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Abstract

Introduction: Little is known about the interplay between neutrophil heterogeneity in neonates
in health and disease states. Olfactomedin-4 (OLFM4) marks a subset of neutrophils that has been
described in adults and pediatric patients but not neonates, and this subset is thought to play a role
in modulating the host inflammatory response.

Methods: This is a prospective cohort of neonates who were born between June 2020 and
December 2021 at the University of Cincinnati Medical Center NICU. Olfactomedin-4 positive
(OLFM4+) neutrophils were identified in the peripheral blood using flow cytometry.

Results: OLFM4+ neutrophil percentage was not correlated with gestational age or
developmental age. Neonates with sepsis had higher percentage than those without the condition,
66.9% (IQR 24.3-76.9%) vs. 21.5% (IQR 10.6-34.7%) respectively, p= 0.0003. At birth, high
percentage of OLFM4+ neutrophil percentage was associated with severe chorioamnionitis at
49.1% (IQR 28.2-61.5%) compared to those without it at 13.7% (IQR 7.7-26.3%), p < 0.0001.
Amongst neonates without sepsis, the percentages of OLFM4+ neutrophils were lower in the
BPD/early death group compared to those without BPD, 11.8% (IQR 6.3-29.0%) vs. 32.5% (IQR
18.5-46.1%), p= 0.003, and this retained significance in a multiple logistic regression model that
included gestational age, birthweight, and race.

Conclusion: This is the first study describing OLFM4+ neutrophils in neonates and it shows that
this neutrophil subpopulation is not influenced by gestational age but is elevated in inflammatory

Corresponding Author: Faris Nayef Al Gharaibeh, MD, Division of Neonatology, Perinatal Institute, Cincinnati Children’s

Hospital Medical Center, 3333 Burnet Ave, Cincinnati, OH 45229, United States of America, Tel: +1 513-636-4830,
Faris.algharaibeh@cchmc.org.

Author Contribution

Faris Al Gharaibeh and Matthew Alder conceptualized and designed the study. Faris Al Gharaibeh and Kristalynn Kempton conducted
flow cytometry analysis. Faris Al Gharaibeh performed the analysis presented. Faris Al Gharaibeh drafted the initial manuscript and
Faris Al Gharaibeh, Kristalynn Kempton, and Matthew Alder reviewed and revised the manuscript. Faris Al Gharaibeh, Kristalynn
Kempton, and Matthew Alder approved of the manuscript prior to submission.

Statement of Ethics

This study was reviewed and approved by the institutional review board committee at Cincinnati Children's Hospital Medical Center
and the University of Cincinnati, approval number 2020-0235.

Waiver of informed consent was granted by the institutional review board committee at Cincinnati Children's Hospital Medical Center
and the University of Cincinnati to the study given the minimal risk posed on study subjects.

Conflict of Interest Statement
The authors have no conflict of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Al Gharaibeh et al. Page 2

conditions such as sepsis and severe chorioamnionitis, and lower percentage at birth is associated
with developing bronchopulmonary dysplasia.
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Introduction

Neutrophils play a major role in the pathogenesis of many relevant neonatal pathologies
affecting their outcomes: neutrophils function differently in neonates, which may explain the
high mortality and morbidity rate in neonatal sepsis [1, 2]; histological chorioamnionitis is
mainly driven by neutrophils [3], is implicated in preterm birth occurring more frequently as
gestational age at birth decreases [4], and leads to systemic inflammation in the neonate that
has negative impact on outcomes [5-7]; high neutrophil to lymphocyte ratio early in life has
been associated with developing bronchopulmonary dysplasia [8].

