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Abstract

Sepsis is an important cause of morbidity and mortality in pediatric patients. Increased

expression of olfactomedin-4 (OLFM4), a glycoprotein contained within a subpopulation of

neutrophils, has been associated with complicated course in sepsis. The factors that regu-

late OLFM4 expression are unknown. Here, we followed children undergoing bone marrow

transplantation (BMT) to document the percentage of neutrophils that express OLFM4 over

time. This population was selected because of the ability to observe nascent neutrophils fol-

lowing engraftment, perform frequent blood sampling, and the children are at high risk for

clinical complications that may associate with changes in percentage of OLFM4+ neutro-

phils. We found a surprising degree of variability of OLFM4 expression between patients. In

the weeks following initial neutrophil recovery we also saw great variability in OLFM4

expression within individual patients, indicating that multiple external factors may modify

OLFM4 expression. We identified decreased expression of CD64 (a marker associated with

response to infection), in OLFM4+ neutrophils. This is the first study to demonstrate fluctua-

tion in OLFM4 expression within patients and provides insight into possible mechanisms for

OLFM4 regulation in nascent neutrophils.

Introduction

Neutrophils are the most abundant white blood cell in peripheral blood and are the primary

mobile arm of the innate immune system. Initially thought of as primarily phagocytes, there is

now more appreciation for the roles of neutrophils in adaptive immune responses and healing

[1, 2]. Patients who are neutropenic due to primary disease or therapy have increased suscepti-

bility to infections, especially bacterial. Bone marrow transplantation (BMT) is a life-saving

procedure for many children with genetic and hematologic diseases, but complete ablation of

host marrow and replacement with HLA matched donor stem cells requires intensive
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chemotherapy that eliminates host hematopoietic cells and may result in organ injury. After

BMT nascent donor-derived neutrophils are detectable around two weeks after transplanta-

tion. Lymphocyte recovery occurs weeks later, and may be incomplete for months, particularly

if acute graft versus host disease (GVHD) occurs. Patients remain at significant risk of serious

infection, including sepsis, for months after BMT.

Pediatric sepsis is a leading cause of death in children worldwide. Large epidemiologic stud-

ies in developed countries demonstrate that though sepsis is not the most common admitting

diagnosis in these pediatric intensive care units (ICUs), it is disproportionately responsible for

mortality and morbidity following admission [3]. Additional risk factors such as cancer or BMT

are independent risk factors for mortality in pediatric sepsis [4]. Inherent heterogeneity within

patients who present with diverse pathophysiologies make treating sepsis difficult. Patients with

seemingly similar infections may have dramatically different outcomes. Heterogeneity arises

from many causes, one of which is heterogeneity within immune cells, including neutrophils.

Neutrophil heterogeneity has been largely attributed to differential activation states of a sin-

gle neutrophil population, such as resting, activated, or aged neutrophils [5, 6]. Remarkably,

olfactomedin 4 (OLFM4) demonstrates a binary expression pattern within neutrophils either

expressing high amounts of OLFM4 or none during both health and active infection. OLFM4

is expressed intracellularly, within the specific granules of neutrophils [7, 8]. It is unclear if

OLFM4 is a single gene whose expression differs between OLFM4+ and OLFM4- neutrophils

or if OLFM4 expression marks a unique subpopulation of neutrophils with an inherently dif-

ferent transcriptional signature and functionality. In humans, about 25% of neutrophils are

OLFM4+, but there is a range, with some patients expressing OLFM4 in as few as 5%, and oth-

ers in over 50% of neutrophils. Previous investigators have noted that individual healthy adults

maintain a stable percentage of OLFM4+ neutrophils over time, but little else is known about

the natural course and regulation of OLFM4+ neutrophils [8]. Increased transcription of

OLFM4 from whole blood samples is associated with increased disease severity in adults with

acute respiratory distress syndrome and children with respiratory syncytial virus [9, 10]. Our

interest in OLFM4 arose when transcriptome analysis demonstrated that OLFM4 was one of

the most upregulated genes in pediatric sepsis, and the most upregulated gene in pediatric sep-

sis with complicated course (defined as death at 28 days or failure of two or more organ sys-

tems at 7 days) [11, 12]. A high percentage of OLFM4+ neutrophils at the time of admission to

the intensive care unit also predicts poor outcome in pediatric sepsis patients [13]. However, it

is unclear if these patients always expressed high levels of OLFM4 at baseline, or if sepsis or

organ injury induced increased expression of OLFM4.

