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Abstract
Neonatal CD71+ erythroid cells are thought to have immunosuppressive
functions. ntly, we demonstrated that CD71+ erythroid cells from neonates born
to wome rwent spontaneous preterm labor are reduced to levels similar to
N . . , :
those of tgrm neonates; yet, their functional properties are unknown. Herein, we
investigawfunctionality of CD71+ erythroid cells from neonates born to women
who unde spontaneous preterm or term labor. CD71+ erythroid cells from

neonatew women who underwent spontaneous preterm labor displayed a

similar m ofile to that of those from term neonates. The direct contact between
preterm (ﬂr—:eonatal CD71+ erythroid cells and maternal mononuclear immune
cells, but ble products from these cells, induced the release of pro-

inflammmokines and a reduction in the release of TGFB. Moreover, PTL-
derive CD71+ erythroid cells: 1) modestly altered CD8+ T cell activation;
2) inhibited ntional CD4+ and CD8+ T-cell expansion; 3) suppressed the
expansion o 8+ regulatory T cells, as did those from neonates born to women
with TIL; &) regulated cytokine responses mounted by myeloid cells in the presence

of a michduct; and 5) indirectly modulated T-cell cytokine responses. In

conclusion, natal CD71+ erythroid cells regulate neonatal T-cell and myeloid

h

respon nd their direct contact with maternal mononuclear cells induces a pro-

1

inflam ponse. These findings provide insight into the biology of neonatal

CD71+ erythroid cells during the physiologic and pathologic processes of labor.

G

A

This article is protected by copyright. All rights reserved.



Introduction
Neonates are highly susceptible to infection, which can result in long-term

developmﬁ disorders and even death [1, 2]. This susceptibility is partially due to

the rapid from the sheltered environment in utero to the outside world,

. H , :
which reilts in exposure of the neonatal immune system to commensal organisms
and pathmﬂ. The critical nature of this period is exacerbated by Thy-skewed
adaptive i ity [3, 4] and a reliance on transferred maternal antibodies [5],
resulting wendence on innate immune mechanisms for protection [6, 7].
However,jneo tal innate immune cells such as neutrophils [8-11], monocytes [12,
13], and (&i cells [14] are also limited in their responses compared to adult

cells. Thi

newbornre infection and weakening their response to vaccination [2, 15].

Partic rm neonates are at a higher risk for infection than term neonates

osuppressed state has disadvantages such as predisposing

since a sev: ate of immunosuppression is observed at earlier gestations [16].
eonatal immunosuppression has been attributed to the presence of
circulatin!nucleated erythroid cells [17-19]. Such cells undergo expansion in mid-

gestation@rsist throughout pregnancy in mice [18]. Nucleated erythroid cells

are mainta

progreiﬁg ';n h;mans [20] and in mice [19, 21]. Nucleated erythroid cells express

the gewrocyte marker glycophorin A (or CD235a) [19, 21-23] as well as the

in the circulation throughout the neonatal period and diminish as age

transferrin receior CD71, an antigen that is lost upon conversion to mature
erythrocyte . Previous studies indicated that CD71+ erythroid cells are partially
respons immunosuppression of the neonatal immune system [21], and that a

This article is protected by copyright. All rights reserved.



reduction in the number and/or functionality of these cells is observed in preterm
newborns [25]. A follow-up study claimed, however, that these reticulocytes have a
Iimited#ucing inflammation driven by microbial colonization [26]. Recently,
we demoa\at the number and frequency of CD71+ erythroid cells from
neonat’a m women who underwent spontaneous preterm labor are similar to
term neonatespbut lower than those born to women who delivered preterm in the
absence u [27]. The processes of preterm and term labor are associated with
inflammane mother and at the maternal-fetal interface [28-31]; therefore, we
suggested that§he reduction of neonatal CD71+ erythroid cells was associated with

the physi&erm labor) and pathologic (preterm labor) termination of pregnancy

[27]. Yet, r CD71+ erythroid cells from neonates born to mothers who
underwenlt s ‘@ aneous preterm labor are functionally distinct from CD71+ erythroid
cells fry born at term is unknown.

The aig@dof this study were to determine whether CD71+ erythroid cells from
neonates born to women who underwent spontaneous preterm labor display a
different MRNA profile compared to those from term neonates, and whether their
combinatQ maternal mononuclear cells can regulate the release of cytokines
through so

factors and/or direct contact. In addition, we investigated whether the

depletion D71+ erythroid cells from neonates born to women who underwent

{E)

sponta term labor can regulate neonatal innate and adaptive immune

responses, andfcompared such responses to those from women who underwent the

E

physiologic ss of term labor.

A
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Materials and Methods

Human subjects, clinical specimens, and definitions

wcord blood samples were obtained at the Detroit Medical Center,
Wayne S&rsity, and the Perinatology Research Branch, an intramural
progra?n TeEunice Kennedy Shriver National Institute of Child Health and Human
Development djational Institutes of Health, US Department of Health and Human
Services’u/NlH/DHHS), Detroit, MIl, USA. The collection and utilization of
biologica Is for research purposes were approved by the Institutional Review
Boards ot thesgjinstitutions. All participating women provided written informed
consent. f 126 umbilical cord samples were obtained from neonates born to
women ﬁ

ered at term with (TIL, n=46) or without (TNL, n=20) spontaneous

labor, or gr with (PTL, n=42) or without (PTNL, n=18) spontaneous labor.

d

Subse samples were used separately in different experiments since the
number of + erythroid cells is limited in human cord blood. The demographic
and clinical characteristics of the four groups of women are shown in Table 1. The
fetal inflam’y response was assessed by histological examination of the

placenta Q umbilical cord (Table 1). Only a few cases presented mild or

moderate inflammatory responses in the TIL and PTL groups (Table 1). No

eviden fetal inflammatory response was observed in the control groups (TNL

th

and P e 1). Preterm birth was defined as delivery before 37 weeks of

gestation, and t@rm birth was defined as delivery at or after 37 weeks of gestation.

