to reduce neonatal mor-
tality and improve preterm outcomes by exerting matura-
tional effects on fetal organs including the preterm lung
and cardiovascular system [5]. When given to the right
woman at the right time, ANS treatment prior to preterm
delivery has the potential to save lives and reduce long-
term disability. However, treatment response is variable,
and a sizable amount of respiratory morbidity persists in
ANS-treated preterm populations, demonstrating that a
significant number of fetuses derive no benefit from ANS
exposure [4, 6].

Previous studies have explored alternative ANS regi-
mens, agents, doses, and target populations (including
gestational ages and treatment to delivery intervals) to
improve efficacy and further understand fetal responses
to ANS [7]. Nevertheless, the cellular and molecular
mechanisms through which ANS treatment induces lung
maturation remain poorly understood, the issue of ANS
response variability persists, and there is a paucity of evi-
dence surrounding the administration of ANS for twin
pregnancies (compared to singleton pregnancies), despite
significantly higher rates of preterm birth and conse-
quent ANS exposure for twin fetuses [8]. At present,
most evidence based ANS guidelines are extrapolated
from studies of singleton pregnancies only, highlighting
the need for further investigation into ANS dosing and
responsiveness in the setting of multiple pregnancy.

We have previously demonstrated that response vari-
ability may be influenced by ANS treatment protocol
variations, including the drug used, the dose given, the
treatment period, and the treatment to delivery interval
[2, 9-11]. These treatment variables interact with indi-
vidual fetal factors (including gestational age), along with
maternal and/or placental inputs, to determine func-
tional lung maturation responses. In the present study,
we accounted for the above potential variability in ANS

lung responses by using gestational age matched, dizy-
gotic twin fetuses (i.e., receiving inputs from the same
maternal compartment) exposed to a standardized ANS
protocol for a fixed period. These animals were then
surgically delivered and ventilated using a standardized
protocol. Naturally occurring monozygotic twins are
reported to account for less than 1% of all pregnancies
in sheep [12]. Assuming equivalence between placental
input, and by additionally measuring drug levels in the
fetal plasma and lung tissue, the use of preterm dizygotic
ovine twins allowed us to isolate any potential differ-
ences in lung responsiveness to the fetus itself. We thus
used this controlled system to test our hypothesis that
twin fetuses would have a strong degree of concordance
in their lung maturation responses to standardized ANS
therapy when undergoing postnatal ventilation.

Methods

Animal studies

We aimed to explore the degree of concordance in lung
physiological and transcriptomic maturation responses
to a standardized ANS protocol. Pregnant ewes were
supplied by a single livestock provider and experiments
were performed during the regular breeding season. Ewes
were date-mated (24-h mating period, 1:5 ram to ewe
ratio), and only ewes carrying twin fetuses were used. At
118 +1 days’ gestation, all ewes received an intramuscular
(IM) injection of 150 mg medroxyprogesterone acetate
(Depo-Ralovera®; Pfizer, West Ryde, NSW, Australia) to
reduce the risk of preterm labor.

The study consisted of thirty-one ewes each carrying
twin fetuses at 123+1 days’ gestation. Group sizes were
chosen to allow determination of differences of 2 stand-
ard deviation (SD) between treatment group means (ster-
oid exposure vs. saline treatment) with power of at least
80% and a type-I error rate of 5%. We used previous,
experimentally determined partial pressures of fetal arte-
rial carbon dioxide (PaCO,) after 30 min of ventilation to
determine group sizes using G*Power [13].

Animals were randomized to one of three groups
(Fig. 1): Celestone 1 dose (CS1), group animals were given
one maternal intramuscular (IM) injection of 0.25 mg/
kg betamethasone phosphate+betamethasone acetate
(Celestone® Chronodose®, Merck Sharp & Dohme, Aus-
tralia) and delivered 24 h after this injection (=11 twin
pairs/22 fetuses); Celestone 2 dose (CS2), group animals
were given two IM injections of 0.25 mg/kg betametha-
sone phosphate +betamethasone acetate (Celestone®
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Fig. 1 Schematic representation of experimental group structure showing interventions and group sizes (fetuses per group)

Chronodose®, Merck Sharp & Dohme, Australia) 24 h
apart and delivered 48 h after the initial injection to rep-
licate the current clinical regimen used across Australia
and New Zealand (n=10 twin pairs/20 fetuses); or nega-
tive control, group animals were given two IM injections
of 2.0 ml saline 24 h apart and delivered 48 h after the
initial injection (n=10 twin pairs/20 fetuses). Ewes were
weighed before intervention to calculate steroid dos-
ing. Fetuses from all three groups were surgically deliv-
ered under terminal anesthesia at 125+1 days’ gestation
using a set protocol, ventilated for 30 min to allow lung
function assessments, before being euthanized and sub-
jected to necropsy [14]. No animals were used in other
protocols.

Preterm lamb ventilation

Prior to surgical delivery, pregnant ewes were anesthe-
tized using an intravenous injection of midazolam (0.5
mg/kg) and ketamine (10 mg/kg), followed by a 3-mL
spinal injection of 2% lidocaine (20 mg/mL). An abdomi-
nal incision was made, followed by hysterotomy allowing
delivery of the head and neck of the lamb. Lambs then
received an IM dose of ketamine (10 mg/kg) followed by
tracheostomy and intubation using a 4.5-mm endotra-
cheal tube, secured in place to create an airtight seal. The
body of the lamb was then delivered, the umbilical cord
clamped and cut before the lamb was dried, weighed and
placed in a temperature controlled radiant warming bed
(Cosy Cot, Fisher & Paykel Healthcare, New Zealand).
Lambs were immediately ventilated for 30 min using
Acutronic Fabian infant ventilators (Acutronic Medical
System, Hirzel, Switzerland) delivering heated humidi-
fied oxygen (100%). The ventilation protocol used in this
study was designed to allow standardized assessment of
functional lung maturation. Ventilation parameters were
standardized as follows: peak inspiratory pressure (PIP)

of 35 cmH, O, positive end expiratory pressure (PEEP) of
5 cmH,0, respiratory rate of 50 breaths per minute, and
an inspiratory time of 0.5 s. Tidal volume was controlled
by adjusting peak inspiratory pressure to target a maxi-
mum tidal volume of 7-8 mL/kg. An umbilical artery
catheter was placed to allow measurement of arterial
blood for pH, partial pressure of oxygen (PaO,), PaCO,,
heart rate, and blood pressure during ventilation. Ventila-
tion data (compliance, tidal volume, PIP) were collected
at 10-, 20-, and 30-min time increments. Ventilation effi-
cacy index (VEI), an integrated measurement of ventila-
tion, was calculated as follows: VEI=3800/[respiratory
rate (PIP — PEEP) x PaCO, (mmHg)] [15]. The investiga-
tors who performed ventilations were blind to control or
treatment group allocation.

