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1. INTRODUCTION

Preterm infants are exposed to a high risk for infection by a wide range of viruses, bacteria,
protozoa, and fungi in the neonatal period. Infectious disease is one of the major causes of
mortality and morbidity among newborns and it accounts alone for more than 50% of the

deaths in infants born with gestational age <28 weeks.

The need of intensive care with frequent invasive procedures and the immaturity and

inexperience of the neonatal immune system are the main predisposing factors.

However the characteristics of the preterm infants immune system are not fully understood as

well as the factors that can influence immunity in the perinatal period.

It has been demonstrated that preterm infants have an adequate, even higher, number of
leukocytes and lymphocytes compared to adults; however these numbers do not reflect the

level of immunological competence of the subjects since these cells may lack of function at
birth.

Lymphocytes, especially CD4+ T cells, play a crucial role in the regulation of the immune
system. Because they are involved in the modulation of both humoral and cell-mediated
adaptive immunity and they also have a relevant part in the control of innate immune

response, they are often targeted as a marker of the global immune function.

The aim of the study was to assess the functional activity of CD4+ cells at birth and at 30
days of life and to assess the influence of the main perinatal factors in their level of activity.
In order to investigate the CD4+ T cells fucntion we used the Immuknow® assay that
quantifies the levels of ATP after in vitro stimulation. This test has previously only been
tested in adults and children and this is the first study that uses this assay to assess T cell

mediated immunity in preterm infants.



2. THE DEVELOPMENT OF THE IMMUNE SYSTEM

The ontogeny of immune system starts early in the embryo, continues during fetal life and is
completed only several years after birth. [1]

At the time of birth, the immune system has not fully matured. The adaptive immune system
must still develop specificity and memory, which is completed only in the early childhood
years [2]. Therefore newborns rely heavily on their innate immune response which is also
immature. [3]. Preterm infants have even more pronounced deficiencies in both innate and

adaptive immunity, and in the interaction between these two systems. [4,5]
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Figure 1 Leukocyte development. In grey: preterm birth. [6]

2.1Innate immunity

Neutrophils

At the time of birth infants have a lower number of neutrophils compared to adults. This
deficit is more pronounced, the lower the gestational age is at birth. The pool of neutrophil

progenitors is also small and can be readily exhausted during sepsis [7]



Within few hours from birth the neutrophil count peaks and then gradually decreases during
the following 48-72 hours to reach the normal range of 7.000 —1000 cells/uL, in absence of
complications. [8]

It appears that not just the number of neutrophils but also their functions are impaired at birth.

Compared to adults, neutrophils from both term and preterm infants adhere poorly to the
endothelium due to a lack of selectin expression. which limits the recruitment of circulating
neutrophils into the tissues.[9] Selectin expression is further reduced by perinatal stress such
as in birth asphyxia [10]. Moreover neutrophils from both term and preterm neonates display
a reduced deformability and have an impaired chemotactic response, migrating at only about

half the speed traveled by adult cells. [11-13]

While neutrophils from term infants achieve normal chemotactic function by 2 weeks after
birth, postnatal neutrophil maturation proceeds very slowly in preterm infants [14] and in
infants <34 GA is still impaired at 42 wks PCA. [15] Although minor infections may enhance
chemotaxis in neonates, the migratory responses of neonatal neutrophils may become further
depressed during systemic Gram-negative sepsis. [16]

Studies have shown that preterm neutrophils also have impaired phagocytosis reduced
opsonic activity and generate a depressed respiratory burst which is the major killing
mechanism in neutrophils. [12,17]

The neutrophil respiratory burst in infants born at 24-28 weeks is clearly less robust than in
those born at 29-35 weeks and takes about 2 months to correct. However, neutrophils from
preterm infants continue to have an overall weaker oxidative burst than adults and may not
show any improvement in critically-ill preterm infants. [18] Neutrophils from term neonates
have granule contents and degranulation responses similar to adults. [19]

However, neutrophils from preterm infants have a lower capacity to release BPI, elastase, and
lactoferrin than in adults and term infants. [12,20]

Collectively, neutrophil line immaturities and limited function account for a substantial

component of neonatal susceptibility to invasive bacterial infections.

Monocytes and Macrophages

Monocytic cells can be detected early during gestation. They are first seen in the yolk sac at
3—4 weeks of gestation and after few weeks they can be detected in the the fetal liver. During

the second month of gestation, as hematopoiesis becomes established in the fetal liver,

4



monocytes are seen in high proportions and constitute nearly 70 percent of all hematopoietic
cells. Over the next 6 weeks, as the erythroid cells predominate, this proportion falls to 1-2
percent. The first monocytes in circulation are not seen until about the fifth month of gestation
[21], and remain uncommon until the bone marrow becomes the predominant site of
hematopoiesis [22]. At 30 weeks, monocytes comprise 3—7 percent of hematopoietic cells
[23]. Term cord blood studies show a relative monocytosis, which persists during the neonatal
period. The absolute monocyte counts tend to decline gradually from 1340-2200/puL in the
first week to about 700 in the third week [24].

Unlike neutrophils, the major host defense functions of monocytes in cord blood of term
infants are largely intact. [25]. Cord blood monocytes show adherence, random migration,
chemotaxis, bactericidal activity, phagocytosis-associated chemiluminescence, production of
superoxide anion (O-2) and generation of hydrogen peroxide at levels comparable to adults
[26, 27]. The ability of fetal and neonatal monocytes to kill a variety of pathogens including S.
aureus, S. epidermidis, E. coli, and C. albicans appears to be equivalent [26, 28].

Information on the number and function of tissue macrophages in the neonatal period is little
and mainly derived from autopsy studies. The size of the macrophage pool varies in different
organ systems. In the gastrointestinal tract, macrophages appear in the lamina propria as early
as 10 weeks of gestation and a sizable macrophage population can be seen during
midgestation [29]. In contrast, the alveolar macrophage population remains small in the fetus
and expands rapidly during the early neonatal period presumably as a result both from an
influx of monocytes from the circulation as well as from clonal expansion in situ. [30] One
can speculate that the number of monocytes, despite being adequate at birth in a term
newborn, can be quite low in the preterm infants. [31]

In terms of function it appears that cytokine production is different in preterm infants: while
IL-1 e TNFa concentrations are similar to adults, IL-12 ed IFN-y production is impaired.
These cytokines are necessary for the stimulation and activation of Th1l lymphocytes and to

establish an adequate immune response against intracellular organisms and viral agents. [32]

2.2 Adaptive Immunity

Adaptive immunity, involving lymphocytes (B and T cells), is pathogen-specific and requires
acquisition of immunological memory. Maturation of adaptive immunity occurs mostly after

term birth, so all newborn infants have deficiencies in T cell activation and cytokine



production, B cell immunoglobulin production, and interactions between T and B cells,

relative to adults. [6]

Dendritic cells

Dendritic cells (DCs) are a discrete leukocyte population with a highly developed antigen-
presenting function. Cells with a dendritic/macrophage structure are present in the yolk sac,
mesenchyme and the liver at 4-6 weeks of gestational age. DCs are detectable in skin by 67
weeks of gestation. [25]

Cord blood-DCs represent about 0.3% of all mononuclear cells. Due to the low frequency of
DCs in peripheral blood, most studies of neonatal DCs have been carried out using in vitro
monocyte-derived dendritic cells (MDDCs). As for the macrophages it seems that their
function as stimulators of lymphocytes function is impaired due to a lack of production of

cytokines and a low expression of co-stimulatory molecules. [33].

T-Lymphocytes

The thymus arises at about six weeks of gestation from the third branchial arch, with the
cortex arising from its ectodermal layer and the medulla from the endoderm. Lymphoid cells
migrate over the next 2-3 weeks, initially from the yolk sac and fetal liver, and then from the
bone marrow to colonize the fetal thymus [34]. These prothymocytes interact with the stroma,
proliferate actively, and are triggered to differentiate with expression of the first T-cell-
specific surface molecules (e.g., CD2, and later CD4 and CD8) [35,36]. A clear delineation of
the thymic cortical and medullary regions occurs at 12 weeks of gestation; Hassall’s
corpuscles appear shortly thereafter [37,38]. The most immature thymocytes are found in the
subcapsular cortical region, and cells move into the deeper layers as they mature [37]. The
early prothymocytes do not express CD3, the T-cell receptor (TCR), CD4, or CD8 and are
often referred to as triple-negative thymocytes [39]. The progeny continue to divide and
rearrange their TCR genes, and since these cells express both CD4 and CD8, they are now
called double-positive [37,39]. They wundergo positive selection by self-major
histocompatability complex (MHC) restriction, and more than 95 percent (about 50 million)
cells die each day during this stage [39]. Negative selection occurs next, and is mediated by
the bone marrow-derived antigen-presenting cells (APC) (e.g.,dendritic cells and

macrophages), which eliminate autoreactive cells either by clonal deletion or clonal anergy
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[40]. As these thymocytes mature and reach the medulla, they express only one of the CD4 or
CDS8 antigens. These single-positive T-cells migrate from the thymus to the peripheral
lymphoid organs at about 14 weeks of gestation [37]. By 15 weeks, human thymocytes
express a complete set of TCRs [37, 41]. During fetal life, thymus is the largest lymphoid
tissue in terms of body proportions. It is about two thirds its mature weight at birth, and
reaches its peak mass at around 10 years of age. Subsequently, it continues to involute and is
replaced by adipose tissue [42].

From 19 weeks of gestation T-cell subpopulations gradually increase in number and continue
to rise after birth to peak at about 69 months. The numbers subsequently decline, and adult
levels are finally reached at 67 years of age [43]. In term neonates, CD4+ cells constitute a
higher proportion of T-cells than adults. CD8+ cells, on the other hand, are fewer both in
terms of their absolute number and as a percentage of total T-cells. Therefore the CD4/CDS8
ratio is as high as 4.9:1 during the perinatal period, and declines to adult values of
approximately 2:1 only by 4 years of age [43].

Preterm infants have a significantly higher number of CD4+ T-cells while the number of
CD8+ T-cells does not seem to change with gestational age [44].

Around 80-90% of T-cells in cord blood are naive lymphocytes (CD45RA) compared with
only 40-60% of in the adults. The percentage of memory T-cells (CD45RO) increases in
healthy infants during the first few years, but reaches adult levels only later in life [45].

Cord blood T-cells from premature infants have a limited capacity for mitogen-induced
proliferation but these defects are corrected by full-term [45,46].

Neonatal concentrations of pro-inflammatory cytokines such as IL-1, IL-6, TNF-0, IFN-a,
and IFN-B are comparable to adults, and also increase similarly during sepsis [47,48].
Premature infants, however, produce lower amounts of TNF-a and IFN-a compared to those
born at term [49,50]. Among the cytokines involved in adaptive immunity, only IL-2
concentrations are comparable; on the opposite IL-4, IL-5, IL-10, IL-15 and IFN-y are known
to be significantly lower than adults [49-52].

CD4+ cells

During development, naive T-cells differentiate into distinct effector T-helper (Th) subsets, a
process in which cytokines play a critical role. These differentiated T-cells were originally
categorically designated Thl and Th2 cells based on distinct functional properties and the
cytokines that drive their development [53]. Thl type cytokines, such as IFN-y and IL-2 play
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a key role in initiating early resistance to pathogens, and induction of cell-mediated immunity.
Th2 cytokines drive the system toward immune tolerance rather than toward defense from
microbial infections. Accumulating evidence suggests that Thl responses in newborns are
compromised at several steps, including deficient production of Thl type cytokines by
neonatal CD4+ T-cells and hyporesponsiveness of neonatal macrophages to stimulation by
IFN-y. These deficiencies contribute to the apparently weak cellular immunity in newborns
biased towards a Th2 type response [54]. However neonatal T-cells respond well to certain
antigens such as tetanus/diphtheria toxoids, influenza, and mycobacterial antigens [46]. In
response to superantigens, cord blood T-cells produce lesser amounts of IL-2 and, unlike adult
T-cells, are unable to respond if restimulated with the superantigen. [55] The predominant
Th2 phenotype in utero followed by a Th1 switch after birth is believed to be a key process to
maintain a high level of immunologic suppression in both the mother and the fetus to enable
continuation of pregnancy.

