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Introduction

In the neonatal period, the human immune system adapts
from the fetal to the postnatal life. The immune system
has to transform from an immunosuppressive state in
pregnancy to a neonatal immune response that protects
the infant from various bacterial, viral and fungal patho-
gens [1]. This transition is critical, as almost 40% of
overall childhood mortality occurs in this time-period.
Previous studies investigating neonatal immune responses
provided evidence that both innate and adaptive immune
systems are impaired during the postnatal period, render-
ing neonates prone to invasive infections [1-4]. Despite
several mechanisms proposed to play a role in neonatal
immunity, such as a T helper type 2 (Th2) cell-biased
cytokine profile [5,6], reduced CD8* T cell expansion and
interferon (IFN)-gamma response [7], differences in regu-
latory T cells [8] and immaturity of dendritic cells [9], the
underlying mechanisms mediating both innate and adap-
tive immune cell suppression in neonates are still not

defined fully.

Summary

Neonates show an impaired anti-microbial host defence, but the underlying
immune mechanisms are not understood fully. Myeloid-derived suppressor
cells (MDSCs) represent an innate immune cell subset characterized by their
capacity to suppress T cell immunity. In this study we demonstrate that a dis-
tinct MDSC subset with a neutrophilic/granulocytic phenotype (Gr-MDSCs)
is highly increased in cord blood compared to peripheral blood of children
and adults. Functionally, cord blood isolated Gr-MDSCs suppressed T cell
proliferation efficiently as well as T helper type 1 (Thl), Th2 and Th17
cytokine secretion. Beyond T cells, cord blood Gr-MDSCs controlled natural
killer (NK) cell cytotoxicity in a cell contact-dependent manner. These
studies establish neutrophilic Gr-MDSCs as a novel immunosuppressive cell
subset that controls innate (NK) and adaptive (T cell) immune responses in
neonates. Increased MDSC activity in cord blood might serve as key
fetomaternal immunosuppressive mechanism impairing neonatal host
defence. Gr-MDSCs in cord blood might therefore represent a therapeutic
target in neonatal infections.
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Myeloid-derived suppressor cells (MDSCs) represent a
heterogeneous innate immune cell subset generated in
tumour, infective and proinflammatory environments [10—
16]. In mice, as well as in humans, MDSCs can be
dichotomized into neutrophilic/granulocytic (Gr-MDSC)
and monocytic MDSC (Mo-MDSC) subsets [10,11].
MDSCs are characterized by their capacity to potently
suppress T cell and natural killer (NK) cell responses
and thereby induce an immunocompromised state, which
favours infection susceptibility [10,17-19]. We hypothesized
that neonates show increased MDSCs as underlying factor
of their impaired innate (NK cells) and adaptive (T cell)
immune response. Our studies demonstrate for the first
time that neutrophilic Gr-MDSCs are increased strikingly
in neonatal cord blood and decrease to adult values early in
infancy. Functionally, cord blood Gr-MDSCs efficiently sup-
press T cell proliferation, Th1, Th2 and Th17 responses as
well as NK cell cytotoxicity. These studies establish
Gr-MDSCs as a novel immunosuppressive cell subset that
controls innate and adaptive immunity in the neonatal
period.
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Fig. 1. Characterization and quantification of human granulocytic/neutrophilic myeloid-derived suppressor cells (Gr-MDSCs) in cord blood and

different age groups. (a) Gr-MDSCs are characterized in the forward-/side-scatter (FSC/SCC) area as a granulocytic cell population in the peripheral
blood mononuclear cells (PBMC) fraction (low-density neutrophils) (R1), as published previously [12,14,42]. This population was distinct from

lymphocytes, monocytes, erythrocytes or debris. Representative scatter-plots are shown. (b) Within R1, Gr-MDSCs were identified as CD66b"¢"
CD33"ehinterleukin IL-4Roi™"human leucocyte antigen D-related (HLA-DR)™® expressing neutrophilic MDSC population. Representative
histograms are shown. (c) Log scale illustration of human Gr-MDSC numbers in cord blood and different age groups of healthy children and adults.

