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Sustained peripheral immune hyper-reactivity
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inflammatory responses in adult rats

after perinatal brain injury

Yuma Kitase', Eric M. Chin?, Sindhu Ramachandra', Christopher Burkhardt', Nethra K. Madurai', Colleen Lenz?,
Alexander H. Hoon Jr, Shenandoah Robinson® and Lauren L. Jantzie'*3*

Abstract

Background: Chorioamnionitis (CHORIO) is a principal risk factor for preterm birth and is the most common patho-
logical abnormality found in the placentae of preterm infants. CHORIO has a multitude of effects on the maternal-
placental-fetal axis including profound inflammation. Cumulatively, these changes trigger injury in the developing
immune and central nervous systems, thereby increasing susceptibility to chronic sequelae later in life. Despite this
and reports of neural-immune changes in children with cerebral palsy, the extent and chronicity of the peripheral
immune and neuroinflammatory changes secondary to CHORIO has not been fully characterized.

Methods: We examined the persistence and time course of peripheral immune hyper-reactivity in an established
and translational model of perinatal brain injury (PBI) secondary to CHORIO. Pregnant Sprague—-Dawley rats under-
went laparotomy on embryonic day 18 (E18, preterm equivalent). Uterine arteries were occluded for 60 min, followed
by intra-amniotic injection of lipopolysaccharide (LPS). Serum and peripheral blood mononuclear cells (PBMCs) were
collected at young adult (postnatal day P60) and middle-aged equivalents (P120). Serum and PBMCs secretome
chemokines and cytokines were assayed using multiplex electrochemiluminescent immunoassay. Multiparameter
flow cytometry was performed to interrogate immune cell populations.

Results: Serum levels of interleukin-1f3 (IL-1B), IL-5, IL-6, C-X-C Motif Chemokine Ligand 1 (CXCL1), tumor necro-

sis factor-a (TNF-a), and C—C motif chemokine ligand 2/monocyte chemoattractant protein-1 (CCL2/MCP-1) were
significantly higher in CHORIO animals compared to sham controls at P60. Notably, CHORIO PBMCs were primed.
Specifically, they were hyper-reactive and secreted more inflammatory mediators both at baseline and when stimu-
lated in vitro. While serum levels of cytokines normalized by P120, PBMCs remained primed, and hyper-reactive with
a robust pro-inflammatory secretome concomitant with a persistent change in multiple T cell populations in CHORIO
animals.
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velopmental disorders, including cerebral palsy.

Conclusions: The data indicate that an in utero inflammatory insult leads to neural-immune changes that persist
through adulthood, thereby conferring vulnerability to brain and immune system injury throughout the lifespan. This
unique molecular and cellular immune signature including sustained peripheral immune hyper-reactivity (SPIHR)

and immune cell priming may be a viable biomarker of altered inflammatory responses following in utero insults and
advances our understanding of the neuroinflammatory cascade that leads to perinatal brain injury and later neurode-

Keywords: Lymphocyte, Cytokine, Immune modulation, Immune priming, Cerebral palsy, Tumor necrosis alpha,
CXCL1, Chorioamnionitis, Peripheral blood mononuclear cell

Introduction

Globally, prematurity is a major cause of infant mortality
and long-term disability in children [1, 2]. Preterm birth
is a principal cause of neonatal morbidity and mortality,
accounting for 70% of neonatal deaths [3]. As perinatal
care has improved in recent years with modern medi-
cal advances in Neonatal Intensive Care Units (NICUs),
the survival rate of preterm infants at earlier gestational
ages has increased [4, 5]. Accordingly, increased survival
of extremely preterm infants is concomitant with an
increased number of children who develop severe acute
and chronic morbidities, including periventricular leu-
komalacia (PVL), intraventricular hemorrhage (IVH),
necrotizing enterocolitis (NEC), chronic lung disease,
severe visual impairment, hearing impairment, cerebral
palsy (CP), and cognitive disorders in childhood [6, 7].
Morbidity is inversely proportional to gestational age and
preterm infants are at risk for perinatal brain injury (PBI)
and its long-term sequelae. Specifically, preterm infants
are at risk for developing CP, and many preterm infants
develop co-existing cognitive, behavioral disorders, and
psychiatric conditions [8—11], including anxiety, deficits
of attention and inhibitory control [12-14].

A major cause of preterm birth is chorioamnioni-
tis (CHORIO) [15]. Indeed, CHORIO is the most com-
mon pathologic abnormality found in placentae from
very preterm infants [16—-18]. CHORIO is a common
etiology of in utero inflammation and is known to elicit
a fetal inflammatory response syndrome (FIRS) via the
maternal—placental—fetal axis [19-21]. CHORIO can be
defined by clinical and histopathological criteria and sep-
arated into maternal and fetal inflammatory components
[22]. Specifically, CHORIO refers to inflammation of the
chorioamniotic membranes [22]. Though inflammation
can occur under sterile conditions [23, 24], infectious
pathogenesis predominantly occurs via an ascending
infection from the lower genital tract during pregnancy
[22]. While acute chorioamnionitis has a broad clinical
diagnosis, a more definitive histopathologic diagnosis
exists.

CHORIO is sub-classified histologically by the amount
and distribution of inflammatory infiltrate, including

neutrophils, within the chorion, amnion and umbili-
cal compartments [25, 26]. Concomitant with profound
CHORIO-induced inflammation is an effect on placental
circulation, and a degree of placental hypoxia—ischemia
[27]. Placental cells stressed in CHORIO release dan-
ger associated molecular signals (DAMPS) that activate
Toll-like receptors (TLRs) and induce cytokine produc-
tion and neutrophil recruitment [22, 28]. The associated
downstream signal transduction, including nuclear fac-
tor-kappa B (NF-kB) transcription factor activation are
central to inflammatory regulation the production and
release of pro-inflammatory cytokines such as interleukin
6 (IL-6), interleukin 1 (IL-1f), and tumor necrosis factor
a (TNFa) [29]. These cytokines, especially IL-1p, propa-
gate the expression of chemokines such as C—X-C motif
chemokine ligand 1 (CXCL1), which is a chemoattract-
ant for neutrophils [30]. Collectively, these chemokines
recruit neutrophils, monocytes, and macrophages
from the maternal circulation to propagate intrauterine
inflammation.[19, 22, 31].Cumulatively, this placental
dysfunction affects the entire maternal—placental—fetal
axis, promoting inflammation, increasing inflammatory
cellular and molecular trafficking to the developing brain
and precipitates neural-immune injury [27]. Previous
studies support the critical role that the placental—fetal
brain axis plays in neurological development, with altera-
tions or disruptions in this axis leading to brain injury
[32-35]. Changes in the uterine microenvironment and
subsequent perinatal events trigger injury to the develop-
ing immune system. The abnormal developing immune
system impacts central nervous system (CNS) develop-
ment, and precipitates PBI and increasing susceptibility
to chronic sequelae later in life [36]. Notably, placental
inflammation and neuroinflammation are common fea-
tures in preterm infants and those with subsequent brain
injury [37].

A significant connection between the placenta and the
developing brain is the fetal circulation. Depending on
severity, placental inflammation can pass through the
umbilical cord and bloodstream to catalyze a FIRS. FIRS
is defined by elevated umbilical cord plasma cytokines,
including IL-6 and funisitis [38] due to direct contact
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with infected amniotic fluid or the migration of inflam-
matory cells from the placental circulation [39-41]. After
delivery, this can develop into systemic inflammatory
response syndrome (SIRS) in the neonate [42, 43]. Neo-
nates with CHORIO have been shown to have elevated
c-reactive protein, myeloperoxidase, CCL-2 (MCP-1),
matrix metalloprotease 9, IL-1p, IL-6, TNF«, and C-C
motif chemokine ligand 5 (CCL5) in their blood, consist-
ent with monocyte, macrophage, neutrophil and T-cell
recruitment [44, 45]. Notably, FIRS and SIRS are both
defined by elevated levels of pro-inflammatory cytokines
and activation of immune cells that alter neuro-immune
crosstalk and increase risk of later neurodevelopmen-
tal disorders in preterm infants [46, 47]. Increased cir-
culating inflammatory cytokines can pass through the
developing blood-brain barrier and trigger neuroinflam-
matory responses through activation of microglia and
astrocytes [48, 49]. The risk of brain injury is increased
in infants who have persistent and/or recurrent eleva-
tions of pro-inflammatory proteins [50]. Specifically, the
increasing breadth of early neonatal inflammation, quan-
tified by the number of protein elevations or the number
of functional protein classes elevated, is associated with
increased structural and functional brain injury [50—
55]. Similarly, the role of inflammatory cytokines in the
pathophysiology of impaired white matter development
is well defined in children with cerebral palsy and cogni-
tive delay [56].