Th17 cells are a distinct CD4+ population that have been shown to play a pathogenic role in
allergic, autoimmune and other chronic inflammatory diseases [56,57]. The main
characteristic of Th17 cells is IL-17 production, a cytokine that promotes pathogen clearance

by enhancing neutrophil recruitment to sites of infection and activating macrophages [56-58].

CD8+ cells

Cytotoxic lymphocytes (CTLs) are CD8+ cells specialized in the defense against intracellular
infections and also involved in allograft rejection and tumor cell surveillance [59]. CTLs
utilize two well-established mechanisms for cell lysis, one involving release of extracellular
mediators (such as the pore-forming perforin/granzyme system), and a second fas/fas ligand
dependent pathway that leads to target cell apoptosis [60].

CTL cytotoxicity is evident by 18 weeks of gestation, but is far less efficient that adult cells
even at term (<20% of adult CTL activity) [61]. Perforin expression in neonatal CTLs is about
30% of adult levels. Circulating inhibitors such as a-fetoprotein and prostaglandins may also

lead to lower CTL activity in neonates [62].

voT-Cells

The yo T-cells are a separated functional subset that generally do not express neither CD4 nor

CDS8 on their surface [63]. These cells are detectable in the fetal thymus and liver at 6-8
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weeks of gestation, and are nearly 10% of the peripheral blood T-cells at 16 weeks [64].
Subsequently, the numbers decline gradually to reach about 3% at term [65].

These cells are present mainly on skin and mucosal surfaces [63]. Although the exact
functions of these T-cells are not well understood, they can lyse target cells with the
perforin/granzyme system like the cytotoxic T-cells, and can secrete cytokines like IFN-y and
TNF-a upon activation. The cytotoxicity of neonatal yd T-cells appears to be significantly less

than adults [66].

T-regulatory Cells (Tregs)

T regs are a specialized subpopulation of CD4+ T cells can inhibit the proliferation of other
immune cells. They exert a regulatory effect on immune cells by suppressing the proliferation
of naive T cells, the effector function of differentiated CD4 and Cd8 T cells and the function
of NK cells, B cells, macrophages, osteoclasts and dendritic cells. [67]

T regs play a crucial role in establishing and maintaining self tolerance and immune
homeostasis [68]; during pregnancy they're involved in the maternal-fetal tolerance and
recent studies support the concept that a normal pregnancy is associated with and elevation in
the number of T reg cells.[69] Tregs appear to be elevated in preterm infants with a significant

inverse correlation with GA [70].

B Lymphocytes

Pre-B-cells can be identified in the fetal liver as early as 7 weeks of gestation, and in the
marrow by 12 weeks. sigM+ B-cells are found in the fetal liver by 9 weeks and in the bone
marrow, peripheral blood, and spleen by 12 weeks. B-cells with sIgA, sIgG, and sIgD
isotypes appear between 10 and 12 weeks. There is also increased traffic to the lymphoid
tissues, and by 22 weeks, the proportion of B-cells in the spleen, peripheral blood, and bone
marrow is similar to that in adults. By 30 weeks, there are no detectable pre-B-cells in the
fetal liver, and bone marrow becomes the exclusive site for B-cell maturation. Plasma cells
are not generally found until 20 weeks’ gestation. IgM/IgD+ B-cells populate the lymphnodes
by 16—17 weeks’ gestation and the spleen by 16-21 weeks. In fetal lymph nodes, primary
nodules develop around the follicular dendritic cells by 17 weeks’ gestation [71].

At birth, the proportion of B-cells is similar to that of adults, but the absolute number of B-
cells is significantly higher [72]. The number peaks at about 3—4 months of age, and then
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declines to adult levels by 67 years of age [73]. Preterm infants have comparable B-cell
numbers to the term infants [74]. However, the number is smaller in growth-retarded infants.
It has been shown that the fetus and the neonate are capable, although at a lower intensity than
adults, of mounting antigen-specific antibody responses. [75,76].

It appears that the interval from birth is a more important determinant of antibody response
than the gestational age. Both preterm and term infants immunized with diphtheria toxoid at
0-10 days of age had poorer responses than similarly immunized adults, but the response was
better when vaccination was deferred until 1-2 months of age [77] suggesting that is the
neonatal environment that plays a role in the expansion of the immune capacity [25].

Serum Ig levels remain very low until 18-20 weeks’ gestation. Most of the newborn’s serum
immunoglobulins are derived from active transplacental transfer of maternal IgG during the
third trimester [78]. For these reason while in the full-term neonate serum IgG levels are equal
or even higher than maternal serum IgG levels, in the preterm the levels are lower.

After birth immunoglobulins follow a normal catabolism process and reach the lowest
concentrations between 3 and 5 months of age when the infant start to produce his/her own Ig.
This nadir is more pronounced and occurs earlier in preterm infants.

The serum levels of IgA, IgM and IgE are very low even in term infants, since these do not
cross the placenta. However, when faced with an intrauterine infection, the fetus is definitely

capable of producing appreciable amounts of IgM [79].

NK cells

NK cells can be detected as early as 6 weeks of gestation, and the number then increases
progressively until birth. In cord blood, 10-15% of all lymphocytes are NK cells, which is
comparable to adult peripheral blood [80]. However fetal NK cells have a significantly lower
cytolytic activity against tumor cell target cell lines than adults and even at term, the cytolytic

activity is only 50-80% of adult levels [81].

The Mucosal Immune System

Peyer’s Patches (PP) and Other Organized Lymphoid Tissue

Peyer’s patch precursors can be detected in fetal ileum at 11 weeks as aggregates of CD4+

lymphoid cells [82,83]. At birth, the organized lymphoid compartment is naive but
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structurally complete, and the predominant activity involves proliferative expansion [84]. The
number of PP increases from about 60 at birth to over 200 by 12—14 years [85]. Appendiceal
lymphoid follicles enlarge rapidly after birth following bacterial colonization and
translocation [86]. The first [gA+ plasma cells appear at 2 weeks after birth and then increase

to adult levels at 4-5 months. [25]

Lymphocytes in the Lamina Propria and Intra-Epithelial Compartments

B-cells can be seen in the lamina propria at 14 weeks gestation [83]. The fetal intestinal B-
cells are mainly IgM+ and IgG+ cells [87]. After birth, the IgM+ plasma cell population
expands faster and at the same time microbial stimulation induces B-cells to undergo IgA
class switch in both the lamina propria and organized lymphoid tissue [88]. IgA+ plasma cells
are first seen in the lamina propria during the second postnatal week [89]. The number of
IgA+ cells in the mucosa reach adult levels at 2 years, although serum IgA concentrations
reach adult levels only during the second decade [90].

Intestinal T-cells can be identified from 12—-14 weeks of gestation [91]. Several T cells
precursors can be seen in the fetal intestine, suggesting that T-cells may develop locally in an
extra-thymic pathway and B-cells may play a role in the development and selection of the T-

cells. [83,84,91,92]

Secretory Immunoglobulins

Secretory immunoglobulins, IgA and IgM, play an important role in mucosal defense.
Secretory IgA (sIgA) can be detected in mucosal secretions 1-8 weeks after birth [93,94]
while sIgM appear transiently during early infancy [94].

slgA levels rise during the neonatal period to reach an initial peak (as measured in saliva) at
4—6 weeks both in full-term and preterm infants. Despite sIgA concentrations being lower in
premature infants, when chronological age is corrected for prematurity, sIgA concentrations
become similar to matched full-term infants [95,96]. Salivary IgA levels continue to rise up to
18 months of age [96]. A transient nadir in sIgA has been inconsistently recorded at 3—6
months [94,97,98].

Secreted immunoglobulins also change qualitatively during the first year. There is a switch
from monomeric IgA to polymeric sIgA sometime during the first year, indicating maturation

of the secretory immune system [99], or alternatively, increasing exposure to exogenous
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antigens [100]. The relative amounts of [gA subclasses in mucosal secretions also changes
during infancy. At birth, sIgA1l is the dominant subclass but sIgA2 increases rapidly by 6
months of age [97].

During the neonatal period, colostrum provides an important alternative source of sIgA [101]
and sIgA levels seem to be higher in colostrum and milk of mothers of preterm neonates

[102].

Intestinal Macrophages and Dendritic Cells

Macrophages first appear in the developing intestine at 11— 12 weeks of gestation, increase
rapidly between 12-22 weeks then continue to expand at a slower pace through early
childhood [87,103,104]. These cells play a critical host defense role in being the first
phagocytic cells of the innate immune system to encounter luminal bacteria that breach the
epithelium and reach the lamina propria [105]. This is essential for sick and preterm neonates
who are predisposed to bacterial translocation due to an abnormally permeable gut epithelial
barrier, immaturity of the local adaptive immune system and low secretory IgA production
[86,106] and therefore rely on intestinal macrophages ability to eliminate previously unknown
bacteria through phagocytosis and intracellular killing.

Intestinal macrophages are derived from circulating monocytes, which are recruited to the
mucosa under the influence of various epithelial and mesenchymal cell-derived
chemoattractants [105,107]. Because neither intestinal macrophages nor their precursor
monocytes have the ability to undergo clonal expansion [105], the only mechanism available
for the development and maintenance of the gut macrophage pool is through the continuous

recruitment and differentiation of blood monocytes.
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3. PRETERM BIRTH AND IMMUNITY

The development of the fetal/neonatal immune system can be influenced by many perinatal

factors that can either elicit maturation or induce immunosuppresion.

3.1 Antenatal glucocorticoids

Since the 1970s antenatal steroids have been administered to pregnant women at risk of
preterm birth in order to induce lung maturation in the fetus and it has been demonstrated that
the use of corticosteroids reduces the risk of neonatal death, respiratory distress syndrome,
cerebroventricular haemorrhage, necrotising enterocolitis, infectious morbidity, need for
respiratory support in preterm infants [108]. However glucocorticoids have an important role
in the suppression of the immune system by acting on glucocorticoid receptors of leukocytes
and thus interfering with the transcription of pro-inflammatory factors and cytokine
production [109]. Even though the effects of exogenous glucocorticoids on the developing
immune system have not been extensively studied in humans, animal studies suggest that
glucocorticoids exposure results in long-lasting alterations to physiological and cellular
responses of the offspring [110].

Studies have shown a reduction in lymphocyte number in preterm neonates after antenatal
corticosteroids with an overall increase in total leukocyte count, specifically an increase in
neutrophils.[111] but data on the association between antenatal steroids and increased risk of
early and late onset sepsis are conflicting and not conclusive.

It has been speculated that the effects of steroids on the immune system are dependent on the
levels these molecule reach in the plasma and therefore the number and the timing of steroid
administration can be determinat for the immunomodulatory effect [112].

What is also unknown is whether these effects are transient or persist into childhood and

beyond.

3.2Perinatal infection and inflammation

Intrauterine inflammation is the principal cause of preterm birth [113-115]. Intrauterine
inflammation can be caused by bacteria ascending from the birth canal, crossing the placenta

or membranes or transferred into the amniotic cavity during amniocentesis [113,116].
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Intrauterine inflammation is inversely correlated with gestational age and can be detected in
up to 83% of infants weighing less than 1000 g at birth while in 10% of infants greater than
2500 g [116]. Intrauterine inflammation affects as many as 30% of all neonates born at <34
weeks gestation [117].

Clinical and experimental studies demonstrate that bacteria or pro-inflammatory mediators in
amniotic fluid can be inspired or swallowed by the fetus to elicit a fetal inflammatory
response (FIRS), characterized by an increase in fetal plasma IL-6, C-reactive protein, IL-1,
IL-8, and GM-CSF [118-120]. Human studies have shown that lymphocytes are activated
during infections in utero, indicating that fetal adaptive immune response is at least partly
responsive [121]. Fetuses and neonates exposed to intrauterine inflammation have increased
Thl cells and increased levels of IFN-y, indicating a potential shift from Th2 to Thl of the
fetus[6]. The shift to Thl cytokines may lead to membrane rupture because normal term labor
is partially an inflammatory event, with an increase in the production of Thl cytokines TNF-
a, IFN-y, IL-1B, and prostaglandins in the fetal membranes and amniotic fluid [122].
Intrauterine inflammation also increases production of these cytokines [123] and
prostaglandins [124]. Studies performed on animal models show that intra-amniotic
lipopolysaccharide (LPS) infusion increases the number of immune cells (including
monocytes, neutrophils, and lymphocytes) in fetal lung tissue. [125]

Moreover, repeated doses of LPS into the amniotic cavity of sheep, at 2 and 7 days before
preterm delivery, cause a reduction in IL-6 secretion in fetal sheep when compared to a single
dose of LPS showing that repeated pro-inflammatory exposures induce tolerance in preterm
sheep [125]. This tolerance effect clearly demonstrates modulation of the immune system in
response to the initial stimulus.