Gl

Umbilical ¢ ood was collected at birth in ethylene diamine tetra-acetic acid

(EDTA)- ing blood collection tubes by venipuncture of the umbilical vein and

I
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then transported to the laboratory for immediate use. Time-matched maternal blood

samples were also collected for Transwell co-culture assays.

Isolatiomcal cord CD71+ erythroid cells

N
Umbilical cord blood was collected from neonates born to women from each

study gro@t (n=8), PTL (n=10), TNL (n=10), and TIL (n=10)]. Mononuclear
cells were ed from cord blood samples by density gradient using Ficoll-Paque
Plus (GEWare Biosciences, Uppsala, Sweden), following the manufacturer’s

instructions. s were collected from the mononuclear layer of the density gradient,

washed v&zhosphate-buﬁered saline (PBS) (Life Technologies, Grand Island,

NY) and nded in MACS buffer (BSA 0.5% [Sigma-Aldrich, St. Louis, MQO],
EDTA 2 ife Technologies] and 1X PBS). Depletion of CD45-positive and
CD15 iti lls was performed using CD45 and CD15 microbeads (Miltenyi
Biotec, San o, CA), following the manufacturer’s instructions. CD15 microbeads

were used in addition to CD45 microbeads in order to ensure complete depletion of
neutrophils. Briefly, mononuclear cells were labeled with CD45 and CD15
microbea@depleted by positive selection using LS columns (Miltenyi Biotec)
and a mag MACS separator (Miltenyi Biotec). The unbound mononuclear cells

were th llected, washed in MACS buffer and centrifuged at 500 X g for 5 min,

Ih

and de s confirmed by flow cytometry. The isolation of CD71+ erythroid

cells was then gerformed as above using a biotin-conjugated CD71 antibody (BD

U

Bioscience Jose, CA) and streptavidin-linked magnetic beads (Miltenyi Biotec)

for posi ction with MACS columns. CD71+ cells were then manually counted

A
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using a hemocytometer, followed by centrifugation at 500 X g for 5 min. Purity was
assessed by flow cytometry using anti-CD3, anti-CD235a, and anti-CD71 antibodies

(BD Biosciﬁs). Cord blood CD71+ erythroid cells were identified as CD3-

CD235a+ lls and their purity was greater than 90% after each isolation.
, N , . .
Finally, C§71+ erythroid cells were re-suspended in 400uL of RLT Lysis buffer

(Qiagen,@ntown, MD) and stored at -80°C until RNA isolation.

RNA IsomDNA Synthesis, and Quantitative Reverse Transcription

Polymerase in Reaction Analysis

Tot was extracted from the previously isolated CD71+ cells using
Qiagen mini kits (Qiagen), following the manufacturer’s instructions. RNA
concentrati nd purity were assessed with the NanoDrop 1000
spectr er (Thermo Scientific, Wilmington, DE) and RNA integrity was
evaluated wj e Bioanalyzer 2100 (Agilent Technologies, Wilmington, DE).

Complementary (c)DNA was synthesized using the RT? First Strand Kit (QIAGEN).
The RT? siofilerT"" Human Cancer, Inflammation and Immunity Crosstalk PCR array

(Cat#PA)@Z, Qiagen) included the genes listed in Supplementary Table 1. This
fo

array was r mRNA expression profiling and performed using RT?> SYBR
Green R PCR MasterMix (QIAGEN) on a 7500 Fast Real-Time PCR System

(Applie#ems, Life Technologies, Foster City, CA).

-
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Transwell co-culture assay

Umbilical cord blood was collected from neonates born to women from each
study groupJRPTNL (n=10), PTL (n=11), TNL (n=10), and TIL (n=14)]. Time-matched
peripherﬁﬂples from the mother of each neonate were also obtained.
Materr?al@aral blood mononuclear cells (PBMCs) and umbilical cord CD71+
erythroid gellsmyere isolated as described above. Co-culture experiments were
performeQOApm pore Transwell inserts (Corning Inc., Corning, NY) in 24-well
plates (C nc.). Maternal PBMCs were re-suspended in RPMI 1640 culture
medium supplégnented with 10% FBS and 1% penicillin/streptomycin antibiotic (Life
Technologj a concentration of 5 X 10° cells/600uL and placed in the bottom
well of th well plate. Umbilical cord CD71+ erythroid cells were re-suspended

in RPMI mlture medium supplemented with 10% FBS and 1%

penicilli ycin antibiotic at a concentration of 5 X 10° cells/100 pL and either
placed in th well of the Transwell plate, or in the bottom well together with
materna s. Umbilical cord CD71+ erythroid cells (5 X 10° cells/100uL) were

also placg in the top well of the Transwell plate alone. Transwell plates were
incubateQC with 5% CO; for 24 hrs. Each experiment was performed in
triplicates. wing incubation, the cells and conditioned media in the upper and

bottom were collected by gently pipetting to re-suspend the cells and

1

[

transfe rile 1.5mL microcentrifuge tubes separately. The cell suspensions

were then centrifuged at 6000 X g for 5 min. After centrifugation, supernatants were

G

gently colle nd stored at -80°C until use.

