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Abstract

Problem: There is growing evidence for the role of placental inflammation in the
pathophysiology of pregnancy complications including fetal growth restriction (FGR).
This study aimed to characterize the inflammatory profile in the maternal circulation
and the placenta of infants who were growth restricted and those that were small for
gestational age (SGA).

Method of study: Placental villous tissue and maternal serum were obtained from
pregnancies where infants were SGA at birth or who had a decreasing growth rate
(225 centiles) across the third trimester. Inmunohistochemical and histological analy-
ses of placental samples were conducted for macrophage number, alongside vascular
and cell turnover analysis. Inflammatory profile was analyzed in maternal and placen-
tal compartments via ELISAs and multiplex assays.

Results: There were significantly more CD163" macrophages in placentas of infants
with a decreased growth rate compared to controls, but not in SGA infants (median
8.6/ nuclei vs 3.8 and 2.9, P = .008 and P = .0083, respectively). Uric acid (P = .0007)
and IL-8 (P = .0008) were increased in placentas, and S100A8 (P < .0002) was in-
creased in maternal serum of infants with decreased growth rate. No changes in the
maternal serum or placental lysates of SGA infants were observed.

Conclusion: The evidence of an altered inflammatory profile in infants with a de-
creasing growth rate, but not in those that were born SGA, provides further evidence
that inflammation plays a role in true FGR. It remains unclear whether the increased
placental macrophages occur as a direct result, or as a consequence of the pro-in-

flammatory environment observed in fetal growth restriction.
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1 | INTRODUCTION

Placental macrophages, also termed Hofbauer cells in humans, are
fetal in origin and are found in the stromal core of placental villi.
Evidence to date has suggested that they are M2-like, or anti-in-
flammatory, a phenotype which would promote tissue repair.i*2
Hofbauer cells are thought to be pro-angiogenic, through their pro-
duction of VEGF and FGF2,% and are also proposed to play a role
in clearing apoptotic cells.* The number of Hofbauer cells increases
up to the middle of the second trimester, but then decreases in the
third trimester.® There is a growing body of evidence which reports
increased numbers of Hofbauer cells in pregnancy complications,
including stillbirth, small for gestational age (SGA) infants with a
birthweight <10th percentile,® HELLP syndrome,” women who are
obese,® and women with diabetes mellitus.” These observations sup-
port a role for placental inflammation in the pathophysiology of late
pregnancy complications.

Fetal growth restriction (FGR) describes the failure of a fetus

|10 However, definitions of FGR vary

to reach its growth potentia
between clinical studies potentially affecting the observations
obtained. Three commonly used definitions are a birthweight, or
estimated fetal weight of <3rd, <5th or <10th percentile, often com-
bined with evidence of abnormal uterine or umbilical artery blood
flow as assessed by Doppler ultrasound.’® However, in many stud-
ies, these definitions are based on birthweight in isolation and do not
take into consideration the growth trajectory in utero. Thus, they
do not distinguish those infants with growth restriction and those
that are constitutionally small. Due to these considerations, various
other criteria, such as decreased growth rate, have been described
following a Delphi consensus exercise.!!

Understanding the pathophysiology of FGR is important as it is
the single strongest risk factor for stillbirth in high-income coun-
tries,’* such as the UK, where the population attributable risk is
46%.%° A better understanding of processes underlying FGR would
inform initiatives to reduce perinatal mortality and potentially ther-
apy. Aberrant cell turnover, placental dysfunction, and a pro-inflam-
matory phenotype have previously been identified in cases of SGA,
FGR, reduced fetal movements (RFM), and stillbirth.®1¢'8 However,
these data span definitions ranging from a birthweight <3rd to <10th
percentile, which increases the likelihood of including infants who
are constitutionally SGA rather than FGR. An inflammatory response
has been characterized in the placenta without any sign of obvious
infection.” Damage-associated molecular patterns (DAMPs), also
known as alarmins, such as uric acid and HMGB1 are elevated in the
placentas and maternal blood of pregnancies complicated with FGR
and RFM. 277

Thus, this study aimed to characterize placental and maternal
inflammation in uncomplicated pregnancies, those in which the in-
fant was SGA (defined by a specific percentile threshold) and infants
with evidence of reduced fetal growth rate in the third trimester. We
hypothesized that inflammation would be increased in both groups
of fetuses with abnormal growth but would be most pronounced in

those with evidence of reduced fetal growth rate.