Intrauterine inflammation increases the risk of early-onset sepsis, likely because at least some
of these postnatal infections originated in utero. However, intrauterine inflammation
decreases the risk of late-onset sepsis [126] potentially because these infants experience
immune “maturation” by the earlier (intrauterine) exposure to infection, or because they

require less respiratory support and accompanying invasive care.

3.3Mode of delivery

Differences in microbial colonization of infants at birth, as a consequence of the mode of

delivery, seem to play a crucial role in the development of the immune system.
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Infants delivered by caesarean section have lower diversity of gut microflora at 3 days of age
than those delivered vaginally [127].

Recently it has been stressed the importance of the host microbiome for the optimal
development of the individuals and it appears that caesarean section may contribute to a
myriad of postnatal diseases, simply by influencing gastrointestinal colonization at birth [6].

It has also been documented that more than a half of women who deliver by cesarean section
are not in labor at the time of delivery [128] and that newborn monocyte expression of TLR-2
and -4, critical mediators of innate immunity, is reduced in the absence of labor [129]. By
lacking of an adequate immunological stimulus that comes from labor and vaginal delivery,

newborns can therefore potentially be exposed to the risk of infection.

3.4Respiratory distress syndrome (RDS) and mechanical ventilation (MV)

Preterm infants are born before the completed development and maturation of the lung
therefore virtually all the preterm infants can present with RDS: a thick blood-gas barrier,
immature airway epithelium and a reduced surfactant production that lead to poor compliance,
reduced ability for gas exchange and increased work of breathing and eventually need for
MYV [130,131]. Mechanical ventilation of the neonatal lungs can cause ventilation-induced
lung injury (VILI). The shear stress, inspiratory volume, air pressure, and oxygen
concentration of ventilation are believed to cause epithelial cell damage, which contributes to
protein leak into the airways, inhibiting the function of surfactant and increasing
inflammatory cell infiltration [130, 132,133].

The iatrogenic damange of the lung leads primarily to the activation of the innate immunity as
demonstrated by the evidence of increased blood levels of neutrophils and monocytes and
Cytokines such as IL-1, IL-6, IL-8 e TNF-a [130]. Neutrophils migrate thus into the airways
becoming the most common inflammatory cell infiltrate [130,134].

However, adaptative immunity is also influenced by RDS and MV. It has been observed an
increased number of activated T lymphocytes (expressing the CD54 marker) together with a
reduced total lymphocytes count in the blood of infants with RDS [135].

It appears that lymphocytopenia of preterm infants with RDS affects primarly the CD4+ cells
subset [136]. However the mechanisms that cause lymphocytopenia are not known and have
been only hypothesized. A possible explanation is that activated T cells are recruited from

bloodstream to the injured lungs as demonstrated by the elevated concentration of CD4+ cells
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in the lung interstitium of infants with RDS [137]. Another hypothesis is that lymphocytes of
infants with RDS are more likely to undergo aptoptosis phenomena compared to healthy
infants as seen for lymphocytes of septic infants. Lymphocytopenia could thus be the result of
an anti-inflammatory mechanism to compensate the significant immunological activation
induced by lung injury.

A study performed on animal models showed that RDS and MV led to a significant
inflammatory status of the lung as much as to a significant peripherical immunosuppression
attested by a reduced lymphocytes responsiveness to mythogens and reduced cytokine
production [138]. Another study showed that surfactant administration does not improve the
immunodepression status [139]. However these data are not confirmed yet by studies

perfomed in human newborns.

3.5Enteral nutrition

The intestine can be considered the largest immune organ in the body since it hosts the
majority of lymphocytes and other immune cells. In newborn infants the development of a
normal intestinal flora and the exposure to dietary antigens play a key role in the the
generation of appropriate immune responses and the development of immune regulatory
networks; however the mechanisms by which the microbes influence the phenotype and
function of lymphoid cells associated with GALT are largely unknown. The Th1-Th2 balance
is thought to be influenced by microbial exposure and it is likely that there is an optimum
flora in early life that can promote a healthy intestine and optimize its immune function [140].
Moreover the intestine of neonates is more permeable than that of the adult and hence more
susceptible to transfer and uptake of potentially harmful lumen antigens, including pathogens.
Colostrum and milk-feeding can influence the maturation of the developing intestinal
epithelium and immunophenotypic differences in lymphocyte subsets following exposure to
maternal milk have been reported such a decrease in CD4+:CD8+ cells ratio and an increase
in IFN-y and NK cells [141, 142].

Breast milk also contains immunosuppressive factors such as IL-10 and TGF-f that may
facilitate tolerance induction to harmless food antigens and antigens associated with
commensal bacteria [143].

Moreover maternal lymphocytes in human milk play an important role in modulating neonatal

immune response and there are experimental evidence confirming that milk lymphocyte can
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attach and traverse the neonatal intestine and can remain locally within the intestine or

migrate to enter the circulation [144].
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4. EVALUATION OF GLOBAL CELL-MEDIATED IMMUNITY

T-Lymphocytes, and CD4" cells in particular, play a crucial role in the regulation of the immune
system. Because they re involved in the modulation of the adaptive immunity both humoral and cell-
mediated and they have also a relevant part in the control of innate immune response, they re often
targeted as a marker of the global immune function. Despite its importance and the abundance of T-
lymphocyte assays that exist, the development of a standardized measurement of global cell-mediated
immunity has been difficult. Typically, absolute lymphocyte counts (ALC) and CD4" T-lymphocyte
counts are the only clinical assessment of immune status and immune reconstitution [145,146]. While
these measurements accurately measure and track the number of T-lymphocytes, they do not reflect

cell function.

4.1Leukocytes count and lymphocyte subsets

The determination of lymphocyte population in preterm in term newborns is important for the
evaluation of the immune status in a population that is particularly exposed to the risk of
infection. Moreover these investigations help understanding the lymphocyte development and
maturation. What is known from the studies so far published is that preterm infants’
lymphocyte subsets are different from those of the term newborns and the latter have different
values compared to children and adults. However most of the studies report relative instead of
absolute values, which may lead to data misinterpretation. In fact, the absolute values are not
affected by the relative frequencies of other subsets and constitute a more reliable indicator of
the physiological immune status. [147]. The limitation of early flow cytometric technology
also complicates the interpretation of data obtained in the past and the sample size of
population are often either small or do not take into account preterm infants with extremely
low gestational age (23-26 weeks). Juretic and colleagues [148] reported a lower percentage
but a higher absolute number of T lymphocytes in cord blood compared to adult due to a
higher absolute lymphocyte number in neonatal blood. While term infants showed reduced
values of CD8+ cells but similar percentage of CD4+ cells compared to adults, preterm
infants showed a significantly lower percentage of CD4+ to term newborns and adults. A
lower percentage of T cells in infants was also documented by Peoples et al [149] and the
authors found that the percentage of total T cells did not differ between term and preterm
infants. Interestingly, despite the percentage of CD4" T-helper cells also being significantly
lower in the combined neonatal group (term+preterm) compared with adults, only the term

group's CD4+ cells were significantly lower than adults and this percentages was also
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somewhat reduced compared with the preterm group. When compared with preterm infants,
term infants had also a lower percentage of CD8" T cells. Both CD4+ and CD8+ memory
cells were reduced in neonates compared to adults but did not different between term and
preterm infants. NK cells were increased in neonates compared to adults. Conversely another
study showed a reduced absolute count in lymphocyte, T cells and CD4+ subset in extremely
preterm infants compared to late preterm and term infants [150]. The most elegant study was
performed in 2012 on a large population of 117 preterm and 94 term infants (31-35 weeks)
[147]. The authors showed that preterm infants have a low percentage of neutrophils and a
high percentage of total lymphocytes with a relative high proportion of T cells (both CD4+
and CD8+) and low proportion of B and NK cells. But when they analyzed the absolute
number of leukocytes they demonstrated that compared to term infants, preterms have rather a
marked leukopenia involving all the subsets (lymphocyte, granulocytes, monocytes) with a
significant positive correlations between these groups and GA. Treg cells were the only subset
that was higher in preterm infants with a significant inverse correlation between these group
and GA. These cells play a crucial role in establishing and maintaining maternal-fetal
tolerance during pregnancy and the authors hypothesize that they can exert their regulatory

effect by suppressing the proliferation of naive T cells.

n Preterm n Term Pvalue
Total lymphocytes* 103 3,372(2,274-4,516) 85 4,378(3,507-5,957) 0.000
4T 102 1,605 (1,140-2,248) 81 1,942(1,396-2,458) 0.005
CD4'RTEs 23 807 (538-961) 14 1,134(821-1,937) 0.025
cos'T 102 584 (383-794) 81 739(533-931) 0.002
CD8'RTEs 23 382(318-531) 14 621(366.2-774.8) 0.008
Tregs 29 130(100-166) 17 146(90-179) NS
NK cells 103 222(131.7-421) 78 469(206-861) 0.000
Beells 101 518(348-804) 77 746 (554-1,056) 0.000
Monocytes* 23 601 (440-804) 17 1,241 (975-1,504) 0.000
Granulocytes® 23 2,252(1,222-3,959) 17 7,930(6,491-10,142) 0.000
Basophils 23 61(48-106) 17 130(88-159) 0.047
Neutrophils 23 1,780(753-3,125) 17 6,781 (5,498-8,991) 0.000
Eosinophils 23 171(122-426) 17 346 (223-559) 0.037
Immature Grns. 23 145(71-303) 17 577(240-772) 0.010
Thymic function®
TRECs PBMCs 33 218(128-1,210) 13 284 (41-680) NS
TRECs CD4* 17 160(94-371) 19 154(102-589) NS

IL-7 (pg/ml) 85 0.50(0.2-0.8) 68 0.95(0.32-2.3) 0.001

Figure 2 Absolute count of immune cells in cord blood samples [147]
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4.2Measuring T cell immune function: Immuknow® assay

T-lymphocytes are fundamental in establishing an adequate the immune response. T-
lymphocyte antigen recognition elicits a series of events such as intracellular energy
production, calcium flux, phosphorylation of intracellular signal transduction proteins and
ultimately de novo protein production. The characteristics and functions of the mediators
produced by T-lymphocytes vary according to the context and nature of the inducing
stimulation by the antigen-presenting cell, lymphoid milieu and stimulation history. The
processes following T cells activation include cytokine/chemokine production, degranulation,

cytotoxicity, proliferation, and eventual apoptosis or activation-induced cell death [151].

Recently, several assays have been developed in order to study T cells function ex-vivo. New
flow cytometry techniques allowed to measure different intra- and extra-cellular events that
follow T-cells activation: calcium flux can be detected by using fluorescently labeled
calcium-sensitive dye [152]; phosphorylation induced by stimulation can be quantified by
using phosphoantibodies [153]; degranulation can be measured by detecting the cell-surface
expression of CD107 from cytotoxic granules [154] and ultimately cytotoxicity can be
evaluated by measuring cell lysis by measuring the loss of fluorescent dye from target cells
[155]. Cytokine production can also be measured by many techniques including molecular
approaches for mRNA quantitation (RT-PCR or RNase protection), ELISA and ELISPOT for
detection of secreted protein, and intracellular staining with flow cytometry for single-cell

cytokine detection [151].

Immuknow® assay has been introduced clinically over the past several years to evaluate
global cell-mediated immunity by assessing the ability of CD4" T-lymphocytes to respond to
mitogenic stimulation by PHA in vitro. This test quantifies the amount of ATP (adenosine
triphosphate) produced following overnight stimulation [156]. Immuknow® assay also
requires an in vitro stimulation with mythogens aswell as the previously mentioned
techniques, but it targets a key molecule. ATP is a basic energy source within cells, its
production marks the initial step of T-lymphocyte activation and is an essential requirement
for all lymphocytes functions following activation. ATP is a useful metabolic marker as it is
produced within minutes to hours of initial stimulation and is necessary for cellular function

regardless of eventual effector function. It can also be measured quantitatively using a
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luciferin/luciferase bioluminescence system. Therefore it is a highly suitable marker for T-

lymphocyte activation and a clinical evaluation of global T-lymphocyte function [151].