As the immune system develops along a similar tra-
jectory as the CNS [57], previous clinical studies have
looked at immune cells in addition to circulating inflam-
matory proteins in survivors of preterm birth. Former
preterm children with CP at school age have significantly
higher levels of TNF-«a in the supernatants of periph-
eral blood mononuclear cells (PBMCs) before and after
lipopolysaccharide (LPS) stimulation compared to peer
preterm children without CP [58]. In support of this, we
have shown in our translational model of CP that PBMCs
isolated from rats on postnatal day 7 (P7, term-equivalent
age) and P21 (toddler-equivalent age) are hyper-reactive
at baseline and in response to a secondary inflammatory
stimulus [59]. These findings are concomitant with acute
elevations in pro-inflammatory cytokines in placenta,
fetal circulation, and brain, structural and microstruc-
tural brain injury as seen on magnetic resonance imag-
ing, as well as a spastic-like gait in adult rats with deficits
in executive function [59-64]. Despite these prior clinical
or preclinical findings, the chronicity and time course of
PBMC alterations in children with CP or perinatal brain
injury secondary to CHORIO has not been established.
This knowledge is necessary to discover the cellular and
molecular mechanisms of injury and to define risk of later
sequelae in this patient population, including alterations

Page 30f 18

in the maturation of myelination in adolescence and the
development of chronic pain in early adulthood. Thus,
the goal of the present investigation was to ascertain
the time course of sustained peripheral immune hyper-
reactivity (SPIHR) and the persistence of peripheral
inflammation in a translational rat model of CP second-
ary to CHORIO. We hypothesized that PBMCs would
be chronically primed in adulthood commensurate with
persistent immune activation and a diverse inflammatory
secretome throughout the lifespan of rats with CP. We
posit leukocyte reactivity following perinatal brain injury
may be an important biomarker of perinatal CNS insult
and inflammatory activation.

Methods

Animals

Sprague Dawley rat dams and litters were maintained in
a temperature, and humidity-controlled facility with food
and water available ad libitum. Animals were subject to
12-h (h) dark/light cycle, with lights on at 0800 h. All
experiments were performed in strict accordance with
protocols approved by the Institutional Animal Care and
Use Committee (IACUC) at the Johns Hopkins Univer-
sity School of Medicine. Protocols were developed and
performed consistent with National Research Council
and ARRIVE guidelines [65].

In utero chorioamnionitis (CHORIO)

Pregnant Sprague Dawley rats underwent abdominal
laparotomy on embryonic day 18 (E18) as previously
reported [59-64, 66—69]. Pregnant rats were induced
with 3.0% isoflurane. Via laparotomy, the uterus was
externalized, and the uterine arteries were temporarily
occluded with aneurism clips to induce transient placen-
tal insufficiency. After 60 min, clips were removed and
intra-amniotic injection of lipopolysaccharide (LPS 0111:
B4, 4 pg/sac; Sigma-Aldrich, St. Louis, MO, USA) was
administered to each sac, and the laparotomy was closed.
The rat pups were born at term on embryonic day 22
(E22). Sham animals had a laparotomy (no uterine artery
occlusion nor LPS) with equivalent duration of anesthe-
sia. For each experiment described, and data represent
true n (individual rats) from at least 3 different dams per
condition. Male and female offspring were used in every
outcome measure.

Serum collection

Blood was taken from each rat for serum analyses. Whole
blood was centrifuged at 6,000 g for 15 min. Serum was
then removed and stored at -80° C for later analysis. Care
was taken to avoid freeze—thaw cycles.
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Peripheral blood mononuclear cell (PBMC) isolation
PBMC:s, defined as any blood cell with a round nucleus
(i.e., a lymphocyte, a monocyte, or a macrophage), were
isolated as previously described [58, 59, 70]. Specifi-
cally, on postnatal day 60 (P60, young adult) and P120
(middle-age adult), venous blood was collected from
the right atrium. PBMCs were isolated by Ficoll gradient
isolation [58]. Equal amounts of peripheral blood were
mixed with RPMI 1640 medium (Gibco, Waltham, MA,
USA), and gently placed over 3 mL of Ficoll Paque Plus
(17-1440-02, GE Healthcare, Chicago, IL, USA) pre-filled
in sterile 15 mL conical tubes. After centrifuging at 400g
for 30 min at room temperature, PBMCs were harvested,
resuspended and washed. Cells were counted using a
Countess II Automated Cell Counter (Thermo Fisher
Scientific). PBMCs were plated at a density of 1x 10°
cells/mL in RPMI medium with 10% FBS. Three repli-
cates were plated for each sample on a 3.5 cm petri dish.

PBMC stimulation with lipopolysaccharide (LPS)

After plating, 100 ng/ml of LPS or vehicle was added to
each well and PBMCs were allowed to incubate for 3 or
24 h as previously described [58, 59, 70]. Upon conclu-
sion of incubation, media were collected and centrifuged
at 500¢ for 10 min. Cells and supernatant were subse-
quently stored separately and stored at — 80 °C until bio-
chemical analysis.

Multiplex electrochemiluminescent immunoassay (MECI)
A secreted cytokine and chemokine profile analysis
was performed on serum or supernatants from cul-
tured PBMCs using a V-PLEX Pro-inflammatory Panel
(K15059D, Meso Scale Diagnostics, Rockville, MD, USA)
for the detection of interferon gamma (IFN-y), IL-1B,
IL-4, IL-5, IL-6, IL-10, IL-13, CXCL1, and TNF-a. A
separate kit was used for the detection of Monocyte Che-
moattractant Protein-1 (MCP-1)/ C—C motif chemokine
ligand 2 (CCL2) (R-PLEX Rat F231D, Meso Scale Diag-
nostics, Rockville, MD, USA). In accordance with the
manufacturer’s specifications and as previously described
[62, 70-72], serum or culture supernatant was diluted to
1:4 and then loaded in duplicate with the prepared stand-
ard on to a blocked and washed multi-spot 96-well plate.
After a series of washes and incubations with antibody
detection solution, the plates were washed and loaded
with read buffer and then read with a Quickplex SQ 120.
Consistent with the standard in the field, samples read-
ing below the detectable limits or with a coefficient of
variation greater than 25% in an individual assay were
removed from further analyses [59, 62, 70, 72]. Both the
pro-inflammatory and CCL2 panels performed with less
than 10% variability between runs.
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Flow cytometry

Whole cerebrum at P120 was digested according to the
Adult dissociation kit and Miltenyi gentleMACS™ pro-
tocol for single-cell suspension [73]. Briefly, the extracel-
lular matrix was enzymatically and mechanically digested
using the kit components. Following digestion, cell sus-
pensions were passed sequentially through 70-pm cell
filters. After the dissociation, the debris removal solution
was used for the elimination of debris, and the red blood
cell removal solution was used for the removal of eryth-
rocytes. PBMCs were isolated by Ficoll gradient isolation
[58], then eBioscience™ 1 x Red Blood Cell Lysis Buffer
(Invitrogen) was used for the removal of erythrocytes.
Live cells were counted on a Countess™ II Automated
Cell Counter (Thermo Fisher Scientific). Subsequently,
1 x 10° live cells were incubated with a saturating solu-
tion of Fc block followed by staining with fluorochrome-
conjugated viability dyes and antibodies against: CD45
(Clone OX1; eBiosciences, Waltham, MA), CDI11b/c
(Clone OX42; eBiosciences, Waltham, MA), Ly6G (Clone
RB6-8C5, AbCam, Cambridge, MA), CXCR2 (Clone
866,614, R&D, Minneapolis, MN), CD3 (Clone 1F4; BD
Biosciences, San Jose, CA), CD4 (W3/25; Biolegend,
San Diego, CA), and CD25 (OX-39; BD Biosciences, San
Jose, CA). Data were acquired using the BD LSR-II flow
cytometer (BD Biosciences, San Jose, CA) and analyzed
using FlowJo software v.10.7.1 (FlowJo LLC, Ashland,
OR).

Statistical analyses

Data are represented as mean=standard error of the
mean (SEM). Parametric statistical differences between 2
groups were compared with Student’s ¢ test using Prism
9.1.0. p<0.05 was considered statistically significant.

Results

Peripheral inflammation after in utero insult persists

into adulthood

We began our assessment of the time course of inflamma-
tion, by measuring pro- and anti-inflammatory cytokines
in serum (n=10/group). Young adult (P60) rats exposed
to CHORIO had no significant difference in IFN-y
(sham: 5.06+£0.30 pg/ml, CHORIO: 5.46+0.24 pg/
ml, ¢-test, p=0.31), but had significantly higher IL-1p
(sham: 1.28+1.26 pg/ml, CHORIO: 9.07+1.94 pg/
ml, t-test, p<0.01), IL-5 (sham: 0.0+0.0 pg/ml, CHO-
RIO: 189+7.3 pg/ml, t-test, p<0.001), IL-6 (sham:
2.4+24 pg/ml, CHORIO: 151.0+34.7 pg/ml, t-test,
p<0.05), CXCL1 (sham: 158.9+24.8 pg/ml, CHORIO:
338.8+£37.5 pg/ml, t-test, p<0.001), TNF-a (sham:
3.99+0.12 pg/ml, CHORIO: 5.7440.27 pg/ml, t-test,
»<0.001), and CCL2 (sham: 2738 + 287 pg/ml, CHORIO:
3576 +167 pg/ml, t-test, p<0.05) (Fig. 1). Interestingly,
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despite this robust peripheral inflammatory signature at
P60, this inflammatory cytokine signature resolved with
age. There was no evidence of hypercytokinemia and no
significant differences in serum cytokine levels observed
between CHORIO and sham rats in older rats at P120
(Fig. 2).

CHORIO induces a chronic and sustained peripheral
immune hyper-reactivity (SPIHR)

After assessing serum cytokines, we then examined
PBMC reactivity at P60 (n=10/group). At baseline,
PBMCs from rats exposed to CHORIO in utero secreted
significantly more IFN-y after 3 h in culture compared
to PBMCs from sham controls (sham: 0.14+0.10 pg/
ml, CHORIO: 1.08 £0.38 pg/ml, t-test, p<0.05) (Fig. 3).
No other significant increases were observed with other
cytokines, IL-1pB, IL-5, IL-6, IL-10, CXCL1, TNF-a, and
CCL2 at baseline with either 3 h or 24 h in culture.

