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Abstract: In spite of the great advances made in recent years in prenatal and perinatal medicine,
inflammation can still frequently result in injury to vital organs and often constitutes a major cause
of morbidity. It is today well established that in neonates—though vulnerability to infection among
neonates is triggered by functional impairments in leukocyte adhesion—the decreased expression
of cell adhesion molecules also decreases the inflammatory response. It is also clear that the cell
adhesion molecules, namely, the integrins, selectins, and the immunoglobulin (Ig) gene super family,
all play a crucial role in the inflammatory cascade. Thus, by consolidating our knowledge concerning
the actions of these vital cell adhesion molecules during the prenatal period as well as regarding
the genetic deficiencies of these molecules, notably leukocyte adhesion deficiency (LAD) I, II, and
III, which can provoke severe clinical symptoms throughout the first year of life, it is anticipated
that intervention involving blocking the function of cell adhesion molecules in neonatal leukocytes
has the potential to constitute an effective therapeutic approach for inflammation. A promising
perspective is the potential use of antibody therapy in preterm and term infants with perinatal
inflammation and infection focusing on cases in which LAD is involved, while a further important
scientific advance related to this issue could be the combination of small peptides aimed at the
inhibition of cellular adhesion.

Keywords: prenatal; perinatal; neonatal inflammation; cell adhesion molecules; integrins; selectins;
Ig superfamily

1. Introduction

Perinatal inflammation remains a significant cause of morbidity and mortality [1]
despite recent developments in fetal medicine given that the inflammatory products can
lead either to preterm birth or to injury to vital organs such as the lungs and brain [2].
Though the exact pathogenetic manner in which the sequence of events takes place resulting
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in tissue damage remains to date unknown, it is thought that cell adhesion molecules play
a cornerstone role in inducing inflammatory response.

Adhesion has a fundamental role in the normal function of human cells, providing
clues concerning migration as well as signals for growth differentiation and activation.
Especially in leukocytes and platelets, adhesion amends their function under inflammatory
conditions. In normal circumstances, these cells are in random contact with the endothe-
lium and do not adhere to the vascular endothelium. They are, however, activated by
inflammation and change their shape from spherical to flat [3]. In particular, neonatal
neutrophils and monocytes are observed to display decreased migration and adhesion
ability [4].

Several studies have conclusively demonstrated that when neonates suffer functional
impairments in leukocyte adhesion, this results in vulnerability to infection [5], although
the levels of adhesion molecules have also been used as a possible predictor of preterm
labor in the presence of inflammation [1,6,7]. On the other hand, it is suggested that this
functional impairment may play a protective role by decreasing the inflammatory response
in the affected neonate.

The cell adhesion molecules that play a central role in leukocyte-endothelial interaction
are classified into the following three categories: integrins, selectins, and the immunoglob-
ulin (Ig) gene superfamily [8].

In this review, we summarize recent data on the role of adhesion molecules in the
inflammatory cascade during the perinatal period and perform a more in-depth review of
these proteins in order to identify their possible contribution to therapeutic interventions.

The purpose of this review is to report and evaluate the recent data concerning cell
adhesion molecules and perinatal inflammation and infection caused by leukocyte adhesion
deficiency (LAD). We also present an overview of the expression and function of the most
important cell adhesion molecules in the perinatal period and comment on the genetic
deficiencies of these molecules.

2. Integrins Mediate Cell-Cell and Cell-Matrix Interactions

Integrins are cell adhesion molecules that simultaneously mediate both cell to cell and
cell to matrix signal transduction. The term integrin describes the receptors that “integrate”
signals from the extracellular environment with intracellular molecules. Integrins are
heterodimers, consisting of α and β subunits, which cross the membrane (transmembrane
cell surface proteins) with most of their domain in the extracellular space. Until now, 18 α