A
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Multiplex Immunoassay

Thle centrations of IFNy, IL-10, IL-12p70, IL-17A, IL-1B, IL-2, IL-5, IL-6,
and TNFQA@II co-culture supernatants were measured with the Human U-
N : ,
PLEX Muitiplex Assay (CAT#K15067L-2; Meso Scale Discovery, Rockville, MD),
accordin tg manufacturer’s instructions. Plates were read using the SECTOR
2400 Ima

eso Scale Discovery). Standard curves were generated and the

assay va@he samples were interpolated from the curves. The sensitivities of

the assayT 2.9pg/mL (IFNy), 0.2pg/mL (IL-10), 1.6pg/mL (IL-12p70), 1.2pg/mL
(IL-17A)ﬂ\L (IL-1B), 1.8pg/mL (IL-2), 0.5pg/mL (IL-5), 0.8pg/mL (IL-6), and
)

1.1pg/m . Values for IL-6, IL-1B, TNFa, and IL-10 were reported since the

remainines were below detection limits. The concentration of TGFf in
Trans ure supernatants was measured using the Human TGFf Kit
(Cat#K1511 ; Meso Scale Discovery), according to the manufacturer’s
instructions. Plates were read using the SECTOR 2400 imager. A standard curve

was gen%ted and the assay values of the samples were interpolated from the

curve. T)@ assay sensitivity was 0.1pg/mL.
Ex viv@on of T cells and myeloid cells

WCOFd blood mononuclear cells (CBMCs) were isolated from neonates
born to women ;ho underwent spontaneous preterm (PTL, n=14) or term (TIL,
n=14) labo nsity gradient, as described above. CD71+ erythroid cells were

deplete ck depleted from CBMCs using anti-CD71 microbeads (Miltenyi

This article is protected by copyright. All rights reserved.
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Biotec) or anti-mouse IgG2a microbeads (Miltenyi Biotec), respectively. The
efficiency of CD71 depletion was > 99% in all cases. These mononuclear cells are
hereafterr ed to as “CD71-depleted” or “mock-depleted.” The CD3+ T-cell
populatio&aﬁected by the depletion of CD71+ erythroid cells
(SupplgnsTaryFigure 1). CD71-depleted and mock-depleted mononuclear cells
were re-syspepded in RPMI 1640 medium supplemented with 10% human AB
serum (CQSO-CI; Corning, Tewksbury, MA) and 1% penicillin/streptomycin
antibioticwncentration of 1 X 107 cells/mL. To determine direct T-cell
activation, depleted or mock-depleted CBMCs were placed into 96-well round
bottom pla orning) at a concentration of 1 X 10° cells per well and treated with
or withouﬁD3 antibody (0.125ug/mL) (eBioscience, San Diego, CA) at 37°C
with 5% M5 hrs. To determine indirect T-cell activation and cytokine

expressi yeloid cells (CD11b+ cells), CD71-depleted or mock-depleted
CBMCs wer ubated with or without 5 X 10* cells/well of heat-killed Listeria
monocytogenes (HKLM) (InvivoGen, San Diego, CA) in the presence of 10pg/mL of
Brefeldin@ (BD Biosciences) at 37°C with 5% CO, for 5 hrs. Immediately after
incubatio ssion of activation markers (CD69, CD62L, CD25, CD28, CD95,
and HLAQT cells and expression of cytokines (TNFa, IL-6, IFNy, IL-10, and

IL-4) b Is and myeloid cells were assessed by flow cytometry.

th

Ex vivo expansion of neonatal conventional and regulatory T cells

if

Um cord blood mononuclear cells (CBMCs) were isolated from neonates

born to who underwent spontaneous preterm (PTL (n=8) or term (TIL, n=10)

A
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labor by density gradient, as described above. CD71-depleted and mock-depleted
CBMCs were also obtained, as previously described. These cells were then re-
suspended in.RPMI 1640 medium supplemented with 10% human AB serum and
1% penimmycin antibiotic at a concentration of 2 X 10° cells/mL. CD71-

N ,
depleted Snd mock-depleted CBMCs were placed into 96-well round bottom plates at
a concenmf)f 2 X 10° cells/well and treated with or without anti-CD3 (0.2ug/mL)
(eBioscie nd anti-CD28 (1ug/mL) (eBioscience) antibodies. Next, cells were

cultured s at 37°C with 5% CO,. Immediately after incubation, cells were

S

collected Tor immunophenotyping of conventional (CD4+ and CD8+ T cells) and

regulatory CD4+ (CD4+CD25+Foxp3+ T cells or CD8+ CD8+CD25+FoxP3+

iU

T cells) b ytometry. The total numbers of conventional and regulatory T cells

were det using CountBright Absolute Counting Beads (Molecular Probes,

a

Life T ies, Eugene, OR, USA).

Flow cytometry

Imhediately after ex vivo experiments, cells were retrieved by gentle

i

resuspen their conditioned media and transferred to FACS tubes (Corning Life

O

Sciences, am, NC). Remaining adherent cells were detached from the culture

wells by i ting with 100uL of 10mM of EDTA (Life Technologies) for 10 min.

h

i

Cells ashed with 1X PBS and stained with the BD Horizon Fixable

Viability Stain 580 dye (BD Biosciences), prior to incubation with extracellular

G

monoclona odies. The cells were washed in 1X PBS and incubated with 20uL

of huma locking reagent (Miltenyi Biotec) in 80uL of BD FACS stain buffer

A
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(Cat#554656; BD Biosciences) for 10 min at 4°C. Next, the cells were incubated with
extracellular fluorochrome-conjugated anti-human monoclonal antibodies for 30 min
at4°Cin rk (Supplementary Table 2). After extracellular staining, the cells
were wa X PBS and immediately fixed and permeabilized using either the
BD Cyt-ofmperm Fixation/Permeabilization solution (BD Biosciences) or the
FoxP3 Tramscmiption Factor Fixation/Permeabilization solution (Cat#00-5523-00;
eBioscierQllowing fixation and permeabilization, the cells were washed with 1X
BD Per shiBuffer (BD Biosciences) or 1X FoxP3 Permeabilization Buffer

(eBioscience), fesuspended in 50uL of the same buffer, and stained with intracellular

or intranEtibodies for 30 min at 4°C in the dark (Supplementary Table 2).
Stained e then washed with 1X permeabilization buffer, resuspended in
0.5mL of S stain buffer, and acquired using the BD LSR Fortessa Flow

Cyto ioscience) and BD FACSDiva 6.0 software (BD Bioscience). The
analysis wa ormed and the figures were generated using FlowJo v10 software

(FlowdJo, Ashland, OR).