Neutrophil heterogeneity is gaining interest in recent decades [9]; however, this phenomenon
is not well described in neonates in health and disease states. A subset of neutrophils
marked by olfactomedin-4 (OLFM4) in its specific granules has been described recently

by several groups in humans and mice [10-12]. About 25% of circulating neutrophils in

the peripheral blood of healthy adults are OLFM4 positive (OLFM4+) [12]. Although this
subpopulation’s role is not yet fully understood, human neutrophils release OLFM4 during
NETosis, and this leads to two distinct OLFM-4-defined NETSs that are speculated to have
different immunological effects [13]. Animal studies have shown that OLFM4 attenuates
inflammation in the presence of bacterial pathogens by inhibiting cytokine production [14].
Another study showed that OLFM4+ neutrophils are increased following major organ
injury, suggesting a possible role in organ repair and systemic inflammatory response

[15]. Although this subset has not been described before in neonates, a study showed that
neonates born before 32 weeks who developed BPD upregulated the OLFM4 gene in whole
blood samples compared to those who did not in the first month of life [16].

Given what is known about OLFM4+ neutrophils and the lack of any knowledge about
this subset in neonates, we conducted this prospective study to characterize this subset
in neonates and its association with age, sepsis and severe chorioamnionitis, and the
development of BPD.

Material and Methods

All study procedures were approved by the Institutional Review Board committee at
Cincinnati Children's Hospital Medical Center and University of Cincinnati.

Study Population and Enrollment

This is a prospective cohort of neonates who were admitted to the University of Cincinnati
Medical Center NICU between June 2020 and December 2021. Neonates who had a
complete blood count obtained and had at least 50 uL of blood residual sample in the
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laboratory were enrolled. If the neonate did not have sufficient residual sample, they were
excluded. For comparisons between developmental age and percentage of OLFM4 positive
neutrophils, control pediatric and adult data came from previously reported datasets [10, 15].

Flow cytometry Studies

Definitions

Flow cytometry was done according to our lab protocol [10]. 50 uL of blood was processed
within 72 hours of acquisition. Sample preparation is discussed in the supplementary
materials. Flow cytometry analysis was done on BD FACSCanto Il (BD, Franklin Lakes,
NJ USA), and flow cytometry data was analyzed using FlowJo (BD, Franklin Lakes, NJ
USA). The following antibodies were used: Anti-CD66b (1:200 BioLegend, clone G10FP)
and anti-CD16 (1:200 BD Biosciences, clone 368). Neutrophils were identified by forward
and side scatter then by expression of CD66b and CD16 (shown in supplementary Fig. 1)

Gestational age at birth was obtained from the documented gestational age at birth in

the admission history and physical examination note in the electronic medical chart.
Bronchopulmonary dysplasia was defined as the need of respiratory support at 36 weeks
corrected gestational age. Stages of Bronchopulmonary dysplasia were defined as follows
[17]: stage I: the need of non-invasive support that is equal or less than 2 Ipm; stage Il: the
need for non-invasive support that is greater than 2 Ipm or positive pressure ventilation; and
stage I11: the need for invasive positive pressure ventilation.

Early Death from an Apparent Respiratory Origin: Since we did not have access to

autopsy reports when performed, we defined early respiratory death clinically as follows:
death despite maximum invasive respiratory support (100% FiO2, invasive ventilation) with
radiographic evidence of respiratory distress syndrome or pulmonary interstitial emphysema
within the first 7 days of life without evidence of infection.

Severe Chorioamnionitis: The diagnosis of severe chorioamnionitis was made based
on placental pathology report stating there were findings consistent with stage 111
chorioamnionitis [18].

Sepsis: Positive blood culture with evidence of systemic inflammatory response and
continuation of antibiotics for at least 7 days. We further subclassified sepsis as follows:
sepsis: sepsis without shock or evidence of 2 or more organ dysfunctions; severe sepsis:
sepsis with two or more organ dysfunctions; septic shock: sepsis with cardiogenic
dysfunction [19].

Statistical Analysis

Categorical variables were described as number of total and/or percentages and compared
using the Fisher’s exact test. Non-normally distributed continuous variables were described
using the median and 25™-75t interquartile ranges. Two groups were compared using the
Mann-Whitney test. Multiple group comparisons were done using the Kruskal-Wallis test
with Dunn’s multiple comparison test. Correlation between two continuous variables was
done by calculating the Spearman coefficient. Statistical comparisons were done using Prism
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9 (GraphPad Software, San Diego, CA USA). Multiple logistic regression analysis was done
in R studio (Integrated Development Environment for R. RStudio, PBC, Boston, MA USA).
p-value less or equal than 0.05 was considered significant.