and 8 β chains have been characterized, forming a total of 24 distinct integrins that are
obligate heterodimers composed of α and β subunits, participating in collagen, laminin,
and leukocyte receptors (Figure 1). The initial production of α and β chains takes place
in the cellular cytoplasm, both of these chains being necessary for complete β2 family
differentiation, the β2 family acting as cell adhesion molecules. β2 and β7 integrins have
been identified only in leukocytes, their cell surface co-receptors being members of the
Ig gene superfamily. Integrins, which are mostly inactivated on leukocytes, are rapidly
activated as a response to circulating inflammatory mediators and signal only after their
activation. Macrophage-1 antigen (Mac-1) is a complement receptor that belongs to a
family of cell surface co-receptors consisting of β2 integrins, while lymphocyte function-
associated antigen 1 (LFA-1) is a heterodimeric glycoprotein which plays a key role in
leukocyte emigration. Another key receptor and ligand of β2 integrins participating in
leukocyte trafficking is RAGE (receptor for advanced glycation end products) [9].
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Figure 1. The integrin family. Integrins are heterodimers composed of 18 α subunits and 8 β subunits.
β1 subunits participate in all three kinds of receptors: collagen, laminin, and leukocyte, while β2 and
β7 participate in leukocyte receptors and β4 in laminin receptors.

Integrins on the intracellular side regulate the signaling complexes and the assemblies
of the cytoskeleton proteins, while on the extracellular side, they bind to matrix macro-
molecules and counter-receptors [10]. Activation of integrins is completed by inside-out
activation induced by ligand binding [11].

3. Selectins Mediate Leukocyte Interactions with Endothelium and Platelets

The selectin family is involved in the processes of acute and chronic inflammation
by mediating interactions of leukocytes. The fact that selectins are able to connect with
carbohydrate ligands is reflected in the name of the family, “selectin”, which contains
the term “lectin” denoting specific carbohydrate-binding proteins that play a role in the
phenomenon of cell-protein recognition. The selectin family, which is also known as
CD62, includes three subcategories, namely L-selectin, E-selectin, and P-selectin. The main
role of these cell adhesion molecules is attachment of the free-flowing leukocytes to the
endothelium. The binding is accomplished through a calcium-dependent ligand [12] on
the rolling leukocytes along the vascular endothelium. More specifically, L-selectin, which
is found on the circulating lymphocytes, serves a vital purpose in the adhesion function of
the peripheral lymph nodes. Moreover, they regulate neutrophil, eosinophil, and monocyte
function. It was shown in animal models that inhibition of L-selectin molecules resulted in
a reduced rolling velocity of the circulating leukocytes [13] (Figure 2).

E-selectin is mostly expressed on endothelial cells and their production is induced by
inflammatory mediators such as Interleukin-1 (IL-1), Interleukin-6 (IL-6), Tumor necrosis
factora (TNF-a), and Tumor necrosis factor-b (TNF-b). Maximal expression is achieved in 6
hours, and within 24 hours they once again return to basal levels [14].

The third subcategory is P-selectin, which is produced in the endothelial cells that
are sorted into secretory granules until they are mobilized on the cellular surface. The
mobilization of P-selectin is mostly induced by inflammatory cytokines and reactive oxy-
gen species (ROS), resulting in adhesion between platelets, leukocytes, and endothelial
cells [15].
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Figure 2. Mechanism of leukocyte transendothelial migration. Initially, there is loose adhesion,
which gradually becomes firmer, resulting in diapedesis and emigration. Endothelial cell stimulation
leads to ICAM-1 and JAM-1 up-regulation, thus enhancing the adhesion, while selectins enhance
the attachment of the free-flowing leukocytes. ICAM-1: Intercellular Adhesion Molecule 1; JAM-1:
junctional adhesion molecule-1; CD99: Cluster of differentiation 99; PECAM-1: Platelet endothelial
cell adhesion molecule-1.

Intercellular Adhesion Molecule-1 (ICAM-1) is a widely investigated adhesion molecule
known for its importance in stabilizing cell-cell interactions and facilitating leukocyte en-
dothelial transmigration. Although prediction of the severity of infection has until now
been possible only via soluble ICAM-1 [16], it is proposed that the soluble cell adhesion
molecules P-selectin, E-selectin, and Vascular cell adhesion molecule-1 (VCAM-1) could
potentially be used as a predictor of the clinical outcome in infants with inflammation. How-
ever, to date, a clearly significant correlation between soluble selectins and inflammation in
infants has not been firmly established.