After establishing baseline PBMC cytokine hyperse-
cretion was specific to IFN-y at P60, we next examined
PBMC reactivity in response to a secondary immune
challenge with LPS (n=10/group). After both 3 h and
24 h in culture, LPS stimulation significantly increased
TNF-a and IL-6 secretion into the CHORIO PBMC
secretome compared to sham controls (Figs. 4 and 5).

Specifically, TNF-a a secretion was increased by 2.5-
fold at 3 h (Fig. 4B) and 1.9-fold at 24 h compared to
sham (Fig. 5B). Similarly, IL-6 levels in the CHORIO
secretome was 1.7-fold increased at 3 h (Fig. 4E) and
2.28-fold increase at 24 h (Fig. 5E) compared to sham.
An effect with IL-5 and IFN-y was also observed at 3 h
(Fig. 4A, D). Specifically, IFN-y was 2.3-fold increased at
3 h compared to sham (Fig. 4A). However, at 24 h, IL-10
and CCL2 levels in the secretome from LPS stimulated
PBMCs were significantly different in CHORIO animals
compared to sham (Fig. 5G, H). Indeed, IL-10 was 8.5-
fold increased and CCL2 was increased 4.75-fold in the
CHORIO secretome compared to sham. Taken together,
these data reveal a robust SPIHR and protracted time
course of cytokine secretion in stimulated PBMCs from
CHORIO animals.

In utero insults alter inflammatory responses at P120

After confirming the changes in peripheral inflammatory
reactivity associated with perinatal injury at P60, PBMCs
were isolated and stimulated at P120 (n=13/group). We
evaluated secreted cytokine levels at this older adult age
to further understand immune signatures of in utero
injury throughout the lifespan. In unstimulated PBMCs
at P120, PBMCs isolated from CHORIO rats showed
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Fig. 2 Serum cytokine and chemokine levels in CHORIO and sham animals at P120. No significant differences were observed between CHORIO and
sham controls

significantly higher baseline IFN-y secretion compared
to sham after 3 h in culture (sham: 0.82+£0.29 pg/ml,
CHORIO: 2.1440.25 pg/ml, t-test, p<0.01), and after
24 h (sham: 0.94+0.20 pg/ml, CHORIO: 1.71+£0.23 pg/
ml, ¢-test, p<0.05) (Figs. 6 and 7). IL-5 levels in the
PBMC secretome at baseline was also increased at base-
line (sham: 2.39+1.24 pg/ml, CHORIO: 8.29+2.3 pg/
ml, ¢-test, p=0.03) (Fig. 6D). The secretion level of IL-5
in PBMCs of CHORIO at 24 h was significantly higher
than that of sham (sham: 6.07+1.22 pg/ml, CHORIO:
18.3+1.8 pg/ml, t-test, p<0.001) (Fig. 7D). Interestingly,
the baseline secretion of TNF-a and CCL2 from PBMCs
was lower in CHORIO rats than in sham after 3 h and
24 h. Specifically, TNF-a was decreased by 40.4% at 3 h
and decreased by 23.3% at 24 h (Fig. 6B, t-test, p<0.01;
Fig. 7B, t-test, p<0.0001). Similarly, CCL2 baseline secre-
tion was decreased by 51.7% at 3 h and decreased by
45.8% at 24 h in CHORIO PBMCs compared to sham
(Fig. 6H, ¢-test, p<0.01; Fig. 7H, ¢-test, p <0.01).

We next evaluated the level of cytokines in the PBMC
secretome after LPS challenge (n=13/group). At 3 h
after LPS stimulation, IFN-y was increased by 2.3-fold
in the CHORIO PBMC secretome compared with sham
(Fig. 8A, t-test, p<0.01). The secretion of CHORIO in
IL-5 was increased 1.6-fold (Fig. 8D, t-test, p<0.001),
IL-6 was increased 1.5-fold (Fig. 8E, ¢-test, p<0.05) and

IL-10 was elevated 1.9-fold (Fig. 8G, t-test, p<0.05) in
the CHORIO PBMC secretome compared with sham.
At 24 h after LPS challenge, IL-10 increased by 3.25-fold
(Fig. 9G, t-test, p<0.01) compared with shams.

In contrast to these increases, CXCL1 was decreased
by 57.7% (Fig. 8F, t-test, p<0.05) and CCL2 was
decreased by 35.3% Fig. 8H, t-test, p<0.01) in the CHO-
RIO secretome compared with the sham secretome 3 h
after LPS challenge. By 24 h, TNF-a was reduced by
40.6% (Fig. 9B, t-test, p<0.05) and CCL2 was decreased
by 30.8% (Fig. 9H, ¢- test, p <0.01) compared with sham.

In utero injury induces long-term changes in peripheral
and central immune cell populations

To investigate the long-term inflammatory cell popula-
tion changes in the brain and periphery persisting after
CHORIO, multiparameter flow cytometry was per-
formed at P120 (sham #»=9, CHORIO n=13). Cells
were gated first on size and granularity (Fig. 10A), fol-
lowed by gating on live cells (verified by viability dye
staining) (Fig. 10B) then single cells (Fig. 10C). Next,
CD45-positive cells were identified (Fig. 10D) [74, 75].
To identify monocyte, macrophages, and neutrophils,
CD45% cells were then analyzed for CD11b/c expres-
sion. CD45" CD11b/c" cells were further gated for
Ly6G expression to separate neutrophils. In the brain,
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CD45% CD11b/c™ cells were further subdivided based
on CD45 expression. CD45M"CD11b/ct cells were
considered monocytes/macrophages, while resident
microglia were characterized as CD45"°%/mCD11b/c*
as previously described [74-76]. In a separate panel,
T cells were identified based on CD45" CD3" stain-
ing (Fig. 10E). Consistent with prior literature, CD45"
CD3" CD4" were considered Helper T cells and CD45"
CD3" CD4" CD25" were considered regulatory T cells
(Tregs) [77, 78] (Fig. 10F).

Results of these flow cytometric assays reveal unique
immune population shifts at P120, greater than 4 months
after in utero insult. While no significant differences
in neutrophils were observed in either blood or brain
between sham and CHORIO rats, a significant increase
in helper T cells (CD45" CD3" CD4") (Fig. 10G, t-test,
p<0.05), and regulatory T cells (CD45" CD3" CD4*"
CD25") (Fig. 10H, ¢-test, p <0.05) in the brains of CHO-
RIO rats were observed. Additionally, there was a trend
towards increased CD45TCD11b/c*t-positive cells
(Fig. 10L, ¢-test, p=0.057) in CHORIO brains compared
to sham controls. Analyses of the blood confirmed an
increase in circulating regulatory T cells (CD45" CD3%

CD4% CD25%) in CHORIO animals compared to sham
(Fig. 10J, ¢-test, p<0.05).

Discussion

In this study, we provide the first evidence that the
immune system is chronically hyper-reactive and primed
to an immune challenge later in life secondary to cho-
rioamnionitis. In the context of this preclinical model of
CP, we specifically demonstrate that exposure to prenatal
inflammation leads to SPIHR and immune response dys-
function that persists well into adulthood. These changes
are concomitant with hypercytokinemia, including
elevated serum IL-1B, TNF-«, IL-6, CCL2 and CXCL1
through P60 and altered T cell population dynamics in
both the brain and peripheral circulation at P120. Indeed,
P120 is equivalent to a rat well into middle age and rep-
resents a time point over 4 months following exposure to
CHORIO. We also found changes in regulatory T cell and
helper T cell populations at P120 with hypersecretion of
IFN-y, CCL2, IL-6 and TNF-a, known macrophage and
monocyte traffickers. Specifically, TNF-a and IL-1f are
both produced by cells throughout the CNS, and IL-6
is required for cellular responses located on the surface
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of microglia [79, 80]. IL-6 also strongly induces CCL2
mRNA expression and secretion of CCL2 by PBMCs
[81]. CCL2 is a cytokine that mobilizes monocytes and
T cells to sites of inflammation [82, 83]. The unique sig-
nature of inflammatory cytokine and chemokine expres-
sion documented here, and the reactivity and enduring
PBMC response in this translational model, may be a
potential biomarker for assessing inflammation during
the perinatal period, perinatal brain injury and neurode-
velopmental disorders including CP. Indeed, baseline
PBMC reactivity, coupled with subsequent LPS stimula-
tion, reveals unique signatures of cellular inflammation
that serum cytokine measurements do not capture. These
collection and culture protocols are robust and repro-
ducible, and future studies of PBMC reactivity could
be implemented in adults with CP to guide rehabilita-
tive and emerging therapeutic approaches. Additionally,
PBMC profiling may prove useful in defining risk of later
life inflammatory sequelae in children with CP, including
alterations in the trajectory of myelination, and the devel-
opment of chronic pain.