Statistic Sis

Statistical ses were performed using SPSS v.19.0 software (SPSS Inc., IBM

Corporgtg: Armonk, NY) or the R package. For gRT-PCR arrays, negative ACt

valueSHrmined using multiple reference genes (Actb, Gapdh, and Rplp0)

averaged withi;each sample to determine gene expression levels. Negative ACt
values wer eled using linear models with coefficient significance evaluated via
modera ts, as implemented in the limma package of Bioconductor [32]. With

This article is protected by copyright. All rights reserved.
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this approach, information about the gene variance is borrowed across genes

leading to a more robust statistical test. Significance p-values were adjusted across

the 26 ge sing the False Discovery Rate method. A heat map was created by
subtractim

n gene expression of PTNL samples from the expression of each
T ey . . ,

mdmduafample for all differentially regulated transcripts. A p-value < 0.05 and a g-
value (adw-value) < 0.1 were considered statistically significant. Normality of

data was using the Shapiro-Wilk test. The Wilcoxon signed rank paired test

S

was use omparing the same sample before and after treatment, and the
Mann-Whitney%l-test was used for comparisons between different samples. A p-

value < 0. considered statistically significant.

gt

Author Ma
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Results

PTL- derlved neonatal CD71+ erythroid cells display a similar mRNA profile to

that of t ﬂ term neonates
W pared the mRNA expression of inflammation-related genes

N _ _ _
between gTL and TIL-derived neonatal CD71+ erythroid cells (Figure 1A).

Differencgs batween gestational age-matched non-labor controls were also
determinmm and TNL) (Figure 1A). Our data revealed that PTL-derived
neonatal erythroid cells had a similar mRNA profile compared to those from
TIL and Etrols (Figure 1B, Supplementary Figure 2). However, the mRNA
profile of P -derived neonatal CD71+ erythroid cells was modestly different
compare e from both TIL and TNL (Figure 1B, Supplementary Figure 2). The
transcripntially expressed between the PTNL and TIL/TNL groups were the

followi otif chemokine ligand 5 (Ccl5), C-X-C motif chemokine ligand 5

(Cxcl5), C-Xam®hemokine receptor type 2 (Cxcr2), and transforming growth factor

beta 1 igure 1B, Supplementary Figure 2). No statistical differences were

observe etween TIL- and TNL-derived neonatal CD71+ erythroid cells

(Supplen@ﬁgure 2). These results show that PTL-derived neonatal CD71+

erythroid ¢ isplay a similar mRNA profile to that of those from term neonates.

This article is protected by copyright. All rights reserved.
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The direct contact between PTL- and TIL-derived neonatal CD71+ erythroid

cells and maternal mononuclear immune cells alters the release of pro- and

s

anti-infla ory cytokines
It & usly suggested that neonatal splenocytes suppress the activation
N —— : , : .
of adult cglls in a co-culture system, which was likely mediated by CD71+ erythroid
cells [21].£&£D A+ erythroid cells are rarely present in the maternal circulation; yet,
they see a source for circulating cell-free fetal DNA [33, 34]. Therefore, we
evaluateWer the direct contact between neonatal CD71+ erythroid cells and
maternal@ could regulate cytokine release (Figure 2A). Physiologically, it is

also Iikel)ﬂnbilical cord CD71+ erythroid cells or maternal PBMCs modulate

immune es through soluble factors; therefore, these cells were co-cultured in

a Trans@m (Figure 2A). There were striking differences in cytokine release

betwe ntact (referred to as “combined”) and Transwell co-cultures of

neonatal C erythroid cells and maternal PBMCs (Figures 2B-2D and 3A&B).

The combination of PTL- or TIL-derived neonatal CD71+ erythroid cells and maternal
PBMCs csnsistently increased the release of the pro-inflammatory cytokines IL-6

(Figure 2@8 (Figure 2C), and TNFa (Figure 2D) compared to their Transwell

co-cultures™fie combination of PTNL-derived neonatal CD71+ erythroid cells and
materr@ also increased the release of IL-6 (Figure 2B), IL-1B (Figure 2C),
and Tl\He 2D) compared to their Transwell co-cultures. However, the
combinat@NL-derived neonatal CD71+ erythroid cells and maternal PBMCs
solely incre the release of TNFa compared to their Transwell co-cultures (Figure

2D). Inte ly, the combination of PTNL-, PTL-, TNL-, and TIL-derived neonatal

This article is protected by copyright. All rights reserved.
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CD71+ erythroid cells and maternal PBMCs reduced the release of TGF3 compared

to their Transwell co-cultures (Figure 3A). The combination of PTL-derived neonatal

{

CD71+ er id cells and maternal PBMCs increased the release of IL-10 compared

to mater alone (Figure 3B), but no other differences were observed. It is

[
worth megtioning that the concentration of cytokines released by neonatal CD71+

erythroid gellsmygas minimal (Figures 2B-2D and 3A&B). These data indicate that the

G

direct con ®Hut not soluble products, between PTL- and TIL-derived neonatal

CD71+e oid cells and maternal mononuclear cells induces a pro-inflammatory

§

response by INgceasing the release of pro-inflammatory cytokines and reducing the

release oﬁti-inflammatory cytokine TGF.
Si is our study group (pathologic process of labor) and TIL is its

control (phy: ‘@ gic process of labor), and the combination of neonatal and maternal

E

cells fry roups display similar cytokine responses (Figures 2 and 3), we

hereafter fo on investigating functional differences between the PTL- and TIL-

derived neonatal CD71+ erythroid cells.