2 | METHODS

To address this hypothesis, the following groups were studied: preg-
nancies ending in the birth of an infant with an individualized birth-
weight centile (IBC) <3rd percentile and pregnancies with evidence
of a decreased growth rate defined as a fall in 225 percentiles be-
tween a third trimester estimated fetal weight by ultrasound scan
and birth. As routine third trimester scanning is not performed in our
maternity unit, samples were obtained from women who underwent
ultrasound scanning for RFM and were found to have a decreased
growth rate (n = 14). Consequently, two control groups were used as
follows: i) women who presented with RFM but who were +5 per-
centiles from their third trimester EFW (n = 12) and ii) those who had
not presented with RFM (20th-90th IBC; n = 12).

For placental analysis, those with a <3rd IBC (n = 16) were com-
pared to samples with similar demographic characteristics: mater-
nal age, maternal BMI, maternal smoking status, maternal ethnicity,
mode of delivery, and fetal sex to appropriate for gestational age
(between 20 and 90th percentile) healthy infants (n = 18). Due to
the availability of samples, maternal serum analysis used samples
with <5th IBC (n = 23) which were matched using the characteristics
above with healthy controls (n = 22). Samples from infants with a
decreased growth rate (n = 12) were matched with those who pre-
sented with RFM but who were +5 percentiles from their third tri-
mester EFW (n = 8) and those who had not presented with RFM
(n=12).

All infants were live-born 237 weeks' gestation, and the moth-
ers were free of other pregnancy complications such as diabetes
mellitus and preeclampsia. All samples were free from signs of ma-
ternal infection. All samples were collected following written, in-
formed consent in accordance with research ethics approvals (08/
H1011/83, 11/NW/0650, 11/NW/0664, and 18/NW/0451).

2.1 | Histology and immunohistochemistry

Three randomly sampled sections of placenta were fixed, embed-
ded into wax, and cut into 5 um sections. Sections underwent his-
tochemical or immunohistochemical staining following a standard
protocol as previously described,'®
mune cell markers CD163 (EDHu-1, Bio-Rad, 5 pg/mL) and CD45
(2B11 + PD7/26, 1.85 pg/mL, Dako) and structural and morphologi-
cal markers for apoptosis (M30 CytoDEATH 1.1 ug/mL, Roche), pro-
liferation (Ki67 MIB-1, 184 ng/mL, Dako), vascularity (CD31 JC70A,
4.1 pg/mL, Dako), followed by DAB (Sigma-Aldrich) and counter-

stained with Harris Hematoxylin Solution (Sigma-Aldrich). Syncytial

using antibodies raised to im-

nuclear aggregates (SNAs) were stained for with hematoxylin and
eosin (Sigma-Aldrich).

Slides were imaged using a Pannoramic 250 slide scanner (3D
Histech) or 10 fields of view per section (CD31 and syncytial knot
analysis). Analysis for CD163, CD45, Ki67, and M30 was performed
using QuPath (0.1.2). CD163- and CD45-positive immune cells were

calculated as a percentage of positive cells per number of nuclei.
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Ki67 and M30 were also calculated as a percentage of positive cells
per number of nuclei.®

Vascular and SNA analyses were performed blinded to study
group by either MS or HB. Vascularity was determined by calculat-
ing the average number of vessels, number of villi, number of avas-
cular villi, and total percentage of avascular villi in 10 fields of view
per placental section and averaged for each placenta.18 Villi were
excluded if they were too large to be intermediate or terminal villi.
The definition used to identify SNAs was a group of 10 or more nu-
clei protruding from the villous surface, not in direct contact with

adjacent villi and normalized to the villous area.?°

2.2 | ELISA and multiplex assays

For the detection of both pro- and anti-inflammatory cy-
tokines and DAMPs, ELISAs (DUOSET, R&D Systems, uric acid
QuantiChrom, BioAssay Systems, and HMGB1, IBL International)
or multiplex assay (BioPlex, Pro Human Cytokine Human Group 1
Panel 17-Plex; Bio-Rad) was performed on placental lysates and
maternal serum samples. The complete set of ELISAs performed
is in Table S1.