Other soluble adhesion molecules interacting with selectins have also been reported to
increase in obstetrical conditions such as preeclampsia, small for gestational age (SGA) and
IUGR fetuses, pyelonephritis, preterm labor with intact membranes (PTL), and preterm
rupture of membranes (PROM) [17,18]. Levels of ICAM-1, VCAM-1, and E-selectin were
significantly higher in women with preeclampsia and IUGR (intrauterine growth restric-
tion) [19]. Statistically significant correlations between increased serum levels of ICAM-1,
VCAM-1, L- selectin, and P- selectin in women with preterm labor have also been re-
ported [20,21].

4. Role of Immunoglobulin Gene (Ig) Super Family in Leukocyte Adherence

Cell adhesion molecules of the Ig super family are crucial for leukocyte-endothelial
and leukocyte-leukocyte adherence. Apart from their role in leukocyte transendothelial
migration, they also play an essential part in oligodendrocyte cell damage and death,
contributing significantly to adverse perinatal outcomes and neurodevelopmental disability
(Figure 3).
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Figure 3. In the model of oligodendrocyte cell damage and death, Ig superfamily have a pivotal role
leading in neurodevelopment problems. Macrophages and microglia adhere to oligodendrocytes
through ICAM1 and LFA-1. Additionally, high levels of inflammatory cytokines shown in the figure
enhance this interaction, thus accelerating cell damage and death. IFN-γ: Interferon gamma; TNF:
Tumor necrosis factor; IL-1β: Interleukin 1β; ICAM-1: Intercellular Adhesion Molecule 1.

The most important Ig superfamily ligands are ICAM-1, ICAM-2, VCAM-1 and Platelet
endothelial cell adhesion molecule-1 (PECAM-1), all expressed on leukocytes [20,21]. ICAM-
1 has a structure composed of five Ig domains and is mostly expressed on endothelial cells
and leukocytes. ICAM-1 expression is rapidly stimulated by inflammatory cytokines [22],
such as IL-1, IL-6, and TNF-a, as well as by several cell types including leucocytes, fibroblasts,
and endothelial cells and, less commonly, on hepatocytes and dendritic cells [23].

VCAM-1, consists of seven Ig domains and is expressed mainly on nonvascular cells,
while it does not exist on endothelial cells [24]. VCAM-1 expression is a result of an in-
flammatory response, stimulated by IL-1, IL-6, reactive oxygen species (ROS), high glucose
concentration, and TNF-a [2,25]. VCAM-1 plays a major role in migration and adherence
of lymphocytes, reaching maximal levels in 12 hours after the initial induction [26].

PECAM-1 contains six Ig domains and is found on lymphocytes, neutrophils, mono-
cytes, and platelets. Its highest expression is on endothelial cells, contributing to endothelial-
platelet adhesion and transendothelial migration of circulating leukocytes [27].

5. Integrin Function in the Perinatal Period

(a) β-2 subfamily integrins

It is well known that inflammatory cytokines cause neutrophil activation both in
adults and in neonates, although neonatal neutrophils do not have the same ability to
adhere to cell matrix proteins as do adult neutrophils [28]. On adult neutrophils, the level
of macrophage-1 antigen (Mac-1) is very low when neutrophils are inactivated, although
Mac-1 antigen levels increase rapidly after cell activation [29]. Several studies have shown
that, by contrast, neonatal neutrophils do not react in the same way to the inflammatory
mediator [29,30]. After in vitro stimulation, the expression of Mac-1 was found to be
considerably lower in comparison to adult neutrophils, while the total expression of
Mac-1 was half that of adult cells [31]. In premature neonates, Mac-1 expression is even
lower [32], at about one-third of adult expression; this happens at both stages, before and
after stimulation, which clearly reflects their decreased ability to react to inflammatory
cytokines. Mac-1 expression finally reaches adult levels after the first year of life [33].
In term infants with inflammation, Mac-1 expression was observed to be significantly
increased on circulating neutrophils as compared to healthy neonates [22]. Moreover,
increased levels of Mac-1 expression in leukocytes in infants were shown to be predictive
of later development of sepsis [34] and, in this context, were also strongly correlated with
the need for mechanical ventilation [35].
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Other studies in neonates demonstrate decreased transmigration capacity in neona-
tal neutrophils, which is about 50% compared with adult neutrophils [29]. This can be
explained by low lymphocyte function-associated antigen 1 (LFA-1) expression in neona-
tal cells, which is even lower in preterm infants before the 35th week of gestation [36].
Therefore, the reduced expression and function of Mac-1 and LFA-1 most likely account
for the delayed reaction in preterm and term infants (this induced by chemotactic stimula-
tion), which seems to be a consequence of impaired neonatal neutrophil motility. Recently,
research interest has focused on receptor of advanced glycation end products (RAGE),
with investigations into whether it participates in leukocyte adhesion. The results of these
studies suggest that RAGE impair leukocyte adhesion in very premature infants, despite
high expression, their expression possibly differing from function [37].