Immuknow® has been approved by the FDA in 2002 for the assessment T-lymphocyte
function in immunosuppressed patients. The assay has been adapted to the clinical setting in
its use of a small volume of whole blood, assuring that lymphocyte stimulation takes place in
the presence of any drugs that may reside in the patient's system. This approach also
eliminates the need for purification of mononuclear cells. In the assay, blood is diluted and
added to microwells along with PHA and stimulated for 15-18 hours. The next day, the cells
are isolated using magnetic particles coated with anti-CD4 antibody and then washed and
lysed to liberate intracellular ATP produced in response to stimulation. ATP is quantified
using a luciferin/luciferase reaction that is subsequently read in a luminometer. Light
production is converted to ng/ml of ATP after extrapolation from a standard calibration curve.

This standardization assures accuracy of repeat tests on the same patient over time as well as
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comparable results between laboratories. [151]. The process is schematic shown in figure 3.

Figure 3: Immuknow® assay schematic laboratory procedure [151].

The first clinical trial was performed between 2002 and 2003 at the Univeristy of Alabama,
Maryland on both healthy (n = 155) and immunosuppressed (n = 127) transplant patients by
Kolwaski and colleagues [156]. The authors identified 3 zones of immune competence: ATP

value (ng/ml) <225 characterized a low immune response while levels of 226-525 or > 525
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indicate a moderate or strong response, respectively. These cut-off are still the conventional
reference values for the evaluation of the immune response in the adults. Afterwards the same
group of researchers assessed the relative risk of infection and rejection of 504 solid organ
transplant recipients (heart, kidney, kidney-pancreas, liver and small bowel) using the
ImmuKnow assay [157]. Blood samples were taken from recipients at established intervals
after transplantion and compared with the clinical course (stable, rejection, infection). The
authors reported that a recipient with an immune response value of 25 ng/ml ATP was 12
times more likely to develop an infection than a recipient with a stronger immune response
and that a recipient with an immune response of 700 ng/ml ATP was 30 times more likely to
develop cellular rejection than a recipient with a lower immune response value. They
suggested new reference cut-off: <130 ng/mL for the risk of infection and >450 ng/mL for the
risk of rejection. Since then, several studies have investigated the clinical utility of
ImmuKnow. What became apparent was that a high ATP level, thought to represent under-
immunosuppression, did not associate well with acute rejection events [158]. Even though the
association was higher between risk for infection with very low ATP levels each study is
heterogeneous from the other, differing in characteristics such as type of organ transplant,
immunosuppression protocols, timing of ImmuKnow assay to event, and the measure of the

event [159].

In a meta-analysis published in 2012 [160], the authors concluded that current evidence
suggests that ImmuKnow assay is not able to identify individuals at risk of infection or
rejection. They stated that additional studies are still needed to clarify the usefulness of this
test for identifying risks of infection and rejection in transplant recipients. Literature focusing
on the pediatric population is limited and there are no data on newborns both at term and
preterm. In 2005 Hooper and colleagues collected samples from 50 healthy children of
different ages and 37 kidney transplant recipients [161]. The mean population age was 9,1
years and only 5 children were <3 years old. Data were compared with values from adult
population and the authors demonstrated that the ATP levels of children >12 years were
similar to those of the adults. On the opposite, children <12 years and transplants recipients
had lower values. The authors suggested new cutoffs for the pediatric population: >395 ATP

ng/mL for a strong response and <175 ng/mL for a low response as reported in figure 4.

A more recent study was performed on healthy children <3 years[163]. Mean ATP levels
were 376 ng/mL, in accordance to the data provided by Hooper and colleagues. As for the

adults, following studies provided heterogeneous results: some authors found strong
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correlations between Immuknow and both risk of infection and rejection [164] while others

questioned the clinical utility of Immuknow [165].
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Figure 4 Immuknow® immunological zones for adults and children [162]
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5. RESEARCH PROJECT

5.1 Abstract

Background. Neonatal immune system is not fully developed at birth; newborns have an
adequate leukocytes and lymphocytes count at birth but these cells lack of function.

Objective. To assess the functional activity of T-cells at birth and at 30 days of life and the
influence of the main perinatal factors in a population of preterm infants.

Design. A prospective longitudinal study was carried out in a population of 59 preterms.
Fifteen healthy adults were included as a control group. Blood samples were collected at birth
and at 30 days of life to evaluate CD4+ T cell activity using the Immuknow® assay.

Results. CD4+ T cell activity at birth and at 30 days of life were significantly lower compared
with adult controls (p < .001). Twins showed lower activity compared to singletons (p=.005).
Infants born to vaginal delivery had higher CD4+ T cell activity compared to those born to c-
section (p=0.031); infants born after pPPROM showed a higher activity at birth (p=.002). Low
levels of CD4+ T cells activation at birth were associated with necrotizing enterocolitis
developement in the first week of life (p=.049).

Conclusions. Preterm infants show a lack in CD4+ T cells activation at birth. Perinatal factors
such as intrauterine inflammation, mode of delivery, zygosity can influence the levels of
adaptative immune activity at birth and can contribute to expose these infants to serious

complications such as NEC.

5.2Introduction

Although immune system development begins early during fetal life, its maturation is not
completed at birth, as confirmed by the increased susceptibility of newborns and preterm

infants to infectious diseases.

The immune system of the fetus/newborn should protect the infant against infections at the
maternal-fetal interface but should also avoid the potentially harmful pro-inflammatory/Th 1
cell-response that can induce a detrimental reaction between mother and fetus. Thus, the
suppression of pro-inflammatory response helps the infant in the transition from the (sterile)
intra-uterine environment to the foreign antigen-rich environment of the outside world.
Therefore this inability, that has been long-time interpreted as a deficiency of the immature

immune system, can actually represent a biologically advanced response.
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The abnormalities of neonatal immune system are mostly related to a functional deficit of
their components. Newborns and especially preterm infants have higher leukocyte and
lymphocyte counts compared to adults[166]; however these cells show a lack of function at
birth as a consequence of the inexperience of the adaptive immune system due to the lack of
strong antigenic exposure in utero. This is confirmed by the decreased number of memory T
and B cells and the increased number of naive T and B cells into the neonatal

bloodstream[167].

In oder to measure the functional activity of T-cells during the third trimester of gestation we
evaluated a group of preterm infants at birth and after 30 days of life with the Immuknow®
assay. This immunological test measures the level of intracellular adenosine triphosphate
(ATP) after in vitro stimulation with phytohemoagglutinin (PHA) as marker of CD4+ T cells
activity. It has been used in adult subjects at risk for infection, however this assay has been

rarely utilized in children and never tested in newborns or preterm infants.

The aim of study was to investigate the peripheral blood CD4+ T cell activation in response to
in vitro stimulation with PHA in order to assess the basal condition of the adaptive immune
system at birth, its development in the first month of life and the influence of the main

perinatal factors in a population of preterm infants.

5.3Methods

Population

A prospective longitudinal study was carried out between November 2013 and July 2015 at
the Neonatal Intensive Care Unit (NICU) of St. Orsola-Malpighi General Hospital in
Bologna, Italy.

All the infants with gestational age (GA) < 30 weeks and birth weight (BW) < 1500 g
admitted at birth to the unit were considered elegible to the study. Infants with congenital
malformations, congenital infections or born to a mother with pregnancy complications
(immunosuppressive disorders, diabetes mellitus or infections during or preexisting the

pregnancy) were excluded.

Before enrollment in the study, written informed consent was obtained from each infant’s

parents.
Fifteen healthy adults were also included as a control group.
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Study design

Whole blood samples were collected in the first day of life and at 30 days of life from each
patient to evaluate the pattern of lymphocytes subpopulations and the level of in vitro CD4+ T
cell activity. Anamnestic and clinical data were prospectively collected during the hospital

stay.

Sepsis was defined as presence of clinical signs of infection (worsening of respiratory
dynamics, apnea and increased oxygen requirement, cardiovascular instability with
tachycardia or bradycardia, poor perfusion, hypotonia, shock), elevation of infections markers
(white cell count, CRP, procalcitonin) and a positive blood culture. Necrotizing enterocolitis

(NEC) was defined according to Bell’s modified criteria. [168]

The study was approved by the Sant’Orsola Hospital Research Ethics Committee (CIMPre
study, 114/2012/U/Oss).

Assessment of CD4+ T cell activity

CD4+ T cell immune response was measured using the Immuknow® assay according to the
package insert by the Microbiology and Virology Laboratory of Bologna University Hospital.

Blood was collected in sodium heparin tubes.

Briefly, 250 pL of whole blood was diluted with sample diluent, added to wells of a 96-well
microtiter plate and incubated for 15-18 h with PHA in 37°C in 5% CO,. Magnetic particles
coated with anti-human CD4 antibodies were introduced to the wells, and using a strong
magnet, CD4+ T-cells were positively selected and separated. Then, the cells were lysed to
release intracellular ATP. Released ATP was measured using luciferin/ luciferase and a

luminometer.

CD4+ T cell immune response was defined as the quantity of intracellular ATP (ng/ml)

produced after stimulation with PHA.

Statistical analysis

Statistical analysis was performed by IBM SPSS (Statistical Package for Social Sciences,

version 20).
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Data distribution was checked for normality by the Shapiro-Wilk test. Being data not
normally distributed, non-parametric tests were used. Univariate analyses were performed in
order to evaluate which clinical variables were related to ATP values at birth and at one
month of life: Mann Whitney and Kruskall-Wallis test were used for categorical variables and
Spearman correlation test for continuous variables. Regression analysis was performed using
as independent variables all those variables which proved to be significant in the univariate

analysis. Statistical significance was defined as a P value < 0.05.

5.4Results

Seventy-three eligible infants were admitted to NICU during the study period. Fourteen
infants (19,1%) were excluded because they either fulfilled the exclusion criteria (4 congenital
heart disease, 4 polymalformations) or blood samples could not be collected within the first

day of life (4 infants died and 2 were transferred from our unit in the first days of life).

Prenatal data and their correlations with CD4+ activity are shown in Table 1A and 1B.

birth 30 days of life

(59 infants) (39 infants)
Gestational age, weeks, median (range) 28 (22.7-30) 27.9 (23.3-30)
GA: 23-24 weeks, n (%) 8 (13.5) 5(12.8)
GA: 25-27 weeks, n (%) 19 (32.2) 15 (38.5)
GA: 28-30 weeks, n (%) 32 (54.3) 19 (48.7)
Birth weight, median (range) (g) 995 (393-1500) 952 (535-1500)
Gender Male, n (%) 33 (55.9) 23 (59.0)
Singleton, n (%) 38 (64.4) 25 (64.1)
SGA n (%) 10 (16.9) 6 (15.4)
Vaginal delivery, n (%) 28 (47.5) 19 (48.7)
pPROM™***_ n (%) 15 (25.4) 9(23.0)
Prenatal steroids n(%) 48 (81.3) 33 (84.6)

Table 1A. Characteristics of study population. GA: gestational age; SGA: small for gestational age; AGA:
appropriate for gestational age; ***pPROM: prolonged Premature Rupture of Membranes (> 18 hours passed
between the rupture and the onset of labor/delivery).
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Samples were obtained at 30 days of life from 39/59 (66,1%) of the recruited newborns, the

remaining 20/59 (33,8%) encountered death or were transferred to other hospitals before 30

days of life.

birth 30 days of life

(59 infants) pvalue 39 infants) p value
GA: 23-24 weeks 89 (62-242) 13 (3-253)
GA: 25-27 weeks 109.5 (44-733) 109.5 (3-383)
GA: 28-30 weeks 85 (66-569) p=-741 136 (57-365) p=029
male sex 182.9+157.1 170.5+123.0
female sex 110.5 £140.6 p=.091 187.1+105.3 p=.326
singleton 163 (6-733) 178 (3-383)
twins 84 (26-153) P00 6e s 10365y P!
SGA 106.8+121.1 175.7496.0
AGA 164.3+158.7 p=.255  177.2%120 p=.770
vaginal delivery 123 (15-733) 123.5 (3-383)
caesarean delivery 83.5 (6-352) p=.031 215.5 (3-292) p=.795
pPROM*#* 197 (52-336) 185.5 (65-383)
no pPROM*** 87 (6-733) p=.002 168.5 (3-365) p=.343
prenatal steroids 169.9+£162.5 189.0+116.4
no prenatal steroids ~ 79.0+52.3 p=-140 11704954 p=.159

Table 1B. Intracellular ATP values ng/ml expressed as median (range) of the study population. ***pPROM:
prolonged Premature Rupture of Membranes (>18 hours passed between the rupture and the onset of

labor/delivery).