The objectives of this study were two-fold: first, to assess longitudinal changes in the per-

centage of nascent neutrophils that are OLFM4+ after BMT and second, to test if changes in

percentage of OLFM4+ neutrophils signaled important clinical change. BMT recipients were

selected to allow for the ability to assess the first waves of nascent neutrophils during engraft-

ment. Given these patients undergo frequent blood sampling, we were able to follow over time

and assess for changes in OLFM4 expression. Finally, given the immune suppression and

increased susceptibility to serious infections, as well as other morbidities like GVHD and

thrombotic microangiopathy (TMA), we sought to correlate these clinical events with changes

in OLFM4 expression.

Methods

Patient sample selection

This study was approved by the Institutional Review Board at Cincinnati Children’s Hospital.

Written consent was obtained from patients and families through the Cancer and Blood
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Diseases Institute at Cincinnati Children’s Hospital, which allowed use of residual samples for

further research. 50 consecutive patients who consented to the protocol from December 2016

through May 2018 were included regardless of diagnosis (malignant versus non-malignant) or

transplant type (autologous versus allogeneic). Complete blood cell counts (CBCs) were col-

lected at least a week prior to BMT, at the time of BMT, and weekly for the following 5 weeks.

A final sample was collected at 100 days post-transplant when available. Healthy control sam-

ples were obtained from siblings of patients who presented to the hospital for a clinical

appointment who consented for donation of a small amount of blood for research.

Flow cytometry

Flow cytometry was performed on blood samples using standard flow cytometric protocols.

Samples underwent centrifugation, and plasma was removed and stored at -80˚C. Based on

white blood cell count, samples were aliquoted to approximately 1 million white blood cells

per tube. Samples underwent red blood cell lysis, and cells were washed with FACS buffer

(1xPBS with 0.1% BSA and 1mM sodium azide). Fc receptors were blocked with 10% human

serum in FACS buffer. Cells were incubated with the following surface antibodies: CD177

(Life Technologies, Frederick, Maryland), CD66b (BD Biosciences, San Jose, California), CD3

(Invitrogen, San Diego, California, USA), CD64 (BD Biosciences, San Jose, California, USA),

CD16 (BD Biosciences, San Jose, California, USA), CD11b (Tonbo Biosciences, San Diego,

California, USA), and CD62 ligand (CD62L; Thermo Fischer Scientific, San Diego, California,

USA). Following incubation, cells were washed with FACS and fixed with 2% PFA. They were

then permeabilized with ICCS buffer (1xPBS with 10mM HEPS, 0.1% BSA, 0.1% saponin). A

second block was performed with 10% human serum in ICCS buffer. Intracellular staining was

performed with rabbit anti-OLFM4 antibody (Santa Cruz Biotechnology, Santa Cruz, Califor-

nia) followed by anti-rabbit secondary conjugated to PE (Jackson ImmunoResearch, West

Grove, Pennsylvania). All samples were washed with ICCS and FACS buffers and run on the

same BD FACSCanto II analyzer. White blood cells were gated using forwards scatter and side

scatter, and neutrophils were identified using CD66b. Percentage of cells expressing OLFM4

was recorded, along with mean fluorescence intensity (MFI) of cell surface markers. To ensure

the anti OLFM4 antibody was indeed staining OLFM4, we compared it with three other anti-

bodies specific for OLFM4 and found that all four antibodies identified the same population of

neutrophils (S1 Fig).