PTL-deri onatal CD71+ erythroid cells modestly alter CD8+ T-cell

Qr

activation

s report showed that the depletion of CD71+ erythroid cells

L

unleas tivation of neonatal immune cells, suggesting that these

reticulocytes hale immunosuppressive functions [21]. Therefore, CD71+ erythroid

Gl

cells were ed from cord blood samples collected from the placentas of women

who un PTL or TIL. CD71+ erythroid cells were depleted or mock depleted

A
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from CBMCs and cultured with or without anti-CD3, which causes T-cell activation

[35] (Figure 4A). As expected, incubation with anti-CD3 increased the expression of

,t

CD69 whi ucing the expression of CD62L by T cells (Figures 4B-E). The

activatio was evaluated by flow cytometry. Depletion of CD71+ erythroid

]
cells fro BM

o

s reduced the frequency of stimulated TIL- and PTL-derived

neonatal @GD8#myT cells expressing the early activation marker CD69 [36, 37] (Figure

C

4B), but alter the frequency of CD4+CD69+ T cells (Figure 4C).

S

D io@ of CD71+ erythroid cells from CBMCs reduced the frequency of

stimulate erived neonatal CD8+ T cells expressing CD62L, a surface marker

U

that is dow ated upon late T-cell activation [38] (Figure 4D), but no changes

1

were obs in the frequency of CD4+CD62L+ T cells (Figure 4E). The expression
of CD25,®and CD95 by neonatal T cells was not significantly altered by the
depleti 1+ erythroid cells (data not shown). These data suggest that PTL-
derived neo CD71+ erythroid cells modestly alter CD8+ T cell responses upon

T-cell activation.

[

PTL-deri onatal CD71+ erythroid cells inhibit conventional CD4+ and
CD8+ T-c pansion

W xt assessed the effect of neonatal CD71+ erythroid cells on neonatal T-

1

{

cell re BCBMCs were depleted or mock depleted of CD71+ erythroid cells

and the expansjon of conventional CD4+ and CD8+ T cells was determined (Figure

CI

5A). Deplet; CD71+ erythroid cells from PTL-derived cord blood samples

resulte xpansion of both neonatal CD4+ (Figure 5B) and CD8+ (Figure 5C) T

A
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cells regardless of T-cell activation. These results demonstrate that PTL-derived

neonatal CD71+ erythroid cells can inhibit the expansion of conventional CD4+ and

{

CD8+Tc

[
PTL- andyTIL-derived neonatal CD71+ erythroid cells suppress the expansion

of CD8+ ory T cells

Ap s report suggested that CD71+ erythroid cells have
immuno egsive properties [21]. Since immunosuppression during pregnancy is
largely mediated by regulatory T cells [39-44], we determined whether the depletion
of CD71+ id cells had an effect on the ex vivo expansion of regulatory T cells

(Figure 5 letion of CD71+ erythroid cells did not significantly alter the number
of PTL-deM regulatory T cells; yet, an expansion of such cells was

obse -cell activation via CD3/CD28 stimulation (Figure 5D). In contrast,
depletion of§1+ erythroid cells induced the expansion of CD8+ regulatory T cells,
even in the absence of T-cell activation via CD3/CD28 stimulation (Figure 5E).

NevertheSss, such an expansion was greater upon CD3/CD28 stimulation (Figure

5E). The ts demonstrate that PTL- and TIL-derived neonatal CD71+ erythroid
cells supp e expansion of CD8+ regulatory T cells, but do not have an effect
on CD4+ latory T cells.

PTL-derived nsmatal CD71+ erythroid cells regulate cytokine responses

mounted eloid cells in the presence of microbial products
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Neonatal CD71+ erythroid cells have also been implicated in the activation of
myeloid cells [21]. Therefore, following the same strategy as before, CBMCs were

depleted oick depleted of CD71+ erythroid cells, stimulated with HKLM, and

cytokine by myeloid cells were evaluated (Figure 6A). Depletion of CD71+

N
erythroidsells from CBMCs reduced the frequencies of PTL-derived CD11b+

myeloid Umressing IL-6 (Figure 6C), IFNy (Figure 6D), and IL-4 (Figure 6E)

upon HKL ulation. In addition, depletion of CD71+ erythroid cells reduced the
frequenchtimulated PTL-derived CD11b+ myeloid cells expressing IFNy
(Figure GEIL-4 (Figure 6E). Depletion of CD71+ erythroid cells reduced the
frequency 11b+ myeloid cells expressing IL-6 upon HKLM stimulation (Figure
6C) as w e expression of IL-6 (Figure 6C), IL-4 (Figure 6E), and IL-10 (Figure
6F) by unsti ted CD11b+ myeloid cells in the TIL group. These data imply that
PTL-dei natal CD71+ erythroid cells regulate cytokine responses mounted

by myeloid in the presence of microbial products. CD71+ erythroid cells from

term neonates, however, can participate in cytokine responses in the absence of

infection.s

PTL-deriv eonatal CD71+ erythroid cells indirectly modulate T-cell cytokine

responig

Hmulation with HKLM results in indirect T-cell cytokine expression by

initiating innateinmune responses [45]. We therefore evaluated whether CD71+
erythroid ¢ uld regulate the expression of pro- and anti-inflammatory cytokines
by PTL- neonatal T cells (Figure 7A). Depletion of CD71+ erythroid cells from
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CBMCs consistently reduced the frequencies of HKLM-stimulated PTL-derived
neonatal T cells expressing TNFa (Figure 7B), IL-6 (Figure 7C), IFNy (Figure 7D),

and IL-4 : e 7E). Depletion of CD71+ erythroid cells from CBMCs did not change

the expr -10 on HKLM-stimulated PTL-derived neonatal T cells (Figure

N , _ .
7F). In aggition, depletion of CD71+ erythroid cells reduced the expression of IL-6