Neural-immune cross talk is an essential component
of health and physiology but can become maladaptive,

especially in a brain primed by pre-existing inflam-
mation or prior insult [84]. Immune plasticity altered
after prenatal inflammatory priming or programing
may have long-term effects on the responses and func-
tion of circulating leukocytes [58]. Notably, neonates
are sensitive to programming that permanently affects
development and preterm infants are susceptible to
inflammatory disorders [58]. Here, we confirm that the
cerebral and peripheral microenvironments are pro-
foundly inflammatory well into adulthood after CHO-
RIO and that circulating leukocytes are abnormal over
the lifespan. Not only are serum cytokine levels high,
but immune cells are also hyper-reactive to secondary
immune challenge leading to release of additional pro-
inflammatory mediators including IFN-y, TNF-a, IL-6
and CCL2. The persistent presence of these soluble
inflammatory mediators is capable of not only disrupt-
ing the blood-brain barrier directly, but also facili-
tating the migration and trafficking of macrophages,
monocytes and neutrophils. Additional cytokines and
chemokines produced by these circulating leukocytes
can move freely across the blood—brain barrier, impair
its function and further increase immune cell access to
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brain parenchyma. This compounds the activation and
stimulation of resident glia, and propagates neuroin-
flammation and a toxic cerebral microenvironment.
In this context, multiple overlapping mechanisms can
then contribute to brain injury, including direct ini-
tiation of programmed cell death pathways in neurons
and oligodendrocytes, microglial and astrocyte activa-
tion, mitochondrial damage and endoplasmic reticu-
lum stress [85-87]. Persistent hypercytokinemia can
also lead to inhibition of cortical branching, dysfunc-
tional synapse formation and pruning, and propaga-
tion of white matter injury [88, 89]. Cumulatively, this
leads to profound structural and functional changes,
aberrant connectivity and disrupted neural networks
leading to lasting neurological sequelae [9, 56, 63, 64,
72, 84, 90, 91]. This is important in the context of pre-
term infants and former preterm infants where ana-
tomical, functional, and local connectivity is known to
be impaired [92, 93]. Specifically, preterm infants have
fragmented functional networks resulting in less inte-
gration, reduced intra-hemispheric connectivity yield-
ing less transmission capacity, and less global efficiency
compared to term infants; these changes impact brain
function through the lifespan [94—96].

Here, we found increased levels of regulatory T cells
and helper T cells that persisted over four months after
an in utero insult consistent with lack of lymphocyte
homeostasis and potential compensatory response to
ongoing inflammation. Although the excessive produc-
tion of inflammatory molecules and activation of immune
cells in the acute phase of perinatal brain injury can lead
to loss of BBB integrity and lymphocyte infiltration injury
[48, 49], the enduring consequences of chronic immune
population shifts and hyper-reactive PBMCs are not well
understood. Indeed, phenotypic plasticity of lympho-
cytes may be maladaptive and important to injury pro-
gression, or at the very least, a hindrance to neural repair
in many individuals with CP or other forms of perinatal
brain injury. Similar findings have been documented in
children with Down Syndrome [97, 98] and after expo-
sure to opioids [59, 70]. On the other hand, decreased
levels of pro-inflammatory cytokines in sera and PBMC
supernatants have been found in response to LPS stimu-
lation in critically ill patients in intensive care [99, 100],
and in children with neonatal encephalopathy who
received hypothermia [100, 101]. Hyporeactivity to LPS
stimulation has also been observed in children with CP
when IL-2, IL-6, IL-1a and IL-1f were studied [100]. As
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has been eloquently described by other investigators, LPS
is not only capable of inducing a cascade of inflamma-
tory pathways but also initiates a refractory state, known
as LPS tolerance [100, 102, 103]. This state is associated
with a decreased capacity of blood cells and PBMCs to
produce pro-inflammatory cytokines in response to
stimulation [100]. At P120 we found that lower levels of
CCL2, CXCL1 and TNF-a were secreted by PBMCs from
CHORIO animals after LPS challenge. This LPS tolerance
exists in the context of increased T-helper and T regu-
latory cells and previous LPS hyper-reactivity. Together,
these data suggest that the function of T cells themselves
may also be altered. With advancing age, the number of T
regulatory cells increases and their composition changes
[104], and an association between increased number of
T regulatory cells, chronically activated microglia, cho-
roid plexus secretion of toxic versus trophic factors and
the development of neurodegenerative diseases has been
reported [105]. In addition, when the inducibility and
durability of regulatory T cell responses change, there is
inevitably an imbalance between protective and patho-
genic immunity, which may sustain, chronic tissue-dam-
aging inflammation [104]. Notably, the differentiation,
survival, and regulation of T regulatory cells depend on

complex interactions with cytokines, and conversely, the
regulation of pro-inflammatory cytokines such as IFN-y
is also critically dependent on T regulatory cells [106].
Considering the high reactivity of PBMCs observed after
CHORIO, the subclassification of cytokines persistently
detected, and the changes in the number of T regulatory
cells through P120, it is possible that changes in regula-
tory T cell function and population dynamics may feed
forward white matter injury and neuronal dysfunction
with aging or hinder neural cell repair. Taken together,
these data emphasize dynamic immune modulation with
maturation and injury evolution, the complex neural-
immune pathology secondary to chorioamnionitis, and
the functional consequences of a persistently toxic cer-
ebral microenvironment.

As stated above, our data support that CHORIO
causes persistent changes in both the peripheral and
neuroinflammatory microenvironment with enduring
immune cell and molecular alterations throughout the
lifespan. Interestingly, systemic inflammation has been
proposed to be a final common denominator for insults
caused by both hypoxia—ischemia and infection leading
to brain injury in infants [88, 107-109]. We utilized an
established rat model of CHORIO that yields cerebral



Kitase et al. J Neuroinflammation

(2021) 18:242

Page 11 0f 18

P120 PBMCs Baseline (24h)

T T
sham

sham CHORIO CHORIO
E IL-6 F CXCL1
200 15—
150 |
_ o u 104
%, 100+ £
a ® o o
50 7
] ° ™
[
0 L . 0-
sham CHORIO sham CHORIO

(p<005,"p<0.01,"p<0.001)

A IFN-y B TNF-a
5+ * 20- * Kok
7 15 o

— 34 ]

Q.z_ u g °

Fig. 7 Cytokine and chemokine levels at baseline in the PBMC secretome at P120 after 24 h in culture. Similar to the pattern observed after 3 h,
levels of IFN-y and IL-5 were higher in the secretome at P120, while levels of TNF-a and CCL2 were lower, compared to sham controls at baseline

C IL1B D IL-5
% %k k
104 30 1
|
8 n =
. 20+
%2 o [ ] ] e é |
. T u 17 (X N
(J T
0 * T 0 T T
sham CHORIO sham CHORIO
G IL-10 H CCL2
%k
6 15 —
. $
44 | 10
0.2_ s . A
., |H= rE. 1
0 0

T T T T
sham CHORIO sham CHORIO

palsy-like deficits in the mature CNS that mimic those
of preterm survivors, with a spastic-like gait, poor social
interaction, and cognitive impairment [59, 61, 62, 71].
This model encompasses the FIRS, SIRS and placen-
tal pathology common in preterm infants with CHO-
RIO [62], including acutely elevated IL-1p, TNF-«, IL-6,
IL-10, and CXCL1 in serum [59, 62, 64, 110]. Reflecting
the significant inflammation transduced through the pla-
cental—fetal brain axis, rats with CHORIO grow up to
have complex gait abnormalities, cognitive and execu-
tive function abnormalities and white matter injury in
adulthood [59-61, 64, 111]. The systemic inflammation
associated with CHORIO causes PBMC hyper-reactivity
at P7 (term-equivalent human age) and P21 (toddler-
equivalent human age) [59]. Importantly, these findings
are extended here and confirm that immune dysregula-
tion and PBMC hyper-reactivity is present in adulthood,
and defined by increased levels of IFN-y, CCL2, IL-6 and
TNEF-a in the PBMC secretome. This is significant as the
inflammation observed following perinatal brain injury
appears to feed forward unchecked through much of
the lifespan. Indeed, levels of pro-inflammatory proteins
in the PBMC secretome are increased at baseline in rats

with in utero injury even without exposure to immune
challenge or secondary LPS exposure.

These data corroborate findings and conclusions from
other groups who have studied CP [58, 85, 100], includ-
ing increased PBMC reactivity in former preterm chil-
dren with CP in school age and teenagers with CP.
Collectively, these results provide additional support for
the hypothesis that persistent inflammation may pre-
vent regeneration or exacerbate brain injury in patients
with CP and sensitize the brain to further or additional
injury encompassing a tertiary phase of CP pathophysiol-
ogy [85]. While brain injury may be propagated by per-
sistent inflammation through epigenetic changes, the
direct impact on maturation and differentiation of oli-
godendrocyte subpopulations, impaired axonal growth
and dynamic myelination, and effects on the neurogenic
niche caused by sustained expression cytokines, primed
immune cells, and aberrant immune cell trafficking can-
not be overemphasized. Our data showing persistent
hypercytokinemia, robust SPIHR, and multiple chronic
shifts in immune cell populations through P120 in the
rat support the concept that the tertiary phase of perina-
tal brain injury and CP may last for months (in rats) or
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years (in humans) after the initiating insult [85]. Together
with our prior data confirming cognitive and executive
function deficits in adult animals in this model of CP, the
negative impact of ongoing inflammation in the trajec-
tory of brain development, including cognitive and motor
performance is reaffirmed [59, 61, 112-114]. This has
been validated in other models of brain injury, includ-
ing traumatic brain injury, where microglial activation
and immune cell dysfunction has been shown to last for
upwards of 10 years following the initiating insult con-
comitant with poor cognitive function [115]. In experi-
mental sepsis, persistent cognitive impairment has been
observed in rats that have completely recovered clini-
cally with associated negative blood cultures [84, 116].
This indicates that resolution of the inflammatory trig-
ger (i.e., resolution of CHORIO, FIRS, or SIRS), does not
prevent ongoing brain injury [84]. Clinical studies in chil-
dren with CP confirm altered inflammatory responses
that persist for at least 614 years [58, 100]. As increased
peripheral cytokines are a marker of cerebral inflamma-
tion, the time course for altered inflammatory responses

in CP is likely to last for decades. Undoubtedly, future
studies focused on PBMC reactivity in older patients
with CP, including beyond the teenage years would be
very valuable to the field, as would studies using immu-
nomodulatory treatment to enable long-term recovery
and regeneration.