Defining ANS responsiveness

ANS responsiveness was defined using an arterial PaCO,
range developed using values from saline (null control)
lambs after 30 min of ventilation. Previous studies using
this model have shown that animals that fail to respond
to ANS treatments have very poor lung maturation and
are generally neither biologically nor statistically differ-
ent from those exposed to placebo—based on PaCO, val-
ues, as well as arterial pH, compliance and VEI [2, 10].
Accordingly, we have established a response range and
threshold for antenatal steroid treatment responses in
preterm lambs based on the normal distribution of data
around a mean PaCO, value for saline-treated animals.
We set a threshold for determining antenatal steroid
responsiveness as a 30-min PaCO, value in any steroid-
treated animal being more extreme than a value two
standard deviations below that of the mean PaCO, value
in null-treatment (saline) animals (17). Above this cut-off,
key markers of gas exchange (pH, lactate, BE) and venti-
lation (compliance, VEI) closely resemble animals treated
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only with saline. Thus, distinguishing between respond-
ers and non-responders in this manner provides a useful
metric for assessing treatment success or failure.

Necropsy

Ewes (after delivery) and lambs (after ventilation) were
euthanized with intravenous injections of 160 mg/kg
sodium pentobarbital. Lambs were weighed to record
a post-ventilation weight. The lamb’s chest was then
opened to visualize the lungs, and static lung compliance
was measured by inflating the lungs from 0 to 40 cmH,0O
followed by controlled deflation to 0 cmH,O. The lungs
were then removed and weighed separately. The right
lower lobe was dissected and frozen for molecular and
protein studies.

Hematology and blood chemistry studies

Differential blood counts, liver function panels (aspartate
aminotransferase (AST), alanine transaminase (ALT),
gamma-glutamyl transferase (GGT), glutamate dehy-
drogenase (GLDH), bilirubin, urea, creatine, albumin,
phosphate), and endocrine studies (cortisol, adrenocorti-
cotropic hormone (ACTH), insulin-like growth factor 1
(IGF-1)) were performed by Vetpath Laboratory Services,
Jandakot, Western Australia.

Lung mRNA extraction for bulk sequencing and qPCR
Ribonucleic acid (RNA) was extracted from lung tis-
sue (right lower lobe) using a RNeasy® Plus Mini Kit
(QIAGEN, Hilden, Germany) as per the manufactur-
er’s instructions. The concentration of extracted RNA
was determined using a broad-range acid quantitation
kit (Life Technologies, Carlsbad, CA) and a Qubit 2.0
fluorometer (Life Technologies, Carlsbad, CA). RNA
Integrity Number (RIN) was determined using Agilent
Technologies RNA Nano Chip in accordance with man-
ufacturer’s instructions. RNA extracts were diluted in
nuclease-free water (Life Technologies) to achieve a final
concentration of 25 ng/uL.

Bulk RNA sequencing of preterm ovine lung tissue

A minimum RIN score of 7.5 was set for all samples
submitted for sequencing. Libraries were prepared for
directional bulk RNA sequencing (polyA enrichment)
by Novogene Singapore using a NovaSeq X Plus (PE150)
platform and sequenced to a depth of 30 million reads.

Data processing for bulk RNA sequencing

150-bp paired-end sequenced reads were processed
using the nf-core/rnaseq v3.10.1 pipeline [16] with next-
flow v22.10.4 [17]. Briefly, raw reads were trimmed using
Trim Galore! v0.6.7 [18] to remove low-quality bases
and adapters. Trimmed reads were aligned to the Ovis
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aries genome assembly ARS-UI_Ramb_v2.0 with STAR
v2.6.1d aligner [19]. Finally, Salmon v1.9.0 [20] was uti-
lized for assigning reads. Principal component analy-
sis (PCA) was conducted for quality control assessment
and to identify data trends. All downstream analyses
were performed using R statistical software version 4.2.1
[21]. Differential gene expression analysis was performed
using the DESeq2 package v1.36.0 [22]. Genes with at
least 1.5-fold change in expression and a false discovery
rate (FDR) <0.05 were considered significant. The results
were visualized using the EnhancedVolcano v1.14.0 [23]
and ComplexHeatmap v2.12.1 [24]. Gene set enrichment
analysis required the full gene list. All genes were ranked
by their signed log p-value for gene set enrichment analy-
sis (GSEA) using clusterProfiler v4.9.0 [25] and Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
[26].

Measurement of transcript expression changes in the fetal
lung using gPCR

Quantitative polymerase chain reaction (QPCR) cycling
was performed with ovine-specific TAQMAN probe and
primer sets (Applied Biosystems, Foster City, CA) using
a Step One Real-Time PCR system in accordance with
manufacturer’s instructions. Messenger RNA transcripts
for surfactant protein A (SFTPA), surfactant protein B
(SFTPA), surfactant protein C (SFTPC), and surfactant
protein D (SFTPD). Amplification data for each gene was
normalized to ribosomal protein 18 s RNA. Delta quan-
tification cycle values were used to determine relative
expression of transcripts and for statistical analyses of
between-group differences. Data is presented graphically
as fold change compared to the negative control.

Liquid chromatography-mass spectrometry (LC-MS)

Betamethasone levels in plasma and lung tissue (right
lower lobe) were determined using liquid chromatogra-
phy mass spectrometry (LC-MS) as reported previously
[27]. Extraction of plasma samples and betamethasone
standards (200, 100, 40, 20, 10, 2, 1, 0 ng/mL) were per-
formed as follows: 50 pL of sample was added to 50 pL
of internal standard (deuterated betamethasone, 50 ng/
mL in 50:50 methanol: water+0.1% formic acid) as
described previously [27]. Samples were vortexed for 10
s and incubated at room temperature (RT) for 5 min. One
milliliter of the solvent methyl tert-butyl ether (MTBE)
was added; samples were sealed and vortexed for 2 min
before being centrifuged at 3000 rpm for 10 min. Seven
hundred microliters of clear sample was transferred to
glass autosampler vials, dried under vacuum at 3000 rpm
for 30 min at 37 °C, before being reconstituted in 70 pL in
50:50 methanol: water+0.1% formic acid. Samples were
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capped and incubated with gentle shaking for 10 min at
50 °C, then analyzed.

Extraction of steroid from lung tissue used 100 mg of
tissue weighed into a maceration tube. For standards,
drug-free tissue from negative control animals was used
with added plasma standard (0, 1, 2, 10, 20, 40, 100, 200
ng/mL). The extraction protocol was performed as fol-
lows: 50 uL of internal standard (deuterated betametha-
sone, 50 ng/ml in 50:50 methanol: water+0.1% formic
acid) [27] and 1 mL of the solvent methyl tert-butyl ether
(MTBE) were added, and samples were macerated using a
Precellys homogenizer at 6500 RPM. Samples were incu-
bated for 1 h at 50 °C before being centrifuged at 3000
rpm for 20 min. Seven hundred microliters of clear sam-
ple was transferred to glass autosampler vials and treated
following the remaining steps of the plasma protocol pre-
viously mentioned.