Lymphocyte subsets

The pattern of lymphocytes subpopulations at birth and at 30 days of life are reported in Table
2. While the absolute number of CD4+ did not correlate to the value of intracellular ATP at

birth (p=.831) a significant positive correlation was observed at 30 days of life (p=.011).
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Birth (59 infants)

30 days (39 infants)

WBC (n) 7350 (1170-119200) 10700 (4030-34650)
N (n) 1814 (283-97744) 4267 (908-23562)
N (%) 24,8 (4,3-88) 42 (8,9-75)

L (n) 3775 (903-10775) 4141 (557-10098)
L (%) 60 (6-86,83) 40 (4,4-74)

Pan T (CD3+) 2875 (668-8404,5) 2865 (701-5481)
Pan T (%) 73,9 (47-88) 64,5 (36-84)
CD4+/ml 1954 (388-6680,5) 1982 (438-4725)
CD4+ (% L tot) 54 (32-73) 45,5 (20-69)
CDS8+ml 673 (172-2312) 729,5 (198-2650,5)
CDS$+ (% L tot) 18 (8-32) 16 (8-45)
CD4+/CD8+ 2,92 (1,37-7,38) 2,67 (0,77-6,25)
NK/ml 242,25 (35,6-1536) 442,75 (15-1371)
NK (% L tot) 7 (1-24) 9,5 (1-42)

Pan B/ml 501 (60,56-3770) 829,35 (210-3635,3)
Pan B (%) 15 (2-30,6) 22,9 (9-41)

Table 2. Lymphocytes subpopulations at birth and at 30 days of age of infants enrolled in the study

CD4+ T cell activity in preterm newborn at birth and 30 days of age compared to adult

controls

While there were no significant differences in levels of activation of CD4+ T cells at birth vs
30 days of life (median: 100 ng/ml [range: 6-733 ng/ml] vs. 168,50 ng/ml [range: 3-383
ng/ml]; p=.142), both these values were significantly lower compared with adults controls (p

<.001) as shown in Figure 1.
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Figure 1: CD4+ T cell activity in preterm infants and in adult controls

Perinatal factors and CD4+ activity

The univariate analysis showed no significant correlation was between levels of ATP at birth
and GA, BW, gender, intrauterine growth retardation (IUGR), and use of prenatal steroids
(Table 1). The twenty-one twins showed significantly lower levels of intracellular ATP at
birth compared to the remaining 38 singleton infants; this difference was no longer significant

at 30 days of life (Table 1 and fig 2A).
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Figure 2. : Levels of ATP at birth. A: in
twins and singletons; B: pPPROM vs other
conditions of delivery; C: in patients with
and without NEC.
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Infants born to vaginal delivery had higher levels of CD4+ activity at birth compared to those
born to c-section (median 123 ng/ml vs. 83 ng/ml, p=0.031); no difference was found at 30

days of life.

Fifteen out of 59 preterm infants were born to mothers with pPROM (prolonged premature
rupture of membranes > 18 hrs); these infants showed a higher activity of CD4+ T cells at
birth compared to the 44 remaining infants (p=.002); this difference disappeared at 30 days of
life. (Table 1 and fig 2B).

A multivariate analysis was performed including those variables which proved to be
significant in the univariate analysis (p)PROM and singleton/twin pregnancy): both pPROM

and singleton pregnancy were independently associated with increased ATP levels at birth.

Morbidity during the first 30 days of hospital stay and CD4+ activity

A significant positive correlation was found between CD4+ activity at 30 days of life and GA
(p= .029). The study population was stratified into three GA groups (23-24, 25-27, 28-30
weeks of GA) for the analysis.

While the level of intracellular ATP at birth was not different among the three groups,
differences were observed at 30 days of life (Table 1). The mean levels of intracellular ATP
decreased from birth to 30 days of life in the group with GA 23-24 weeks (p= .080), were
similar in the group of infants born at 25-27 weeks of GA (p= 1.000) and increased
significantly in the group of infants born at 28-30 weeks of GA (p=.026).

No correlation was found between CD4+ activity, both at birth and at 30 days of life, and
mechanical ventilation, patency of ductus arteriosus, early onset sepsis, late onset sepsis,

postnatal steroids, antibiotics use, type of enteral nutrition and death.
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Figure 3: Levels of ATP at 30 days in different GA groups

Five out of 59 preterm infants developed NEC > stage 3 during the first week of life: these
infants had significantly lower values of ATP at birth compared to the 55 infants without NEC
(p=.049), Fig 2C. No difference in CD4++ activity was found groups at 30 days of life .

Short term outcomes and CD4+ activity

No influence of CD4+ T cell activity on short term outcome (IVH-Intraventricular
hemorrhage; PVL- periventricular leukomalacia; ROP-retinopathy of prematurity; BPD-
Bronchopulmonary Dysplasia; death) was shown, both at birth and at 30 days of life.

5.5Discussion

Neonatal immune system is not fully developed at birth and newborns are therefore exposed
to the risk for infection by a wide range of viruses, bacteria, protozoa, and fungi. This
weakness can be partly attributed, to the lack of preexisting immunological memory and
competent adaptive immunity. Newborn infants have deficiencies in T-cell activation and
cytokine production, B-cell immunoglobulin production, and interactions between T and B-

cells, relative to adults.[6]

T-Lymphocytes, especially CD4+ T cells, play a crucial role in the regulation of the immune

system. Because they are involved in the modulation of both humoral and cell-mediated and
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they have also a relevant part in the control of innate immune response, they are often targeted

as a marker of the global immune function.

From 19 weeks of gestation T-cell subpopulations gradually increase in number and continue
to rise after birth to peak at about 6—9 months of life. The numbers subsequently decline, and
adult levels are finally reached at 6—7 years of age [43]. In term neonates, CD4+ cells
constitute a higher proportion of T cells than adults. CD8+ cells, on the other hand, are fewer
both in terms of their absolute number and as a percentage of total T cells. Preterm infants
have a significantly higher number of CD4+ T cells while the number of CD8+ T cells does
not seem to change with gestational age [44]. Reference values for T lymphocyte count are

established for all ages but they do not reflect cell function.

In this study, we used the Immuknow® assay in order to investigate the function of CD4+ T
cell at birth in a population of preterm infants. This test quantifies the levels of ATP after in
vitro stimulation with PHA [156]. ATP is a key metabolic marker, it is produced within
minutes to hours of initial stimulation and is necessary for cellular function regardless of
eventual effector function and therefore it is a highly suitable marker for T-lymphocyte

activation and a clinical evaluation of global T-lymphocyte function [151].

Immuknow® assay has previously only been tested in adults and children and this is the first
study that uses this assay to assess T cell mediated immunity in preterm infants. This test
seemed quite suitable for preterm infants since it requires a very small amount of blood to be

performed (200-300 pl).

Our findings show similar leukocyte and CD4+ T cells counts to previously reported studies

in preterm population [147, 150].

We documented a lack of association between the number of CD4 T cells at birth and their
function (measured by intracellular ATP production) and a positive correlation between
number and activity of CD4 T cells at 30 days of life. This finding underlines the concept that
the absolute number of lymphocyte cells is not always an accurate estimation of the immune
function. Despite being within the normal range at birth, T cells can be functionally impaired

and a functional maturation can occur over time as shown in our study.

One of the peculiarities of Immuknow® assay is actually its independence of lymphocytes

and CD4+ cells numbers [151,156].
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In his study, Kolwalski et al. [151] demonstrated that the correlation between the number of
lymphocytes the their function is weak (r= 0,24) marking the characteristic of Immuknow®
assay to provide a quantification of CD4+ T cells activity that is indipendent from cells
absolute number. However, other studies performed afterwards questioned this concept since
a positive association between white blood cell count and ImmuKnow level was observed.

[169,170].

It appears that the positive correlation between number of cells and their activity is weak
when cellfunction is impaired/immature (such as in preterm infants at birth) and becomes

subsequently strong when these cells encounter maturation.

We found that preterm infants have a reduced CD4+ T cell activation compared to adults: the
values at birth are extremely low and, despite a trend towards higher values over time, they
remain significantly low at 30 days of life. It is known that newborns, especially preterm
infants, have deficiencies in both innate and adaptative immunity and many studies have
demonstrated lower concentrations of cytokines such as TNF-a, [FN-a, IL-4, IL-5, IL-10, IL-
15 and IFN-y in preterms’ blood compared to adults [49-52]. However cytokines production
is an indirect estimation of cellular function. The present study sets the functional impairment
of CD4+ T cells at the initial steps of T-lymphocyte activation, when ATP is produced. Since
ATP is a basic energy source within cells, its production is an essential requirement for all

lymphocytes functions following activation. [151]

While there is not a clear correlation between ATP values at birth and GA, it appears that the
level of maturation of CD4+ response varies among different classes of GA. Infants born 28-
30 weeks showed the expected maturational trend toward higher ATP values. On the opposite,
infants born 23-24 weeks failed to develop lymphocyte activation competence and their very
low ATP values at birth reached even lower values at 30 days of life. The reason of this
inverted trend in unclear and this category of extremely premature infants needs to be

carefully monitored .

In this study twin infants showed ATP levels at birth significantly lower compared to
singletons. This is an interesting finding and literature lacks of information on the
immunological peculiarities of multiple pregnancies. All the twins included in the study were
dizygotic and thus immunologically different. We hypothesized that the co-presence of twins
in utero may induce a deeper immune tolerance that involves both fetuses and the mother in

order to avoid the potentially harmful immune reaction between the three. Our hypothesis is
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in accordance with previous studies that documented higher levels of Th2-cytokines in the
blood of mothers carrying twins compared with singleton pregnancies [171] underlining the
more profound Th1-Th2 shift that occurs in twin pregnancies. Moreover a recent study
demonstrated that both dizygotic twins and their mothers are more prone to infection than

monozygotic twins, singletons and their mothers. [172]

We found that pPROM significantly increases CD4+ T cells activation at birth. It has been
demonstrated that bacteria and pro-inflammatory mediators in amniotic fluid can elicit a fetal
inflammatory response, documented by an increase in fetal plasma cytokines and C reactive
protein [118-120]. Lymphocytes are activated during infections in utero, indicating that fetal
adaptive immune response is at least partly responsive [121]. Fetuses and neonates exposed to
intrauterine inflammation have increased Thl cells response and increased levels of IFN-y,

indicating a potential shift from Th2 to Th1 of the fetus [6, 122].

We have also demonstrated that CD4+ T cells activity at birth is increased in infants born
after a vaginal delivery. Increasing evidence suggests that parturition itself is an inflammatory
event. [173] It has also been documented that more than a half of women who deliver by
cesarean section are not in labor at the time of delivery. [128] Our findings support the current
knowledge that intrauterine inflammation/infection can lead to immune maturation in the
fetus. These differences disappear at 30 days of life, most likely because all the cathegories
(PROM vs non-PROM and vaginal delivery vs cesarean section) are exposed to the same

extrauterine enviroment.

In our study population the level of ATP at birth did not correlate with the risk of sepsis. This
is not the first study that fails to detect and association between low values of ATP and
infection. Previous studies performed in immunocompromised adults using Immuknow®
assay showed conflicting results [159]. In a meta-analysis published in 2012 [160], the
authors concluded that ImmuKnow assay is not able to identify individuals at risk of infection

or rejection after organ transplant.