(Figure 7Qy (Figure 7D), and IL-4 (Figure 7E) by unstimulated PTL-derived

neonatal . Depletion of CD71+ erythroid cells also reduced the expression of
TNFa (FiW), IL-4 (Figure 7E), and IL-10 (Figure 7F) by unstimulated TIL-
derived neonatal T cells. Together, these data suggest that PTL-derived neonatal
CD71+ er id cells indirectly regulate T-cell cytokine responses.
Fnﬂmunophenotyping revealed that depletion of CD71+ erythroid cells
from CBm’sistently reduced the frequency of HKLM-stimulated PTL-derived
CD8+ ressing TNFa, IL-6, IFNy, and IL-4 (Supplementary Figure 3A-D).
However, o e frequency of HKLM-stimulated PTL-derived CD4+ T cells
expressing IL-6 and IL-4 was reduced upon CD71 depletion (Supplementary Figure

4B&D). Therefore, PTL-derived neonatal CD71+ erythroid cells indirectly regulate T-

cell cytok@inly by modulating CD8+ T-cell responses.
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Discussion

Principal findings of the study: 1) PTL-derived neonatal CD71+ erythroid cells

displaye ﬁilar mMRNA profile to that of those from term neonates and 2) the

direct co ot soluble products, between preterm or term neonatal CD71+
N _ ,

erythrmdsells and maternal mononuclear immune cells induced the release of pro-

inflammamokines and a reduction in the release of the anti-inflammatory

cytokine . Moreover, PTL-derived neonatal CD71+ erythroid cells: 3) modestly

altered ell activation; 4) inhibited conventional CD4+ and CD8+ T-cell

expansion, ppressed the expansion of CD8+ regulatory T cells, as did those

us

from neon rn to women with TIL; 6) regulated cytokine responses mounted by

i

myeloid ilgthe presence of a microbial product; and 7) indirectly modulated T-

cell cytokine ‘% ponses. Collectively, these findings show that CD71+ erythroid cells

d

from n rn to women with preterm labor regulate neonatal T-cell and
myeloid res s and their direct contact with maternal mononuclear cells induces

a pro-inflammatory response.

[

PTL- anQrived CD71+ erythroid cells display similar mRNA profiles

The A expression of Ccl5, Cxcl5, Cxcr2, and Tgfb1 was upregulated in
PTL-dMnatal CD71+ erythroid cells and those from women with TIL or TNL
when cwto neonatal CD71+ erythroid cells from women with PTNL. The

concentrations @f the chemokines CCL5 [46, 47] and CXCL5 [48-50], as well as the

ul

cytokine T 1, 52], are increased in the amniotic fluid of women undergoing the

physiolo athologic processes of labor. In addition, the fetal membranes

A
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surrounding the amniotic cavity express the chemokine receptor CXCR2 during the

physiologic process of labor [53, 54]..Together, these data suggest that the

expressioeﬁese mediators by PTL-derived neonatal CD71+ erythroid cells may

participa igflammatory milieu that accompanies the premature process of
W — - :

labor. In gdltlon, these findings support the concept that the fetal immune system

undergoe@mature activation during preterm labor [55].

The direWct between PTL- and TIL-derived neonatal CD71+ erythroid
cells and matégnal mononuclear immune cells induces a pro-inflammatory
response

T i contact between PTL- and TIL-derived neonatal CD71+ erythroid

cells andmal mononuclear immune cells drives a pro-inflammatory response by

lease of IL-6, IL-1B, and TNFa, and reducing the release of the anti-
inflammato kine TGF[. These findings contrast with a previous report
demonstrating that the direct contact between neonatal and adult immune cells

attenuati Ero-inflammatory cytokine production [21]. A possible explanation for this

discrepa at the previous study was performed using 6-day old mice [21] and
the curren y included human cord blood samples from term and preterm
neonat refore, it is likely that the function of CD71+ erythroid cells differs

betwew and age. The findings reported herein indicate that in the scenario

where fetal CD51+ erythroid cells migrate into the maternal circulation [33, 34], their
direct interagli@® can result in an inflammatory response, which may contribute to the
inflamm ocess present in women who undergo spontaneous preterm labor

This article is protected by copyright. All rights reserved.



26

[56]. The biological relevance of these findings will be clarified upon addressing how

and when CD71+ erythroid cells reach the maternal circulation as well as whether

{

such cells ocalize in a specific microenvironment throughout pregnancy, and

more im uring the process of labor. In this context, fetal CD71+ erythroid

[
cells are g source of cell-free fetal DNA [33, 34], which concentration increases prior

to the proges labor [57, 58].

G

PTL-der natal CD71+ erythroid cells modulate direct and indirect T-cell

P

responses

U

C n early marker of T-cell activation [36, 37], and our findings indicate

n

that PTL -derived CD71+ erythroid cells enhance early CD8+ T-cell

activationiith h increased frequency of cells expressing this marker. A previous

d

study ted that the depletion of CD71+ erythroid cells in cord blood
samples fro m neonates unleashes the activation of T cells [21]. A possible
explanation for this discrepancy is that the majority of our samples were obtained

from Afrié&n-American women, which may be different from the study population

included @ous studies.
CD s also known as L-selectin and its enhanced expression is associated

with nalvé& and memory-like T-cell phenotypes, whereas a reduction in the

I

1

{

expres s cell adhesion molecule occurs after T-cell activation [38].

Therefore, the dbwnregulation of CD62L is considered a marker of late T-cell

Gl

activation he fact that the depletion of CD71+ erythroid cells reduced the

frequen L-derived CD8+ T cells expressing CD62L indicates that such

i

This article is protected by copyright. All rights reserved.



27

neonatal cells can also inhibit the process of late CD8+ T-cell activation.
Consistently, we found that PTL-derived neonatal CD71+ erythroid cells inhibit CD4+
and CD8 Il proliferation. Together, these data suggest that PTL-derived
neonatal throid cells can inhibit late T-cell activation and proliferation. This
_ N L : .

is relevar!smce neonatal T-cell activation has been closely associated with
spontanegterm labor in cases with clinical chorioamnionitis [60]. In addition,

maternal activation has been causally linked to spontaneous preterm labor and

S

fetal dea 118Yet, whether maternal T-cell activation indirectly causes fetal T-cell

activation requies further investigation.