Placental lysates were made from snap-frozen placental tissue.
Briefly, two 30mg pieces of villous tissue were homogenized (Stuart
SHM1 Homogeniser, 5-20 mm generator, Bibby Scientific, Stone, UK)
in Protease Inhibitor Cocktail (Set 1, Calbiochem, Merck Millipore).
Homogenates were centrifuged at 12 500 g at 4°C for 10 minutes
and the supernatants frozen at -80°C until use. The protein content
of each sample was determined using a Pierce™ BCA Protein Assay
(Thermo Scientific) according to the manufacturer's instructions.

For the Duoset ELISAs, 96-well plates were coated with the cap-
ture antibody and left overnight at room temperature. Plates were
washed three times in PBS containing 0.05% Tween-20 (wash buf-
fer). Plates were blocked in 1% BSA in PBS for two hours before
three washes in wash buffer. Standard curves were added to each
plate. Samples were diluted to fit on the standard curve and were
added in duplicate, before incubating on a rocker overnight. The
plates were thoroughly washed prior to applying detection antibody
for two hours, followed by detection with Streptavidin-HRP and
substrate solution. The plates were read on a microplate reader at
450 and 570 nm. HMGB1 and uric acid ELISAs were conducted fol-
lowing the manufacturer's instructions. Samples with undetectable
levels of cytokines or DAMPS were assigned a value of half the lower
limit of detection. ELISA results were corrected using calculated in-
ter-plate calibrators, and the intra-assay coefficient of variation was

<10% for all assays.

2.3 | Multiplex protocol

Multiplex assay (BioPlex, Pro Human Cytokine Human Group 1
Panel 17-Plex; Bio-Rad) was performed using a panel of 17 human

cytokines (see Table S1) on maternal serum samples according to the
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manufacturer's instructions. Samples were diluted to fit onto the
standard curve.

2.4 | Statistical analysis

Statistical analysis was conducted using GraphPad Prism (7.04).
Normality tests were performed, and Mann-Whitney or Kruskal-
Wallis, with Dunn's post hoc tests, was performed as appropriate
for normally and non-normally distributed data. For non-categorical
data, Fisher's exact test was used. Using data from previous stud-
ies which found increased numbers of CD163" macrophages in
FGR compared to controls,® we calculated that 13 samples would
be required to demonstrate a statistically significant difference for
80% power and a = .05. The significance level was set at P < .05. To
reduce the chance of a false-positive discovery by false-positive re-
sults (type 1 error) with measurements of multiple cytokines in pla-
cental lysates and maternal serum, a Bonferroni correction was used
to reduce the p-value threshold due to the number of comparisons
(P <.004 and P < .0083, respectively).

3 | RESULTS

The full demographics of the participant's samples used for placen-
tal immunohistochemistry and cytokine and DAMPs analysis are in
Table 1. There were no significant differences between maternal
age, maternal BMI, ethnicity, smoking status, mode of delivery or
whether labor was induced, between any of the growth-restricted
infants and their controls. By design, the infants with an IBC <3rd
percentile and those with a decreased growth rate had statistically
lower birthweights (P <.0001 and P = .005) and IBCs (P < .0001 and
P =.001) compared to their respective controls. Those with an IBC
<3rd percentile were born at a lower median gestation than controls
(267 vs 273 days, P = .02); however, this is within the range of a term
birth (259-294 days).

The full demographics of participant's samples used for mater-
nal circulating cytokine and DAMPs analysis are in Table 2. Infants
with an IBC <5th percentile were born at an earlier gestation than
controls (median 273 vs 283.5 days) (P = .02), although all were born
>37 weeks' gestation which is considered a term birth (259-294 days).
Additionally, the mothers of infants with an IBC <5th percentile were
slightly older than the control women (median 35 vs 28.5, P = .04).
By design, those with an IBC <5th percentile had significantly lower
birthweights and IBC compared to controls (both P < .0001). Infants
with a decreased growth rate had a significantly lower birthweight

and IBC compared to controls (P = .002 and P = .0003, respectively).