Serum OLFM4 concentration

Plasma samples were collected from each of the samples and stored at -80˚C. Plasma OLFM4

concentration was then determined using a custom kit designed and validated by Millipore

(MilliporeSigma Burlington, MA). Plasma was diluted 1:50 for these assays. Samples were eval-

uated on a Luminex200 analyzer.

Patient information

Clinical data indicating organ injury were compiled for each patient including: creatinine,

total bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and need

for oxygen or mechanical ventilation. Where applicable, the date of onset of acute GVHD and

TMA were determined by consensus by physicians within the Cancer and Blood Diseases

Institute. White blood cell count and absolute neutrophil count (ANC) were recorded on the

date that each CBC was obtained. Finally, the date and species of positive blood cultures were

recorded.
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Statistical analysis

Statistical analysis was carried out using SigmaStat Software (Systat Software, San Jose, CA).

Data are reported as percentages with aggerate descriptions using medians with interquartile

ranges. For comparison between groups we used Mann-Whitney U test or Kruskal-Wallis one

way ANOVA for weekly data. For correlation tests, we used Pearson Product Moment Corre-

lation. Flow cytometric MFI group data were compared using Mann-Whitney U test. Logistic

regression modelling was conducted using SAS 9.4 GLIMMIX. Because no prior comparisons

in change in OLFM4 expression have been carried out, we made three different comparisons:

The fold change in absolute OLFM4+ neutrophil count or OLFM4+ percentage were the inde-

pendent variables and was assessed as change in 1) OLFM4+ neutrophils from baseline (first

measurement following engraftment, typically two weeks following stem cell infusion) to the

week of clinical change, 2) the week of clinical change compared to the prior and 3) the week

of clinical change to the following week. The fold change in absolute OLFM4+ neutrophil

counts were skewed due to initial low values so log10 of fold change was used for calculations.

The binary dependent clinical outcomes were need for supplemental oxygen, need for

mechanical ventilation, positive blood culture, onset of GVHD, and onset of TMA. AKI was

defined using KDIGO (Kidney Disease Improving Global Outcomes) criteria and made binary

with no kidney injury and KDIGO stage 1 counting as no kidney injury and stages 2 and 3

counting as acute kidney injury [14]. Bilirubin levels were grouped into scoring categories 2–4

used for P-SOFA (Pediatric Sequential Organ Failure Assessment) scoring, using bilirubin less

than 1.2 as no injury and 2–4 as liver injury [15]. Since there were repeat observations nested

within subjects, generalized linear mixed models of clinical outcomes were used to account for

the correlation of data to percent OLFM4 change. Mixed-effects logistic regression was imple-

mented for all binary outcomes. For logistic regression, we modeled the probability of not

being in normal range for all clinical outcomes. The models were initially adjusted for gender

and age and were then trimmed by removing non-significant adjusted covariates. Raw data

used to derive graphs in this manuscript can be found in the supplementary data file.

Results

Consecutive pediatric patients scheduled for BMT, regardless of diagnosis, were approached

for consent. Data from 50 patients are reported here. Patient demographics are described in

Table 1. Weekly blood samples were collected and analyzed for OLFM4 expression within neu-

trophils starting two weeks prior to BMT and were followed to up to 100 days post BMT. A

total of 473 samples from the 50 patients were collected, with data excluded on samples with

white blood cell count less than 0.5x106/mL, typically occurring between days 0 to 14 after

stem cell infusion due to the conditioning regimen given prior to stem cell infusion. When

assessing all samples together, the patients in this study demonstrated a wide range in percent-

age of OLFM4+ neutrophils, with a range of 0.4% to 88% positive. The median expression of

all samples was 21.6%, which was not statistically different than healthy controls (25.2%;

p = 0.53) (Fig 1A). To evaluate if host factors were responsible for determining percentage of

OLFM4+ neutrophils, we assessed for correlation between percentage of OLFM4+ neutrophils

before and after BMT for each patient using their last percentage prior to myeloablative ther-

apy and their first measurement after 14 days and found no correlation (p = 0.11; Fig 1B). To

test if there was a general trend of increase or decrease in percentage of OLFM4+ neutrophils

following engraftment over time we evaluated all samples by week post-BMT and no signifi-

cant difference was seen in percentage of OLFM4+ neutrophils on any given week (Fig 1C).

