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Abstract

Neonates, particularly those born preterm, have a high incidence of thrombocytope-
nia and bleeding, most commonly in the brain. Because of this, it has historically been
accepted that neonates should be transfused at higher platelet counts than older chil-
dren or adults, to decrease their bleeding risk. However, a number of observational
studies and a recent large, randomized trial found a higher incidence of bleeding and
mortality in neonates who received more platelet transfusions. The mechanisms un-
derlying the deleterious effects of platelet transfusions in neonates are unknown,
but it has been hypothesized that transfusing adult platelets into the very different
physiological environment of a neonate may result in a “developmental mismatch”
with potential negative consequences. Specifically, neonatal platelets are hypore-
active in response to multiple agonists and upon activation express less surface P-
selectin than adult platelets. However, this hyporeactivity is well balanced by factors
in neonatal blood that promote clotting, such as the elevated hematocrit, elevated
von Willebrand factor (VWF) levels, and a predominance of ultra-long VWF polymers,
with the net result of normal neonatal primary hemostasis. So far, most studies on
the developmental differences between neonatal and adult platelets have focused
on their hemostatic functions. However, it is now clear that platelets have important
nonhemostatic functions, particularly in angiogenesis, immune responses, and inflam-
mation. Whether equally important developmental differences exist with regard to
those nonhemostatic platelet functions and how platelet transfusions perturb those
processes in neonates remain unanswered questions.
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e Low platelet counts are common in premature neonates, who frequently receive platelet transfusions.

o Studies have found an association between platelet transfusions and higher mortality in newborns.

o Transfused platelets from adults are different from neonatal platelets in multiple ways.

o Platelet transfusions might have negative effects on neonatal hemostasis and inflammation.
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1 | THROMBOCYTOPENIA AND PLATELET
TRANSFUSIONS IN NEONATES

The incidence of thrombocytopenia is high among neonates admit-
ted to the neonatal intensive care unit (NICU), ranging from 18%
to 35% depending on the study.>? The incidence is also inversely
proportional to the gestational age of the infant, reaching =70%
among the most premature neonates with a birth weight <1000 g.°
Premature infants born with a weight <1500 g also have the high-
est incidence of intracranial bleeding of any patient population, with
=20% of these infants developing an intracranial hemorrhage (usu-
ally intraventricular) during their hospital stay. When severe, intra-
ventricular hemorrhages (IVHs) can cause ventricular dilatation or
extend into the brain parenchyma, with the potential for significant
long-term neurodevelopmental consequences.4 Due to the com-
bined high incidence of thrombocytopenia and intracranial hemor-
rhage seen in this population, it has historically been accepted that
preterm neonates should be transfused at higher platelet counts
than older children or adults, in an attempt to prevent intracranial
bleeding.

Prior surveys and observational studies have suggested that
North American neonatologists administer platelet transfusions at
higher platelet counts than their European counterparts.’ A recent
study of neonatal transfusion practices in seven US hospitals from
2013 to 2016 evaluated the platelet count before >1000 platelet
transfusions administered to infants of different gestational ages. In
this study, the median pretransfusion platelet count for the entire
cohort was 71 x 10%/L, and it was >45 x 10%/L for all gestational
and postnatal age groups examined.® In a multicenter, prospective
observational study carried out in England in 2005 to 2006, in con-
trast, the median platelet count before transfusion was 27 x 10%/L7

Until 2019, the evidence guiding platelet transfusion practices
in this population was sparse, which likely contributed to the world-
wide diversity in approaches. The first neonatal platelet transfusion
threshold randomized trial was published in 1993 and included 152
preterm neonates who were followed during the first week of life,
the period when nearly all IVHs occur. Neonates in the study were
randomly assigned to receive a platelet transfusion either when the
platelet count fell below 150 x 10%/L (to maintain a normal platelet
count) or when it fell below 50 x 10%/L. Interestingly, the study found
no difference in the incidence or severity of IVH between the two
groups, suggesting that transfusing preterm neonates with platelet
counts between 50 and 150 x 10%/L did not reduce the bleeding
risk. However, this single study provided no information regarding
the safety of tolerating platelet counts <50 x 10%/L, or guidance for
transfusion thresholds in preterm infants with late-onset thrombo-
cytopenia (after day of life 7).