(b) β-1 and β-3 subfamily integrins

Levels of β1 and β3 integrins in neonatal neutrophils are similar to those in adult
neutrophils [38]. However, neonatal neutrophils display impaired emigration capacity
that can be attributed to reduced β2 integrin function. When neonatal neutrophils are able
to traverse the endothelial barrier, this denotes that they have attained adult neutrophil
function. Meanwhile, it has been established that β1-integrin is necessary in fetal lung
development and participates in the angiogenesis of the eye [39].

In contrast, the proportion of NK cells (4% vs. 10.5%) and activated T-cells (CD3+CD25+,
7.0% vs. 15%) is decreased in neonatal blood compared to that in adults [40], while there
are also studies demonstrating that lymphocytes remain ‘naïve’ in neonates: this is because
they are still at the stage between maturity and activation, having not yet encountered their
corresponding antigen [41]. The integrin subfamily β-3 mediates the adhesion of platelets
with fibrinogen and other ligands. Since normal production and function of β1 integrins is
necessary for adhesion of T-lymphocytes to the extracellular matrix, the lower expression of
β1 integrins in neonates could be an explanation for this ‘naive’ state. Moreover, the lack
of the appropriate chemokine receptor in neonatal lymphocytes [42] possibly accounts for
their impaired inflammatory and chemotactic response.

Platelet adhesion is mediated by integrin subfamily β-3 together with fibrinogen and
other ligands, while in inflammation and thrombosis, interactions between the injured
tissue and circulating cells are mediated by integrins β 1-3 [38].

6. Selectin Function in the Perinatal Period

Neonatal neutrophils and eosinophils in preterm and term infants have been found to
express decreased L-selectin levels [43], although fetal neutrophils and eosinophils have
the same levels of L-selectin as do adults [44]. This can be explained by the apoptosis
of L-selectin from the cellular surface in preterm and term infants [45]. It nevertheless
remains unclear whether the condition involving decreased L-selectin levels arises within
the course of maturational development or through activation of in-utero inflammation. In
addition, soluble L-selectin, which peels off the cell surface, is also decreased compared to
adult levels [46].

In cases of infants with a bacterial infection, L-selectin expression was seen to be
decreased in neonatal neutrophils and monocytes when these infants were compared with
healthy infants [47]. Animal studies with inhibition of L-selectin by IL-1b revealed a signif-
icant impact on leukocyte emigration in neonates compared to adults [48]. Furthermore,
soluble L-selectin was also observed to be higher in the bronchoalveolar fluid of infants
that developed chronic lung disease (CLD) [49].

Concerning P-selectins, to date, there are a few data demonstrating decreased up-
regulation of P-selectin in neonatal platelets of healthy term neonates compared to those in
adults [50]. In animal studies, fetal inflammation resulted in P-selectin deficiency [51] as
well as in diminished leukocyte influx in excisional wounds compared to adult animals.
Moreover, in human studies, it was revealed that P-selectin expression in endothelial cells
increases with gestational age [52]. Soluble P-selectin and soluble E-selectin were signifi-
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cantly increased in the plasma of preterm infants, with no difference in levels observed to
those in infants who developed CLD [53].