Results
Study Cohort

The cohort included a total of 96 neonates. The study flow chart (shown in Fig. 1) shows
the distribution of neonates according to gestational age at birth, diagnosis, and outcome.
All neonates with sepsis were born before 32 weeks gestation. 4 neonates with sepsis were
excluded due to insufficient residual blood.

Olfactomedin-4 Positive Neutrophils Do Not Correlate with Gestational Age at Birth or
Developmental Age

There appears to be no association between OLFM4+ neutrophils and gestational age at
birth, Spearman r=0.18()()(), p= 0.11. Furthermore, there was no difference between the
percentages according to gestational age groups (shown in Fig. 2. a and b). When comparing
our neonatal cohort with children and adult percentages, there was no statistically significant
difference between the groups, neonates 21.5% (IQR 10.6-34.7%) vs. children 24.7% (IQR
17.4-33.7%) vs. adults 25.9% (IQR 18.3), p= 0.97 (shown in Fig. 2. ¢). The percentage of
OLFM4+ neutrophils was weakly correlated with the total white blood cell count, Spearman
r =0.28, p=0.01, and absolute neutrophil count, Spearman r= 0.37, p= 0.001 (Shown in
supplementary Fig. 2).

Olfactomedin-4 Positive Neutrophil Percentage Is Increased in Sepsis and in Neonates
with Severe Chorioamnionitis

OLFM4+ neutrophil percentages were higher in neonates who were diagnosed with sepsis
compared to those who were not, 66.9% (IQR 24.3-76.9%) vs. 21.5% (IQR 10.6-34.7%),
p=0.0003 (shown in Fig. 3. a). There were four neonates that had flow cytometry done
before sepsis and during sepsis and in those, we saw elevation in the OLFM4+ neutrophil
percentages in sepsis compared to their pre-sepsis level (Shown in Fig. 3. b). Although

there was no difference in the percentages according to sepsis timing (early- vs. late-onset),
severity, or mortality (Shown in Supplementary Fig. 3), neonates who had sepsis due to
gram negative organisms had a higher percentage of OLFM-4 positive neutrophils compared
to those who had it due to gram positive organisms, 76.1% (IQR 66.8-77.6%) vs. 26.1%
(IQR 18.9-66.8%), p= 0.01 (Shown in Fig. 3. ¢).

Among neonates without sepsis, OLFM4+ neutrophils were higher in neonates who

were born with severe chorioamnionitis compared to those who were not, ()49.1% (IQR
28.2-61.5% vs. 13.7% (IQR 7.7-26.3%) respectively, p < 0.0001 (Shown in Fig. 3. d).
Interestingly, the percentage of OLFM4+ neutrophils were comparable between those with
sepsis and severe chorioamnionitis (shown in Fig. 3. e).
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Olfactomedin-4 Positive Neutrophil at Birth Correlates with Development of
Bronchopulmonary Dysplasia

To better examine the association between this neutrophil subset and respiratory outcomes,
we looked at preterm neonates born at less than 32 who did not have sepsis. In this group
(n=50), the rate of BPD or early death was 64% (n=32) and they were distributed as
follows: stage | 47% (n=15); stage 1l 15% (n=5); stage 111 13% (n=4); Death 25% (n=8).
When comparing the demographics of the groups, there were several variables that were
different (Shown in Table. 1), but white blood cell indices were comparable (shown in
supplementary Table. 1). The percentages of OLFM4+ neutrophils were lower in the BPD/
early death group compared to those without BPD, 11.8% (IQR 6.3-29.0%) vs. 32.5% (IQR
18.5-46.1%), p= 0.003 (Shown in Fig. 4. a), and this difference remained significant when
comparing only those who survived (shown in Fig When we conducted a multiple logistic
regression analysis that included the significant different variables between the groups,
OLFM4+ neutrophil percentage remained significantly different between the two groups
(Shown in Table. 1). Furthermore, there was a non-statistically significant trend of lower
OLFM4+ neutrophils in those with more severe phenotype, (Shown in Fig. 4. ¢). Finally,
when we compared those in the lowest percentiles (less than 25t percentile) according to
their percentage of OLFM4+ neutrophils at birth, they were much more likely to have stage
I11 BPD/early death than rest of the cohort, OR 6.2 (95% CI 1.4-27.0), p= 0.02, and this was
nearing significance in a multiple logistic regression model that included gestational age at
birth, birthweight, and race. When comparing survivors only, those in the lowest percentiles
compared to the rest of cohort were more likely to have stage Il or 111 BPD, OR 5.8 (95% ClI
1.3-27.5), p= 0.049 and this retained significance in our logistic regression modeling (shown
in Table. 2).