This study is not without limitations and is constrained
by scope. First, our study was not powered to detect or
exclude sex differences despite both sexes being used in
every experiment and all outcome measures. Further
investigation beyond the scope of the present investiga-
tion will examine sex differences in PBMC priming and
reactivity throughout the lifespan. This is an essential
next step as evidence from studies examining PBMCs
from adult humans suggest sex differences in stimu-
lated PBMC properties and secretion exist [117-119].
Second, we were unable to define specific mechanisms
responsible for persistent changes in immune reactivity.
Future studies of mechanism and immune function will
be important for revealing potentially novel therapeu-
tic targets to prevent neural-immune injury secondary
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to CHORIO and for understanding the consequences
of immune changes to subsequent challenges, insults
and injuries through the lifespan. Although, we can-
not do serial sampling of cytokines and PBMC reactiv-
ity assessments longitudinally in the same animal, and
there are inherent limitations of working with rodents.
PMBC:s represent a heterogeneous population of periph-
eral circulating mononuclear cells consisting of T cells,
T-regulatory cells, T-helper cells, B cells, and natural
killer/ dendritic cells/ monocytes [120]. Additional flow
cytometric studies at discrete time points with expanded
panels, are needed to clarify the exact composition of
the immune cell populations in our models. Similarly, it
would be interesting in future studies to understand the
contributions of other cell types to the inflammatory
secretome present in isolated whole blood longitudinally.

Conclusion

In conclusion, we found significant, dynamic, and chronic
inflammatory responses in adult rats months after expo-
sure to CHORIO. In addition to upregulation of inflam-
matory biomarkers in serum through adulthood, we also

demonstrated hyper-responsiveness to LPS stimulation
at P60, contrasted by hypo-responsiveness to LPS at
P120. These dynamic inflammatory changes and altered
cytokine responses are consistent with a chronically mod-
ulated neural-immune microenvironment, persistent
inflammatory state and maladaptive lymphocyte plastic-
ity. Taken together, these data shed light on mechanisms
of ongoing brain injury in individuals with CP and empha-
size the need for novel liquid diagnostic biomarkers to
track the degree of injury, and response to potential inter-
ventions. Indeed, the durable changes in PBMCs and their
responses to subsequent immune stimuli may function as
a biomarker useful for indirectly evaluating brain dam-
age or detecting sustained neural-immune injury dur-
ing the perinatal period and later in life. Similarly, these
data underscore the role of immunomodulatory therapy
in the treatment of CP and preterm infants exposed to
CHORIO. Together, with a growing body of preclinical
and clinical data, our results highlight the importance of
long-term outcome measures in future clinical trials for
preterm infants and the need for long-term follow-up in
patients with brain injury in the NICU.



Kitase et al. J Neuroinflammation (2021) 18:242 Page 14 of 18

P120 Flow Cytometry

CDase
“w2

1ox -

60— * . 60-
- ﬁ g
< ' ™ a
o - é_ - 9
a o 8 40- ® LIy -
- CONICD0e vubae 1 ol ") -
ne 8 = P [ ] 9 ?
lo@ %
g2 o
A a§ 20 h 20
'I' . 'l‘ 'l. -l. o 3
CD3 e o
F 0- = oA
1 sham  CHORIO sham  CHORIO
_ | Brain J Blood
g 50 0.057 15- .
8 @ D T D e et | E— | —
» m
= 40
i éz E l 10+
‘o - S 30

N
o
1
o
|

% CD45"9" CD11b/c*
s
1

Infiltrating Macrophages

% CD45'CD3'CD4°CD25"
Treg

o
|

0~

sham CHORIO sham CHORIO
Fig. 10 Flow cytometry analysis was used to identify proportions of myeloid cells at P120 and reveals distinct changes in T cells in CHORIO rats.
Notably, proportions of viable (identified by size, granularity and viability dye staining, A-D) T helper cells (CD457CD3+CD4™) in the brain (G), and
T regulatory cells (CD45TCD3* CD41TCD25™) in the brain (H) and blood (J) are increased in CHORIO rats compared to sham controls. Similarly, the
proportion of cells with positive expression for infiltrating macrophage markers (CD45M"CD11b) are also increased in the brain of CHORIO rats at
P120 compared to sham (1). Gating for CD3* and CD25* cells is shown in Eand F (*p <0.05, FSC forward scatter, SSC side scatter). (Data represent at
least 3 independent experiments.)

electrochemiluminescent immunoassay; mRNA: Messenger ribonucleic acid;
NEC: Necrotizing enterocolitis; NICU: Neonatal intensive care unit; P: Postnatal;

Abbreviations PBI: Perinatal brain injury; PBMCs: Peripheral blood mononuclear cells; RPMI:
ARRIVE: Animals in research reporting in vivo experiments; BBB: Blood-brain Roswell Park Memorial Institute; SIRS: Systemic inflammatory response
barrier; BPD: Bronchopulmonary dysplasia; CCL2: C-C motif chemokine syndrome; SPIHR: Sustained peripheral immune hyper-reactivity; TNF: Tumor
ligand 2; CD: Cluster of differentiation; CHORIO: Chorioamnionitis; CNS: necrosis factor.

Central nervous system; CP: Cerebral palsy; CXCL1: C-X-C motif chemokine

ligand 1; E: Embryonic; FBS: Fetal bovine serum; FIRS: Fetal inflammatory Acknowledgements

response syndrome; IFN-y: Interferon gamma; IL: Interleukin; IVH: Intra- The authors are grateful for the expertise of Dr. Maide Ozen and Dr. Mohan
ventricular hemorrhage; LPS: Lipopolysaccharide; Ly6G: Anti-lymphocyte Krishnan.

antigen 6G; MCP-1: Monocyte chemoattractant protein-1; MECI: Multiplex



Kitase et al. J Neuroinflammation (2021) 18:242

Authors’ contributions

Conceptualization and design, S.Ro. and L.J; methodology, S. Ro., YK. and L.J;
investigation, E.C, S. Ra,, C.B, N.M, CL, AH., and YK; formal analysis, S. Ro,, YK,
L.J,; writing—original draft preparation, YK, and LJ.; writing—review and edit-
ing, All authors; supervision, L.J,; project administration, L.J,; funding acquisi-
tion, S.Ro., and L.J; Correspondence and Material Requests, L.J. All authors read
and approved the final manuscript.

Funding

This work was supported by grants from the National Institutes of Health
(NIH) and the Cerebral Palsy Alliance Research Alliance (CPARF). Specifically,
this work was supported by ROTHL139492 to LJ and a CPARF award to S.Ro,,
and LJ.

Availability of data and materials
All data generated and analyzed during this study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate

All applicable international, national and/or institutional guidelines for the
care and use of animals were followed. This study does not contain any experi-
ments with human participants or data from humans. It is not a clinical trial.
Specifically, all experiments using animals were performed in strict accord-
ance with protocols approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the Johns Hopkins University School of Medicine. Protocols
were developed and performed consistent with National Research Council
and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details

"Division of Neonatal-Perinatal Medicine, Department of Pediatrics, Johns
Hopkins University School of Medicine, 600 N. Wolfe Street, CMSC Building,
6-104A, Baltimore, MD, USA. Department of Neurology and Developmental
Medicine, Kennedy Krieger Institute, Baltimore, MD, USA. *Division of Pediatric
Neurosurgery, Department of Neurosurgery, Johns Hopkins University School
of Medicine, Baltimore, MD, USA. “Department of Neurology, Johns Hopkins
University School of Medicine, Baltimore, MD, USA.

Received: 18 May 2021 Accepted: 7 October 2021
Published online: 19 October 2021

References

1. Harrison MS, Goldenberg RL. Global burden of prematurity. Semin
Fetal Neonatal Med. 2016;21(2):74-9.

2. Murphy SL, Mathews TJ, Martin JA, Minkovitz CS, Strobino DM.
Annual summary of vital statistics: 2013-2014. Pediatrics. 2017.
https://doi.org/10.1542/peds.2016-3239.

3. Tsimis ME, Abu Al-Hamayel N, Germaine H, Burd I. Prematurity: pre-
sent and future. Minerva Ginecol. 2015;67(1):35-46.

4. Kyser KL, Morriss FH Jr, Bell EF, Klein JM, Dagle JM. Improving survival
of extremely preterm infants born between 22 and 25 weeks of
gestation. Obstet Gynecol. 2012;119(4):795-800.

5. Glass HC, Costarino AT, Stayer SA, Brett CM, Cladis F, Davis PJ.
Outcomes for extremely premature infants. Anesth Analg.
2015;120(6):1337-51.