Protein extraction and analysis

Protein was extracted from fetal lung tissue and analyzed
for surfactant proteins according to previously published
methods [14]. Protein in tissue protein extraction reagent
(Life Technologies) buffer was used for measurement
of surfactant proteins (SFTPA and SFTPB). A X-Cell
SureLock Mini-Cell Electrophoresis System (Life Tech-
nologies) was used for electrophoresis and membrane
transfer. Membranes were analyzed using an iBright
FL100 Imaging System (Thermo Fisher). Target band
concentrations were measured and normalized by total
protein concentration. A standard quality control sample
was used across all membranes to normalize values.

Single-nucleotide polymorphism analysis
Single-nucleotide polymorphism (SNP) analysis of fetal
genomic DNA was performed using the ovine-specific
GeneSeek GenomicProfiler 50 k platform (51,817 indi-
vidual SNPS; Neogen Bundamba, Australia). We filtered
the SNP map to only include SNPs with a GenTrain Score
above 0.7, ensuring high confidence in the genotyping
process, and retained allele records with a GC Score over
0.15 to exclude low-quality genotype calls that could bias
the results. SNPs with a p value of<0.01 were included
in downstream analyses. We then performed a logistic
regression analysis to identify significant SNP combina-
tions associated with ANS responsiveness, including
interaction terms between SNPs and alleles, with sex
as a covariate. Significant terms were filtered based on
p-values (p<0.05) and categorized by their direction of
association. Additionally, we determined the zygosity of
twin pairs by calculating concordance rates between their
alleles, classifying pairs with concordance rates greater
than 0.9 as monozygotic and others as dizygotic. All the
SNP data analyses were performed using R version 4.3.2.
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Statistical analysis

Statistical analyses were performed using IBM SPSS Sta-
tistics for Windows, version 25.0 (IBM Corp, Armonk,
NY). To compare continuous variables between groups
(e.g., cord blood PaCO, values, delivery weights, ventila-
tion outcomes) Shapiro—Wilk tests were used to assess
data normality. A Kruskal-Wallis test or one-way analy-
sis of variance (ANOVA) was conducted according to
data distribution (non-parametric or parametric data),
followed by Tukey’s or Dunnett’s T3 post-hoc tests based
on variance. A p value of<0.05 was considered statisti-
cally significant. Significant differences between groups
are expressed as (p value, mean difference, 95% confi-
dence interval).

Chi-square test was used to assess the association
between SNPs based on allele frequencies, identifying
those with significant associations for further analysis.
The cut-off value for this initial assessment was p<0.01.
These significant SNPs were then mapped to their respec-
tive gene names to provide biological context. Finally,
we applied logistic regression for the shortlisted SNPs,
adjusting for sex as a covariate to control for potential
confounding factors, with a cut-off of p <0.05.

A generalized estimation equation (GEE) model
was used to evaluate the prognostic factors of treat-
ment response of the correlated samples from twins,
with CS1 and CS2 group animals pooled for analysis.
Variables included in the model were as follows: treat-
ment, fetal sex, twin type (Male+ Male, Male + Female,
Female + Female), and delivery order. An exchangeable
structure as used for the correlation matrix. We used a
cut-off of p<0.05 and reported p value, odds ratio (OR),
and the 95% confidence interval for the OR.

Results
Thirty-one ewes and sixty-two lambs completed the pro-
tocol and are reported here.

For ventilation outcomes in ANS-exposed animals,
lambs were identified as either ANS responders (having
robust functional lung maturation) or ANS non-respond-
ers (having poor functional lung maturation) by compar-
ing their PaCO, values (an established measure of lung
maturation) after 30 min of ventilation with ANS naive
animal (negative control) outcomes (Additional Fig. 1).
As previously, we determined an experimentally derived
cut-off value for ANS responsiveness using 30-min
PaCO, values from the negative control (i.e., steroid
naive) animals [10]. A PaCO, cutoff value two standard
deviations below the mean value of the of the negative
control animal PaCO, values was used. For this study,
the PaCO, cutoff was set at 84.3 mmHg. Accordingly,
any ANS-treated animals with a 30-min PaCO, value
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within two standard deviations of the negative control
mean (i.e., higher than 84.3 mmHg) were classified as an
ANS non-responder. Conversely, any ANS-treated ani-
mals with a 30-min PaCO, value more extreme than two
standard deviations of the negative control group mean
(i.e., lower than 84.3 mmHg) were classified as an ANS
responder.

Delivery data

All fetuses were determined to be dizygotic, possess-
ing SNP concordance rates of less than 0.9 (Additional
Table 1) (concordance range 0.73-0.83).

All three study groups were analyzed for differences
in delivery metrics, (gestational age, neonatal sex, birth-
weight, cord blood pH, cord blood PaCO,, lung weight
normalized to post-ventilation body weight, white blood
cell counts and blood chemistry), including responder
and non-responder subgroups within the ANS-treated
groups (determined post-delivery based on ventilation
outcomes) (Table 1). Data were unremarkable. There
were no statistically significant differences in birth
weight, cord pH, or cord PaCO, between steroid treat-
ment group (CS1, CS2) and the negative control animals.
There was a small, statistically significant (p <0.001 95%
CI-12.3 to—2.7 g) reduction in normalized wet lung
weight between CS1 and the negative control animals.
As anticipated, there were large, statistically significant
(p<0.001) perturbations in circulating fetal neutrophil
and lymphocyte counts between steroid treatment group
(CS1, CS2) and the negative control animals. Fetal plasma
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cortisol and ACTH were both significantly (p <0.05) sup-
pressed in the steroid-exposed group animals (Additional
Table 2). Blood chemistry data were otherwise similar
between groups (Table 1).

Betamethasone measurements

LC-MS was used to measure betamethasone levels in
fetal and maternal plasma samples collected at delivery
and fetal lung samples collected at necropsy. The limit
of detection in plasma was defined as a betamethasone
concentration of 0.5 ng/mL with a signal to noise ratio
of <10:1. The limit of detection in lung tissue was defined
as a betamethasone concentration of 1 ng/ml with a sig-
nal to noise ratio of < 10:1.

Maternal and fetal plasma betamethasone concentra-
tions at delivery are reported in Table 2. The absolute
difference in fetal plasma betamethasone concentration
for twin sets were calculated. The average absolute dif-
ference in fetal plasma concentrations was 0.12 ng/mL
and 0.22 ng/mL in the CS1 and CS2 groups respectively.
No significant differences in fetal plasma betamethasone
concentrations were identified between male vs. female
(CS1 p=0.74, CS2 p=0.26) or ANS responder vs. non-
responder (CS1 p=0.58, CS2 p=0.60) animals for either
ANS treatment group.