Methods

Study subjects

The study was conducted at the University Children’s Hos-
pital Tiibingen (Germany). MDSCs were analysed in cord
blood from healthy term neonatal donors (n=58) and
in peripheral blood from healthy individuals (n=33).
Informed written consent was obtained from all subjects
included in the study or their legal representatives, and all
study methods were approved by the local ethics commit-
tee. The peripheral blood samples from the children were

taken through a routinely inserted intravenous line before
undergoing elective surgery for multiple diagnoses. At the
time of blood sampling, all subjects were without signs of

infection, inflammation or neoplasia.

Cell isolation and flow cytometry

Gr-MDSCs were characterized and isolated as described
previously [16]. Fresh peripheral blood mononuclear cells
(PBMC) were prepared from heparinized blood samples by
Ficoll density gradient sedimentation (lymphocyte separa-
tion medium; Biochrom, Cambridge, UK) and washed

46

twice in RPMI-1640 medium. Trypan blue staining solution
at 0-5% differentiated between viable and nonviable cells
and showed viability >90% in all samples. After Ficoll
density gradient sedimentation, Gr-MDSCs were character-
ized as CD66b"s"CD33"s"interleukin (IL)-4Roi™"human
leucoyte antigen D-related (HLA-DR)"® low-density
neutrophilic cells in the PBMC fraction [12,14,16]
(Fig. 1a,b) with the typical morphological characteristics of
neutrophilic granulocytes (see Supporting information,
Fig. S1). For Gr-MDSC isolation, cells were obtained from
the PBMC fraction and labelled with anti-CD66b-
fluorescein isothiocyanate (FITC) followed by two sequen-
tial anti-FITC magnetic bead separation steps (Miltenyi
Biotech, Bergisch Gladbach, Germany), according to the
manufacturer’s protocol. The purity of the CD66b* cells
after separation was >95% as tested by flow cytometry. A
complete characterization of the CD66b-positive cells iso-
lated by magnetic bead separation is shown in the Support-
ing information, Fig. S3. Antibodies against CD3, CD4,
CD8, CD14, CD16, CD66b, HLA-DR and CD124 (IL-4Ra)
were purchased from BD Pharmingen (Heidelberg,
Germany). Antibodies against CD11b, CD33 were pur-
chased from Miltenyi Biotec. Mouse immunoglobulin
(Ig)G1-FITC, mouse IgM-FITC, mouse IgG1-phycoerythrin
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(PE) and mouse IgGl-allophycocyanin (APC) (BD
Pharmingen) were used as isotype controls. Results were
expressed as percentage of positive cells and mean fluores-
cence intensity (MFI). Calculations were performed with
BD CellQuestPro analysis software.

T cell suppression assay

Target PBMCs were obtained from cord blood and adult
healthy volunteers and stained with carboxyfluorescein-
succinimidyl ester (CFSE), according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). PBMCs were
stimulated with 100 U/ml IL-2 (R&D Systems, Abingdon,
UK) and 1 pg/ml muromonab-CD3 (OKT3) (Janssen Cilag,
High Wycombe, UK). In a standardized manner, 60 000
PBMC:s per well in RPMI-1640 (Biochrom) were seeded in
a 96-well microtitre plate and 10 000 to 30 000 Gr-MDSC in
RPMI-1640 or as control magnetic affinity cell sorter
(MACS)-isolated conventional high-density non-MDSC
neutrophils in RPMI-1640 or RPMI-1640 only was added.
The cell culture was supplemented with 10% heat-
inactivated human serum, 2mM glutamine, 100 [U/ml
penicillin and 100 mg/ml streptomycin. After 96 h of incu-
bation in a humidified atmosphere at 37°C and 5% CO,,
cells were harvested and supernatants were frozen at —20°C.
CFSE fluorescence intensity was analysed by flow cytometry
to determine polycloncal T cell proliferation. We used
the ratio of T cell proliferation with the addition of
Gr-MDSCs/T cell proliferation without Gr-MDSCs for sta-
tistical analysis. T cell proliferation without Gr-MDSC was
set to a fixed value of 1.

Cytokine analysis

Cytokine analysis in supernatants was performed using
the Bioplex system (Bio-Rad, Munich, Germany) for
IFN-v, IL-5 and IL-17 and ELISA kits from R&D Systems
for IL-4 and IL-13, according to the manufacturer’s
recommendations.