U

Our Iso show that CD71+ erythroid cells from preterm neonates

n

modulat uencies of cytokine-expressing neonatal T cells upon indirect T-cell

stimulatian. vious report indicated that CD71+ erythroid cells from healthy term

d

neona ss the expression of pro-inflammatory cytokines by activated T cells

upon incub with staphylococcal enterotoxin B [62]. A possible explanation for

W

this discrepancy is that the previous study used cord blood samples from term

neonates@with unknown labor status and we used those from preterm or term

g

neonates mothers underwent spontaneous preterm or term labor,

O

respectively™Regardless, our T-cell cytokine data are consistent with the previous

h

research Wdicating that preterm labor is characterized by the activation of the fetal

[

immun 55], which can be caused by microorganisms and/or microbial

products [63-6

GI

A
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PTL- and TIL-derived neonatal CD71+ erythroid cells suppress the expansion
of CD8+ regulatory T cells

C rythroid cells suppress CD8+ regulatory T cells in neonates born to
women ent spontaneous preterm or term labor. CD8+ regulatory T cells
expresg I@nd therefore seem to share phenotypical and functional
characterijgticsnwith classical CD4+ regulatory T cells [66]. These regulatory cells
inhibit T—(Q)onses (e.g. Th17 cells) in vivo [67] and seem to participate in the
mechaniWnaternal-fetal tolerance during normal pregnancy [68]. In late
pregnancmver, maternal CD8+ regulatory T cells in the decidua regulate the
timing of t rturition by IL6-mediated mechanisms [69]. In addition, maternal
CD8+ reﬁT cells have been implicated in the systemic and local (i.e. the
maternal@erface) immune mechanisms that lead to spontaneous preterm
labor [ 8+ regulatory T cells are induced extrathymically through antigen
presentatio e neonatal period in mice [72]; however, their role in humans is
unknown. Our findings provide insight into the cellular mechanisms (e.g. CD71+
erythroid €ells) regulating the expansion of such immunosuppressive cells. Whether

CD8+ reQT cells suppress effector T-cell functions in term and preterm

neonates es further investigation.

It is wort ntioning that while the depletion of neonatal CD71+ erythroid cells

1

1

tende se the number of TIL-derived neonatal CD4+ regulatory T cells, the

depletion of such cells tended to increase the number of PTL-derived neonatal CD4+

Gl

regulatory . Further research is required to demonstrate whether in the

A
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physiologic or pathologic process of labor neonatal CD71+ erythroid cells exhibit

CD4+ Treg-mediated immunosuppression.

PTL-deriQatal CD71+ erythroid cells regulate cytokine responses by
| -d :II in th f icrobial duct
myeloi s in the presence of a microbial produc

Omgs demonstrate that PTL-derived neonatal CD71+ erythroid cells

suppress quency of myeloid cells expressing pro-inflammatory cytokines
(TNFaq, | IFNy) and the anti-inflammatory cytokine IL-4 upon HKLM
stimulatiomevious report showed that the depletion of CD71+ erythroid cells in
term-deriv d blood mononuclear cells unleashes the expression of

inflamma, kines by myeloid cells [21, 73]. Yet, our data are consistent with

previous mtions demonstrating that fetal monocyte activation, as assessed by
the ex ' f IL-6, is associated with the process of labor [74]. In addition, a
more recen y has demonstrated that monocytes from preterm neonates display
a high phagocytic activity but an impaired activation of ERK1/2 and NF-kB pathways
upon TLR{stimulation [75]. Collectively, these findings suggest that PTL-derived

neonatalgerythroid cells participate in the regulation of cytokine production by
|

neonatal d cells in the presence of a microbial product.

In mary, CD71+ erythroid cells from neonates born to women with

1

L

preter play an mRNA profile which is similar to that of those from term

neonates. In ad@ition, neonatal CD71+ erythroid cells regulate neonatal T-cell and

Gl

myeloid re s and their direct contact with maternal mononuclear cells induces

a pro-in tory response. These findings provide insight into the biology of

A
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neonatal CD71+ erythroid cells during the physiologic and pathologic processes of

labor.
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Figure Lggen
Figure 1: L Tdsmderived neonatal CD71+ erythroid cells display a similar mRNA profile
to that ofmfom term neonates. (A) Experimental design for mRNA profiling in
isolated CDErythroid cells. (B) Heat map of differentially expressed mRNA
transcrip 71+ erythroid cells. Red squares indicate upregulation and green

squares downregulation. PTNL = preterm without labor, PTL = spontaneous

preterm Im\lL = term without labor, TIL = spontaneous term labor. n=8-10 each.

Figure 2: Di contact between neonatal CD71+ erythroid cells and maternal

PBMC es the release of pro-inflammatory cytokines. (A) Experimental design
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of combined and Transwell co-cultures between neonatal CD71+ erythroid cells and
maternal PBMCs. Neonatal CD71+ erythroid cells and maternal PBMCs were also
culturew:ontrols). The release of IL-6 (B), IL-1B (C), and TNFa (D) was
determin A. PTNL = preterm without labor, PTL = spontaneous preterm

N
labor, TN& = term without labor, TIL = spontaneous term labor. n = 10-14 each.
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Figur contact between neonatal CD71+ erythroid cells and maternal

L

PBMCs reduce§ the release of TGFf but not IL-10. The release of TGF (A) and IL-

Ul

10 (B) was mined by ELISA. PTNL = preterm without labor, PTL = spontaneous
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preterm labor, TNL = term without labor, TIL = spontaneous term labor. n = 10-14

each.
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Figure 4: -derived neonatal CD71+ erythroid cells modestly alter CD8+ T-cell
activatio ord blood mononuclear cells were CD71-depleted or mock-depleted.