We also measured the average percentage of OLFM4+ neutrophils from each patient using all

data points following engraftment. When grouped by race, African American and Arabic
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patients had a higher percentage of OLFM4+ neutrophils compared to Caucasian patients (Fig

1D). Throughout the manuscript, we refer to the baseline measurement of percentage of

OLFM4 positive neutrophils as the first measurement with WBC greater than 0.5x106/mL fol-

lowing BMT. We tested for differences in average percentage of baseline OLFM4+ following

transplantation between allograft and autograft transplant recipients and found no difference

(29 +/- 21% vs 22 +/- 18%, respectively; p = 0.33). There was no correlation between baseline

OLFM4+ percentage and age (R = -0.183, p = 0.21).

There was wide variability in percentage of OLFM4+ neutrophils within individual patients

in the weeks following bone marrow transplantation (Fig 2). Some patients had little change in

the percentage of OLFM4+ neutrophils or the absolute OLFM4+ neutrophil count (AONC)

throughout the BMT hospitalization (Fig 2A). Other patients varied the percentage of neutro-

phils that express OLFM4 but had little change in the AONC (Fig 2B) or kept the AONC

essentially constant, even in the face of large spikes in the total neutrophil count (Fig 2C).

Finally, we also noted that some patients decreased AONC while keeping absolute neutrophil

count unchanged (Fig 2D). We tested for association between percentage of OLFM4+ neutro-

phils and total white blood cell count (R = -0.068, p = 0.14) and absolute neutrophil count

(ANC) (R = -0.07, p = 0.11) and found no association.

Table 1. Demographics of patients enrolled in the study.

Number (percentage)

Gender

Male 32 (64)

Female 18 (36)

Race

Caucasian 31 (62)

Arabic 10 (20)

African American 3 (6)

Other 6 (12)

Age

0–4 18 (36)

5–9 13 (26)

10–14 6 (12)

15–19 6 (12)

�20 7 (14)

Diagnosis

Non-malignant 31 (62)

Malignant 19 (38)

Stem Cell Source

Autologous 11 (22)

Matched related 9 (18)

Matched unrelated 18 (36)

Mismatched unrelated 11 (22)

Haploidentical 1 (2)

Original diagnoses included: Fanconi anemia, Ewing sarcoma, aplastic anemia, acute myeloid leukemia, severe

combined immunodeficiency, acute lymphocytic leukemia, Diamond Blackfan anemia, lymphoma, Wiksott Aldrich,

sickle cell disease, CD40 ligand deficiency, neuroblastoma, beta thalassemia, germ cell tumor, Hurler’s syndrome,

hemophagocytic lymphohistiocytosis, malignant metastatic rhabdoid tumor, Schwachman-Diamond syndrome,

Paroxysmal nocturnal hemoglobinuria, and suprasellar high-grade glioma

https://doi.org/10.1371/journal.pone.0233738.t001
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We tested for differential expression of several cell surface markers on OLFM4+ and

OLFM4- neutrophils (Fig 3). CD64 showed significantly less expression on OLFM4+ neutro-

phils, with a median MFI of 431 for OLFM4+ neutrophils and 761 for OLFM4- neutrophils

(p<0.001). This finding was present at all time points post bone marrow transplant that we

assessed. We assessed other surface markers as well, but found no difference between OLFM4

+ and OLFM4- neutrophils for CD16 (median MFIs 42,984 and 43,955, p = 0.18), CD62L

(medians MFIs 7,159 and 7,057, p = 0.41), or CD11b. Of note, CD11b trended toward different

in the two groups with lower expression on OLFM4+ cells, but did not meet statistical signifi-

cance (median MFIs 4,022 for OLFM4- and 3,779 for OLFM4+, p = 0.053).