NK cell cytotoxicity assay

NK cells were separated with anti-CD56 beads (Miltenyi
Biotech) by MACS and co-incubated with Gr-MDSCs
overnight in a 1:1 ratio. Afterwards cytolytic activity of
NK cells against K562 tumour cell line was tested in
a  Dbis(acetoxymethyl)2,2:6,2-terpyridine-6,6-dicarboxylate
(BATDA) europium release assay, as published earlier [20].
The effector : target (E:T) ratio was 2-5:1. We used the
ratios of NK cell cytotoxicity with the addition of
Gr-MDSCs/NK cell cytotoxicity without Gr-MDSCs for sta-
tistical analysis. NK cell cytotoxicity without Gr-MDSCs
was set to a fixed value of 1.

MDSCs in cord blood

Quantitiative reverse transcription—polymerase chain
reaction (QRT-PCR)

qRT-PCR was performed in MACS-isolated Gr-MDSCs.
mRNA was isolated with the RNeasy Mini/Micro Kit
(Qiagen, Hilden, Germany), cDNA was synthesized with the
iScript Advanced Synthesis kit (Bio-Rad) and real-time
RT-PCR was performed by using the Power SYBR Green
Master Mix (Applied Biosystems, Darmstadt, Germany)
and a ViiA7 Real-time PCR cycler (Applied Biosystems),
according to the manufacturers’ protocols. Primer
sequences are given in the Supporting information,
Table S1.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 5.0. Differences between groups were determined by
Student’s #-test. A P value of <0-05 was considered to be
significant.

Results

Neutrophilic Gr-MDSCs accumulate in cord blood

We applied previously published criteria [12-14,16] to
characterize MDSCs in neonates, infants and adults.
Accordingly, MDSCs were identified based on surface
marker expression profiles as well as on their capacity
to suppress T cell proliferation. Given these criteria,
neutrophilic (CD66b*CD33b*HLA-DR"") Gr-MDSCs were
quantitatively predominant over monocytic (CD14*CD33b*
HLA-DR"") Mo-MDSC subsets, providing the rationale to
focus upon Gr-MDSCs in our studies. Studying a large rep-
resentative cohort of neonates (n = 58), we found that per-
centages of Gr-MDSCs were increased highly in cord blood
(Gr-MDSC percentages: mean 8-66%; median 4-77%) com-
pared to percentages of Gr-MDSCs found in peripheral
blood from healthy children of all age groups and to
peripheral blood from adults (n = 33; mean 0-79%; median
0-57%). Beyond the neonatal period, percentages of
Gr-MDSCs over the different paediatric age groups did not
differ significantly and were similar to numbers observed
in healthy adults (Fig. 1c). Scatter-plot analyses further
revealed a wide range of Gr-MDSC percentages among the
neonates analysed (Fig. lc and Supporting information,
Fig. S2). Using qRT-PCR technology we analysed several
factors discussed previously as being involved in MDSC
induction and/or functionality [9]. These studies revealed
that several of these candidate genes were expressed consid-
erably in cord blood Gr-MDSCs [in descending order of
expression levels: SI00A9, NOX2, arginase-1, transforming
growth factor (TGF)-B, signal transducer and activator
of transcription 3 (STAT)-3, CCAAT/enhancer-binding
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protein beta (C/EBP-B), cyclo-oxygenase (COX)2; see Sup-
porting information, Table S2] and could be involved in
generation of Gr-MDSCs in cord blood. When viewed in
combination, Gr-MDSCs accumulate selectively in cord
blood and decrease rapidly after the neonatal period down
to adult values, suggesting a key role for this innate immune
cell subset within this critical time-frame.