Significant positive correlations were observed between low levels of CD4+ T cells activation
at birth and NEC development in the first week of life. Although the etiopathogenesis of
NEC is still a matter of debate, some authors support the involvement of innate immune
system [174]. We hypothesize that an impairment of the adaptative immune system may also
play a role in the altered immune reaction that leads to NEC development. CD4+ cells

impaired function may hinder infection control in the intestinal lumen. Other mechanisms
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may also be involved and a more detailed characterization of CD4+ T cells is needed to

clarify their role in the NEC pathogenesis.

This study has many limitations. The study sample is small and lacks of control groups both

at term and with gestational age >30 weeks.

Another major limitation is the absence of a immunophenotipic classification of CD4+ T
cells. The evaluation of T-reg cells is crucial to understand the immunological characteristics
of the preterm infants. These CD4+ T cells are provided with immunosuppressive functions
and represent a high proportion of lymphocytes at birth with a significant inverse correlation
with GA [147]. The role of T-reg cells in the modulation of the immune response is an

expanding field of research and this data can add precious information to our findings.

In conclusion, preterm infants show a lack in CD4+ T cells activation and fail to show a
functionally maturation of lymphocyte over the first month of life. An impaired ability to
respond to stimulation can contribute to expose these infants to serious complications such as
NEC. However, the adaptative immune response can at least partially be elicited during the
fetal life by events occurring before delivery such as pPROM or labor. Further studies in
larger populations are needed to clarify these results and to better understand the cellular

mechanisms that regulate neonatal adaptive immune response to pathogens.

36



6.

10.
11.
12.
13.
14.
15.
16.

17.

18.
19.
20.
21.
22.
23.
24.

25.

REFERENCES

Gaetano Chirico. Development of the Immune system in neonates. J Arab Neonatal Forum 2005;2: 5-11
Hannet 1., Erkeller-Yuksel F., Lydyard P., Deneys V., DeBruyere M. (1992). Developmental and
maturational changes in human blood lymphocyte subpopulations. Immunol. Today 13, 215-218.

Marodi L. (2006). Innate cellular immune responses in newborns. Clin. Immunol. 118, 137-144.

Durandy A. (2003). Ontogeny of the immune system. Transfus. Med. Hemother. 30, 222-227.

Strunk T., Currie A., Richmond P., Simmer K., Burgner D. (2011). Innate immunity in human newborn
infants: prematurity means more than immaturity. J. Matern Fetal Neonatal Med. 24, 25-31.

Melville JM and Moss TJ.M. The immune consequences of preterm birth. Frontiers in Neuroscience 2013
May 21;7:79

Maheshwari A, Christensen RD (2004) Developmental granulocytopoiesis.In: Polin RA, Fox WW Abman
SH (eds), Fetal and neonatal physiology, Vol 2, 3rd edn. WB Saunders Company, Philadelphia, PA, pp
1388-1395

Schmutz N et al. Expected ranges for blood neutrophil concentrations of neonates: the Manroe and
Mouzinho charts revisited. J Perinatol. 2008; 28:275-81.

Kim SK, Keeney SE, Alpard SK, Schmalstieg FC (2003) Comparison of L-selectin and cdllb on
neutrophils of adults and neonates during the first month of life. Pediatr Res 53:132-136

Hashimoto M, Nishida A, Minakami H et al (2002) Decreased expression of L-selectin on peripheral blood
polymorphonuclear leukocytesin neonates with severe asphyxia. Biol Neonate 8§1:95-98

Linderkamp O, Ruef P, Brenner B et al (1998) Passive deformability of mature, immature, and active
neutrophils in healthy and septicemic neonates. Pediatr Res 44:946-950

Bektas S, Goetze B, Speer CP (1990) Decreased adherence, chemotaxis and phagocytic activities of
neutrophils from preterm neonates.Acta Paediatr Scand 79:1031-1038

Fox SE, Lu W, Maheshwari A et al (2005) The effects and comparative differences of neutrophil specific
chemokines on neutrophil chemotaxis of the neonate. Cytokine 29:135-140

Sacchi F, Rondini G, Mingrat G et al (1982) Different maturation of neutrophil chemotaxis in term and
preterm newborn infants. J Pediatr 101:273-274

Eisenfeld L, Krause PJ, Herson V et al (1990) Longitudinal study of neutrophil adherence and motility. J
Pediatr 117:926-929

Turkmen M, Satar M, Atici A (2000) Neutrophil chemotaxis and random migration in preterm and term
infants with sepsis. Am J Perinatol 17:107-112

Etzioni A, Obedeanu N, Blazer S et al (1990) Effect of an intravenous gammaglobulin preparation on the
opsonophagocytic activity of preterm serum against coagulase-negative staphylococci.Acta Paediatr Scand
79:156-161

Strunk T, Temming P, Gembruch U et al (2004) Differential maturation of the innate immune response in
human fetuses. Pediatr Res 56:219-226

Ambruso DR, Bentwood B, Henson PM et al (1984) Oxidative metabolism of cord blood neutrophils:
Relationship to content and degranulation of cytoplasmic granules. Pediatr Res 18: 1148-1153

Nupponen I, Turunen R, Nevalainen T et al (2002) Extracellular release of bactericidal/permeability-
increasing protein in newborn infants. Pediatr Res 51:670-674

Kelemen E, Janossa M (1980) Macrophages are the first differentiated blood cells formed in human
embryonic liver. Exp Hematol 8:996-1000

Porcellini A, Manna A, Manna M et al (1983) Ontogeny of granulocyte-macrophage progenitor cells in the
human fetus. Int J Cell Cloning 1:92-104

Linch DC, Knott LJ, Rodeck CH, Huehns ER (1982) Studies of circulating hemopoietic progenitor cells in
human fetal blood.Blood 59:976-979

Weinberg AG, Rosenfeld CR, Manroe BL, Browne R (1985) Neonatal blood cell count in health and
disease. II. Values for lymphocytes,monocytes, and eosinophils. J Pediatr 106:462—466

Maheshwari A. and La Gamma EF. Fundamentals of Feto-Neonatal Immunology and Its Clinical Relevance
G. Buonocore et al. (eds.), Neonatology. A Practical Approach to Neonatal Diseases.830-847

37



26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Speer CP, Ambruso DR, Grimsley J, Johnston RB Jr (1985) Oxidative metabolism in cord blood monocytes
and monocyte-derived macrophages. Infect Immun 50:919-921

Speer CP, Wieland M, Ulbrich R, Gahr M (1986) Phagocytic activitiesin neonatal monocytes. Eur J Pediatr
145:418-421

D’Ambola JB, Sherman MP, Tashkin DP, Gong H Jr (1988) Human and rabbit newborn lung macrophages
have reduced anti-candida activity. Pediatr Res 24:285-290

Maheshwari A, Kurundkar AR, Shaik SS et al (2009) Epithelial cells in fetal intestine produce chemerin to
recruit macrophages.Am J Physiol Gastrointest Liver Physiol 297:G1-G10

Kurland G, Cheung AT, Miller ME et al (1988) The ontogeny of pulmonary defenses: Alveolar macrophage
function in neonatal and juvenile rhesus monkeys. Pediatr Res 23:293-297

Alenghat AG, Esterly RJ et al. Alveolar macrophages in perinatal infants. Pediatrics. 1984; 74:221-223
Seghaye MC. The production of pro- and anti-inflammatory cytokines in neonate assessed by stimulated
whole cord blood culture and by plasma levels at birth. Biol Neonate. 1998; 73:220-27.

Bondada S, Wu H, Robertson DA, Chelvarajan RL (2000) Accessory cell defect in unresponsiveness of
neonates and aged to polysaccharide vaccines. Vaccine 19:557-565

Cahill RN, Kimpton WG, Washington EA et al (1999) The ontogeny of T cell recirculation during foetal
life. Semin Immunol 11:105-114

Haynes BF, Martin ME, Kay HH, Kurtzberg J (1988) Early events in human T cell ontogeny. Phenotypic
characterization and immunohistologic localization of T cell precursors in early human fetal tissues. J Exp
Med 168:1061-1080

Anderson G, Moore NC, Owen JJ, Jenkinson EJ (1996) Cellular interactions in thymocyte development.
Annu Rev Immunol 14:73-99

Haynes BF (1984) The human thymic microenvironment. Adv Immunol 36:87-142

Bodey B, Kaiser HE (1997) Development of Hassall’s bodies of the thymus in humans and other vertebrates
(especially mammals) underphysiological and pathological conditions: Immunocytochemical,
electronmicroscopic and in vitro observations. In Vivo 11:61-85

Mathieson BJ, Fowlkes BJ (1984) Cell surface antigen expression on thymocytes: Development and
phenotypic differentiation of intrathymic subsets. Immunol Rev 82:141-173

Chidgey AP, Boyd RL (2001) Thymic stromal cells and positive selection. APMIS 109:481-492

George JF Jr, Schroeder HW Jr (1992) Developmental regulation of d beta reading frame and junctional
diversity in t cell receptorbeta transcripts from human thymus. J Immunol 148:1230-1239

Cooper MD, Buckley RH (1982) Developmental immunology and the immunodeficiency diseases. JAMA
248:2658-2669

Erkeller-Yuksel FM, Deneys V, Yuksel B et al (1992) Age-related changes in human blood lymphocyte
subpopulations. J Pediatr 120(2 Part 1):216-222

Series IM, Pichette J, Carrier C et al (1991) Quantitative analysis of T and B cell subsets in healthy and sick
premature infants. Early Hum Dev 26:143-154

Pirenne H, Aujard Y, Eljaafari A et al (1992) Comparison of t cell functional changes during childhood with
the ontogeny of cdw29 and cd45ra expression on cd4+ T cells. Pediatr Res 32:81-86

Clerici M, DePalma L, Roilides E et al (1993) Analysis of T helper and antigen-presenting cell functions in
cord blood and peripheral blood leukocytes from healthy children of different ages. J Clin Invest 91:2829—
2836

Liechty KW, Koenig JM, Mitchell MD et al (1991) Production of interleukin-6 by fetal and maternal cells in
vivo during intraamniotic infection and in vitro after stimulation with interleukin-1. Pediatr Res 29:1-4
Yachie A, Takano N, Yokoi T et al (1990) The capability of neonatal leukocytes to produce IL-6 on
stimulation assessed by whole blood culture. Pediatr Res 27:227-233

Seghaye MC, Heyl W, Grabitz RG et al (1998) The production of pro- and anti-inflammatory cytokines in
neonates assessed by stimulated whole cord blood culture and by plasma levels at birth. Biol Neonate
73:220-227

Chheda S, Palkowetz KH, Garofalo R et al (1996) Decreased interleukin-10 production by neonatal
monocytes and t cells: Relationship to decreased production and expression of tumor necrosis factor-alpha
and its receptors. Pediatr Res 40:475-483

38



51.

52.

53.

54.