3.1 | Macrophage number

There was no difference in percentage of CD163" cells/total nu-

clei in placentas of infants with an IBC <3rd percentile compared
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to controls (Figure 1A). In contrast, those fetuses with a de-
creased growth rate had an increased percentage of CD163"
cells/nuclei compared to both control groups (P = .008 and
.0003) (Figure 1B).

Analysis of CD45" cells was performed to determine whether
the placentas had a widespread increase in leukocytes sugges-
tive of infection which was not evident at delivery. None of the
groups had a higher percentage of CD45" cells/nuclei compared
to the percentage of CD163" cells/nuclei (non-significant). The
increase in CD163" cells was deemed not to be of infective origin
(Figure 1).

3.2 | Placental structure

There were no differences in the vascularity of placentas in those
with a decreased growth rate compared to their controls (Figure 2).
There were also no differences in the percentage of Ki67-positive
cells/ nuclei (proliferation), percentage of M30-positive cells/nuclei
(apoptosis), or syncytial nuclear aggregates (Figure 3).

The only difference in the placenta of infants with an IBC <3rd
percentile was a decrease in the number of villi compared to con-
trols (P = .003) (Figure 2E). There were no significant differences
in the number of SNAs, percentage of Kié7-positive cells/nuclei, or
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FIGURE 1 The percentage of

CD163" macrophages and CD45" cells in
placentas of infants IBC <3rd percentile
and infants with a decreased growth

rate. Immunostaining for either CD163

in (A) IBC <3rd percentile, (B) decreased
growth rate placentas or CD45 in (C)
individualized birthweight centile (IBC)
<3rd percentile, and (D) decreased growth
rate placentas. Data are the percentage

of positive nuclei. Line represents the
median. *P < .05, **P < .01 Kruskal-
Wallis with Dunn's post hoc test or
Mann-Whitney. Representative images
of CD163" cells (E) IBC <3rd percentile,
(F) decreased growth rate, (G) negative
control, and (H) a labeled image. CTB,
cytotrophoblast; H, Hofbauer cells;

IVS, intervillous space; S, stroma; STB,
syncytiotrophoblast. Images taken at 20X
magnification in 3D Histech CaseViewer
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FIGURE 2 Vascularity in IBC <3rd
percentile and decreased growth rate
infants. Quantification of (A) the average
number of vessels, (C) percentage of
avascular villi, (E) average number of
terminal villi in individualized birthweight
centile (IBC) <3rd percentile, and (B)

the average number of vessels, (D)
percentage of avascular villi, or (F)
average number of villi in decreased
growth rate placentas. Line represents
the median. Significance P < .05. **P < .01
Kruskal-Wallis with Dunn's post hoc test
or Mann-Whitney. Representative IHC
images of (G) a decreased growth rate and
(H) healthy control. Images taken at 200X
magnification
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percentage of M30-positive cells/nuclei in those with IBC <3rd per-

centile compared to controls (Figure 3).

3.3 | Inflammatory profile

3.3.1 | Placental lysates

In infants with an IBC <3rd percentile, there were no significant dif-

ferences observed in any of the placental cytokines. However, there

was a trend toward an increase in levels of IL-6 (P = .006) although

this did not reach statistical significance with application of the

Bonferroni correction.

Those infants with a decreased growth rate had significantly

higher levels of IL-8 than infants who presented with RFM but

who had a normal growth rate (P = .0008) (Table 3). In contrast to
the results in infant's <3rd IBC, uric acid levels were significantly
increased in women who presented with RFM (P = .002) but were
most elevated in women with RFM and a decreased growth rate
compared to healthy infants (P = .0007). Values for all the pla-
cental lysate ELISAs and accompanying P values can be found in
Table S2.

3.3.2 | Maternal serum

Due to the availability of samples, maternal serum samples were
collected from infants with an IBC <5th percentile rather than <3rd
percentile. There were no significant differences in the levels of
any cytokines or DAMPs compared to healthy controls (Table 4). In
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infants with a decreased growth rate, there were significantly in-

4 |

creased levels of S100A8 compared to healthy controls (P < .0002)

(Table 4). There were significantly reduced levels of MIP-18 in women
who presented with RFM and in those who had RFM with decreased
growth rate (P = .0015 and P = .0024, respectively). IL-8 was only
reduced in women with reduced growth rate (P = .0029). Cytokine
results missing from Table 4 were below the level of detection in all
samples. Values for all the maternal serum ELISAs and accompanying

P values can be found in Tabl

e S3.