Fetal lung tissue betamethasone concentrations are
reported in Table 2. Absolute differences in tissue beta-
methasone concentrations for twin pairs were calcu-
lated. The average absolute difference in fetal lung tissue
betamethasone concentration was 6.9 ng/mL and 1.8

Table 1 Control and treatment group delivery data. There were no statistically significant differences in birthweight, cord pH or cord
pCO, between steroid treatment groups (CS1, CS2) and saline negative control animals. There was a small, statistically significant
(p<0.001) reduction in wet lung weight between CS1 and saline negative control animals. As anticipated, there were large, statistically
significant (p <0.001) perturbations in circulating fetal neutrophil and lymphocyte counts between steroid treatment groups (CS1, CS2)

and saline negative control animals

Treatment group Cs1 Cs2 Negative control
Sub-group Total Responders Non-responders Total Responders Non-responders Total

n 22 12 10 20 12 8 20

Sex (male/female) 13/9 7/5 6/4 9/11 3/9 6/2 8/12
Gestation age (days) 125 125 125 125 125 125 125
Birthweight (kg) 297+034 3.15+0.27 2.76+0.29 2841042 2.86+037 2.81+052 2714038
Cord blood pH 7.28+0.11 725+0.13 7.32+0.05 729+0.14 7.32+0.12 726+0.18 722+0.10
Cord blood PaCO, (mmHg) 60.68+1359 6344+16.11 56.99+884 59.05+16.10 5736+11.03 61.38+£21.96 66.15+11.14
Lung weight (g/kg) 3095+£522%  30.15£5.15% 31.90+542* 34.24+493 33.24+4.38 35.73+5.62 3847+551
Cord blood values

Total WBC (x 10%/L) 44+1.15 448+0.81 439+1.51 3.57+£0.65 3.39+£0.60 3.90+0.66 417+£1.29
Neutrophils (x 10%/0L) 2.53+1.16* 2.52+0.93* 2.54+1.44* 1.91+0.70% 1.63+£0.65% 241+0.52*% 0.34+0.27
Lymphocytes (x 10%/L) 1.65+0.60% 1.68+0.62* 1.63+£061* 1.60+0.65* 1.69+0.73% 143+£047* 348+1.04

Values are expressed as mean +one standard deviation
. p<0.001 vs negative control group
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Table 2 Plasma and lung tissue betamethasone concentration
at delivery. No significant differences in fetal plasma
betamethasone concentrations were identified between male
vs. female (CS1 p=0.74, CS2 p=0.26) or ANS responder vs. non-
responder (CS1 p=0.58, CS2 p=0.60) animals within either ANS
treatment group

Mean SD  Mean absolute
difference between
twins

Maternal plasma

CS1 14.8 114 -

CS2 7.8 22

Negative <1 - -

control

group

Fetal plasma

Cs1 Total (n=22) 2.5 1.5 0.22
Male 25 1.5 -
Female 25 15 -
Responder 24 13 -
Non-responder 2.7 1.7 -

CS2 Total (n=20) 1.6 03 012
Male 1.7 04 -
Female 1.6 0.2 -
Responder 17 03 -
Non-responder 1.6 03 -

Fetal lung tissue

CS1 Total 426 194 69
Male 437 217 -
Female 41.0 166 -
Responder 40.1 152 -
Non-responder  45.6 240 -

CS2 Total 20.7 49 1.8
Male 23.0 4.5 -
Female 189 4.6 -
Responder 21.1 43 -

Non-responder  20.1

ng/mL in the CS1 and CS2 groups respectively. No sig-
nificant differences in fetal lung tissue betamethasone
concentration were identified between male vs. female
(CS1 p=0.85, CS2 p=0.06) or ANS responder vs. non-
responder (CS1 p=0.67, CS2 p=0.67) animals for either
steroid treatment group. As expected, betamethasone
was not detected in fetal and maternal samples collected
from the negative control animals.

Ventilation data (30 min)

Fetuses delivered first were less likely to be ANS
responders than fetuses delivered second (adjusted OR
0.258; p=0.031, 95% CI 0.076-0.880). Delivery of both
fetuses was completed in less than 3 min. There was no
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difference in cord blood gas measurements (i.e., PaCO,,
pH, PaO,, lactate) between first and second delivered
fetuses. The delivery order effect was not impacted by
fetal sex.

Mean PaCO, values and respiratory response rate
for ANS-treated groups are reported in Table 3. The
mean 30-min PaCO, value for negative control (steroid
naive) lambs was 130.7+28.3 mmHg for females and
129.1+£19.5 mmHg for males, and these were not sig-
nificantly different (p=0.88). For ANS-treated animals,
mean PaCO, values for female (F) and male (M) fetuses
were 76.5+38.0 mmHg and 97.2+42.5 mmHg, respec-
tively, and these were not significantly different (p=0.10).
Fifty-two percent of all twin pairs were concordant for
ANS lung responses (i.e., both twins were either ANS
responders or non-responders). Female fetuses (5/9 in
the CS1 group and 9/11 in the CS2 group) were more
likely to respond to ANS treatment than males (7/13 in
the CS1 group and 3/9 in the CS2 group) (adjusted OR
7.786; p=0.018, 95% CI 1.42—42.680).

Bulk RNA sequencing

Lung RNA from all sixty-two lambs was submitted for
bulk sequencing analysis and quantification of mRNA
levels. PCA plots revealed distinct clustering of the nega-
tive control animals and steroid-treated animals (Fig. 2).
No distinct clustering was observed for animals by ster-
oid exposure group (i.e., CS1 vs. CS2), ANS response sta-
tus (i.e., ANS responder or non-responder), fetal sex, or
twin ANS response concordance.

When adjusted for treatment and sex, 16, 386 known
transcripts were identified, and twenty-three genes were
determined to be significantly different between ANS
responder (n=24) and non-responders (n=18); there
were nine upregulated and fourteen downregulated
(Additional Table 3). A heatmap was used to identify dif-
ference between the negative control and ANS-treated
groups and responder/non responder subgroups for
genes associated with lung maturation, increased vas-
culature, inflammation/immune regulation, extracellu-
lar matrix (ECM)/cellular matrix, and cell division/cycle
(Additional Fig. 2).