We assessed plasma concentration of OLFM4 in relation to absolute number of OLFM4

+ neutrophils to test if plasma OLFM4 came from neutrophils alone. We randomly selected 7

patients and measured plasma OLFM4 at weekly intervals and tested the association with abso-

lute number of OLFM4+ neutrophils. Fig 4 shows representative data from 3 patients. We

found no correlation between plasma OLFM4 and absolute OLFM4 positive neutrophils

(R = 0.038, p = 0.80).

Finally, we tested if changes in amount of OLFM4+ neutrophils were associated with clini-

cally important outcomes. We chose to evaluate for complications that occur frequently fol-

lowing bone marrow transplantation including: sepsis (positive blood culture), acute kidney

injury (AKI), hyperbilirubinemia, hypoxia (oxygen requirement), respiratory failure (requir-

ing mechanical ventilation), acute GVHD and TMA. We evaluated for changes in both per-

centage of neutrophils that express OLFM4 and change in the total number of OLFM4

+ neutrophils. There are no data available regarding what induces changes in OLFM4+ neutro-

phils and the amount of time it takes to change, so we made three different comparisons (Fig

5). First, the change in OLFM4+ neutrophils from the week before the change in clinical status

to the week of the change in clinical status. Second, the change in OLFM4+ neutrophils from

the week of the change in clinical status to the week following the change in clinical status.

Third, change in OLFM4+ neutrophils from the first measurable level at 14 days post stem cell

infusion, we refer to as baseline level, and the week of clinical change. We performed logistic

regression to assess for associations between changes in the OLFM4+ neutrophils and these

clinical events. Change in percentage of OLFM4+ neutrophils at any of the time points did not

associate with any of the tested clinical outcomes (Table 2, upper). Fold change in absolute

number of OLFM4+ neutrophils from baseline to week of clinical changes was associated with

AKI and acute graft versus host disease, however, when changes in ANC were included in

logistic regression, neither of these associations remained (Table 2, lower).

Discussion

This study is the first large longitudinal study of OLFM4+ neutrophils in pediatric patients at

high risk for clinical complications following BMT. Previous studies have evaluated only

healthy individuals over a long period of time showing little change in OLFM4 expression[8].

Here, we have shown that the percentage of OLFM4+ neutrophils can change over time in an

Fig 1. Percentage of OLFM4+ neutrophils in patients undergoing bone marrow transplantation. A. Box and

whisker plots showing median, 25th to 75th percentile for each sample from healthy controls and from patients

undergoing BMT. B. Last measured percentage of OLFM4+ neutrophils before myeloablative regiment and first

measurement following engraftment. C. Box and whisker plots for percentage of OLFM4+ neutrophils each week

following engraftment. D. Box and whisker plot showing average OLFM4 expression for all time points following

engraftment for each patient grouped by race. One way analysis of variance of the groups showed statistically

significant differences (denoted by �) between Arabic and Caucasian (p = 0.002) and African American and Caucasian

(p = 0.01).

https://doi.org/10.1371/journal.pone.0233738.g001
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individual patient, in measurements just one week apart. This study was initiated because we

previously showed patients admitted with septic shock and high percentage of OLFM4+ neu-

trophils had worse outcomes. These current findings show that patients can change the per-

centage of OLFM4+ neutrophils from week to week and suggest that those septic patients with

high percentage of OLFM4+ neutrophils could have been induced to express OLFM4 in a

greater percentage of cells, rather than maintaining genetically determined levels of

expression.