Discussion

Because of the critical role neutrophils play in neonatal immune response, here we begin
to explore neutrophil heterogeneity in neonates by describing a subset of neutrophils

that express OLFM4 and its association with relevant neonatal morbidities. Given the
influence of gestational age on the development of the immune system [20], we assessed for
association between the percentage of OLFM4+ neutrophils at birth relative to gestational
age, and we found that there was no correlation between gestational age and the percentage
of OLFM4+ neutrophils. We also found no difference when we compared the neonatal
group with other developmental age groups. These data suggest that gestational age or
developmental age do not significantly influence the percentage of OLFM4+ neutrophils.
Although there were statistically significant correlations between the percentages of
OLFM4+ neutrophils and total white blood cell counts and absolute neutrophil counts
(ANCs), these associations were weak, and the white counts and ANCs were comparable
between neonates who had BPD/early death and those who did not.

Previous work has shown high OLFM4 expression and increased percentage of OLFM4+
neutrophils are both associated with a severe phenotype in various infectious diseases [21,
22]. Consistent with prior studies, we found that neonates with sepsis, and particularly
gram-negative sepsis, had higher percentages of OLFM4+ neutrophils compared to those
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who did not. Like sepsis, neonates born with severe chorioamnionitis also had a higher
percentage of OLFM4+ neutrophils compared to those who did not. This further supports
that this subset is increased in inflammatory conditions. To date, no data exists to suggest
the signals necessary for regulation of the percentage of OLFM4+ neutrophils, but it appears
that humans with severe inflammatory phenotypes upregulate this subset.

Perhaps most notably, when evaluating neonates without sepsis, we found that low
percentage of OLFM4+ neutrophils at birth was associated with the occurrence of early
death from a respiratory cause or BPD. It is possible that the OLFM4+ neutrophils could
attenuate acute inflammation, which is integral in the pathophysiology of BPD [23].
Although the underpinning of this mechanism is not yet known, there are two plausible
pathways by which OLFM4+ neutrophils could confer anti-inflammatory effects. First,
assuming there are pathogens implicated in the disease process, OLFM4 may work by
inhibiting LPS-induced p65 phosphorylation or NOD1/NOD2 mediated NF-Kb activation
[14, 24]. Second, assuming there are no pathogens involved, OLFM4 has been shown

to down regulate sonic hedgehog signaling [25], which is important in the process of
pulmonary fibrosis and scaring [26]. Therefore, OLFM4 could play an integral role in

the development of BPD. Due to the limited blood sampling in the unit where this study
was conducted, we could not assess whether those who developed the disease changed
the percentage of OLFM4+ neutrophils overtime. The role of OLFM4 and BPD merits
further investigation, this is supported by our finding that low percentage at birth of
OLFM4+ neutrophils is associated with BPD and prior transcriptional studies have shown
that increased expression of OLFM4 is among the highest differentially expressed genes in
the blood of those patients who go on to develop BPD [16].

The immune system is complex and integral in the pathogenesis of many conditions facing
the preterm neonate. It is interesting that the percentages of OLFM4+ neutrophils were low
in neonates who had BPD/early death and high in in neonates with severe chorioamnionitis,
which has been implicated in increasing the risk of developing BPD [5]. This phenomenon
needs further studying, but it is possible that the overwhelming inflammation in severe
chorioamnionitis overwhelms the influence of OLFM4 on the development of the neonatal
lungs.