FIGURE 3 Cellturnoverin IBC <3rd
percentile and decreased growth rate
infants. Analysis of (A) the percentage

of Kié7-positive cells, (C) percentage of
M30-positive cells, or (E) the number of
syncytial nuclear aggregates (SNAs) in
individualized birthweight centile (IBC)
<3rd percentile placentas, and (B) the
percentage of Ki67-positive cells, (D)
percentage of M30-positive cells, or (F)
SNAs in decreased growth rate placentas.
Representative images of (G) Kié7 IBC
<3rd percentile, (H) Ki67 decreased
growth rate, () M30 IBC <3rd percentile,
(J) M30 decreased growth, (K) H&E
healthy control, and (L) H&E decreased
growth rate. Mann-Whitney or Kruskal-
Wallis as appropriate. Significance P < .05.
Line is the median. Images of SNAs taken
at 200X magnification, Images of Ki67 and
M30 staining taken at 4 magnification in
3D Histech CaseViewer

DISCUSSION

These data demonstrate that placental macrophages are increased
in infants with a decreased growth rate (loss of 225 centiles) in the
third trimester, but not in infants who were classified as SGA based
on having an IBC <3rd percentile. Similarly, there were no differ-
ences in maternal or placental cytokine expression in the SGA in-
fants, whereas changes were observed in the decreased growth

rate group consistent with a pro-inflammatory bias. As these
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changes are associated with elevated uric acid, this is thought
to represent non-infectious inflammation, due to the absence of
clinical signs of maternal, fetal, and placental infection. This ob-
servation provides further evidence of a role for inflammation in
late-onset FGR.

4.1 | Strengths and limitations

As third trimester scanning is not routinely performed in the UK,
this study used an available cohort of infants who had a third tri-
mester ultrasound scan performed for reduced fetal movements to
derive a group of infants with decreased growth rate and a separate
group who had SGA births.222% This study was strengthened by the
availability of sufficient meta-data to ensure that cases and controls

had similar profiles of potential confounding factors (eg smoking?*2°

and obesity (as reviewed by Pantham et al?%). We were also able to
exclude women who had clinical conditions which may be associ-
ated with altered inflammatory phenotype, including preeclampsia
(as reviewed by Harmon et al?’) and gestational diabetes mellitus
(as reviewed by Abell et al?®). The study design also recognized that
women with RFM may have altered placental phenotype; this was
controlled for by the use of a control group which presented with
RFM but in which the fetuses were normally grown. Importantly,
these two control groups showed few differences between them,
suggesting that RFM alone is unlikely to account for our observa-
tions. However, in the future, the use of a large scale, unselected co-
hort of women who had a third trimester EFW routinely performed
should be considered to validate our findings.

Although we measured a large number of cytokines in both the
maternal and placental compartments due to limited sample avail-
ability, it was not possible to correlate cytokine levels in the same
participants. There is a notable lack of investigations of matched ma-
ternal and placental compartments in the literature, except for anal-
ysis in infective pathologies,?’ and there is limited information as to
whether cytokines can cross the placenta.3°'31 A prospective study
is required to collect matched samples to provide this important
information. As the infants with a decreased growth rate were not
considered growth restricted at birth, the placentas would not have
undergone routine placental pathology examinations, and therefore,
pathology reports cannot be obtained. Future studies investigating
decreased growth rate in the third trimester should consider obtain-
ing a pathology report to assess classical lesions such as distal villous
hypoplasia, fetal thrombotic vasculopathy, advanced villous matu-
rity, decidual vasculopathy infarction or acute fetal inflammation.

All infants included in this study were born at a gestation which
would be considered a term delivery (37-42 weeks gestation).
However, within these criteria, the gestational age at delivery was
lower for the FGR <3rd and <5th IBC compared to their control
groups (Tables 1 and 2). Additionally, due to the difficulty in obtain-
ing maternal blood samples, those collected from infants with an IBC
<5th percentile were collected earlier in gestation than the controls.