Quantitative polymerase chain reaction (QPCR) analysis

of transcript expression changes in the fetal lung

qPCR of surfactant proteins A-D was used to iden-
tify expression difference between responder and non-
responders. There was no significant difference in the
expression of surfactant proteins between responders
and non-responders (Additional Fig. 3), reflecting the
bulk sequencing results.
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Table 3 ANS treatment response rate. The mean 30-min PaCO, values for male (M) and female (F) negative control lambs were

not significantly different (p=0.88). For ANS-treated animals, mean PaCO, values for female and male fetuses were not significantly
different (p=0.10). Fetuses delivered first were less likely to be ANS responders than fetuses delivered second (OR 0.258; p=0.031, 95%
C10.076 - 0.880). Female fetuses (5/9 in the CS1 group and 9/11 in the CS2 group) were more likely to respond to ANS treatment than
males (7/13 in the CS1 group and 3/9 in the CS2 group) (OR 7.786; p=0.018, 95% Cl 1.42—42.680)

Sex PaCO, mean (mmHg) SD Response rate %
All (n=42)
CS1 Male 855 276 7(13) 54
Female 88.6 499 509 56
CS2 Male 1141 553 3(9 33
Female 66.6 226 9(11) 82
Male/female twin pairs (n=28)
CS1 Male 91.39 299 4/9 444
Female 82.19 520 5/9 56
CS2 Male 126.7 53.1 1/5 20
Female 61.1 123 5/5 100
Male/male twin pairs (n=38)
CS1 - 724 239 3/4 75
CS2 - 98.3 61.5 2/4 50
Female/female twin pairs (n=6)
Cs1 - - - 0/0
CS2 - 71.2 29.01 4/6 67

PaCO, cutoff is used to define responder vs non responder. PaCO, cutoff is calculated as 2 STD below the average of the control group =84.3

Negative control animals (treated with saline) are not included in this analysis

Western blot analysis of lung tissue

There was a small, statistically significant increase in the
normalized protein band volume for SFTPA in the CS2
vs. negative control animals (0.97+0.33 vs. 0.68+0.31;
p=0.003). Among the CS2 animals, there was no dif-
ference in normalized protein band volume for SFTPA
between ANS-responder and ANS-non responder ani-
mals. There was no difference for SFTPB band volumes.
CS1 animals were not studied.

Single-nucleotide polymorphism analyses

Thirteen SNPs identified as being significantly associ-
ated with ANS treatment responsiveness are shown in
Table 4, along with identified allele forms. Of these, SNPs
in insulin-like growth factor binding protein 6 (IGFBP-6)
were uniquely associated with ANS non-responsiveness,
and SNPs in eyes absent transcriptional coactivator and
phosphatase 3 (EYA3), indoleamine 2,3-dioxygenase 1
(IDOI), MET proto-oncogene, receptor tyrosine kinase
(MET), stearoyl-CoA desaturase 5 (SCDS5), and sig-
nal transducer and activator of transcription 1 (STAT1I)
were uniquely associated with ANS responsiveness.
SNPs in APAFl-interacting protein gene (APIP), cal-
pain 3 (CAPN3), CD53 molecule (CD53), leptin receptor
(LEPR), nuclear receptor subfamily 3 group C member 1

or glucocorticoid receptor (NR3CI), and shroom family
member 4 (SHROOM4) were statistically associated with
both ANS responsiveness and non-responsiveness.

Discussion
Principal findings
The principal findings of this study were as follows:

i) That fetal respiratory responses to ANS treatment
in dizygotic preterm lambs were dependent on the
fetus, but not maternal inputs;

ii) Variability in responsiveness to ANS treatment was
not impacted by the regimen delivered (i.e., a half
(CS1 group) or complete (CS2 group) course of beta-
methasone phosphate and acetate), or associated
with differences in delivery characteristics, delivery
order or fetal tissue betamethasone levels;

iii) Steroid naive male and female fetuses had equiva-
lent ventilation outcomes. When exposed to ANS,
male fetuses had higher PaCO, ventilation values and
were more likely to be classified as having function-
ally immature lungs (ANS non-responsive). When
ANS-responsive, male fetuses had broadly equivalent
ANS responses (when comparing ventilation out-
comes, e.g., improved lung compliance, VEI values,
gas exchange) to females;
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Fig. 2 PCA plots of bulk RNA sequencing data from the lower right lobe of the preterm fetal lung

iv) Bulk sequencing of lung RNA showed little signifi-
cance in gene expression, in particular no signifi-
cant difference was identified in genes affiliated with
lung maturation between the responders and non-

responders;

v) Genomic analysis identified 13 SNPs associated with
12 genes, including one position in the glucocorticoid
receptor, NR3CI, that were statistically associated
with changes in ANS responsiveness. Twelve SNPs
in 11 genes were probabilistically associated with
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Table 4 Fetal single-nucleotide polymorphism (SNPs) statistically associated with ANS responsiveness
SNP Gene Chromosome Position Effect Reference Responder p-value Non- p-value
allele Cut-off responder Cut-off
ChisQ allele ChisQ
p-value<0.01 p-value<0.01
LR LR
p-value <0.05 p-value <0.05
OAR15_69180648.1  APIP 15 63,627,667 Intron Allele1 — For-0.001 Allele2 — For- 0.008
variant ward C**  0.0009 ward C* 0.030
oar3_ CAPN3 7 34,804,896  3'UTR Allele2 — For- 0.0003 Allele1 - For- 0.006
OAR7_34804896 variant ward C**  <0.0001 ward C* 0.029
oar3_ CD53 1 87,387,610  Intron Allele2 — For-0.001 Allele1 - For-0.008
OAR1_87387610 variant ward A***  <0.0001 ward A¥* 0.038
OAR2_251639875.1 EYA3 2 238,259,883 Intron Allele1 — For-0.003 -
variant ward A** 0.006
oar3_ IGFBP6 3 133,208,610 Down- - Allele1 - For- 0.006
OAR3_133208610 stream ward C* 0.034
gene
variant
oar3_ LEPR 1 40,819,378  Intron A Allele1 - For-0.007 Allele1 — For-0.0002
OAR1_40819378 variant ward A** 0.008 ward G***  <0.0001
oar3_ MET 4 51,540,896  Intron A Allele2 - For- 0.005 -
OAR4_51540896 variant ward A* 0.019
s64770.1 MET 4 51,565,726 Intron C Allele1 - For- 0.005 -
variant ward C* 0.019
OAR5_56257273.1 NR3C1 5 51,843,084 Intron T Allele2 — For- 0.009 Allele1 - For-0.001
variant ward C* 0.021 ward C***  <0.0001
oar3_ SCD5 6 97,080,753  Intron T Allele1 - For-0.005 -
OAR6_97080753 variant ward C* 0.016
zoar3_ SHROOM4 X 51,195419  Intron T Allele2 — For- 0.0006 Allele1 - For-0.009
OARX_51195419 variant ward C**  0.0008 ward C** 0.007
oar3_ STAT1 2 192,174,047 Intron T Allele1l - 0.002 -
OAR2_192174047 variant Forward C*  0.019

LR Logistic regression, ChiSQ Chi-square test
*p<0.05

**p<0.01

**%p < 0.001

ANS responsiveness, whereas 7 SNPs in 7 genes were
associated with ANS non-responsiveness. Within
this SNP set, one SNP in IGFBP-6 was uniquely asso-
ciated with non-responsiveness, and SNPs in EYA3,
IDO1, MET, SCDS, and STATI were uniquely associ-
ated with ANS responsiveness.

vi) Taken as a whole, these data suggest, assuming
appropriate drug exposure (i.e., dose and duration
of glucocorticoid exposure relative to delivery tim-
ing), that fetal genetics (i.e., fetal sex and SNP pat-
terns) play a key role in dictating the functional lung
responses of ovine fetuses to ANS treatment. Given
the strong evolutionary conservation of several of the
genes identified in the SNP analysis (notably NR3C1
and STAT1), these data warrant functional studies on
the variants identified in this study, in conjunction
with human SNP studies in the setting of residual

respiratory morbidity following appropriately tar-
geted ANS treatments.