In 2019, the results of the Platelets for Neonatal Transfusion-
Study 2 (PlaNeT-2), the largest randomized trial of platelet trans-
fusion thresholds in neonates to date, were published. This study
enrolled 660 neonates <34 weeks' gestational age, and randomized
them to receive platelet transfusions for platelet counts <50 x 10%/L
(liberal group) or <25 x 10%/L (restrictive group). Overall, 90% of

neonates randomly assigned to the liberal group received one or
more platelet transfusions, compared to 53% of those randomly as-
signed to the restrictive group. Surprisingly, the liberal transfusion
group exhibited a significantly higher incidence of the primary out-
come of death or major bleeding in the 28 days following randomiza-
tion, with both components of this composite outcome favoring the
restrictive transfusion group.9 Among secondary outcomes, infants
randomly assigned to the liberal transfusion group also had a higher
incidence of bronchopulmonary dysplasia (BPD), a disease of the
lungs that affects preterm infants and is associated with inflamma-
tion and an arrest of pulmonary vascular and alveolar development.

A subsequent secondary analysis of the PlaNeT-2 data used so-
phisticated mathematical modeling to examine whether the bene-
ficial effects of restrictive transfusion thresholds varied depending
on the neonate’s baseline risk of bleeding or mortality.10 This anal-
ysis demonstrated that neonates with the highest baseline risk of
bleeding/mortality (based on accepted clinical factors such as ges-
tational age, underlying diagnosis, etc) benefitted just as much as
low-risk neonates from the restrictive transfusion thresholds. While
these findings seemed surprising at first, they were in fact consis-
tent with several observational studies that had found a poor cor-
relation between platelet count and bleeding risk (suggesting that
factors other than platelet count are better predictors of bleeding

risk in neonates),”11-14

no effect of platelet transfusions in reducing
the incidence or severity of IVH,®121 and an association between
number of platelet transfusions and increased neonatal morbidity

and mortality.“”22

2 | MECHANISMS UNDERLYING THE
INCREASED BLEEDING RISK ASSOCIATED
WITH PLATELET TRANSFUSIONS

The mechanisms through which platelet transfusions paradoxically
increase bleeding risk are unknown. However, it is known that bleed-
ing, particularly IVH, in preterm neonates is multifactorial, with vas-
cular and hemodynamic factors likely playing a more important role
in the pathogenesis than hemostatic factors.?> Most intracranial
hemorrhages in preterm neonates occur in the first few days of life
and originate in the germinal matrix, a highly vascularized collection
of neuronal and glial cells that lines the lateral ventricles in the de-
veloping brain. The vasculature of the germinal matrix is intrinsically
fragile due to a developmental paucity of pericytes, an immature
basal lamina, and a deficiency of glial fibrillary acidic protein.?* When
this fragile vasculature encounters disturbances in cerebral blood
flow due to the impaired cerebral autoregulation of premature in-
fants, blood vessels can rupture and bleed into the ventricles. Based
on these facts, it is possible that the rapid volume expansion caused
by a platelet transfusion could be a contributing factor to these hem-
orrhages. Platelet transfusions are usually administered to neonates
at a dose of 10 to 15 mL/kg (15 mL/kg in the PlaNeT-2 trial) given
over =30-60 minutes. This is a significantly higher volume than that
transfused to older children or adults, who usually receive =5 mL/kg
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TABLE 1 Key differencesin neonatal
platelet function, primary hemostasis, and
compensatory factors in neonatal blood,
compared to adults

Platelet function

| response to thrombin/TRAP

| response to ADP

| response to thromboxane

1| response to collagen

(in neonates vs adults)

1| response to epinephrine
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Primary hemostasis
(in neonates vs adults)

Compensatory factors
(in neonates vs adults)

Shorter bleeding times 1 concentration of

VWEF

Shorter closure times
(PFA-100)°

1 proportion of
VWE ultra-large
multimers

1 hematocrit

1 mean corpuscular
volume

1| response to rhodocytin®

| degranulation

1 sensitivity to inhibition by PGE;

Abbreviations: PFA-100: Platelet Function Analyzer-100; PGE,, prostaglandin E;; TRAP, thrombin
receptor activating peptide; VWF, von Willebrand factor.