The RFM infants with a normal growth rate had maternal samples
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collected later in gestation than the healthy controls. There is a pau-
city of research investigating the changes in cytokine levels over
the final weeks of the third gestation, with studies usually reporting
changes between trimesters.

In this study, the common leukocyte marker CD45 was used to
indicate whether there was an increase in the number of immune
cells in the placenta which could be suggestive of infection. No in-
creases in CD45 over that of CD163 were observed in our samples,
suggesting that infection was not the cause of the increased macro-
phage number. However, as a decrease in growth rate is a compara-
tively new way of defining fetal growth restriction, further placental
investigations could be performed to assess the presence of inflam-
mation. Chorioamnionitis, the presence of inflammation in the chori-
onic plate, can be identified clinically in the mother, or histologically
in the placenta, through the presence of polymorphonuclear leuko-
cytes, for example neutrophils.>? The incidence of chorioamnioni-
tis is between 3% and 10% in term deliveries, and it is elevated in
preterm birth where the incidence is approximately 30%, but one
study suggests the level of chorioamnionitis is unchanged in SGA
births.33%> Neutrophil elastase is one marker that could be used in
future studies to examine the presence of neutrophils in the chori-

onic plate of placentas of decreased growth rate infants.

4.2 | Context

Our observation of a pro-inflammatory shift in both maternal serum
and placenta in pregnancies with FGR is consistent with previous
observations.®¢*® By adding information about fetal growth rate,
we were able to separate infants who were small for gestational
age from those who had a significant reduction in growth velocity,
that is who had true FGR. The fact that the increased macrophages
and pro-inflammatory state was only evidence in decreased growth
rate is an important observation, and suggestive of a putative in-
volvement in the pathogenesis of FGR. The elevated numbers of
macrophages, cytokines, and DAMPs in the absence of clinically de-
tectable infection are consistent with non-infective inflammation.*®
However, it may also be indicative of senescence which may precede
inflammation.

As well as being produced by macrophages, IL-8 is produced by
senescent cells.®” Senescence has been proposed as a mechanism
of placental dysfunction associated with late-onset pregnancy com-
plications such as preeclampsia (reviewed by Manna et al®®) and
stillbirth.>? As well as producing pro-inflammatory cytokines as part
of the senescence-associated secretory pathway (SASP), inflamma-
tion will induce senescence in previously healthy cells.*® Activation
of SASP recruits immune cells, including macrophages, resulting in
their clearance. The use of specific markers, such as SA-p-Gal, or the
senescence inducers p21 or p53,*! some of which have previously
been reported as elevated in FGR placentas*? would add weight to
this hypothesis.

Sterile inflammation occurs as a result of the release of

DAMPs,¢ four of which were assessed here (uric acid, HMGB1,
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HSP70, and S100A8). Our data suggest alterations in the profile
of DAMPs in both maternal and placental compartments. Uric
acid was increased in the placental lysates of pregnancies with
a decreased growth rate. In addition to its role in inflammation,
uric acid is a potent antioxidant and is upregulated in response
to oxidative stress,*® which is implicated in the pathogenesis of
FGR.** Moreover, uric acid can contribute directly to declining
fetal growth rate through decreasing system A amino acid trans-
porter activity®® and promoting apoptosis.’’ An increase in the
DAMPs HSP70 and S100A8 was observed in the maternal serum
in pregnancies with a decreased growth rate, both of which are
associated with necrosis and cellular injury.3® There is emerg-
ing evidence in animal models that administration of increasing
amounts of HSP70 leads to an increase in neonatal mortality of up
to 30%.%¢ This may in part be attributed to the binding of HSP70
to TLR 4, which is expressed by syncytiotrophoblast and placental
macrophages.”’>° The increase of HSP70 observed in the mater-
nal serum may have contributed to the decrease in fetal growth
rate through this mechanism. Furthermore, a significant reduction
in fetal weight has been observed following the administration of
uric acid, accompanied by an increase in placental macrophages.’
Although an increase in uric acid was not observed in the maternal
serum, it was significantly higher in the placentas of infants with
a decreased growth rate along with an increase in macrophage
number. Increases in circulating DAMPs have been identified in
pregnancy pathologies including preeclampsia and gestational di-
abetes mellitus.’>>2 The absence of any increase in DAMPs in the
placentas and maternal serum of infants <3rd percentile suggests
that a proportion of the infants are not growth restricted.