Results in the context of what is already known

Sizable uncertainty remains regarding the optimal use of
ANS in twin pregnancies. Socha and colleagues recently
reported a meta-analysis concluding that data from
non-randomized studies across a wide gestational age
range (23-36 weeks’ gestational age) suggested a benefit
in terms of neonatal death and respiratory disease risk.
These conclusions are in keeping with work by Mela-
med [28] (Canadian preterm twin population 24%7 to
33%7 weeks’ gestation, ANS therapy was associated with
a clinically significant reduction in death and acute res-
piratory morbidity), Vaz [29] (Portuguese preterm twin
population 25%7 to 34%7 weeks’ gestation, ANS were
associated with improvement in neonatal outcomes for
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both singletons and twins), and Palas [30] (French Epi-
page-2 cohort, 24%7 to 3197 weeks’ gestation, ANS asso-
ciated with reduced rate of periventricular leukomalacia
or intraventricular hemorrhage). In contrast, benefit data
in the late-preterm period is less clear. Retrospective
analyses from Israel [31] (Ben-David et al., twin preterm
population 34%7-36%7 weeks’ gestation, ANS were asso-
ciated with no risk of respiratory disease but increased
risk of hypoglycemia) and China [32] (Zhu et al, twin
preterm population 34%7-36%7 weeks’ gestation, insuffi-
cient evidence that ANS was associated with lower mor-
bidity) do not support the use of ANS in this population.
The ACTWIN study from South Korea remains unre-
ported [33] and the STOPPIT-3 Trial in the United King-
dom is ongoing [34]. Although most directly relevant to
preterm infants (125d gestation in the sheep approxi-
mates lung development around 32 weeks’ human ges-
tation) [35], our data add support for ANS conveying
similar respiratory benefit to twin fetuses as seen in sin-
gleton fetuses.

Our data further emphasize the previously reported
relationship between fetal sex and ANS responsiveness,
with female fetuses more likely to respond to steroid
treatment. Variability in ANS response as a function of
fetal sex is incompletely understood and data is contra-
dictory. Previous studies in the sheep model of pregnancy
concluded that female preterm lambs had marginally
better, but non-statistically significant improvements
in lung responses to betamethasone [36]. Human data
are somewhat unclear with regards to the effect of fetal
sex on ANS treatment efficacy. Ballard and colleagues
reported, in a small cohort of ANS-exposed preterm
infants (1251 to 1750 g in birth weight), that the inci-
dence of respiratory distress syndrome (RDS) was 40.9%
in males and 7.1% in females (=22 and 14, respectively;
p=0.03) and concluded reduced efficacy in males [37].
In analyzing respiratory outcomes of a cohort of lower
birth weight babies (710 patients; birth weight IQR
800-1391 g), Ramos-Navarro et al. reported a positive
benefit from ANS treatment in males with a gestational
age of less than 29 weeks [38]. Similarly, the findings
from the recent update to the Auckland Steroid Study
reported a greater effect in male than in female infants
[39]. A 2010 meta-analysis of the literature (not including
the updated Auckland data) based on 1109 male and 968
female infants concluded that both male and female pre-
term infants had an equivalent reduction in risk of RDS
after ANS therapy but did suggest potential outcome dif-
ferences based on the glucocorticoid regimen employed
[40]. In the present study, we report no sex differences in
steroid-naive lung function, but a significant association
between steroid responsiveness and fetal sex, favoring
females. Interestingly, for those fetuses classified as ANS
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responders, despite a clear trend favoring females, no
significant difference in PaCO, values between steroid-
treated male and female fetuses was observed. This could
be explained by the relatively small number of individu-
als in the study or that although male sheep fetuses are
less likely to respond to ANS therapy, those that do gain
equivalent benefit to female fetuses.

Clinical implications

The key clinical implications of these data include (i) pro-
viding further support for the use of ANS in twin preg-
nancies and (ii) that administration of higher doses of
ANS are not required to have a beneficial effect in twin
pregnancies. In the present study, administration of
either a half (CS1 group) or complete (CS2 group) course
of betamethasone phosphate and acetate was associated
with statistically significant and biologically important
improvements in preterm lung maturation, demonstrated
by improved gas exchange, better static (at necropsy) and
dynamic (under ventilation) compliance, and improved
VEI values. An assessment of our previous work in this
model [10] showed that the magnitude of benefit con-
veyed to twin fetuses by ANS was not significantly dif-
ferent to age-matched singleton fetuses. These data thus
support the judicious use of ANS in twin fetuses in the
same manner as for singleton fetuses.

Using sheep and non-human primate models, we and
others have shown that once a minimum concentration
of fetal glucocorticoid exposure has been achieved and
maintained uninterrupted for a sufficient period, vari-
ability in preterm lung maturation is not a function of
variability in fetal plasma or tissue drug levels [6, 11].
To date, these studies have only been conducted in sin-
gleton pregnancies. The present data extend these find-
ings to twin ovine fetuses, wherein there was negligible
difference in fetal drug levels between twin pairs, regard-
less of fetal sex or whether a half (CS1) or complete
(CS2) course of betamethasone acetate and phosphate
was administered. As previously discussed, the very long
half-life of the betamethasone acetate component of this
treatment provides sufficient magnitude and duration
of fetal betamethasone exposure to materially improve
lung maturation, relative to control, at a 48-h treatment
to delivery interval [7]. An additional implication of these
data (noting a higher materno-fetal glucocorticoid trans-
fer in the human) is that current ANS dosing is likely also
excessive for twin pregnancies, as in the case with single-
ton pregnancies.