5S.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Qian JX, Lee SM, Suen Y et al (1997) Decreased interleukin-15 from activated cord versus adult peripheral
blood mononuclear cells and the effect of interleukin-15 in upregulating antitumor immune activity and
cytokine production in cord blood. Blood 90: 3106-3117

Lilic D, Cant AJ, Abinun M et al (1997) Cytokine production differs in children and adults. Pediatr Res
42:237-240

Mosmann TR, Cherwinski H, Bond MW et al (1986) Two types of murine helper T cell clone. I. Definition
according to profiles of lymphokine activities and secreted proteins. J Immunol 136:2348-2357

Adkins B (2003) Peripheral cd4+ lymphocytes derived from fetal versus adult thymic precursors differ
phenotypically and functionally. J Immunol 171:5157-5164

Takahashi N, Imanishi K, Nishida H, Uchiyama T (1995) Evidence for immunologic immaturity of cord
blood T cells. Cord blood T cells are susceptible to tolerance induction to in vitro stimulation with a
superantigen. J Immunol 155:5213-5219

Weaver CT, Harrington LE, Mangan PR et al (2006) Th17: An effector cd4 T cell lineage with regulatory T
cell ties. Immunity 24:677-688

Ivanov S, Bozinovski S, Bossios A et al (2007) Functional relevance of the IL-23-IL-17 axis in lungs in
vivo. Am J Respir Cell Mol Biol 36:442-451

Wilson NJ, Boniface K, Chan JR et al (2007) Development, cytokine profile and function of human
interleukin 17-producing helper T cells. Nat Immunol 8:950-957

109. Liu CC, Young LH, Young JD (1996) Lymphocyte-mediated cytolysis and disease. N Engl J Med
335:1651-1659

Smyth MJ, Kelly JM, Sutton VR et al (2001) Unlocking the secrets of cytotoxic granule proteins. J Leukoc
Biol 70:18-29

Toivanen P, Uksila J, Leino A et al (1981) Development of mitogen responding T cells and natural killer
cells in the human fetus. Immunol Rev 57:89-105

Lubens RG, Gard SE, Soderberg-Warner M, Stiechm ER (1982) Lectin-dependent T-lymphocyte and natural
killer cytotoxic deficiencies in human newborns. Cell Immunol 74:40-53

McVay LD, Carding SR (1999) Generation of human gammadelta T-cell repertoires. Crit Rev Immunol
19:431-460

Holtmeier W, Pfander M, Hennemann A et al (2001) The TCR-delta repertoire in normal human skin is
restricted and distinct from the TCR-delta repertoire in the peripheral blood. J Invest Dermatol 116:275-280
Peakman M, Buggins AG, Nicolaides KH et al (1992) Analysis of lymphocyte phenotypes in cord blood
from early gestation fetuses. Clin Exp Immunol 90:345-350

Morita CT, Parker CM, Brenner MB, Band H (1994) TCR usage and functional capabilities of human
gamma delta T cells at birth. J] Immunol 153:3979-3988

Tang Q, Bluestone JA. The Foxp3+ regulatory T cell: a jack of all trades, master of regulation. Nat Immunol
2008;9:239-44.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. Cell
2008;133:775-87

Kahn DA, Baltimore D. Pregnancy induces a fetal antigen-specific maternal T regulatory cell response that
contributes to tolerance. Proc Natl Acad Sci USA 2010;107:9299-304.

Correa-Rocha R, Pérez A, Lorente R, Ferrando-Martinez S, Leal M, Gurbindo D, Mufioz-Fernandez MA.
Preterm neonates show marked leukopenia and lymphopenia that are associated with increased regulatory T-
cell values and diminished IL-7. Pediatr Res. 2012 May;71(5):590-7

Holt PG, Jones CA (2000) The development of the immune system during pregnancy and early life. Allergy
55:688-697

Paloczi K (1999) Immunophenotypic and functional characterization of human umbilical cord blood
mononuclear cells. Leukemia 13(Suppl 1):S87-89

Ugazio AG, Marcioni AF, Astaldi A Jr, Burgio GR (1974) Peripheral blood B lymphocytes in infancy and
childhood. Acta Paediatr Scand 63:205-208

Thomas RM, Linch DC (1983) Identification of lymphocyte subsets in the newborn using a variety of
monoclonal antibodies. Arch Dis Child 58:34-38

Johnson CC, Ownby DR, Peterson EL (1996) Parental history of atopic disease and concentration of cord
blood IgE. Clin Exp Allergy 26:624-629

39



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Sanjeevi CB, Vivekanandan S, Narayanan PR (1991) Fetal response to maternal ascariasis as evidenced by
anti ascaris lumbricoides IgM antibodies in the cord blood. Acta Paediatr Scand 80:1134-1138

D’Angio CT, Maniscalco WM, Pichichero ME (1995) Immunologic response of extremely premature
infants to tetanus, haemophilus influenzae and polio immunizations. Pediatrics 96(1 Part 1):18-22

Palfi M, Hilden JO, Gottvall T, Selbing A (1998) Placental transport of maternal immunoglobulin G in
pregnancies at risk of Rh(d) hemolytic disease of the newborn. Am J Reprod Immunol 39:323-328

Deorari AK, Broor S, Maitreyi RS et al (2000) Incidence, clinical spectrum, and outcome of intrauterine
infections in neonates. J Trop Pediatr 46:155-159

Phillips JH, Hori T, Nagler A et al (1992) Ontogeny of human natural killer (NK) cells: Fetal NK cells
mediate cytolytic function and express cytoplasmic cd3 epsilon, delta proteins. J Exp Med 175:1055-1066
Sato T, Laver JH, Aiba Y, Ogawa M (1999) NK cell colony formation from human fetal thymocytes. Exp
Hematol 27:726-733

Finke D, Acha-Orbea H, Mattis A et al (2002) Cd4+cd3- cells induce Peyer’s patch development: Role of
alphadbetal integrin activation by CXCRS. Immunity 17:363-373

Spencer J, Finn T, Isaacson PG (1985) Gut associated lymphoid tissue: A morphological and
immunocytochemical study of the human appendix. Gut 26:672—-679

Husband AJ, Gleeson M (1996) Ontogeny of mucosal immunity environmental and behavioral influences.
Brain Behav Immun 10:188-204

Cornes JS (1965) Peyer’s patches in the human gut. Proc R Soc Med 58:716

Gebbers JO, Laissue JA (2004) Bacterial translocation in the normal human appendix parallels the
development of the local immune system. Ann N'Y Acad Sci 1029:337-343

Rognum TO, Thrane S, Stoltenberg L et al (1992) Development of intestinal mucosal immunity in fetal life
and the first postnatal months. Pediatr Res 32:145-149

Fagarasan S, Kinoshita K, Muramatsu M et al (2001) In situ class switching and differentiation to IgA-
producing cells in the gut lamina propria. Nature 413:639-643

Shroff KE, Meslin K, Cebra JJ (1995) Commensal enteric bacteria engender a self-limiting humoral
mucosal immune response while permanently colonizing the gut. Infect Immun 63:3904-3913

MacDonald TT, Spencer J (1994) Ontogeny of the gut-associated lymphoid system in man. Acta Paediatr
Suppl 83:3-5

Spencer J, MacDonald TT, Finn T, Isaacson PG (1986) The development of gut associated lymphoid tissue
in the terminal ileum of fetal human intestine. Clin Exp Immunol 64:536-543

Gunther U, Holloway JA, Gordon JN et al (2005) Phenotypic characterization of cd3-7+ cells in developing
human intestine and an analysis of their ability to differentiate into T cells. J] Immunol 174:5414-5422
Brandtzaeg P, Nilssen DE, Rognum TO, Thrane PS (1991) Ontogeny of the mucosal immune system and
IgA deficiency. Gastroenterol Clin North Am 20:397-439

Gleeson M, Cripps AW, Clancy RL et al (1982) Ontogeny of the secretory immune system in man. Aust N
Z J Med 12:255-258

Hayes JA, Adamson-Macedo EN, Perera S, Anderson J (1999) Detection of secretory immunoglobulin A
(SIgA) in saliva of ventilated and non-ventilated preterm neonates. Neuroendocrinol Lett 20:109—-113

Wan AK, Seow WK, Purdie DM et al (2003) Immunoglobulins in saliva of preterm and full-term infants.
Oral Microbiol Immunol 18:72-78

Fitzsimmons SP, Evans MK, Pearce CL et al (1994) Immunoglobulin a subclasses in infants’ saliva and in
saliva and milk from their mothers. J Pediatr 124:566-573

Burgio GR, Lanzavecchia A, Plebani A et al (1980) Ontogeny of secretory immunity: Levels of secretory
IgA and natural antibodies in saliva. Pediatr Res 14:1111-1114

Cripps AW, Gleeson M, Clancy RL (1991) Ontogeny of the mucosal immune response in children. Adv Exp
Med Biol 310:87-92

100.Weemaes C, Klasen I, Goertz J et al (2003) Development of immunoglobulin A in infancy and childhood.

Scand J Immunol 58:642—-648

101.0gra PL, Losonsky GA, Fishaut M (1983) Colostrum-derived immunity and maternal-neonatal interaction.

Ann N'Y Acad Sci 409:82-95

102.Araujo ED, Goncalves AK, Cornetta Mda C et al (2005) Evaluation of the secretory immunoglobulin a

levels in the colostrum and milk of mothers of term and pre-trerm newborns. Braz J Infect Dis 9:357-362

40



103.Maheshwari A, Zemlin M (2006) Ontogeny of the intestinal immune system. Haematologica Reports 10:18—
26

104.Braegger CP, Spencer J, MacDonald TT (1992) Ontogenetic aspects of the intestinal immune system in
man. Int J Clin Lab Res 22:1-4

105.Smythies LE, Maheshwari A, Clements R et al (2006) Mucosal IL-8 and TGF-beta recruit blood monocytes:
Evidence for cross-talk between the lamina propria stroma and myeloid cells. J Leukoc Biol 80:492-499

106.Van Elburg RM, Fetter WP, Bunkers CM, Heymans HS (2003) Intestinal permeability in relation to birth
weight and gestational and postnatal age. Arch Dis Child Fetal Neonatal Ed 88:F52—F55

107.Kelsall B (2008) Recent progress in understanding the phenotype and function of intestinal dendritic cells
and macrophages. Mucosal Immunol 1:460-469

108.Roberts, D., and Dalziel, S. (2006). Antenatal corticosteroids for accelerating fetal lung maturation for
women at risk of preterm birth (review). Cochrane Database Syst. Rev. 3, Art No. CD004454.

109.Tuckermann, J. P., Kleiman, A., McPherson, K. G., and Reichardt, H. M. (2005). Molecular mechanisms of
glucocorticoids in the control of inflammation and lymphocyte apoptosis. Crit. Rev. Clin. Lab. Sci. 42, 71—
104.

110.de Groot, J., Kranendonk, G., Fillerup, M., Hopster, H., Boersma, W., Hodgson, D., et al. (2007). Response
to LPS in female offspring from sows treated with cortisol during pregnancy. Physiol. Behav. 90, 612-618.

111.Barak, M., Cohen, A., and Herschkowitz, S. (1992). Total leukocyte and neutrophil count changes
associated with antenatal betamethasone administration in premature infants. Acta Paediatr. 81, 760-763.

112.Charalampos A, Sarafidis K, Tzimouli V et al. Antenatal betamethasone does not influence lymphocyte
apoptosis in preterm neonates. Am J Perinatol. 2009; 26:485-90.

113.Hagberg, H., Wennerholm, U. B., and Sdvman, K. (2002). Sequelae of chorioamnionitis. Curr. Opin. Infect.
Dis. 15, 301-306.

114.Romero, R., Gotsch, F., Pineles, B., and Kusanovic, J. P. (2007). Inflammation in pregnancy: its roles in
reproductive physiology, obstetrical complications, and fetal injury. Nutr. Rev. 65(12 Pt 2), S194-S202.

115.Fahey, J. O. (2008). Clinical management of intra-amniotic infection and chorioamnionitis: a review of the
literature. J. Midwifery Womens Health 53, 227-235.

116.Goldenberg, R. L., and Culhane, J. F. (2003). Infection as a cause of preterm birth. Clin. Perinatol. 30, 677—
700.

117.Lahra, M. M., and Jeffery, H. E. (2004). A fetal response to chorioamnionitis is associated with early
survival after preterm birth. Am. J. Obstet. Gynecol. 190, 147-151.

118.Berry, S. M., Romero, R., Gomez, R., Puder, K. S., Ghezzi, F., Cotton, D. B., et al. (1995). Premature
parturition is characterized by in utero activation of the fetal immune system. Am. J. Obstet. Gynecol. 173,
1315-1320.

119.Goldenberg, R. L., Hauth, J. C., and Andrews, W. W. (2000). Intrauterine infection and preterm
delivery. New Engl. J. Med. 342, 1500-1507.

120.Gotsch, F., Romero, R., Kusanovic, J. P., Mazaki-Tovi, S., Pineles, B. L., Erez, O., et al. (2007). The fetal
inflammatory response syndrome. Clin. Obstet. Gynecol. 50, 652—683.

121.Duggan, P., Maalouf, E., Watts, T., Sullivan, M., Counsell, S., Allsop, J., et al. (2001). Intrauterine T-cell
activation and increased proinflammatory cytokine concentration in preterm infants with cerebral
lesions. Lancet 358, 1699-1700.

122.Sykes, L., Maclntyre, D. A., Yap, X. J., Teoh, T. G., and Bennett, P. R. (2012). The Th1:th2 dichotomy of
pregnancy and preterm labour. Mediators Inflamm. 2012, 967629.