We first determined if host factors were responsible for determining percentage of OLFM4

+ neutrophils. To examine this, we evaluated the last sample before myeloablative therapy and

the first post engraftment level. There was no correlation between pre and post BMT percent-

age of OLFM4+ neutrophils. From the first detectable neutrophils to 100 days post engraft-

ment, there was no difference in mean percentage of OLFM4+ neutrophils on any given week

when evaluating all samples together (Fig 1) suggesting there is not general trend toward

increase or decrease expression following bone marrow engraftment. There was also no associ-

ation with age and OLFM4 expression. Genetic background does seem to play a role in

OLFM4 expression as average percentage of OLFM4+ neutrophils is lower in Caucasian

patients. Future studies of OLFM4 expression will need to take genetic background into

account.

The variation in percentage of OLFM4+ neutrophils is not associated with changes in the

white blood cell compartment. We tested for association with total WBC count and ANC and

neither correlated with percentage of OLFM4+ neutrophils. Interestingly, in some cases ANC

and AONC seem to be regulated independently of each other. For example, in patient 12 (Fig

2C) on day 40 there was a dramatic spike in ANC, but little increase in AONC. In contrast, in

patient 9 (Fig 2D) on day 40 there is an increase in ANC that can be almost completely

accounted for by OLFM4+ neutrophils. In the same patient seven days later, only half of the

neutrophils are OLFM4+. Thus, based on these preliminary data, there may be circumstances

when ANC and AONC are independently regulated. This may suggest these neutrophil sub-

populations may have different effector functions but requires further testing.

Fig 2. Variation in OLFM4 expression in patients following bone marrow transplantation. Four different patients

were selected to show variation in percentage of OLFM4+ neutrophils. Arrows demark time points discussed further

in the text. ANC = absolute neutrophils count (black), AONC = absolute OLFM4 neutrophil count (green) and %

OLFM4+ = is the percentage of neutrophils that express OLFM4 (red). As demonstrated here, some patients had a

stable ANC and AONC throughout their course (A). Others, showed an increase in only OLFM4+ neutrophils (B) or

only OLFM4- neutrophils (C). Others, had a simultaneous increase in both (D).

https://doi.org/10.1371/journal.pone.0233738.g002
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We also investigated if cell surface markers were different between OLFM4+ and OLFM4-

neutrophils, which may imply these neutrophils differ in expression of other proteins and

functions beyond OLFM4 expression. Previously, Welin and colleagues showed that there was

no association between CD177 and OLFM4 expression [7]. These authors evaluated CD177

because it is the only cell surface marker that clearly differentiates significant subsets of CD177

positive and negative neutrophils. We evaluated for other important neutrophil cell surface

markers. There was no differential expression of CD16, CD11b, or CD62L between OLFM4+

and OLFM4- neutrophils. CD64, however, was decreased in OLFM4+ neutrophils relative to

OLFM4- neutrophils.

CD64, also known as Fc γ receptor I, is a transmembrane glycoprotein that is a high-affinity

IgG receptor found on neutrophils and macrophages [16]. In neonatal patients, CD64 expres-

sion has been used as a marker for neutrophil activation and a sepsis marker [17]. Two mark-

ers for neutrophil activation (CD11b and CD62L), however, were not differentially expressed

between OLFM4+ and OLFM4- neutrophils. Previous studies have compared OLFM4+ and

OLFM4- neutrophils relative to phagocytosis, transmigration, and apoptosis and found no dif-

ference between the groups [7]. Thus, the functional significance of lower expression of CD64

on OLFM4+ neutrophils is unclear at this time. However, the finding of differential expression

of surface markers suggests that these neutrophils differ by more than OLFM4 expression

alone and may differ in expression of other genes as well.

In our previous study of septic patients, increased plasma OLFM4 level was associated with

worse outcomes [13]. Expression of OLFM4 by stem cells within the crypts of the intestinal

mucosa has also led to the evaluation of plasma OLFM4 for prognostic potential in gastrointes-

tinal tumors [18, 19]. A recent study in mice demonstrated that injured cells within the renal

tubular epithelial cells also produce OLFM4 [20]. To test neutrophil contribution to plasma

OLFM4 levels we measured plasma OLFM4 concentration at the same time as AONC over

several weeks in multiple patients and found no association. Given BMT patients frequently

have inflamed gastrointestinal mucosa and kidney injury, the gut and kidney could also be a

sources of OLFM4 in this patient population. Further studies of OLFM4 will be needed to iso-

late potential sources of plasma OLFM4 and the significance of fluctuations in plasma

concentration.