Comparing our data with earlier singleton pregnancy
studies, there was little difference in fetal drug levels
in the context of a multiple pregnancy. In a chronically
catheterized model receiving a single 0.25 mg/kg mater-
nal intramuscular injection of betamethasone phosphate
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and acetate, maternal and fetal plasma betamethasone
levels were 11.9+3.9 ng/mL and 1.9+0.55 ng/mL after
24 h, neither of which were significantly (p=1.0 for both
comparisons) different from the twin maternal and fetal
values reported in the present study [10]. These findings
provide reassurance that twin pregnancies do not require
higher maternal dosing to achieve efficacious levels of
fetal drug exposure. These findings in sheep are also con-
sistent with human data (i.e., multiple pregnancies do
not alter betamethasone pharmacokinetic parameters)
reported previously by Della Torre and colleagues [41].
In contrast, Ballabh and colleagues have reported a small
difference in betamethasone half-life in twins compared
with singletons (7.2+2.4 h vs. 9.0+2.7 h; p<0 0.017) [42],
which likely carries minimal clinical significance. Taken
together, these data suggest that there is little or no differ-
ence in fetal betamethasone exposures between singleton
and twin pregnancies. This is an important considera-
tion given that twin pregnancies are at higher risk of pre-
term delivery than singleton pregnancies [43], increasing
the likelihood of twin preterm infants being admitted to
higher support neonatal care units [44]. Similarly, our
data support earlier data that the materno-fetal phar-
macokinetics of betamethasone in the pregnant sheep
are not materially different between singleton and twin
fetuses. Accordingly, these data argue against the need
for a higher ANS dosing regimen in twin pregnancies.

Research implications

By standardizing pre-ANS exposures (i.e., housing, feed,
environment, stress), fetal gestational age, the ANS regi-
men, the mode of delivery, and the post-natal ventilation
parameters, we were able to use dizygotic twin fetuses to
isolate any potential differences in ANS-responsiveness
to the level of the individual fetus. Our hypothesis that
twin sheep fetuses would show statistically and biologi-
cally significant concordance in ANS-induced preterm
lung maturation is rejected following analysis of the ven-
tilation data, showing only 52% concordance in ANS-
response between twin fetuses.

The exact mechanism by which ANS exposure drives
fetal lung maturation, and thus the basis of the observed
response variability, remains unclear. However, our data
support the conclusion that the maternal compartment
does not play an important role in this process. In focus-
ing on the role of the fetal compartment in this process, it
is important to note that we are unable to isolate a poten-
tial contribution from the fetal placenta, as opposed to
the fetus alone. That said, our previous work showing
robust lung maturation following low-concentration ster-
oid infusions directly to the fetus (therefore bypassing the
placenta) add weight to our view that, adequate growth
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support aside, ANS-driven lung maturation is independ-
ent of placental input.

Of particular interest from a research perspective are
our data relating to (i) the sizable degree of discordance
between dizygotic twins to ANS treatment and the asso-
ciation of ANS responsiveness with fetal SNP patterns,
(ii) the effect of fetal sex on ANS responsiveness, and (iii)
the similarity in lung gene expression between animals
that responded and did not respond to ANS exposures.

In the present study, a lack of mechanistic data limits
our ability to understand the functional implication of
the observed SNPs on ANS-response potential. Although
several investigators have studied SNP associations with
altered glucocorticoid sensitivity across multiple disease
phenotypes, comparatively little attention has been paid
to how genetic variants might impact fetal responses
to ANS therapy. In the present study, we identified an
intronic variant (T/C) in NR3C1, with a variant in allele
2 associated with steroid responsiveness and an equiva-
lent variant in allele 1 associated with non-responsive-
ness. Accordingly, the functional implications of this SNP
association are unclear. Van Rossum and colleagues iden-
tified rs41423247, otherwise known as the BcliI restric-
tion site polymorphism, a C/G substitution in NR3CI
exon 2 in a Dutch population cohort [45]. Heterozygous
(CGQ) and homozygous (GG) allele carriers were associ-
ated with glucocorticoid hypersensitivity. Furthermore,
Haas and colleagues reported maternal rs41423247 to be
associated with neonatal respiratory disease in the set-
ting of ANS therapy [46]. An additional polymorphism
ER22/23EK, also in exon 2 of NR3C1 was associated with
bronchial asthma and glucocorticoid resistance in a Pol-
ish population [47].

In the NR3CI gene of sheep, the SNP
OAR5_56257273.1 at position 5: 51,843,084 with the
mutation T—> C at the genomic level, A—> G at the tran-
script level, and resulting in an M—>V (methionine to
valine) substitution at the protein level, is associated with
both drug responsiveness and non-responsiveness. The
M to V substitution may alter the NR3C1 protein’s struc-
ture and binding affinity to glucocorticoid drugs, with
varying effects depending on the genetic and environ-
mental context, thus influencing the treatment outcomes.

One SNP (IGFBP6) was found exclusively in associa-
tion with ANS non-responsiveness. IGFBP6 is a member
of the insulin-like growth factor binding protein family,
with both complex insulin-like growth factors modify-
ing their activity [48]. Recent data suggest a role for these
proteins in tissue remodeling, repair, and fibrosis, and
IGFBP6 has been shown to be expressed in the develop-
ing fetal rat lung [49]. SNPs in the 5’ terminal IGFBP6
sequence have been linked to body size regulation in pigs
[50].
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Six SNPs (EYA3, IDOI, SCD5, MET, STATI) were
found exclusively in association with ANS-respon-
siveness. EYA3 has been shown to have tyrosine phos-
phatase activity, playing a role in the development and
maintenance of vascular remodeling [51]. Wang et al.
concluded that the EYA’s protein tyrosine phosphatase
activity promoted survival of lung vascular cells in the
setting of DNA damage [51]. IDOI is an enzyme in the
kynurenine pathway that catalyzes the degradation of
tryptophan [52]. It plays a variety of immunoregulatory
and signaling roles, including [-catenin signaling (noting
the importance of WNT/B-catenin signaling in fetal lung
development [53, 54]). It is also reported to be involved
in maintaining embryonic stem cell pluripotency and
is downregulated with the onset of differentiation [52].
SCDS5 is a stearoyl-CoA desaturase involved in monoun-
saturated fatty acid synthesis. Its biological importance to
the developing fetal lung is uncertain, although SNPs in
the SCD5 promoter region have been linked to diabetes
mellitus [55].