2 CLEC-2 ligand.

P Closure times in response to collagen/epinephrine and collagen/ADP.

of platelets over =30 minutes. Thus, it is conceivable that neonatal
platelet transfusions administered at this dose and over a short pe-
riod could result in a rapid expansion in neonatal blood volume that
could at least contribute to the pathogenesis of IVH. Alternatively,
it has been hypothesized that the transfusion of adult platelets into
the very different physiological environment of a preterm neonate
might result in a “developmental mismatch” between the transfused

platelets and the recipient, with potential negative consequences.

3 | HEMOSTATIC DEVELOPMENTAL
DIFFERENCES BETWEEN NEONATAL AND
ADULT PLATELETS

Morphologically, neonatal and adult platelets are indistinguishable
from each other. Functionally, however, neonatal platelets are differ-
ent from adult platelets in ways that meet the unique developmental
needs of the fetus and neonate. One of the most striking charac-
teristics of fetal/neonatal life is the rapid growth that occurs dur-
ing this period of development, which includes a rapid expansion of
the blood volume. At the same time that the blood volume expands,
the platelet count also rises, which results in a 10-fold expansion
of the platelet mass during the first 2 weeks of postnatal life in the

mouse25

and an increase in platelet mass during the third trimes-
ter of gestation in humans.?® Using mathematical modeling, it was
demonstrated that this platelet mass expansion is facilitated by the
longer life span of neonatal platelets, compared to adult platelets,
which reduces the need to increase platelet production to meet the
high platelet demands of the growing fetus/neonate.?*

In regards to their hemostatic functions, platelets isolated from
human preterm and full-term neonates are significantly hypore-
active compared to platelets from adults. This is demonstrated by
lower levels of fibrinogen binding and surface P-selectin expression
in response to various agonists (including epinephrine, thrombin,

thromboxane, ADP, collagen, and rhodocytin) in neonatal com-
pared to adult platelets. The neonatal platelet hyporeactivity is the
result of various developmental deficiencies in key platelet sur-
face receptors and/or platelet signaling pathways.?” Specifically,
the decreased responsiveness of neonatal platelets to epinephrine
and thrombin has been attributed to the decreased expression of

2829 and the thrombin re-

a-adrenergic receptors (for epinephrine)
ceptors protease-activated receptors 1 (PAR1) and 4 (PAR4).3°’31 In
contrast, no developmental differences have been found in the ex-
pression levels of thromboxane receptors or of the ADP receptors
P2Y1/P2Y12.%? Instead, the decreased responsiveness of neonatal
platelets to ADP and thromboxane is due to impaired intracellular
signaling caused by the decreased guanosine triphosphatase activity
of the a-subunit of Gq‘33"34 With regard to collagen, one of the main
collagen receptors on the platelet surface is glycoprotein VI (GPVI),
which shares a common signal transduction pathway with the other
hemi-immunoreceptor tyrosine-based activation motif receptor in
platelets, C-type lectin-like receptor 2 (CLEC-2). Two recent stud-
ies have shown a significant hyporesponsiveness of preterm and
full-term neonatal platelets to GPVI and CLEC-2 ligands (collagen-
related peptide and rhodocytin, respectively), caused by a significant
reduction in the protein levels of GPVI and CLEC-2 coupled with an
intracellular signaling defect.®3° In addition to these differences in
specific receptors and signaling pathways, neonatal platelets also
exhibit impaired calcium mobilization following agonist stimulation,
reduced degranulation, and hypersensitivity to inhibition by prosta-
glandin, all of which might contribute to their relative hyporeactivity
compared to adult platelets.?’