The lack of differences in the amount of apoptosis or prolifera-
tion in the placentas of both infants with a decreased growth rate
and those with an IBC <3rd percentile differs from prior observa-
tions.*? However, all samples analyzed here were from infants born
>37 weeks' gestation whereas previous studies have included in-
fants who were born at earlier gestations!® which may reflect dif-
ferences between early- and late-onset FGR. Nevertheless, the lack
of difference in cell turnover suggests that the increased numbers of
macrophages in placentas of infants with decreased growth rare are
not elevated in response to increased apoptosis. However, this does
not exclude a response to alternative patterns of cell death such as
the caspase-independent necroptosis, which have been observed
in placental pathologies.>® The presence of alternative forms of cell
death could provide evidence for cell type and location of the ob-
served DAMP release and merit further exploration.

Levels of IL-8 in maternal circulation increase across gestation.’*
The observed decrease in IL-8 and MIP-1p in the maternal circula-
tion of infants with a decreased growth rate could be the result of
a failure to switch to a pro-inflammatory state toward the end of
pregnancy.55 Additional work should examine whether macrophages
or syncytiotrophoblasts are the source of elevated IL-8 and IL-6 de-
tected in placental lysates. Although the numbers of macrophages
were quantified, the phenotypes of these cells were not examined.

Macrophages can be broadly split into two categories of phenotype:

the pro-inflammatory M1-like macrophages and M2-like which are
anti-inflammatory.>® In reality, it is likely that there is continuity be-
tween the two phenotypes, dependent on the expression level of
markers. Future work should investigate whether phenotypic changes
are present in the placentas of infants with a decreased growth rate.
Interestingly, the increase in CD163" cells was higher than the CD45"
cells in both infants with an IBC <3rd percentile and infants with a
decreased growth rate (although only the latter group reached sta-
tistical significance). Although CD45 is a common leukocyte antigen,
variable expression on macrophages has been noted, including on
macrophages found in the brain (microglial cells),>” where differences

in expression level are associated with functional differences.

4.3 | Clinical implications

This study found no differences in the cytokine profile and placental
dysfunction measurements in SGA infants. This suggests this group
represents infants that are constitutionally small, rather than growth
restricted. FGR is difficult to diagnose in late pregnancy, and this
could underlie the discrepancies in the numbers of placental mac-
rophages compared to those reported in other studies.® The recent
Delphi consensus! included the definition of a change in =50 per-
centiles to define a reduction in growth rate. Given that we observed
immunological and inflammatory changes using a more modest defi-
nition of 225 percentiles across the third trimester, we argue that
even a smaller decrease in fetal growth rate may be pathological and
occur in the presence of a pro-inflammatory state.

Villitis of unknown etiology (VUE) is diagnosed by the presence
of large numbers of maternal lymphocytes, predominately CD8*
and CD4" T cells, and macrophages in the placental villi, and has
been identified as being present in up to 15% of placentas that are
deemed appropriately grown at term.’®> Importantly, “appropri-
ately grown” in these studies usually refers to infants with a birth-
weight >10th percentile (and <95th percentile). If the growth rate
is unknown, some of these infants may have had an undiagnosed
decrease in growth rate as defined by our or the Delphi criteria.t?
Thus, the assumption that it is normal to find the presence of inflam-
matory lesions such as VUE in a term, appropriately grown infant
may be inaccurate. ldeally, longitudinal studies investigating the role
of placental dysfunction on fetal growth should include information

about the fetal growth rate.

5 | CONCLUSIONS

Our data show an increase in the number of placental macrophages
in infants who have a decreased growth rate in the third trimester of
pregnancy providing evidence for the role of placental inflammation
in late-onset FGR. Although there is a shift toward a pro-inflamma-
tory environment in both the maternal serum and placental com-
partment of these infants, it is unclear whether the increase seenis a

cause, or the result, of the inflammation. Future studies are required
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to determine whether there is also a shift in the phenotype and func-
tion of these macrophages. Additionally, the impact of the increased
macrophages on placental function requires further investigation
to determine whether modulation of this inflammatory response
could enhance placental function, preventing the consequences of

decreased fetal growth.
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