6. Eichenwald EC, Stark AR. Management and outcomes of very low birth
weight. N Engl J Med. 2008;358(16):1700-11.

7. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, et al.
Neonatal outcomes of extremely preterm infants from the NICHD
Neonatal Research Network. Pediatrics. 2010;126(3):443-56.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 150f 18

Larroque B, Ancel PY, Marret S, Marchand L, Andre M, Arnaud C, et al.
Neurodevelopmental disabilities and special care of 5-year-old children
born before 33 weeks of gestation (the EPIPAGE study): a longitudinal
cohort study. Lancet (London, England). 2008;371(9615):813-20.
Woodward LJ, Moor S, Hood KM, Champion PR, Foster-Cohen S, Inder
TE, et al. Very preterm children show impairments across multiple neu-
rodevelopmental domains by age 4 years. Arch Dis Child Fetal Neonatal
Ed. 2009,94(5):F339-44.

Luu TM, Ment L, Allan W, Schneider K, Vohr BR. Executive and

memory function in adolescents born very preterm. Pediatrics.
2011;127(3):e639-46.

Kidokoro H, Anderson PJ, Doyle LW, Woodward LJ, Neil JJ, Inder TE.
Brain injury and altered brain growth in preterm infants: predictors and
prognosis. Pediatrics. 2014;134(2):e444-53.

Korzeniewski SJ, Joseph RM, Kim SH, Allred EN, O'Shea TM, Leviton A,
et al. Social responsiveness scale assessment of the preterm behavio-
ral phenotype in 10-year-olds born extremely preterm. J Dev Behav
Pediatr JDBP. 2017,38(9):697-705.

Rogers CE, Lean RE, Wheelock MD, Smyser CD. Aberrant structural

and functional connectivity and neurodevelopmental impairment in
preterm children. J Neurodev Disord. 2018;10(1):38.

Johnson S, Marlow N. Early and long-term outcome of infants born
extremely preterm. Arch Dis Child. 2017;102(1):97-102.

Lahra MM, Gordon A, Jeffery HE. Chorioamnionitis and fetal response in
stillbirth. Am J Obstet Gynecol. 2007;196(3):229 e1-4.

ChauV, McFadden DE, Poskitt KJ, Miller SP. Chorioamnionitis in

the pathogenesis of brain injury in preterm infants. Clin Perinatol.
2014,41(1):83-103.

Lee J, Kim JS, Park JW, Park CW, Park JS, Jun JK, et al. Chronic chorio-
amnionitis is the most common placental lesion in late preterm birth.
Placenta. 2013;34(8):681-9.

Lee SM, Park JW, Kim BJ, Park CW, Park JS, Jun JK, et al. Acute histologic
chorioamnionitis is a risk factor for adverse neonatal outcome in late
preterm birth after preterm premature rupture of membranes. PLoS
ONE. 2013;8(12): €79941.

Cappelletti M, Presicce P, Kallapur SG. Immunobiology of acute chorio-
amnionitis. Front Immunol. 2020;11:649.

Kallapur SG, Presicce P, Rueda CM, Jobe AH, Chougnet CA. Fetal
immune response to chorioamnionitis. Semin Reprod Med.
2014,32(1):56-67.

Romero R, Chaemsaithong P, Korzeniewski SJ, Tarca AL, Bhatti G, Xu Z,
et al. Clinical chorioamnionitis at term II: the intra-amniotic inflamma-
tory response. J Perinat Med. 2016;44(1):5-22.

Kim CJ, Romero R, Chaemsaithong P, Chaiyasit N, Yoon BH, Kim

YM. Acute chorioamnionitis and funisitis: definition, pathologic
features, and clinical significance. Am J Obstet Gynecol. 2015;213(4
Suppl):529-52.

Roberts DJ, Celi AC, Riley LE, Onderdonk AB, Boyd TK, Johnson LC, et al.
Acute histologic chorioamnionitis at term: nearly always noninfectious.
PLoS ONE. 2012;7(3): €31819.

Romero R, Miranda J, Chaiworapongsa T, Korzeniewski SJ, Chaem-
saithong P, Gotsch F, et al. Prevalence and clinical significance of sterile
intra-amniotic inflammation in patients with preterm labor and intact
membranes. Am J Reprod Immunol. 2014;72(5):458-74.

Redline RW, Wilson-Costello D, Hack M. Placental and other perinatal
risk factors for chronic lung disease in very low birth weight infants.
Pediatr Res. 2002;52(5):713-9.

Redline RW. Inflammatory response in acute chorioamnionitis. Semin
Fetal Neonatal Med. 2012;17(1):20-5.

Redline RW. Disorders of placental circulation and the fetal brain. Clin
Perinatol. 2009;36(3):549-59.

Nadeau-Vallée M, Obari D, Palacios J, Brien M, Duval C, Chemtob S, et al.
Sterile inflammation and pregnancy complications: a review. Reproduc-
tion. 2016;152(6):R277-92.

Galinsky R, Polglase GR, Hooper SB, Black MJ, Moss TJ. The conse-
quences of chorioamnionitis: preterm birth and effects on develop-
ment. J Pregnancy. 2013;2013: 412831.

Bergeron J, Gerges N, Guiraut C, Grbic D, Allard MJ, Fortier LC, et al. Acti-
vation of the IL-Tbeta/CXCL1/MMP-10 axis in chorioamnionitis induced
by inactivated Group B Streptococcus. Placenta. 2016;47:116-23.


https://doi.org/10.1542/peds.2016-3239

Kitase et al. J Neuroinflammation

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2021) 18:242

Paton MCB, McDonald CA, Allison BJ, Fahey MC, Jenkin G, Miller SL. Peri-
natal brain injury as a consequence of preterm birth and intrauterine
inflammation: designing targeted stem cell therapies. Front Neurosci.
2017;11:200.

Fant ME, Fuentes J, Kong X, Jackman S. The nexus of prematurity, birth
defects, and intrauterine growth restriction: a role for plac1-regulated
pathways. Front Pediatr. 2014;2:8.

Dammann O, Leviton A. Maternal intrauterine infection, cytokines, and
brain damage in the preterm newborn. Pediatr Res. 1997;42(1):1-8.
Dammann O, Leviton A. Intermittent or sustained systemic inflamma-
tion and the preterm brain. Pediatr Res. 2014;75(3):376-80.

Williams M, Zhang Z, Nance E, Drewes JL, Lesniak WG, Singh S, et al.
Maternal inflammation results in altered tryptophan metabolism in
rabbit placenta and fetal brain. Dev Neurosci. 2017;39(5):399-412.
Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero
and early-life conditions on adult health and disease. N Engl J Med.
2008;359(1):61-73.

O’'Shea TM, Allred EN, Dammann O, Hirtz D, Kuban KC, Paneth N, et al.
The ELGAN study of the brain and related disorders in extremely low
gestational age newborns. Early Human Dev. 2009;85(11):719-25.

Yoon BH, Romero R, Park JS, Kim M, Oh SY, Kim CJ, et al. The relationship
among inflammatory lesions of the umbilical cord (funisitis), umbilical
cord plasma interleukin 6 concentration, amniotic fluid infection, and
neonatal sepsis. Am J Obstet Gynecol. 2000;183(5):1124-9.

Anblagan D, Pataky R, Evans MJ, Telford EJ, Serag A, Sparrow S, et al.
Association between preterm brain injury and exposure to chorioam-
nionitis during fetal life. Sci Rep. 2016;6:37932.

Ackerman WET, Buhimschi IA, Eidem HR, Rinker DC, Rokas A, Rood K,

et al. Comprehensive RNA profiling of villous trophoblast and decidua
basalis in pregnancies complicated by preterm birth following intra-
amniotic infection. Placenta. 2016;44:23-33.

Sampson JE, Theve RP, Blatman RN, Shipp TD, Bianchi DW, Ward BE,

et al. Fetal origin of amniotic fluid polymorphonuclear leukocytes. Am J
Obstet Gynecol. 1997;176(1 Pt 1):77-81.

Andrews WW, Goldenberg RL, Faye-Petersen O, Cliver S, Goepfert AR,
Hauth JC. The Alabama Preterm Birth study: polymorphonuclear and
mononuclear cell placental infiltrations, other markers of inflammation,
and outcomes in 23- to 32-week preterm newborn infants. Am J Obstet
Gynecol. 2006;195(3):803-8.

Gotsch F, Romero R, Kusanovic JP, Mazaki-Tovi S, Pineles BL, Erez O,

et al. The fetal inflammatory response syndrome. Clin Obstet Gynecol.
2007;50(3):652-83.

Fichorova RN, Beatty N, Sassi RR, Yamamoto HS, Allred EN, Leviton A.
Systemic inflammation in the extremely low gestational age newborn
following maternal genitourinary infections. Am J Reprod Immunol
(New York, NY: 1989). 2015;73(2):162-74.

Weitkamp JH, Guthrie SO, Wong HR, Moldawer LL, Baker HV, Wynn

JL. Histological chorioamnionitis shapes the neonatal transcriptomic
immune response. Early Human Dev. 2016;98:1-6.

Yoon BH, Romero R, Yang SH, Jun JK, Kim 10, Choi JH, et al. Interleukin-6
concentrations in umbilical cord plasma are elevated in neonates with
white matter lesions associated with periventricular leukomalacia. Am J
Obstet Gynecol. 1996;174(5):1433-40.

Kaukola T, Herva R, Perhomaa M, Paakko E, Kingsmore S, Vainionpaa L,
et al. Population cohort associating chorioamnionitis, cord inflamma-
tory cytokines and neurologic outcome in very preterm, extremely low
birth weight infants. Pediatr Res. 2006;59(3):478-83.

McAdams RM, Juul SE. The role of cytokines and inflammatory cells in
perinatal brain injury. Neurol Res Int. 2012,2012: 561494.