Importantly, despite the hyporeactivity of neonatal plate-
lets, studies performed in the late 1980s found shorter bleeding
times in healthy full term neonates compared to healthy adults.
Furthermore, several subsequent studies using a platelet function
analyzer (PFA-100), an objective and automated in vitro test of
whole blood primary hemostasis, also found shorter closure times
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(CTs) in response to collagen/epinephrine (CT-Epi) and collagen/ADP
(CT-ADP) in cord blood samples from full-term neonates compared
to blood samples form adults.®”%® Taken together, these studies
demonstrated that full-term neonates have more robust primary
hemostasis than healthy adults, despite the pronounced hyporeac-
tivity of neonatal platelets. The explanation for this finding is that
the platelet hyporeactivity is counterbalanced by several factors in
neonatal blood that stimulate clotting, including a high hematocrit,
high mean corpuscular volume, high levels of von Willebrand factor
(VWF), and the predominance of ultra-large VWF multimers.37"42
The slightly shorter bleeding and closure times seen in neonates are
the net result of this balance. Given these data, it is clear that the hy-
poreactivity of neonatal platelets is not a developmental deficiency,
but rather an integral part of a different but well-balanced neonatal

primary hemostatic system (Table 1).

4 | NONHEMOSTATIC DEVELOPMENTAL
DIFFERENCES BETWEEN NEONATAL AND
ADULT PLATELETS

Over the past decade, there has been an exponential increase in
the number of studies highlighting the many, previously unrecog-
nized, functions of platelets outside of hemostasis. Platelets are
now known to regulate biological processes that are critically im-
portant in fetal/neonatal life, including angiogenesis and vascular
development, blood/lymphatic separation, immune responses, and
inflammation.*3-4°

Platelets have particularly extensive interactions with the im-
mune system, and some would argue that they should be considered
immune cells. Upon activation, platelets translocate P-selectin from
the alpha granules to their surface, where it is available to bind to its
receptor, P-selectin glycoprotein ligand-1 (PSGL-1), found on multi-
ple cell types including neutrophils and monocytes. The P-selectin-
mediated interaction between platelets and neutrophils and platelets
and monocytes can trigger immune cell activation and the release of
cytokines/chemokines, facilitate cellular migration into tissues, and
stimulate the formation and release of neutrophil extracellular traps
(NETs) (Figure 1).46748 A previously mentioned, activated neonatal
platelets exhibit significantly less surface P-selectin compared to ac-
tivated adult platelets,* although the mechanisms underlying this
finding differ between species. In humans, the platelet content of
P-selectin is similar in neonates and adults, but neonatal platelets
exhibit less surface P-selectin upon agonist stimulation due to their
overall hyporeactivity, coupled with a degranulation defect.”® In
mice, in contrast, platelet P-selectin expression levels are develop-
mentally regulated, and neonatal platelets contain significantly less
P-selectin than adult platelets.>! P-selectin surface expression levels
are also lower in activated platelets from (human) preterm compared
to term neonates.” Consistently, preterm neonates exhibit less
platelet-neutrophil aggregate formation than term neonates follow-
ing platelet activation with thrombin receptor activating peptide or
ADP,*? a finding that might contribute to the preterm newborn’s

susceptibility to infections. Neonates also have a markedly reduced
ability to form NETs compared to adults, although this is due to a
NET-inhibitory factor produced by the placenta and present in neo-
natal blood for 3 to 14 days after birth.

In addition to interacting with immune cells, platelets express dif-
ferent toll-like receptors and other pathogen sensors,>® which enable
the recognition of pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs). In response to
activation from these and other signals, platelets release their own
cytokines and chemokines, which have complex regulatory func-
tions on both innate and acquired immunity. How neonatal and adult
platelets differ in regard to their immune (and other nonhemostatic)
functions is unknown, but recent studies have compared the tran-
scriptome and proteome of human neonatal (cord blood) and adult
platelets. In regard to the transcriptome, there is an overall high cor-
relation between neonatal and adult platelets.29 Importantly, a ma-
jority of the mRNAs found in platelets at both developmental stages
encoded proteins involved in the immune response, highlighting the
importance of the platelets as immune cells. Among the 201 genes
that were differentially expressed in neonatal versus adult platelets,
transcripts related to protein synthesis, trafficking, and degradation
were upregulated in neonatal platelets, while transcripts related to
calcium transport or metabolism, actin cytoskeleton reorganiza-
tion, and cell signaling were downregulated.?” A comparison of the
proteome of neonatal and adult platelets found 170 proteins to be
differentially expressed.>* Upregulated proteins included those in-
volved in mitochondrial energy metabolism, long-chain fatty acid
metabolism, and iron binding, while proteins related to the inflam-
matory response, fibrinolysis, platelet activation, blood coagulation,
and complement activation were downregulated in neonatal com-
pared to adult platelets.