In our previous study in patients with septic shock, a high percentage of OLFM4+ neutro-

phils was associated with greater organ injury and death [13]. We were, however, unable to

Fig 4. Plasma OLFM4 concentration relative to absolute number of OLFM4+ neutrophils. Three patients comparing number

of OLFM+ neutrophils and plasma OLFM4 concentration.

https://doi.org/10.1371/journal.pone.0233738.g004

Weeks Post BMT
2 3 4 5 6 7 8

Baseline
Clinical
Change

% OLFM4+
OANC

% OLFM4+
OANC

% OLFM4+
OANC

% OLFM4+
OANC

1 23

Fig 5. Three comparisons for change in OLFM4+ neutrophils relative to clinical change. Example of a patient who had

a clinical change on week 6 post BMT. Arrows depict the three comparisons we made, 1-week prior to clinical change to

week of clinical change. 2-Week of clinical change to week after clinical change. 3-Baseline level to week of clinical change.

https://doi.org/10.1371/journal.pone.0233738.g005
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identify if the increased OLFM4 was because those patients always expressed high levels of

OLFM4, or if high expression was induced by infection and organ injury because we only col-

lected samples at the time of admission when patients were already critically ill. In the current

study, we sampled patients serially, in order to test for association between clinical change and

changes in expression of OLFM4. As this is the first report showing changes in the percentage

and number of OLFM4+ neutrophils, we were unsure what induced changes and how long it

took for these changes to occur. To address this, we assessed for the change in clinical status

with change in percentage of OLFM4+ neutrophils and the AONC. We then compared per-

centage of OLFM4+ neutrophils and AONC at three different time points described above

(Fig 5). We did not detect an association between percentage of OLFM4+ neutrophils and

infection (positive blood culture). It is notable that several associations between increased oxy-

gen requirement and need for mechanical ventilation in patients with increased OLFM4

expression, as increased OLFM4 expression has previously been associated with lung injury in

adult ARDS and pediatric RSV infection [9, 10]. However, given the small number of patients

and the number of comparisons made, these findings will need to be test further in a study

looking more specifically at lung injury and OLFM4 expression. We also noted two associa-

tions between increase in AONC when compared to baseline AONC for AKI and acute

GVHD. However, when we included ANC into the logistic regression these findings were no

longer valid as these associations likely arose from the low ANC at baseline compared to weeks

later when the clinical change occurred.

Overall, we were surprised by the degree of variability in OLFM4 expression from week to

week in patients following BMT, since previous reports showed little change in OLFM4

expression overtime. This is a novel and interesting finding, but also confounded many of our

comparisons because we only sampled from 50 patients, and changes in clinical status were

too rare to find specific trends with the high degree of background of variability. We still

Table 2. Multiple regression analysis testing for association between percentage of neutrophils that express OLFM4 and clinical outcomes in BMT patients.

Change in %OLFM4+ Neutrophils from

week before to week of clinical change

Change in %OLFM4+ Neutrophils from

week of clinical change to week after

Change in %OLFM4+ neutrophils from

baseline to week of clinical change

OR 95% CI p value OR 95% CI p value OR 95% CI p value

AKI 0.989 0.955–1.025 0.541 1.002 0.972–1.033 0.890 0.987 0.955–1.021 0.453

Hyperbilirubinemia1 0.996 0.996–0.963 0.815 0.990 0.960–1.021 0.531 0.994 0.958–1.031 0.737

O2 requirement 1.038 0.996–10.82 0.074 1.011 0.980–1.044 0.484 1.038 0.997–1.080 0.072