Cord blood Gr-MDSCs potently suppress T cell
proliferation and cytokine production

To assess the functional capacities of cord blood-derived
Gr-MDSCs, we isolated these cells using density gradient
centrifugation and sequential CD66b magnetic bead isola-
tion and studied Gr-MDSC-T cell interactions ex vivo.
These functional studies, using T cell CFSE labelling, dem-
onstrated that cord blood Gr-MDSCs potently suppressed
polyclonal T cell proliferation of both CD4" and CD8* T
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cell subsets in a dose-dependent manner (Fig. 2a,b). On a
cell-to-cell basis, there were no significant differences in
the suppressive capacity between cord blood Gr-MDSCs
and Gr-MDSCs isolated from healthy adults (adult
Gr-MDSCs) mediated on cord blood target PBMCs.
However, when using PBMCs from healthy adults as the
target cell population, adult Gr-MDSCs showed a signifi-
cantly more potent suppression than did cord blood
Gr-MDSCs. These suppressive effects were partly cell
contact-dependent, as shown by Transwell assays (Fig. 2¢).
Importantly, as control, neither cord blood nor adult
blood-derived CD66b-positive magnetic bead isolated cells
from the Ficoll high-density neutrophil fraction (conven-
tional cord blood or peripheral blood adult neutrophils)
showed any suppressive activity on T cells (Fig. 2d), indi-
cating that neutrophilic Gr-MDSCs represent a population
functionally distinct from conventional neonatal or adult
neutrophils.
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Aside from polyclonal T cell proliferation, we investigated
the impact of neonatal Gr-MDSCs on IL-2 and
muromonab-CD3 (OKT3)-induced T cell cytokine produc-
tion. These studies demonstrated that neutrophilic cord
blood Gr-MDSCs suppressed IFN-y, IL-5 and IL-17
cytokine protein production efficiently (Fig. 3), pointing to
a broad suppressive effect of cord blood Gr-MDSCs on Thl,
Th2 and Th17 lymphocytes, in line with previous studies on
adult MDSCs [21,22]. When viewed in combination, these
studies demonstrate that neutrophilic Gr-MDSCs enriched
in cord blood, in contrast to conventional neutrophils,
potently suppress the proliferation and cytokine production
by CD4" and CD8" T cell subsets.

Cord blood Gr-MDSCs suppress NK cell function

Because NK cells have been recognized as key anti-
infectious effector cells of the innate immune system and
previous publications have shown that this cell type has a
particular relevance in neonates [23] where NK cells are
increased [24-27], and recent publications on MDSC also
showed suppressive effects on these innate immune cells
[19,28], we investigated whether isolated adult and cord
blood Gr-MDSCs are capable of functionally modulating
NK cell responses. These studies demonstrated a significant
reduction of NK cell cytotoxicity against the K562 target
tumour cell line by both adult and cord blood Gr-MDSCs
(Fig. 4). Transwell assays again showed that this effect was
partially contact-dependent, as also observed for the effect
of neonatal Gr-MDSCs on T cells. In summary, these
experiments provide evidence that Gr-MDSCs in cord
blood modulate both adaptive (T cell) and innate (NK) cell
responses and indicate that this mechanism is, at least par-
tially, cell contact-dependent.

Discussion

We show here for the first time, to our knowledge, that
neutrophilic Gr-MDSCs are enriched abundantly in cord
blood compared to paediatric and adult control cohorts.
This finding has functional relevance, as cord blood
Gr-MDSCs potently suppressed Thl, Th2 and Thl17
responses and modulated NK cell cytotoxicity in a partially

+ CB-Gr-MDSC
Control
Control

+ CB-G-MDSC
+ CB-G-MDSC }

cell contact-dependent manner. These functional capacities
were unique to neutrophilic Gr-MDSCs, as conventional
neutrophils had no effect on T or NK cell suppression.
Mechanistically, these findings suggest that neonatal
Gr-MDSCs impair both adaptive (T cellular) and innate
(NK cell) immune responses and thereby contribute to an
immunocompromised state of the neonate.