Schmidt AF, Kannan PS, Chougnet CA, Danzer SC, Miller LA, Jobe AH,
et al. Intra-amniotic LPS causes acute neuroinflammation in preterm
rhesus macaques. J Neuroinflammation. 2016;13(1):238.

Kuban KC, O'Shea TM, Allred EN, Fichorova RN, Heeren T, Paneth N, et al.
The breadth and type of systemic inflammation and the risk of adverse
neurological outcomes in extremely low gestation newborns. Pediatr
Neurol. 2015;52(1):42-8.

Leviton A, Fichorova R, Yamamoto Y, Allred EN, Dammann O, Hecht

J, et al. Inflammation-related proteins in the blood of extremely low
gestational age newborns. The contribution of inflammation to the
appearance of developmental regulation. Cytokine. 2011;53(1):66-73.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Page 16 of 18

Leviton A, Kuban KC, Allred EN, Fichorova RN, O'Shea TM, Paneth N,

et al. Early postnatal blood concentrations of inflammation-related
proteins and microcephaly two years later in infants born before the
28th post-menstrual week. Early Human Dev. 2011;87(5):325-30.
O'Shea TM, Allred EN, Kuban KC, Dammann O, Paneth N, Fichorova

R, et al. Elevated concentrations of inflammation-related proteins in
postnatal blood predict severe developmental delay at 2 years of age in
extremely preterm infants. J Pediatr. 2012;160(3):395-401 e4.
Dammann O, Allred EN, Fichorova RN, Kuban K, O'Shea TM, Leviton A,
et al. Duration of systemic inflammation in the first postnatal month
among infants born before the 28th week of gestation. Inflamma-
tion. 2016;39(2):672-7.

Leviton A, Allred EN, Fichorova RN, Kuban KC, Michael O'Shea T, Dam-
mann O, et al. Systemic inflammation on postnatal days 21 and 28
and indicators of brain dysfunction 2 years later among children born
before the 28th week of gestation. Early Human Dev. 2016;93:25-32.
Hoon AH Jr, Stashinko EE, Nagae LM, Lin DD, Keller J, Bastian A, et al.
Sensory and motor deficits in children with cerebral palsy born pre-
term correlate with diffusion tensor imaging abnormalities in thalam-
ocortical pathways. Dev Med Child Neurol. 2009;51(9):697-704.
Madsen-Bouterse SA, Romero R, Tarca AL, Kusanovic JP, Espi-

noza J, Kim CJ, et al. The transcriptome of the fetal inflammatory
response syndrome. Am J Reprod Immunol (New York, NY: 1989).
2010;63(1):73-92.

Lin CY, Chang YC, Wang ST, Lee TY, Lin CF, Huang CC. Altered inflam-
matory responses in preterm children with cerebral palsy. Ann
Neurol. 2010;68(2):204-12.

Yellowhair TR, Noor S, Mares B, Jose C, Newville JC, Maxwell JR, et al.
Chorioamnionitis in rats precipitates extended postnatal inflamma-
tory lymphocyte hyperreactivity. Dev Neurosci. 2018;40:523-33.
Jantzie LL, Corbett CJ, Berglass J, Firl DJ, Flores J, Mannix R, et al. Com-
plex pattern of interaction between in utero hypoxia-ischemia and
intra-amniotic inflammation disrupts brain development and motor
function. J Neuroinflamm. 2014;11:131.

Jantzie LL, Oppong AY, Conteh FS, Yellowhair TR, Kim J, Fink G, et al.
Repetitive neonatal erythropoietin and melatonin combinatorial
treatment provides sustained repair of functional deficits in a rat
model of cerebral palsy. Front Neurol. 2018;9:233.

Maxwell JR, Denson JL, Joste NE, Robinson S, Jantzie LL. Combined
in utero hypoxia-ischemia and lipopolysaccharide administration

in rats induces chorioamnionitis and a fetal inflammatory response
syndrome. Placenta. 2015;36(12):1378-84.

Yellowhair TR, Newville JC, Noor S, Maxwell JR, Milligan ED, Robinson
S, et al. CXCR2 blockade mitigates neural cell injury following pre-
clinical chorioamnionitis. Front Physiol. 2019;10:324.

Yellowhair TR, Noor S, Maxwell JR, Anstine CV, Oppong AY, Robinson
S, et al. Preclinical chorioamnionitis dysregulates CXCL1/CXCR2
signaling throughout the placental-fetal-brain axis. Exp Neurol.
2018;301(Pt B):110-9.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving
bioscience research reporting: the ARRIVE guidelines for reporting
animal research. PLoS Biol. 2010;8(6): €1000412.

Jantzie LL, Corbett CJ, Firl DJ, Robinson S. Postnatal erythropoietin
mitigates impaired cerebral cortical development following subplate
loss from prenatal hypoxia-ischemia. Cereb Cortex (New York, NY:
1991). 2015;25(9):2683-95.

Jantzie LL, Getsy PM, Denson JL, Firl DJ, Maxwell JR, Rogers DA, et al.
Prenatal hypoxia-ischemia induces abnormalities in CA3 microstruc-
ture, potassium chloride co-transporter 2 expression and inhibitory
tone. Front Cell Neurosci. 2015;9:347.

Jantzie LL, Getsy PM, Firl DJ, Wilson CG, Miller RH, Robinson S.
Erythropoietin attenuates loss of potassium chloride co-transporters
following prenatal brain injury. Mol Cell Neurosci. 2014,61:152-62.
Jantzie LL, Miller RH, Robinson S. Erythropoietin signaling promotes
oligodendrocyte development following prenatal systemic hypoxic-
ischemic brain injury. Pediatr Res. 2013;74(6):658-67.

Newville J, Maxwell JR, Kitase Y, Robinson S, Jantzie LL. Perinatal
opioid exposure primes the peripheral immune system toward
hyperreactivity. Front Pediatr. 2020;8:272.

Robinson S, Corbett CJ, Winer JL, Chan LAS, Maxwell JR, Anstine

CV, et al. Neonatal erythropoietin mitigates impaired gait, social



Kitase et al. J Neuroinflammation

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

(2021) 18:242

interaction and diffusion tensor imaging abnormalities in a rat model
of prenatal brain injury. Exp Neurol. 2018;302:1-13.

Robinson S, Winer JL, Berkner J, Chan LA, Denson JL, Maxwell JR, et al.
Imaging and serum biomarkers reflecting the functional efficacy of
extended erythropoietin treatment in rats following infantile trau-
matic brain injury. J Neurosurg Pediatr. 2016;17(6):739-55.

Pennartz S, Reiss S, Biloune R, Hasselmann D, Bosio A. Generation

of single-cell suspensions from mouse neural tissue. J Vis Exp JOVE.
2009. https://doi.org/10.3791/1267.

Noor S, Habashy AS, Nance JP, Clark RT, Nemati K, Carson MJ, et al.
CCR7-dependent immunity during acute Toxoplasma gondii infection.
Infect Immun. 2010;78(5):2257-63.

Mottahedin A, Smith PL, Hagberg H, Ek CJ, Mallard C. TLR2-medi-

ated leukocyte trafficking to the developing brain. J Leukoc Biol.
2017;101(1):297-305.

Denker SP, Ji S, Dingman A, Lee SY, Derugin N, Wendland MF, et al.
Macrophages are comprised of resident brain microglia not infiltrat-
ing peripheral monocytes acutely after neonatal stroke. J Neurochem.
2007;100(4):893-904.

Wang FJ, Cui D, Qian WD. Therapeutic effect of CD44-CD25+ regulatory
T cells amplified in vitro on experimental autoimmune neuritis in rats.
Cell Physiol Biochem. 2018;47(1):390-402.

Himel AR, Taylor EB, Phillips CL, Welch BA, Spann RA, Bandyopadhyay

S, et al. Splenectomy fails to attenuate immuno-hematologic changes
after rodent vertical sleeve gastrectomy. Exp Biol Med (Maywood).
2019;244(13):1125-35.

Erta M, Quintana A, Hidalgo J. Interleukin-6, a major cytokine in the
central nervous system. Int J Biol Sci. 2012;8(9):1254-66.

Hsu MP, Frausto R, Rose-John S, Campbell IL. Analysis of IL.-6/gp130
family receptor expression reveals that in contrast to astroglia, microglia
lack the oncostatin M receptor and functional responses to oncostatin
M. Glia. 2015;63(1):132-41.

Biswas P, Delfanti F, Bernasconi S, Mengozzi M, Cota M, Polentarutti

N, et al. Interleukin-6 induces monocyte chemotactic protein-1in
peripheral blood mononuclear cells and in the U937 cell line. Blood.
1998;91(1):258-65.

Carr MW, Roth SJ, Luther E, Rose SS, Springer TA. Monocyte chemoat-
tractant protein 1 acts as a T-lymphocyte chemoattractant. Proc Natl
Acad Sci USA. 1994;,91(9):3652-6.

Baggiolini M. Chemokines and leukocyte traffic. Nature.
1998;392(6676):565-8.

Sankowski R, Mader S, Valdés-Ferrer SI. Systemic inflammation and the
brain: novel roles of genetic, molecular, and environmental cues as driv-
ers of neurodegeneration. Front Cell Neurosci. 2015;9:28.

Fleiss B, Gressens P. Tertiary mechanisms of brain damage: a new hope
for treatment of cerebral palsy? Lancet Neurol. 2012;11(6):556-66.
Thornton C, Rousset Cl, Kichev A, Miyakuni Y, Vontell R, Baburamani AA,
et al. Molecular mechanisms of neonatal brain injury. Neurol Res Int.
2012;2012: 506320.