Mechanical Ventilation 1.016 0.971–1.064 0.488 1.040 0.996–1.086 0.076 1.027 0.982–1.075 0.244

Positive Blood Culture 0.999 0.949–1.051 0.960 1.018 0.967–1.071 0.504 1.017 0.964–1.073 0.536

GVHD 1.011 0.957–1.068 0.691 0.976 0.923–1.033 0.401 1.031 0.980–1.084 0.243

TMA 1.056 0.990–1.126 0.095 0.956 0.911–1.004 0.073 1.036 0.982–1.094 0.196

Change in AONC from week before to

week of clinical change

Change in AONC from week of clinical

change to week after

Change in AONC from baseline to week of

clinical change

OR 95% CI p value OR 95% CI p value OR 95% CI p value

AKI 0.708 0.247–2.027 0.518 1.198 0.490–2.933 0.691 0.372 0.144–0.963 0.042�

Hyperbilirubinemia1 0.958 0.369–2.487 0.929 0.756 0.287–1.989 0.569 1.095 0.406–2.949 0.857

O2 requirement 1.470 0.462–4.680 0.512 0.926 0.345–2.487 0.878 2.502 0.868–7.215 0.089

Mechanical Ventilation 0.875 0.254–3.017 0.832 3.812 0.968–15.005 0.056 1.114 0.356–3.491 0.852

Positive Blood Culture 0.399 0.104–1.526 0.179 2.056 0.463–9.126 0.341 0.809 0.226–2.889 0.743

GVHD 2.290 0.415–12.632 0.340 0.912 0.152–5.467 0.919 5.433 1.609–18.345 0.007�

TMA 1.628 0.151–17.568 0.686 0.846 0.166–4.312 0.840 1.036 0.261–4.104 0.960

� These findings were no longer valid when ANC was included in regression analysis.

https://doi.org/10.1371/journal.pone.0233738.t002

PLOS ONE Olfactomedin-4 expressing neutrophils in pediatric patients undergoing bone marrow transplantation

PLOS ONE | https://doi.org/10.1371/journal.pone.0233738 May 29, 2020 12 / 14

https://doi.org/10.1371/journal.pone.0233738.t002
https://doi.org/10.1371/journal.pone.0233738


hypothesize that changes in OLFM4 neutrophils have clinical importance, but this issue

requires further study in a larger cohort. We do not know if this degree of variability can be

seen in other diseases or if it is specific to bone marrow transplant patients. Unfortunately,

there are few pediatric patient populations who undergo weekly blood draws that would allow

a similar comparison. Furthermore, we sampled patients at weekly intervals, making it difficult

to know the kinetics of change in percentage of OLFM4+ neutrophils (hours vs days). Further

studies may help elucidate if changes in percentage of OLFM4+ neutrophils are simply tran-

scriptional activation of a previously silenced gene or if OLFM4 expression marks a unique

subpopulation of neutrophils determined at the time of differentiation in the bone marrow.

In conclusions, this is the first study to follow OLFM4 percentage serially in non-healthy

humans, specifically in pediatric patients undergoing BMT. We found a great deal more vari-

ability within individual patients than previously reported. We also found a correlation

between OLFM4- neutrophils and increased CD64, which merits further investigation to test

if this differential expression translates to functional differences between the populations. The

clinical significance of changes in OLFM4+ neutrophil population will require future studies

in a larger cohort, and in patients with different clinical pathologies.

Supporting information

S1 Fig. Validation of anti-OLFM4 antibody. To ensure the OLFM4+ subpopulation identi-

fied by our flow staining was indeed OLFM4, we stained the same patient’s sample with anti-

human OLFM4 antibodies from four different sources. Shown is histograms from peripheral

blood that has been gated based on doublet exclusion and CD66b+ to mark neutrophils. The

Santa Cruz poly clonal and in-house poly clonal were permeabilized with saponin based buffer.

Abcam and Sino Biological antibodies were permeabilized with methanol.
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S1 Data.
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