To sustain pregnancy, T helper cell effector reponses need
to be controlled and dampened to avoid a harmful cytotoxic
allograft reaction against the fetus. This immunosuppres-
sive micromilieu has been attributed previously to be gener-
ated and/or maintained by an interplay of a Th2 shift [5],
dysbalanced cytokine responses [26], naive regulatory T
cells [8], reduced NK T cells, soluble factors produced by
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Fig. 4. Cord blood granulocytic/neutrophilic myeloid-derived
suppressor cells (Gr-MDSCs) suppress natural killer (NK cell
cytotoxicity in a cell contact-dependent manner. NK cell cytotoxicity
against K562 tumour cell line with or without addition of cord-blood
Gr-MDSCs in a 1:1 ratio was measured in a europium release assay.
Effector : target (E : T) ratio was 2-5:1 (NK cells : K562 cells). CB: cord
blood; TW: Transwell.
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the placenta and others [1], with differences between term
and preterm infants [29] and an association with the infec-
tion status [30]. In particular, both T cell and NK cell
activation were found to be impaired in neonates [31,32].
This study extends this concept by demonstrating that
neutrophilic Gr-MDSCs accumulate in cord blood and effi-
ciently dampen both T cell and NK cell responses. Given
previous reports on the effect of MDSCs on regulatory T
cells in humans in vitro [22] and mice in vivo [33], we
speculate that, in line with these findings, neutrophilic
Gr-MDSC represent an early innate immune cell popula-
tion that orchestrates the establishment of an immunosup-
pressive state in the peri- and postnatal periods.
Immunologically, MDSCs probably precede the occurrence
of regulatory T cells, as they have been found to recruit
regulatory T cells through the chemokine receptor CCR5
[33]. Beyond this, human MDSCs were found to drive
the differentiation of naive CD4" T cells into regulatory T
cells [22,34], further supporting this immunosuppressive
alliance.

Physiologically, cord blood Gr-MDSCs could be critical
for maintaining intrauterine feto—maternal tolerance by
controlling/suppressing T cell responses [1,5]. Cord blood is
used increasingly as a stem cell source for haematopoietic
stem cell transplantation [34]. As MDSCs have been shown
to reduce the risk for developing graft-versus-host disease
(GVHD) in vivo [35], neutrophilic cord blood Gr-MDSCs
might also be involved in the reduced GVHD risk, as
observed in cord blood transplantations compared to bone
marrow transplantations [34,36], an issue requiring further
investigation. In our study, analyses of cord blood MDSCs
in individual newborns yielded a wide range of Gr-MDSCs,
suggesting underlying immunological and/or microenvi-
ronmental factors regulating intrauterine Gr-MDSC gen-
eration. By analysing a study subcohort, we found that
Gr-MDSC percentages from vaginally delivered neonates
tended to be higher compared to neonates delivered by cae-
sarean section (data not shown). We speculate that stress
during spontaneous labour and/or interaction of the fetus
with the maternal microbial microenvironment could play a
role — an issue worth future investigation. We are currently
performing a longitudinal study on cord blood Gr-MDSC
with a special focus on the course of pregnancy and the
early postnatal period. Candidate molecules already
described previously as being involved in the induction
and/or functionality of MDSCs include growth factors
and haematological differentiation factors, such as vas-
cular endothelial growth factor (VEGF), granulocyte—
macrophage colony-stimulating factor (GM-CSF) and
granulocyte colony-stimulating factor (G-CSF) [37,38],
proinflammatory mediators such as IL-6, IL-1f or S100A9
and other enzymes and transcription factors, particularly
arginase-1, indoleamine 2,3-dioxygenase (IDO) and STAT-3
[13,37,39]. We performed qPCR studies to analyse the
mRNA expression profile of MDSC candidate genes and

found that neonatal Gr-MDSCs displayed a distinct gene
expression signature characteristic for MDSCs, with
the highest relative gene expression found for SI00A9. The
functional contribution of this and other pathways to the
generation and inhibitory capacity of neonatal Gr-MDSCs
awaits further investigation.

Functionally, Gr-MDSCs were equally potent in sup-
pressing cord blood T cells, irrespective of whether or not
the Gr-MDSCs were isolated from cord or adult blood.
Intriguingly, however, adult Gr-MDSCs showed a signifi-
cantly more potent suppressive capacity than cord blood
Gr-MDSCs when using adult T cells as the target cell popu-
lation. Currently, we have no explanation for this phenom-
enon, but speculate that the interaction between Gr-MDSCs
and their target T cell population is affected by cell maturity
or by as yet unidentified paracrine factors released differen-
tially by cord blood versus adult responder T cells. In the
search for candidate cytokines mediating immune modula-
tion by cord blood Gr-MDSC we focused our analyses on
the Th2 cytokines IL-4 and IL-13, as the neonatal T cell
immune system is Th2-biased [5,6] and MDSCs are sup-
posed to favour Th2 over Thl answers [40]. However, we
did not find significant differences in Th2 cytokine release
between cord blood Gr-MDSCs and conventional cord
blood PMNs (Supporting information, Fig. S4), pointing to
other molecules responsible for the immune modulation.