5 | IMPLICATIONS OF THE
DEVELOPMENTAL DIFFERENCES IN
PLATELET FUNCTION TO NEONATAL
TRANSFUSIONS

In the context of neonatal platelet transfusions, an important ques-
tion is how the transfusion of comparatively hyperreactive adult
platelets would affect the neonatal hemostatic and immunologic
balance. To investigate the effects of platelet transfusion on neo-
natal hemostasis, Ferrer-Marin et al®® performed a series of in vitro
studies mixing adult platelets with neonatal (cord) blood in which the
platelet count had been reduced to =50 x 10%/L, with the purpose of
simulating miniaturized platelet transfusions into thrombocytopenic
neonates. These experiments showed that the addition of adult
platelets, but not endogenous neonatal platelets, to neonatal blood
resulted in a significant shortening of the PFA-100 closure time in
response to collagen and epinephrine (CT-Epi, a measure of primary
hemostasis) to levels that have been associated with an increased
cardiovascular risk. Although these effects have not been con-
firmed in vivo, this study provided the first experimental evidence
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FIGURE 1 Schematic representation of key developmental differences between neonatal and adult platelets, and potential effects on
immune cells. Upon activation, human neonatal platelets express less P-selectin and release their alpha granule content (including cytokines
and chemokines) less effectively than adult platelets. Decreased P-selectin surface expression results in a reduced ability to interact with
and activate immune cells, including neutrophils and monocytes. A neutrophil is shown as an example. The reduced NET formation in
neonates is due to the presence of a placenta-derived NET inhibitor. Abbreviations: NET, neutrophil extracellular trap; PSGL-1, P-selectin

glycoprotein ligand-1

in support of a potential “developmental mismatch” caused by the
transfusion of adult platelets into neonatal blood and suggested that
platelet transfusions could result in a prothrombotic neonatal phe-
notype. It is therefore conceivable that platelet transfusions could
cause or exacerbate microvascular thrombosis in key organs such as
the brain, lung, or intestine, which could contribute to the pathogen-
esis of serious neonatal morbidities like IVH, BPD, and necrotizing
enterocolitis, respectively.

Recognition of the numerous nonhemostatic roles of platelets
has also opened the door to other potential mechanisms through
which the transfusion of adult platelets could positively or nega-
tively affect neonates. A recent publication from the laboratory of
Dr Lijun Xia raised the possibility of a novel mechanism through
which platelets could contribute to brain bleeds at vulnerable
periods of development. In this study, Hoover et al®® found that
the hemorrhages seen in the developing brain of mice lacking the
platelet receptor CLEC-2 or its ligand, podoplanin, were not due to
a deficiency in platelet activation, as would have been expected,

but rather were associated with the presence of hyperactivated
embryonic megakaryocytes and platelets in the developing brain.
Through a series of elegant experiments, the investigators demon-
strated that podoplanin binding to CLEC-2 normally restrains the
collagen-induced activation of embryonic megakaryocytes and
platelets. In the absence of podoplanin or CLEC-2, the unre-
strained collagen | activation led to excessive angiopoietin secre-
tion and endothelial activation, resulting in the formation of brain
aneurysms that eventually ruptured and bled during midgestation.
Interestingly, the bleeding phenotype was completely prevented
by administration of aspirin and clopidogrel to the pregnant dam.>®
While the balance of podoplanin and collagen | in the develop-
ing human brain is unknown, human adult platelets are known to
be hyperreactive compared to neonatal platelets in response to
stimulation with collagen-related peptide or rhodocytin, which
bind to the platelet collagen receptor and CLEC-2, respet:tively,31
Thus, this study raised the intriguing possibility that hyperreac-
tive platelets (ie, from adult donors) could contribute to neonatal
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bleeding by providing excessive angiogenic signals during a vul-
nerable period of brain vascular development.