Experimmsign and flow cytometry gating strategy for studying neonatal T-cell

activation 71+ erythroid cells. Representative flow cytometry histograms show
the expressi f CD28, CD62L, CD25, CD69, and CD95 by T-cells from CD71-
deplet r mock depleted (green or pink) cord blood samples incubated with
anti-CD3gAutofluorescence controls are shown in black outline. Frequencies of

CD69-ex ing CD8+ (B) and CD4+ (C) T cells. Frequencies of CD62L-

expressin + (D) and CD4+ (E) T cells. Orange dots represent neonatal T cells

from pre!rm labor-derived cord blood samples and black dots represent neonatal T

cells erbor—derived cord blood samples. n = 8-10 each.

-
<C

This article is protected by copyright. All rights reserved.



48

CD11b- cells

Viable cells
—

This article is protected by copyright. All rights reserved.



49

Figure 5: Neonatal CD71+ erythroid cells inhibit the expansion of conventional
CD4+ and CD8+ T cells as well as CD8+ regulatory T cells. (A) Cord blood
mononhls were CD71-depleted or mock-depleted and incubated with or
without am%. Experimental design and representative flow cytometry
gating-str@or studying the effect of neonatal CD71+ erythroid cells on the ex
vivo expagsiomof T cells. CD4+ and CD8+ regulatory T cells were identified by flow
cytometrmthe CD3+CD4+ and CD3+CD8+ gates, respectively. (B) Number of
total CD calls. (C) Number of total CD8+ T cells. (D) Number of CD4+ regulatory
T cells ( 25+FoxP3+ cells). (E) Number of CD8+ regulatory T cells

(CD8+CD25+FoxP3+ cells). Orange dots represent neonatal regulatory T cells from

nus

preterm | rived cord blood samples and black dots represent neonatal

regulator from term labor-derived cord blood samples. n = 8-10 each.
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Figure 6: PTL-derived neonatal CD71+ erythroid cells regulate cytokine responses

by myeloid cells in the presence of a microbial product. (A) Cord blood mononuclear

cells were i%depleted or mock-depleted. Representative flow cytometry

histogra e expression of TNFa, IL-6, IFNy, IL-4 and IL-10 by myeloid cells
 EE———

(CD11 b+sells) from CD71-depleted (blue) or mock depleted (purple) cord blood

samples Qfd with HKLM. Isotype controls are shown in black outline.

Frequenci D11b+ myeloid cells expressing TNFa (B), IL6 (C), IFNy (D), IL4

(E), and M- . Orange dots represent neonatal myeloid cells from preterm labor-

S

derived cor d samples and black dots represent neonatal myeloid cells from

U

term labor- d cord blood samples. n = 8-10 each.

(O
=
-
O
L
-
-
<

This article is protected by copyright. All rights reserved.



52

CD11b+ cells

—_—

(within CD11b+ gat

e Termmn Labor
Preterm Labor

(within CD11b+ gate)
o = o a388sE
il
\

|
# |
\
|

&S
Figure 7: -derived neonatal CD71+ erythroid cells indirectly modulate T-cell
cytokine es. (A) Cord blood mononuclear cells were CD71-depleted or
mock-de PExperimental design and flow cytometry gating strategy for studying
neona Il cytokine responses by CD71+ erythroid cells. Representative flow
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cytometry histograms show the expression of TNFa, IL-6, IFNy, IL-4 and IL-10 by T

cells (CD3+ cells) from CD71-depleted (blue) or mock depleted (pink) cord blood

samples | ted with HKLM. Isotype controls are shown in black outline.

Frequenm+ T cells expressing TNFa (B), IL6 (C), IFNy (D), IL4 (E), and IL-
N — ,

10 (F). Ognge dots represent neonatal T cells from preterm labor-derived cord blood

samples amd bigck dots represent neonatal T cells from term labor-derived cord
blood sa ~n = 8-10 each.
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Table 1. Demographic and clinical characteristics of the samples used for study

55

PTNL PTL TNL TIL value
(n=18) (n=42) (n=20) (n=46) P
31 235 25 25 B
(28.3-34) (22-27.8) (21-28.5) (21-28) p=0.007
36.3 274 285 275 0,037
(25.8-39.4) (20.5-31.1) (22.3-33.8) (22.5-326) | P70
Gestational age at delivery 36.1 34.8 39 38.9 <0.001
(wk; M R])® (34.7-36.7) (34-35.9) (38.9-39.2) (38.1-39.9) | P<0:
- - e a 2665 2255 3215 3080
Birth weighiglo; migglian [IQRI)™ | (5543.8-3077.5) | (2040-2587.5) | (2906.3-3671.3) | (2852.5-3447.5) | P<0-001
Race (n[%4))°
Africa fican 13 (72.2%) 37 (88.1%) 19 (95%) 40 (87.0%) | p=0.006
Cauc 4 (22.2%) 3 (7.1%) 1 (5%) 1(2.2%)
0 1.(5.6%) 2 (4.8%) 0 (0%) 5 (10.8%)

Primipaity #[%])° 1(5.6%) 8 (19.1%) 0 (0%) 13 (28.3%) | p=0.004
Cesaread (n[%))° 18 (100%) 8 (19.1%) 20 (100%) 6 (13%) p<0.001
Umbilic hology

0

Umblflical phlebitis 0 (0%) 6 (14.3%) 0 (0%) 10 (21.7%) | p=0.002

Umbilical arteritis 0 (0%) 3 (7.1%) 0 (0%) 3 (6.5%) NS

Necrc qn isitis 0 (0%) 0 (0%) 0 (0%) 0 (%) NS

aKruskal est, "X test, IQR =

\v

Author

interquartile range
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