Although percentages of NK cells were found to be
increased in cord blood versus adult blood [24-27], cord
blood NK cells appear to be distinct in their phenotypical as
well as functional behaviour [25,41]. These studies demon-
strated that cord blood NK cells, while equipped with the
lytic molecules perforin and granzyme B, were impaired in
their lytic activity against K562 cells compared to NK cells
derived from adult peripheral blood [41]. Further studies
also showed that neonatal NK cells were inefficient in
killing target cells and were found with higher percentages
of immature and CD56"" NK cell subsets in cord blood
[25]. Based on our findings, we conclude that Gr-MDSCs
might represent an underlying factor, abundantly present in
cord blood, that impairs NK cell functionality through a cell
contact-dependent mechanism.

When viewed in combination, these studies demonstrate
that neutrophilic myeloid-derived suppressor cells accumu-
late in cord blood and modulate innate and adaptive
immune responses efficiently. Physiologically, neonatal
Gr-MDSCs may have a dual role: on one hand, they
dampen potentially harmful Thl responses and thereby
support feto—maternal tolerance. On the other hand, they
weaken cellular anti-microbial host defence responses and
could contribute to the increased infection susceptibility in
neonates. Based on these studies, we propose neutrophilic
Gr-MDSC as a novel immunosuppressive mechanism in
neonates and potential therapeutic target in neonatal infec-
tions. As arginase and nitric oxide (NO) have been impli-
cated in the functionality of MDSCs [10,13,14,37],
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interfering with these molecules might represent a future
therapeutic strategy in neonatal infections.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s website:

Fig. S1. Cytospins of granulocytic/neutrophilic myeloid-
derived suppressor cells (Gr-MDSCs). Isolated neutrophils
or Gr-MDSCs were fixed with cytospin centrifugation
and stained with May—Gruenwald—Giemsa. Images were
acquired on a Carl Zeiss Fotomicroscope (x40 Planapo oil
objective, Carl Zeiss) using a Canon EOS 500 camera
(Canon) and Adobe Photoshop CS3 software (Adobe).

Fig. S2. Granulocytic/neutrophilic myeloid-derived sup-
pressor cells (Gr-MDSCs) in cord blood and different age
groups. Linear scale illustration of human Gr-MDSC
numbers in cord blood and different age groups of healthy
children and adults.

Fig. $3. Immunophenotyping of magnetic-activated cell
sorting (MACS)-isolated human cord blood granulocytic/
neutrophilic myeloid-derived suppressor cells (Gr-MDSCs).
The immunophenotype of MACS-isolated cord blood
Gr-MDSCs is CD66b""CD33"" CD11b™"[L-4R0o™*HLA-
DR™#CD14"%. Representative histograms are shown.

Fig. $4. Interleukin (IL)-13 secretion of magnetic-activated
cell sorting (MACS)-isolated human cord blood poly-
morphonuclear leucocytes (PMN) and granulocytic/
neutrophilic myeloid-derived suppressor cells (Gr-MDSCs).
IL-13 quantification was performed in culture supernatants
of MACS-isolated human cord blood PMN and Gr-MDSCs
cultured over 4 days in complete medium using standard
enzyme-linked immunosorbent assay (ELISA) technique.
Table S1. sequences
transcription—polymerase chain reaction (QRT-PCR).
Table S2. RNA expression of (MDSC)-related genes. Quan-
titative reverse transcription—polymerase chain reaction
(qRT-PCR) was performed in magnetic-activated cell sort-
ing (MACS)-isolated granulocytic/neutrophilic myeloid-
derived suppressor cells (Gr-MDSCs). C, values of the
housekeeping gene B-actin and 10 established MDSC-
related genes are shown (higher C, value implies lower gene

Primer for quantitative reverse

expression).
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