From animmunologic perspective, the available data suggest that
adult platelets, which express more P-selectin upon activation and
more effectively release their granule content, could be more proin-
flammatory than neonatal platelets (Figure 1). In support of a po-
tential proinflammatory effect of platelet transfusions in neonates,
we recently observed that transfusing healthy C57BL/6J (wild type
[WT]) mice on postnatal day 10 (P10) with washed adult platelets
resulted in significant increases in interleukin (IL)-6 and granulocyte
colony-stimulating factor levels, among other cytokines, that were
most pronounced 2 and 4 hours after transfusion, respectively.”’
Since platelet transfusions are frequently given to neonates with
underlying inflammatory conditions, such as sepsis, we also exam-
ined the effects of transfusing adult WT platelets into WT P10 pups
following a dose of lipopolysaccharide (LPS). In these experiments,
18 hours after LPS injection, the mice that had received a platelet
transfusion had significantly higher IL-6 levels than LPS-injected,
nontransfused littermates, which had nearly completely normalized
their IL-6. Interestingly, transfused mice also had higher levels of the
anti-inflammatory cytokine IL-10, but when the correlation between
the two was examined, at any level of IL-10, IL-6 levels were 2.3-fold
higher in transfused compared to nontransfused littermates, sug-
gesting that platelet transfusions prolonged and amplified the LPS-
induced inflammation in newborn mice.’” Recent work presented
at the 2021 American Society of Hematology meeting by Maurya
et al’® also investigated the effect of adult versus neonatal plate-
lets on monocyte inflammation and trafficking patterns. Using an in
vitro coculture model of murine adult bone marrow monocytes and
either neonatal or adult platelets, they found that monocyte inflam-
matory mRNAs (nitric oxide synthase 2, chemokine [C-X-C motif]
ligand 1, chemokine [C-C motif] ligand 2 [CCL2]) were increased in
response to platelets regardless of developmental origin, but only
coculture with adult platelets increased monocyte trafficking mRNA
(C-C chemokine receptor type 2 [CCR2]). This resulted in greater
monocyte migration toward CCL2 (the CCR2 ligand) in a transwell
chamber after treatment with adult, but not neonatal, platelets.
Importantly, this was decreased upon blockage of P-selectin. Taken
together, these findings support the hypothesis that the transfusion
of adult platelets into a neonate may alter the neonatal systemic im-
mune response and immune cell migration, at least in part as a result
of the developmental differences in P-selectin expression.

In conclusion, it has become increasingly clear that neonatal
platelets are different from adult platelets in ways that are designed
to meet the unique needs of fetuses/neonates. Among other char-
acteristics, they are hyporeactive in response to most agonists and
express less P-selectin upon activation than adult platelets. Because
of these differences, transfusion of adult platelets into a sick neo-
nate might cause a “developmental mismatch” with potential dele-
terious consequences for the recipient. The mechanisms through
which platelet transfusions increase neonatal morbidity and mortal-
ity are not yet understood, but they might include rapid volume ex-
pansion leading to hemodynamic instability, providing inappropriate

angiogenic stimulation during vulnerable periods of brain develop-
ment, inducing a prothrombotic phenotype, and inducing or ampli-

fying the neonatal inflammatory response.

6 | ISTH 2021 PHILADELPHIA CONGRESS
REPORT

Abstracts presented at the 2021 ISTH meeting provided new
mechanistic and clinical insights in the field of neonatal bleeding
and thrombosis. Murphy et al®’ reported interim results of a pro-
spective observational study assessing thrombin generation (using
a calibrated automated thrombography [CAT] assay) in platelet-rich
(PRP) and platelet-poor (PPP) plasma from umbilical cord blood ob-
tained from preterm (24-31 weeks) and full-term infants. Despite
well-known developmental differences in coagulation factor levels
between preterm and term neonates, these investigators found no
differences in any CAT parameter between PRPs obtained from pre-
term and full-term neonates. Most surprisingly, in a subset of infants,
no differences in thrombin generation were observed between PRP
and PPP. This suggests that the phospholipid content of neonatal
PPP, potentially from circulating extracellular vesicles, is sufficient
to support thrombin generation in the absence of exogenous phos-
pholipid (from platelets).>” From a clinical perspective, these findings
are consistent with the lack of correlation between platelet counts
and bleeding reported in neonatal studies,””*%%! and with the lack of
effectiveness of platelet transfusions to prevent bleeding.(’”"’o

IVH is a severe bleeding complication in extremely preterm
neonates, and can be associated with serious neurodevelopmen-