7. Ig Superfamily Function in the Perinatal Period

Increased levels of ICAM-1 in maternal, fetal, and intra-amniotic compartments con-
tribute to preterm birth and adverse pregnancy outcomes [7,54]. A study on very premature
infants born before 28 weeks of gestation showed an association of increased levels of
ICAM-1 in blood with retinopathy of prematurity [55]. In infants born before 28 weeks,
postnatal inflammation 3–4 weeks later showed that increased ICAM-1 levels in blood
spots were associated with low psychomotor development index (PDI) < 55 [56].

Moreover ICAM-1 levels in plasma were associated with bronchopulmonary dysplasia
(BPD) severity and outcome [57], while also serum levels were an indicator of perinatal
asphyxia [58]. The same findings were previously reported in immature baboons in tracheal
aspirate fluids [59] and in lungs of neonatal mice, where inhaled nitric oxide improved the
hyperoxia-induced up-regulated ICAM-1 levels [60].

In premature infants, especially those born <28 weeks of gestation, PECAM-1 in blood
is decreased, this accompanied by a reduction in the number of capillaries and small
arteries, leading to BPD [61].

8. Genetic Mutations Result in Leukocyte Adhesion Deficiency

Four major genetic deficiencies have been diagnosed in the neonatal period, namely,
leukocyte adhesion deficiency (LAD) I, II, III, and IV. LAD I is characterized by recur-
rent infections of soft tissues, membranes, and lungs, these presenting as pneumonitis,
esophagitis, laryngitis, omphalitis, delayed separation of the umbilical cord, and necrotic
skin lesions [62–65]. In adult humans, diagnosis of this deficiency is made using flow
cytometry in order to determine the immunophenotype of the leukocytes. Prenatally, it is
performed with flow cytometry in fetal blood retrieved by cordocentesis during the 18–20th
weeks of gestation [66]. Since the chief characteristic among these patients is recurrent viral
infections, this implies that the major deficiency is in the function of neutrophils, followed
by T-lymphocyte deficiency. The skin lesions start as small erythymatosous and often
progress to necrotic ulcers, which are very difficult to treat. Periodontitis is also common
among these patients and there are also reported cases of perianal abscess that can even
lead to peritonitis or brain abscesses [52,67,68].

To date, many animal and human studies have revealed that the cause of this deficiency
is mutations in the gene encoding the β chain, this damage resulting in absolute or partial
deficiency of the β-2 integrin family [69–71]. The above data thus establish the cause of the
immunologic defects in these human neonates while accounting for the variable clinical
features that they manifest.

LAD II is characterized by damage to the endogenous fucose metabolism. As neu-
trophils are fucose-containing cells, they are significantly affected, losing their ability to
bind P- and E-selectins, which are normally expressed in these patients. The clinical fea-
tures are similar to those of LAD I, characterized by recurrent infections, though milder
neutrophilia than in LAD I, as well as mental and growth retardation due to the metabolic
consequences of fucose-deficiency [72,73].

Another leukocyte adhesion molecule deficiency is LAD III, which is mainly charac-
terized by mutations of FERMT 3 (fermitin family homolog 3), which encodes kindlin 3, a
protein that activates β2 integrin. Besides the failure of lymphocytes to bind to integrin
ligands, platelets also demonstrate inability to respond to integrin [74]. This disease clini-
cally presents with epistaxis, purpura, and bleeding as a result of an either qualitative or
quantitative defect on platelets and recurrent infections without abscesses or leykocytosis.
There are also reported cases of osteopetrosis due to the impact of gene mutations on
osteoclast function [74–76]. Whereas the expression of LFA-1 and Mac-1 remains normal,
these ligands function defectively [77]. Studies have recently revealed that although there
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is activation by inflammatory chemokines, integrins fail to aggregate the platelets due to
their functionally defective β1, β2, or β3 chains [78].

Finally, LAD IV is a deficiency characterized by effects of cystic fibrosis transmem-
brane conductance regulator (CFTR) defect on integrin activation. Patients with LAD IV
present with progressively worsening lung infections, chronic pancreatitis, and chronic
rhinosinusitis [79,80].