More interesting from a fetal lung maturation per-
spective are SNPs identified in MET and STATI1. MET
encodes a receptor tyrosine kinase c¢-MET that is
expressed in epithelial cells acts as a receptor for mesen-
chymal hepatocyte growth factor (HGF) [56]. HGF has
been shown to play an important (but not essential) role
in branching morphogenesis in the fetal rat lung and is
believed to exert a synergistic effect with keratinocyte
growth factor [57]. Increases in HGF expression are also
seen in association with acute lung injury [58]. SNPs
in MET have been associated with a range of cancers,
including of the lung [59]. Lastly, the signal transducer
and activator of transcription (STAT1) family of proteins
are transcription factors that modulate signaling from a
range of growth factors and cytokines. Data from mice
suggest that STATs are not essential for morphogenesis
but do play a role in lung inflammation and repair [60].
STAT1I plays an important role in type I and II interferon
signaling, with knockout mice susceptible to infection
[61]. Xu and colleagues identified STATI as a key tran-
scription factor node in day 18.5 embryonic mouse lung,
noting that Janus kinase/STAT signaling plays important
roles in cell growth, apoptosis, and differentiation [62].
STAT proteins are also important in directing endothelial
growth factor receptor signaling [62], with insufficient
endothelial growth factor expression linked to respira-
tory distress syndrome [63].

Although a secondary finding, the impact of fetal sex
on ANS-responsiveness is of interest. Sex effects on sin-
gleton pregnancies have been addressed above. Although
a comparatively small number of retrospective studies
(also discussed above) have focused on twin responses
to ANS therapy, there has been limited focus on the
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treatment outcomes of individual fetuses in twin pairs
or how those outcomes were associated with fetal sex.
Given the likely availability of these data, this should be
considered a research priority, especially with regards
to preterm respiratory disease and long-term follow-up.
In a small sequential ultrasound study of twin pregnan-
cies, Mulder and colleagues concluded that there was a
high degree of concordance in betamethasone-induced
fetal effects (fetal heart rate variability, body and breath-
ing movements) between twin pairs, with no effect of sex,
position, or size [64]. The authors also concluded that the
observed betamethasone effects were the same in twin
and singleton fetuses. The effect of twin sex combinations
on lung maturation has also not been well explored; there
are some data available to suggest a bi-directional effect
on growth and development. Luke and colleagues provide
an extensive summary of twin sex effects, with mixed
twin pairs reported to have differential effects (relative
to matched sex twins) on birth weight [65]. A historical
study by Lummaa and colleagues reported that females
born with a male twin had reduced lifetime reproductive
success compared to those born with a female twin [66].
A number of investigators have similarly hypothesized
that transfer of androgens or estrogens between fetuses,
or differential sensitivities to these mediators, exerts a
range of post-natal effects, notably including masculin-
izing effects on females resulting in increased attention-
seeking behavior and aggression [65]. Whether inter-fetal
transfer of hormones can similarly contribute to altered
lung maturation remains unsubstantiated but is worthy
of additional study.

Lastly, the lack of differences in the fetal lung transcrip-
tome (23 differentially regulated genes, each with quite
modest changes in terms of magnitude and statistical sig-
nificance) between ANS responders and non-responders
identified herein was somewhat surprising and incon-
sistent with the sizable physiological differences seen
between these two groups on animals. Lung tissues were
sampled from a set lower marginal area of the right lower
lobe, before being snap frozen, with RNA sequenced to
a depth of 30 million reads. It is possible that the tech-
nique employed (i.e., bulk RNA sequencing as opposed
to single-nucleus sequencing) and/or the read depth used
were insufficiently sensitive to detect subtle transcrip-
tomic changes, especially if transcriptional changes were
restricted to a small subset of interacting epithelial and
mesenchymal cells [67]. It is also possible that the region
of lung tissue sampled may not be reflective of matura-
tion-associated transcriptomic changes in other regions
of the lung. Classical lung development studies by Brum-
ley and colleagues suggested an asymmetric pattern of
lung maturation, with a greater degree of maturation
(as measured by pressure—volume characteristics) in the
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upper lobe as relative to the lower lobe of preterm lambs
between 120 and 130 days’ gestation [68]. Accordingly, it
is possible that these functionally distinct lobes also exert
differential responses to ANS exposure, a topic presently
under investigation by our group.

Strengths and limitations

It is important to note that the data presented here were
generated using a sheep model of pregnancy. Although a
well validated system with which to assess fetal responses
to ANS exposure in the early preterm period (ie.,
approximating 32 weeks’ gestation), there are several
limitations to using this system that should be considered
when interpreting the data and its translational impact.
Principal among these is the rigorous standardization of
pregnancy and treatment (i.e., ANS regimen and ventila-
tion protocol) variables. Although this allows us to isolate
potential differences in ANS responsiveness to the fetus
itself, such a scenario is a sizable departure from the het-
erogenous, highly variable use of ANS in a clinical set-
ting. Although allowing us to select for dizygotic twins,
the sheep model does not represent the full potential
complexity of human twins (i.e., dizygotic vs. monozy-
gotic and chorionic/amniotic variants therein). It is also
important to note that the human and sheep placentas
are structurally distinct, reflected in sizable differences
in materno-fetal steroid gradients. How this difference
impacts the relative involvement of fetal placental tis-
sues vs. the fetus itself in determining lung maturation
is unknown. Similarly, it is not clear how the potential
inter-fetal transfer mediators such as sex hormones dif-
fers between humans and sheep. It should also be noted
that the SNP associations identified in this study are not
supported by functional data or an assessment of how
these changes might impact their function. Lastly, this
study was primarily undertaken to assess the concord-
ance of ANS-induced lung maturation between twin
pairs. We have reported a number of secondary findings
of interest, in particular fetal sex as a potential modi-
fier of ANS responsiveness, which should naturally be
extrapolated with a reasonable degree of caution. Given
the statistical model used (and the potential for collin-
earity effects), our result may be more reliable for mixed
sex twin pairs, which represent the majority (65%) of our
samples. Further analyses should be undertaken to spe-
cifically address this important observation, especially
given recent findings of sex effects in the original ANS
trial undertaken in New Zealand [39].

Conclusions

In an analysis of preterm fetal sheep responses to ANS
treatment, we show that twin ventilation outcomes and
drug exposures are neither biologically nor statistically
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different to those of singleton fetuses. These data thus
support the use of ANS in twin pregnancies, and simi-
larly suggest that current ANS dosing for twins may
be reduced. Our data also show, in a highly controlled
experimental setting, that ANS-exposed twin male
fetuses have poorer respiratory outcomes than female
fetuses. Overall group analyses show that dizygotic twins
had poor concordance in ANS responsiveness, with only
52% of twin pairs showing equivalence of ANS respon-
siveness. Based on these findings, and assuming no
difference in input from the placental or maternal com-
partments, we conclude that fetal lung responses to ANS
treatment in dizygotic twin preterm lambs are depend-
ent on the fetus itself. Our data suggest the potential for
a heritable role in determining ANS responsiveness in
sheep. Glucocorticoid resistance is well established in
several adult disease processes. Given this, and the data
presented herein, further human studies investigating the
potential for heritability to determine fetal ANS respon-
siveness are warranted. This is especially true considering
an increased appreciation for the increasing use of ANS
therapy and the potential neurodevelopmental risks asso-
ciated with this standard of care.
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