142 examined the

tal consequences. At the ISTH meeting, Fejes et a
proinflammatory effects of heme on human choroid plexus epithelial
cells (HCPEpiCs) in vitro. Interestingly, they found that HCPEpiCs
exposed to IVH cerebrospinal fluid or to heme had significantly up-
regulated IL-8, IL-1p and intercellular adhesion molecule 1 (ICAM-1)
mMRNA expression levels compared to controls. IL-8 and ICAM-1 pro-
tein levels were also increased by heme. These findings indicate that
bleeding products generated in the setting of IVH, such as heme,
have proinflammatory effects on choroid plexus epithelial cells,
which could contribute to the clinical manifestations and complica-
tions of IVH.

Other abstracts presented at the meeting examined the clin-
ical management of thrombosis in neonates. Van Ommen et al®®
reported results from a multicenter prospective observational
cohort study of preterm and term neonates with catheter-related
venous thrombosis, managed following the Neonatal Central-
Venous Line Observational Study on Thrombosis (NEOCLOT) pro-
tocol in 10 Dutch NICUs. A total of 116 neonates (92 preterms)
were included, of which 1 died due to pulmonary embolism, 3 had
recurrent thrombosis, and 9 (7.8%) had major bleeding. Two of
those with major bleeding were on thrombolysis and 7 on low-
molecular-weight-heparin (LMWH). Five of the 7 infants on LMWH
had subcutaneous catheter-related major bleeding in the leg. The
study concluded that the NEOCLOT protocol was effective and
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safe when not using subcutaneous catheters for LMWH admin-

istration. Another study by Cervio et al®*

investigated the effect
of antithrombotic treatment in neonates and children with portal
vein thrombosis, using a 10-year prospective registry in a single
tertiary care center in Argentina. The study included 47 patients,
of which 20 were neonates. Portal vein thrombosis resolution
was observed in 71% of patients treated with antithrombotic
therapy versus 8.3% of those managed without anticoagulation.
Cavernous transformation was diagnosed in 11 of 22 patients with
nonrecanalized portal vein thrombosis. Thus, the study suggested
that anticoagulation is associated with a high rate of recanalization
of the portal vein, which might in turn decrease the risk of cavern-
ous transformation.

7 | FUTURE RESEARCH DIRECTIONS

Most of the studies characterizing developmental differences be-
tween neonatal and adult platelets so far have focused on their
roles in hemostasis. However, it is likely that there are equally
important developmental differences in regard to the platelets’
nonhemostatic functions, particularly in angiogenesis, vascular
development, immune responses, and inflammation. Gaining a
better understanding of the developmental differences in those
platelet functions will be critical to elucidate the mechanisms un-
derlying the increased morbidity and mortality associated with
platelet transfusions in randomized trials and observational stud-
ies, and particularly the increased incidence of bronchopulmonary
dysplasia. It is likely that the neonatal immune system, similar to
the concept of developmental hemostasis, has unique develop-
mentally regulated features aimed at meeting the needs of the
newborn infant. Specifically, an attenuated inflammatory response
is probably beneficial in early postnatal life to allow the normal
colonization of the neonatal gastrointestinal tract and respiratory
system by billions of microorganisms without mounting a damag-
ing inflammatory response. The neonatal platelet hyporeactivity
is likely an integral part of this balanced system, but the specific
cellular interactions and pathways involved need to be elucidated.
Furthermore, while some studies have shown significant improve-
ment in platelet reactivity in newborn infants by 10 to 14 days of
life,*%> more recent studies assessing platelet activation in dif-
ferent age groups (from neonates to adolescents) have found that
age-dependent improvements in platelet reactivity follow highly
variable patterns, depending on the platelet agonist and the plate-
let activation marker studied.®®¢” Interestingly, some studies have
identified platelet functional deficiencies extending into adoles-
cence.®®%” The mechanisms regulating the neonatal platelet hypo-
reactivity and the complex transition from a neonatal to an adult
platelet are poorly understood, and should be the focus of future
research. Similarly, it will be important to determine whether and
how platelets contribute to the rapid angiogenesis needed to sup-
port the growth of a fetus and neonate, and how adult platelet
transfusions affect these processes.®®
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