Norden DM, Trojanowski PJ, Villanueva E, Navarro E, Godbout JP.
Sequential activation of microglia and astrocyte cytokine expression
precedes increased Iba-1 or GFAP immunoreactivity following systemic
immune challenge. Glia. 2016;64(2):300-16.

Favrais G, van de Looij Y, Fleiss B, Ramanantsoa N, Bonnin P, Stoltenburg-
Didinger G, et al. Systemic inflammation disrupts the developmental
program of white matter. Ann Neurol. 2011;70(4):550-65.

McClendon E, Shaver DC, Degener-O'Brien K, Gong X, Nguyen T,
Hoerder-Suabedissen A, et al. Transient hypoxemia chronically disrupts
maturation of preterm fetal ovine subplate neuron arborization and
activity. J Neurosci. 2017,37(49):11912-29.

Jantzie LL, Maxwell JR, Newville JC, Yellowhair TR, Kitase Y, Madurai N,

et al. Prenatal opioid exposure: the next neonatal neuroinflammatory
disease. Brain Behav Immun. 2020;84:45-58.

Counsell SJ, Edwards AD, Chew AT, Anjari M, Dyet LE, Srinivasan L,

et al. Specific relations between neurodevelopmental abilities and
white matter microstructure in children born preterm. Brain J Neurol.
2008;131(Pt 12):3201-8.

Gozdas E, Parikh NA, Merhar SL, Tkach JA, He L, Holland SK. Altered
functional network connectivity in preterm infants: antecedents of cog-
nitive and motor impairments? Brain Struct Funct. 2018;223(8):3665-80.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

107.

108.

109.

111,

12,

113.

114.

Page 17 of 18

Barnes-Davis ME, Williamson BJ, Merhar SL, Holland SK, Kadis DS. Rewir-
ing the extremely preterm brain: altered structural connectivity relates
to language function. Neuroimage Clin. 2020;25: 102194,

Scheinost D, Kwon SH, Shen X, Lacadie C, Schneider KC, Dai F, et al.
Preterm birth alters neonatal, functional rich club organization. Brain
Struct Funct. 2016;221(6):3211-22.

Thomason ME, Scheinost D, Manning JH, Grove LE, Hect J, Marshall N,
et al. Weak functional connectivity in the human fetal brain prior to
preterm birth. Sci Rep. 2017,7:39286.

Batalle D, Hughes EJ, Zhang H, Tournier JD, Tusor N, Aljabar P, et al.
Early development of structural networks and the impact of prema-
turity on brain connectivity. Neuroimage. 2017;149:379-92.

Huggard D, McGrane F, Lagan N, Roche E, Balfe J, Leahy TR, et al.
Altered endotoxin responsiveness in healthy children with Down
syndrome. BMC Immunol. 2018;19(1):31.

Huggard D, Kelly L, Ryan E, McGrane F, Lagan N, Roche E, et al.
Increased systemic inflammation in children with Down syndrome.
Cytokine. 2020;127: 154938.

Kim M, Kim M, Jeong H, Chae JS, Kim YS, Lee JG, et al. Hyporespon-
siveness of natural killer cells and impaired inflammatory responses
in critically ill patients. BMC Immunol. 2017;18(1):48.

Zareen Z, Strickland T, Fallah L, McEneaney V, Kelly L, McDonald D,

et al. Cytokine dysregulation in children with cerebral palsy. Dev Med
Child Neurol. 2020. https://doi.org/10.1111/dmcn.14724.

Zareen Z, Strickland T, Eneaney VM, Kelly LA, McDonald D, Sweetman
D, et al. Cytokine dysregulation persists in childhood post neonatal
encephalopathy. BMC Neurol. 2020;20(1):115.

Adrie C, Pinsky MR. The inflammatory balance in human sepsis. Inten-
sive Care Med. 2000,26(4):364-75.

van der Poll T, Coyle SM, Moldawer LL, Lowry SF. Changes in
endotoxin-induced cytokine production by whole blood after

in vivo exposure of normal humans to endotoxin. J Infect Dis.
1996;174(6):1356-60.

Jagger A, Shimojima Y, Goronzy JJ, Weyand CM. Regulatory T

cells and the immune aging process: a mini-review. Gerontology.
2014;60(2):130-7.

Kipnis J, Avidan H, Caspi RR, Schwartz M. Dual effect of CD44+-CD25+
regulatory T cells in neurodegeneration: a dialogue with microglia.
Proc Natl Acad Sci USA. 2004;101(Suppl 2):14663-9.

Larkin J 3rd, Ahmed CM, Wilson TD, Johnson HM. Regulation of
interferon gamma signaling by suppressors of cytokine signaling and
regulatory T cells. Front Immunol. 2013;4:469.

O'Hare FM, Watson W, O'Neill A, Grant T, Onwuneme C, Donoghue V,
et al. Neutrophil and monocyte toll-like receptor 4, CD11b and reac-
tive oxygen intermediates, and neuroimaging outcomes in preterm
infants. Pediatr Res. 2015;78(1):82-90.

Gongalves LF, Chaiworapongsa T, Romero R. Intrauterine infection
and prematurity. Ment Retard Dev Disabil Res Rev. 2002;8(1):3-13.
Shah DK, Doyle LW, Anderson PJ, Bear M, Daley AJ, Hunt RW, et al.
Adverse neurodevelopment in preterm infants with postnatal

sepsis or necrotizing enterocolitis is mediated by white matter
abnormalities on magnetic resonance imaging at term. J Pediatr.
2008;153(2):170-5, 5.e1.

Bergeron J, Gerges N, Guiraut C, Grbic D, Allard MJ, Fortier LC, et al. Acti-
vation of the IL-13/CXCL1/MMP-10 axis in chorioamnionitis induced by
inactivated Group B Streptococcus. Placenta. 2016;47:116-23.

Maxwell JR, Zimmerman AJ, Pavlik N, Newville JC, Carlin K, Robinson

S, et al. Neonatal hypoxic-ischemic encephalopathy yields permanent
deficits in learning acquisition: a preclinical touchscreen assessment.
Front Pediatr. 2020;8:289.

Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, et al.
Systemic inflammation and disease progression in Alzheimer disease.
Neurology. 2009;73(10):768-74.

Cunningham C, Campion S, Lunnon K, Murray CL, Woods JF, Deacon
RM, et al. Systemic inflammation induces acute behavioral and cogni-
tive changes and accelerates neurodegenerative disease. Biol Psychia-
try. 2009;65(4):304-12.

Williamson LL, Sholar PW, Mistry RS, Smith SH, Bilbo SD. Micro-

glia and memory: modulation by early-life infection. J Neurosci.
2011,31(43):15511-21.


https://doi.org/10.3791/1267
https://doi.org/10.1111/dmcn.14724

Kitase et al. J Neuroinflammation

115.

116.

117.

118.

(2021) 18:242

Ramlackhansingh AF, Brooks DJ, Greenwood RJ, Bose SK, Turkheimer
FE, Kinnunen KM, et al. Inflammation after trauma: microglial activation
and traumatic brain injury. Ann Neurol. 2011,70(3):374-83.

Barichello T, Martins MR, Reinke A, Feier G, Ritter C, Quevedo J, et al.
Cognitive impairment in sepsis survivors from cecal ligation and perfo-
ration. Crit Care Med. 2005;33(1):221-3 (discussion 62-3).

Asai K, Hiki N, Mimura 'Y, Ogawa T, Unou K, Kaminishi M. Gender differ-
ences in cytokine secretion by human peripheral blood mononuclear
cells: role of estrogen in modulating LPS-induced cytokine secretion in
an ex vivo septic model. Shock. 2001;16(5):340-3.

Da Pozzo E, Giacomelli C, Cavallini C, Martini C. Cytokine secretion
responsiveness of lymphomonocytes following cortisol cell exposure:
Sex differences. PLoS ONE. 2018;13(7): €0200924.

119.

120.

Page 18 of 18

Silaidos C, Pilatus U, Grewal R, Matura S, Lienerth B, Pantel J, et al.
Sex-associated differences in mitochondrial function in human
peripheral blood mononuclear cells (PBMCs) and brain. Biol Sex Differ.
2018,9(1):34.

Finak G, Langweiler M, Jaimes M, Malek M, Taghiyar J, Korin Y, et al.
Standardizing flow cytometry immunophenotyping analysis from the
human immunophenotyping consortium. Sci Rep. 2016;6:20686.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

At

Ready to submit your research? Choose BMC and benefit from:

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

BMC, research is always in progress.




	Sustained peripheral immune hyper-reactivity (SPIHR): an enduring biomarker of altered inflammatory responses in adult rats after perinatal brain injury
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Animals
	In utero chorioamnionitis (CHORIO)
	Serum collection
	Peripheral blood mononuclear cell (PBMC) isolation
	PBMC stimulation with lipopolysaccharide (LPS)
	Multiplex electrochemiluminescent immunoassay (MECI)
	Flow cytometry
	Statistical analyses

	Results
	Peripheral inflammation after in utero insult persists into adulthood
	CHORIO induces a chronic and sustained peripheral immune hyper-reactivity (SPIHR)
	In utero insults alter inflammatory responses at P120
	In utero injury induces long-term changes in peripheral and central immune cell populations

	Discussion
	Conclusion
	Acknowledgements
	References