9. Future Perspectives

Infants with LAD I disorder may exhibit severe clinical symptoms during the first
12 months of life [63]. To date, given that there is no established treatment for these patients,
even though the diagnosis is clear, they remain under close surveillance to monitor for any
signs of inflammation. Antibiotic therapy is used as a first-line treatment in mild cases,
which may subsequently be followed by granulocyte transfusion [78]. In more severe forms
of LAD I, bone marrow transplantation has also been used with good outcomes, as well
as stem cell transplantation, despite the latter’s high complication rate [81,82]. Treatment
with immunoglobulin for non-healing ulcers has also been suggested, this additionally
providing better control of severe infections [83]. Other treatments that have been applied
are interleukin-12 combined with ustekinumab, an antibody against interleukin-23. The
latter treatment was administered to a patient with severe periodontitis and an intractable,
deep, non-healing sacral wound, while in animal studies, it protected mice from lethal
Citrobacter rodentium-induced colitis [84,85]. Fuller understanding of the molecular basis
of this deficiency offers a promising perspective for introduction of genes into the β2
chain of human hematopoietic stem cells, although until now the only report of successful
treatment of this type has been in canine and other animal models [83–85]. Recently,
successful treatment in a girl with LAD-1 with anti-tumor necrosis factor-a (TNF-a) was
reported [86].

Standard dexamethasone treatment has been used in several studies in order to
decrease the concentration of plasma soluble E-selectins while concurrently increasing
soluble L-selectin [87,88]. The fact that the medication moreover modulates inflammatory
response in preterm infants [89–91] through modulating circulating cell adhesion molecules
implies that this may constitute a possible future clinical intervention [92]. However,
further investigation is necessary into the use of cortisone, statins, and other drugs for the
modulation of cell adhesion molecules.

Another intervention that shows promise is the use of antibodies for an anti-adhesion
targeted therapy in preterm and term infants with perinatal inflammation. To date, anti-
body therapy has been widely used in patients after coronary angioplasty for prevention of
reinfarction [41] and in preclinical studies in patients with Crohn’s disease, psoriasis, and
multiple sclerosis. In adults, a number of integrins (αvβ3 and β7 integrins (α4β7 and αEβ7
integrins)) have been targeted with monoclonal antibodies [93,94], while more specific
integrin antagonists have been used in patients after percutaneous angioplasty. Moreover,
natalizumab, a monoclonal antibody against integrins, has been used for the treatment of
multiple sclerosis, however, with serious side effects, as it caused progressive multifocal
leuko-encephalopathy (PML). On the other hand, vedolizumab, a new antibody against
integrins, is currently used for multiple sclerosis without causing PML, as well as in the
treatment of inflammatory bowel disease.

A further step towards establishing such a therapy could be the development of small
peptides aimed at inhibition of cellular adhesion. Lovastatin is an anti-adhesive drug that
has already been used for the inhibition of ICAM-1 adhesion ability [95]. Similar drugs
may be developed in future for the inhibition of inflammation-induced injury in neonates.
Targeted antibody inhibition of cell adhesion molecules will diminish inflammation and
bone loss and may be preferable to glucocorticoid and other immunosuppressive drugs.

Furthermore, the use of anti-adhesion therapy can be enhanced by combining other
therapeutic interventions. For example, in preterm infants with respiratory distress syn-
drome, mechanical ventilation is necessary for life support, although it simultaneously
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causes neutrophil activation [96]. A strategy that shows potential in these cases appears
to be the use of combined anti-adhesion therapy and mechanical ventilation in order to
achieve an optimal clinical outcome [97].

10. Conclusions

This article comprises a narrative review of the recent data concerning cell adhesion
molecules, with particular focus on infection and inflammation in the perinatal period.
Selectins, integrins, and the Ig superfamily play a crucial role in the inflammatory cascade,
and we have herein presented the recent experimental and clinical data relating to the
molecular basis of adhesion in perinatal inflammation. It is evident that more studies are
necessary to clarify the exact molecular mechanism in order to develop new strategies
for improvement of perinatal outcomes. Finally, interventions consisting in blocking the
function of cell adhesion molecules in neonatal leukocytes and other blood cell lines are
highly likely to comprise an effective therapeutic approach. Further clinical studies are in
every case required before the introduction of new drugs and antibody therapies into the
standard treatment for perinatal inflammation.
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