There are limitations to this study. First, the presented work was done in a single center
with a limited number of neonates. Second, there some neonates who did not have a
complete blood count on admission and therefore, they were missed in our study as our
study protocol did not allow for acquisition of umbilical cord blood. Finally, our findings
are associative in nature only, however there is increasingly strong support for the role

of OLFM4+ neutrophils in human pathology. Repeating this study in a cohort where all
neonates are sampled at different time points will be necessary to validate these findings,
and mechanistic studies in animal models of sepsis, chorioamnionitis, and BPD are needed
to understand these associations.
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Conclusion

This is the first study describing OLFM4+ neutrophils in neonates and it shows that this
neutrophil subpopulation is not influenced by gestational age, elevated in inflammatory
conditions such as sepsis and severe chorioamnionitis, and may play a role in the
pathogenesis of developing bronchopulmonary dysplasia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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n=4

Early Onset n=4
(33%)

Late Onset n=8
(67%)

{

Neonates with Severe
Chorioamniortis n=8

——

1

Neonates Without Severe
Chorioamniontis n=42
(84%)

l

no BPD n=3 (38%) BPD n=5 (63%)

no BPD n=15 (36%)

BPD n=19 (45%)

Deaths n=8 (19%)

|

Stage 1 n=2 (40%)
Stage 2 n=1 (20%)
Stage 3 n=2 (40%)

Fig 1. Study Flowchart.

Stage 1 n=13 (67%)
Stage 2 n=4 (19%)
Stage 3 n=2 (14%)

A Study flowchart showing the distribution of neonates according to gestational age, sepsis,
severe chorioamnionitis, and BPD outcome.
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Fig 2. Olfactomedin-4 Positive Neutrophils and Age.
Boxes and line represent the 25t-75t percentiles and median, whiskers represent 10t-90th

percentiles, and dots represent values out of 101-90t" percentiles range. a. The percentage
of OLFM4+ neutrophils is comparable between gestational age groups, less than 32 weeks
(n=50) (light grey bar) 17.0%, 32-33 weeks (n=15) (white bar) 21.1%, 34+ weeks (n=15)
(dark grey bar) 32.9%, p 0.14 by the Kruskal-Wallis test. b. The percentage of OLFM-4
positive neutrophils is not influenced by gestational age in those born less than 32 weeks,
22-28 weeks (n=30) (white bar) 18.3% and 29-31 weeks (n=20) (grey bar) 18.0%, p=

0.70 by the Mann-Whitney test The percentage of OLFM4+ neutrophils is comparable
between developmental age groups, neonates without sepsis (n=80) (light grey bar) 21.5%,
children (n=33) (white bar) 24.7%, adults (n=24) (dark grey bar) 25.9%, p-value 0.78 by the
Kruskal-Wallis test.
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Fig 3. Olfactomedin-4 Positive Neutrophils and Inflammation in Preterm Neonates.
Boxes and line represent the 25t-75t percentiles and median, whiskers represent 10t-90th

percentiles, and dots represent values out of 101-90t" percentiles range. a. The percentage of
OLFM4+ neutrophils is higher in neonates with sepsis (n=12) (grey bar) 66.9% compared
to those without sepsis (n=80) (white bar) 21.5%, p= 0.0003 by the Mann-Whitney test.