123.Romero, R., Savasan, Z. A., Chaiworapongsa, T., Berry, S. M., Kusanovic, J. P., Hassan, S. S., et al. (2011).
Hematologic profile of the fetus with systemic inflammatory response syndrome. J. Perinat. Med. 40, 19-32.

124.Westover, A. J., Hooper, S. B., Wallace, M. J., and Moss, T. J. (2012). Prostaglandins mediate the fetal
pulmonary response to intrauterine inflammation. Am. J. Physiol. Lung Cell. Mol Physiol 302, L664-L678.

125.Kallapur, S. G., Jobe, A. H., Ball, M. K., Nitsos, L., Moss, T. J. M., Hillman, N. H., et al. (2007). Pulmonary
and systemic endotoxin tolerance in preterm fetal sheep exposed to chorioamnionitis. J. Immunol. 179,
8491-8499.

126.Strunk, T., Temming, P., Gembruch, U., Reiss, 1., Bucsky, P., Schultz, C. (2004). Differential maturation of
the innate immune response in human fetuses. Pediatr. Res. 56, 219-226.

41



127.Biasucci, G., Rubini, M., Riboni, S., Morelli, L., Bessi, E., Retetangos, C. (2010). Mode of delivery affects
the bacterial community in the newborn gut. Early Hum. Dev. 86(Suppl. 1), 13—15.

128.Li, Z., McNally, L., Hilder, L., and Sullivan, E. (2011). Australia's mothers and babies 2009 in Perinatal
Statistics Series; AIHW National Perinatal Epidemiology and Statistics Unit, 20(Cat. no. PER 52),
(Sydney).

129.Shen, C. M., Lin, S. C., Niu, D. M., Kou, Y. R. (2009). Labour increases the surface expression of two Toll-
like receptors in the cord blood monocytes of healthy term newborns. Acta Paediatr. 98, 959-962.

130.Jobe, A. H., Hillman, N., Polglase, G., Kramer, B. W., Kallapur, S., Pillow, J. (2008). Injury and
inflammation from resuscitation of the preterm infant. Neonatology 94, 190-196.

131.Brown, M. K., and DiBlasi, R. M. (2011). Mechanical ventilation of the premature neonate. Respir. Care 56,
1298-1311. discussion: 1311-1313.

132.Attar, M. A., and Donn, S. M. (2002). Mechanisms of ventilator-induced lung injury in premature
infants. Semin. Neonatol. 7, 353-360.

133.Hillman, N. H., Moss, T. J., Kallapur, S. G., Bachurski, C., Pillow, J. J., Polglase, G. R., et al. (2007). Brief,
large tidal volume ventilation initiates lung injury and a systemic response in fetal sheep. Am. J. Respir.
Crit. Care Med. 176, 575-581.

134.Hillman, N. H., Pillow, J. J., Ball, M. K., Polglase, G. R., Kallapur, S. G., and Jobe, A. H. (2009). Antenatal
and postnatal corticosteroid and resuscitation induced lung injury in preterm sheep. Respir. Res. 10, 124.

135.Turunen R, Vaarala O, Nupponen I et al. Activation of T cells in preterm infants with respiratory distress
syndrome. Neonatology. 2009; 96:248-58.

136.Ballabh P, Simm M, Kumari J et al. . Lymphocites subpopulations in bronchopulmonary dysplasia. Am J
Perinatol. 2003; 20:465-75.

137.Rosen D, Lee JH, Cuttitta F et al. Accelerated thymic maturation and autoreactive T cells in
bronchopulmonary dysplasia. Am J Respir Crit Care Med. 2006; 174:75-83.

138.Vreugdenhil HA, Heijnen CJ, Plotz FB et al. . Mechanical ventilation of healthy rats suppresses peripheral
immune function. Eur Respir J. 2004; 23:122-128.

139.Vreugdenhil HA, Lachmann B, Haitsma JJ et al. Exogenous surfactant restores lung function but not
peripheral immunosuppression in ventilated surfactant deficient rats. Exp Lung Res. 2006; 32:1-14.

140.Kelly A. Coutts AGP. Early nutrition and the development of immune function in the neonate. Proceeding
of the Nutrition Society. 2000, 59, 177-185

141.Pabst HF, Spady DW, Pilarski LM, Carson MM, Beeler JA, Krezolek MP (1997) Differential modulation of
the immune response by breast-fed or formula-feeding of infants. Acta Paediatrica 86, 1291-1297.

142.Hawkes JS, Neumann MA, Gibson RA (1999) The effect of breast feeding on lymphocyte subpopulations in
healthy term infants at 6 months of age. Pediatric Research 45, 648—651.

143.Brandtzaeg P (1998) Development and basic machanisms of human gut immunity. Nutrition Reviews 56,
S5-S18.

144.Goldman AS, Goldblum RM (1997) Transfer of maternal leukocytes to the infant by human milk. Current
Topics in Microbiology and Immunology 222, 205-213.

145.Pearl JP, Parris J, Hale DA., Hoffmann SC, Bernstein WB, McCoy KL, Swanson, S. J., Mannon, R. B.,
Roederer, M., and Kirk, A. D. 2005. Immunocompetent T-cells with a memory-like phenotype are the
dominant cell type following antibody-mediated T-cell depletion. Am. J. Transplant 5:465-474.

146.Hammer SM, Saag MS., Schechter M, Montaner JS, Schooley RT, Jacobsen DM, Thompson MA.,
Carpenter CC, Fischl MA, Gazzard,BG, Gatell JM, Hirsch MS, Katzenstein DA, Richman DD, Vella S,
Yeni PG, Volberding PA. 2006. Treatment for adult HIV infection: 2006 recommendations of the
International AIDS Society—USA panel. Top. HIV Med. 14:827-843.

147.Correa-Rocha R, Perez A, Lorente R, Ferrando-Martinez S, Leal M, et al. (2012) Preterm neonates show
marked leukopenia and lymphopenia that are associated with increased regulatory T-cell values and
diminished IL-7. Pediatr Res 71: 590-597.

148.Jureti¢ E1, Uzarevi¢ B, Petrovecki M, Jureti¢ A., Two-color flow cytometric analysis of preterm and term
newborn lymphocytes. Immunobiology. 2000 Nov;202(5):421-8.

149.Peoples JD, Cheung S, Nesin M, Lin H, Tatad AM, Hoang D, Perlman JM, Cunningham-Rundles S.
Neonatal cord blood subsets and cytokine response to bacterial antigens. Am J Perinatol. 2009 Oct;
26(9):647-57

42



150.Walker JC, Smolders, MA, Gemen EF, Antonius TA, Leuvenink J, deVries E. Development
of lymphocyte subpopulations in preterm infants. Scand J Immunol. 2011 Jan;73(1):53-8.

151.Kowalski RJ, Zeevi A, Mannon RB, Britz JA, Carruth LM. Immunodiagnostics: Evaluation of Functional T-
Cell Immunocompetence in Whole Blood Independent of Circulating Cell Numbers Journal of
Immunotoxicology (2007) 4(3):225-232

152.Lewis, R. S. 2003. Calcium oscillations in T-cells: Mechanisms and consequences for gene expression.
Biochem. Soc. Trans. 31:925-929.

153.Perez, O. D., Krutzik, P. O., and Nolan, G. P. 2004. Flow cytometric analysis of kinase signaling cascades.
Meth. Mol. Biol. 263:67-94.

154.Betts, M. R., Brenchley, J. M., Price, D. A., De Rosa, S. C., Douek, D. C.,Roederer, M., and Koup, R. A.
2003. Sensitive and viable identification of antigen-specific CD8+ T-cells by a flow cytometric assay for
degranulation.J. Immunol. Meth. 281:65-78.

155.Sheehy, M. E., McDermott, A. B., Furlan, S. N., Klenerman, P., and Nixon, D.F. 2001. A novel technique
for the fluorometric assessment of T-lymphocyte antigen specific lysis. J. Immunol. Meth. 249:99-110.

156.Kowalski, R., Post, D., Schneider, M. C., Britz, J., Thomas, J., Deierhoi, M., Lobashevsky, A., Redfield, R.,
Schweitzer, E., Heredia, A., Reardon, E., Davis, C., Bentlejewski, C., Fung, J., Shapiro, R., and Zeevi, A.
2003. Immune cell function testing: An adjunct to therapeutic drug monitoring in transplant patient
management. Clin. Transplant 17:77-88.

157.Kowalski RJ, Post DR, Mannon RB et al. Assessing relative risks of infection and rejection: a meta-analysis
using an immune function assay. Transplantation. 2006; 82:663-668.

158.Torio A, Fernandez E, Montes-Ares O, et al. Lack of association of immune cell function test with rejection
in kidney transplantation. Transplant Proc. 2011;43(6):2168-2170.

159.Rodrigo E, Lopez-Hoyos M, Corral M, et al. InmuKnow(®) as a diagnostic tool for predicting infection and
acute rejection in adult liver transplant recipients: Systematic review and meta-analysis. Liver Transpl.
2012;18(10):1245-1253.

160.Ling X, Xiong J, Liang W, et al. Can immune cell function assay identify patients at risk of infection or
rejection? A meta-analysis. Transplantation. 2012;93(7):737-743.

161.Hooper E, Hawkins DM, Kowalski RJ et al. Estabilishing pediatric immune response zones using the Cylex-
Immuknow assay. Clin Transplant. 2005; 19:834-839.

162.Dharnidharka VR1, Hesemann LE The ImmuKnow assay--does it really put us in the know about the
immune system? Pediatr Transplant. 2014 Aug;18(5):415-6. doi: 10.1111/petr.12291.

163.Jayaram A, Zeevi A, Bentlejewski C et al. Immune response of young children using ATP-based Cylex
assay: a brief report. Pediatr Transplantation. 2010; 14:664-666.

164.1Israeli M, Klein T, Sredni B et al. Immuknow: a new parameter in immune monitoring of pediatric liver
transplantation recipiens. Liver Transplantation. 2008; 14:893-898.

165.Rossano JW, Denfield SW, Kim JJ et al. Assessment of the Cylex Immuknow cell function assay in
pediatric heart transplant patients. J Heart Lung Transplant. 2008; 28:26-31.

166.Quinello C, Silveira-Lessa AL, Ceccon MEJR. et al. Phenotipic differences in leukocyte populations among
healthy preterm and full-term newborns. Scand J Immunol. 2014; 80(1):57-70.

167.Walker JC, Smolders MAJC, Gemen EFA et al. Development of lymphocyte subpopulations in preterm
infants. Scand J Immunol. 2010; 73:53-58.

168.Kliegman RM, Walsh MC. Neonatal necrotizing enterocolitis: pathogenesis, classification, and spectrum of
disease. Curr Probl Pediatr 1987; 17(4): 243-288.

169.Sageshima J, Ciancio G, Chen L, et al. Lack of clinical association and effect of peripheral WBC counts on
immune cell function test in kidney transplant recipients with T-cell depleting induction and steroid-sparing
maintenance therapy. Transpl Immunol 2014: 30: 88-92.

170.Ryan CM, Chaudhuri A, Conception W, Grimm PC. Immune cell function assay does not identify biopsy-
proved pediatric renal allograft rejection or infection. Pediatr Transplant 2014: 18: 446-452.

171.Suzuki S, Okudaira S. Maternal peripheral T helper 1-type and T helper 2-type immunity in women during
the first trimester of twin pregnancy. Arch Gynecol Obstet. 2004 Dec;270(4):260-2. Epub 2003 Oct 10.

43



172.Spiegler J, Hartel C, Schulz L, von Wurmb-Schwark N, Hoehn T, Kribs A, Kiister H, Siegel J, Wieg
C, Weichert J, Herting E, Gopel W; German Neonatal Network (GNN). Causes of delivery and outcomes of
very preterm twins stratified to zygosity. Twin Res Hum Genet. 2012 Aug;15(4):532-6.

173.Norman JE, Bollapragada S, Yuan M, Nelson SM. Inflammatory pathways in the mechanism of parturition
Pregnancy and Childbirth 2007 7(Suppl 1):S7.

174.Tanner SM, Berryhill TF, Ellenburg JL, Jilling T, Cleveland DS, Lorenz RG, Martin CA. Pathogenesis of
Necrotizing Enterocolitis Am J Pathol. 2015 Jan; 185(1): 4-16.

44