b. The percentage of OLFM-4 positive neutrophils is increased in sepsis compared to prior
sepsis in 4 neonates who had studies done before (white circles) and during sepsis (grey
circles); 12.7% vs. 65.8%, p = 0.055 by the Mann-Whitney test. c. Neonates with gram
negative sepsis had higher percentage of OLFM-4 positive neutrophils compared to those
with gram positive sepsis, 76.7% (n=6) (grey bar) vs. 26.1% (n=6) (white bar), p=0.009
by the Mann-Whitney test. d. The percentage of OLFM4+ neutrophils is higher in neonates
with severe chorioamnionitis at birth (n=8) (grey bar) 49.1% compared to those without it
(n=42) (white bar) 15.0%, p< 0.0001 by the Mann-Whitney test. e. Neonates with sepsis
(n=12) (dark grey bar) 66.9% had comparable percentage of OLFM-4 positive neutrophils
to neonates born with severe chorioamnionitis (n=8) (light grey bar) 49.1%, p> 0.99 by the
Dunn’s multiple comparison test.
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Fig 4. Ofactomedin-4 Positive Neutrophils at Birth and Bronchopulmonary Dysplasia.
Boxes and line represent the 25t-75t percentiles and median, whiskers represent 10t-90th

percentiles, and dots represent values out of 101-90t" percentiles range. a. The percentage
of OLFM-4 positive neutrophils were lower at birth in neonates with BPD or death (n=32)
(white bar) 11.8% compared to neonates who experienced neither (n=15) (grey bar) 32.5%,
p=0.003 by the Mann-Whitney test. b. Amongst survivors (n=42), the percentage of
OLFM-4 positive neutrophils were lower in those who experienced BPD (n=24) (white
bar) 11.8% compared to those who did not (n=18) (grey bar) 30.9%, p= 0,01 by the
Mann-Whitney test. c. Amongst neonates born without severe chorioamnionitis, there was
a non-statistically significant trend of lower percentage of OLFM-4 positive neutrophils in
those with more severe phenotype; No BPD (n=15) (white bar) 26.7%; BPD stage | or Il
(n=17) (light grey bar) 9.5%; BPD stage IlI or death (n= (dark grey bar) 9.1%.
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Table 1:

Characteristics of Neonates less than 32 weeks gestation and BPD/Early Death

Characteristic BPD/Ea_rIy Death No BPD n=18 p-value Adjustecé
n=32 p-value
Olfactomedin-4+ Neutrophil % [IQR]  11.8% [6.3-29.0%] 32.5% [18.5-46.1%] 0.00317 0.02
Gestational Age weeks [IQR] 27 [24-29] 29 [27-31] 0.01b 0.01
Born at 28 Weeks or Less n % 24 (75%) 8 (44%) 0.04¢ -
Birth Weight gram [IQR] 949 [734-1319] 1268 [1020-1561] 0.04? 0.38
Small for Gestational Age n % 4 (13%) 1 (6%) 0.64¢ -
Sex: Female n % 13 (41%) 10 (56%) 0.38° -
Male n % 19 (59%) 8 (44%)
Race: Black n % 4 (13%) 9 (50%)
Other n % 3 (10%) 3 (17%) 0007¢ 001
White n % 25 (77%) 6 (33%)
Multiple Gestation n % 12 (38%) 4 (22%) 0.35° -
Antenatal Steroids n % 27 (84%) 16 (89%) >0.99¢ -
5 Minute APGAR Score [IQR] 8 [4-9] 8[8-9] 0.20° -
Receiving Treatment for PDAY N % 1(4%) 0 (0%) >0.99° -
Sever Chorioamnionitis n % 5 (16%) 3 (17%) 0.92¢ g

alncluded only infants who survived beyond 7 days (n=42)

b . .
p-value calculated using the Mann-Whitney test

c . .
p-value calculated using the Fisher’s exact test

d . - .
p-value calculated using the Fisher’s exact test comparing neonates who are black to those who are not

Page 13

Eadjusted p-value calculated using a multiple logistic regressions model including OLFM4+ neutrophils percentage, gestational age, birth weight,

and race
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Table 2.
Odds Ratio of Outcome if OLFM4+ Neutrophils Percentage Is Lower Than The 25™ Percentile (< 8.3%)

Outcome OddsRatio A i ged OddsRatio®  Adjusted p-value ®
Stage 111 BPD or Death 6.2 20.0 0.07
Stage Il or 111 BPD in survivors only 5.8 130 0.01

a . . - . . . . .
Calculated using a multiple logistic regressions model including OLFM4+ Neutrophils percentage (Lower than the 25th percentile or greater),
gestational age, birth weight, and race
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