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CHAPTER 2

Immune mechanisms in pediatric
cardiovascular disease

Wendy A. Luce, Mandar S. Joshi, Timothy M. Hoffman,
Timothy F. Feltes ¢ John Anthony Bauer

Introduction

It is now well established that the cardiovascular
system is vulnerable to immune system modulation
and injury. Several, or perhaps most, forms of adult
cardiovascular disease have an identified immune
system component contributing to its pathogenesis
spanning both acute (i.e., myocarditis, myocardial
infarction) and chronic (coronary artery disease,
heart failure) disease states [ 1, 2]. Key features of im-
mune modulation in cardiovascular disease include
immune cell activation, local or regional inflam-
mation and/or cellular injury, and cardiac and/or
vascular dysfunction, which may ultimately result
in death [3]. The key aspects of these phenomena
in specific settings of adult disease are addressed in
many other chapters of this text.

Heart disease in infants, children, and adoles-
cents is a large and relatively under-appreciated
public health problem. Diseases range from con-
genital structural defects to genetic abnormalities
of the heart muscle or conduction system as well as
forms of acquired heart disease. In addition to clin-
ically evident disease in the pediatric population,
many recent studies have demonstrated that adult
cardiovascular disease often originates in childhood
and adolescence [4]. Because children have a long
life ahead, the burden and cost of congenital or ac-
quired heart disease in the pediatric patient are sub-
stantial for families and society. In this chapter, we
provide some perspectives regarding the roles and
mechanisms of immune system involvement in pe-
diatric cardiovascular disease. The central questions
addressed in this chapter are: Is the immune system

an important contributor to pediatric cardiovas-
cular disease? Are there important aspects of im-
mune system involvement that differ in pediatrics
versus adults? Are there important opportuni-
ties for better understanding and for therapeutic
interventions?

Immune system function in
pediatric versus adult populations

When one considers immune system involvement
in pediatric disease it is important to recognize
the age-dependent features of immune function
throughout development to adulthood. Recent lit-
erature has demonstrated that the developing im-
mune system of the neonate not only differs signif-
icantly from that of the adult, but also varies based
on gestational age [5]. Prenatal and perinatal events
such as challenges to the maternal immune system
and mode of delivery can affect immune responses
at birth, and these influences may play a signifi-
cant role in various disease outcomes. The immune
system continues to develop throughout infancy
and childhood and is influenced by multiple factors
including environmental exposures, immunization
status, nutrition, and genetic predispositions [6].
Immune system development begins as early as
the seventh to eighth week of gestation with the
appearance of lymphocyte progenitors in the liver
[7]. The thymus begins to develop around this same
time frame, and splenic T-cells can be detected by
week 14 [8, 9]. Despite the early identification of
T-cells, these cells do not become functional until
the end of the second trimester [10]. At birth, the
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T-cell population is low in comparison to older chil-
dren and adults, but the functionality of the T-cells
is reasonably well developed [11]. The mechanisms
involved and the time course of T-cell maturation in
neonates and infants are not well defined. Although
there is deficient cytokine production by neonatal
lymphocytes, this does not appear to be associated
with an inability to respond to supplemental cy-
tokines [12].

Separate from changes in numbers of circulating
immune cells in the neonate, polymorphonuclear
neutrophils (PMNs), macrophages, and eosinophils
have reduced surface-binding componentsand have
defective opsonization, phagocytosis, and antigen-
processing capabilities, leading to a generally less
robust response to pathogen exposure. PMNs func-
tion as the primary line of defense in the cellu-
lar immune system. There is an alteration in both
neutrophil function and survival in neonates ver-
sus adults. Neonates display a pattern of infec-
tious diseases that is similar to those seen in older
individuals with severe neutropenia [13] and are
more likely to develop neutropenia during sys-
temicinfection [14]. Functional deficiencies of neu-
trophils in preterm and stressed/septic neonates
include chemotaxis, endothelial adherence, migra-
tion, phagocytosis, and bactericidal potency [13].
The NADPH oxidase system, however, may be a
first-line mechanism of innate immunity as there
is a direct negative correlation between oxidative
burst product generation and gestational age [13].
This could, however, have a detrimental effect on
preterm infants as exaggerated oxygen-free radical
formation may contribute to the development of
such neonatal diseases as retinopathy of prematurity
and bronchopulmonary dysplasia, as well as cardio-
vascular disease.

Inflammatory cytokine responses also differ in
the neonate compared to the adult. Intrauterine fe-
tal cord blood samples taken between 21 and 32
weeks gestation have demonstrated significant syn-
thesis of IL-6, IL-8, and TNF-«a [13]. Term and
preterm infants have been shown to have a higher
percentage of IL-6 and IL-8 positive cells than do
adults, with preterm infants having the highest per-
centage of IL-8 positive cells [15]. After stimula-
tion with lipopolysaccharide (LPS), this increased
percentage of proinflammatory cells in neonates is

more pronounced and occurs faster than in adults.
TNF-a levels are also higher in newborns [16] and
do not appear to vary based on gestational age [17].
In addition, the compensatory anti-inflammatory
response system in neonates appears to be immature
with both term and preterm infants demonstrating
profoundly decreased IL-10 production and a lower
amount of TGF-B positive lymphocytes than do
adults after LPS stimulation [16]. These differences
in innate immunity and cytokine response may pre-
dispose neonates to the harmful effects of proin-
flammatory cytokines and oxidative stress, leading
to severe organ dysfunction and sequelae during
infection and inflammation [16].

An important consequence of this diminished
immune system responsiveness in early life is an in-
creased vulnerability to pathogen exposures. This
is a well-recognized clinical problem, illustrated
by a neonate’s typically poor ability to mount an
immune response to Streptococcus pneumoniae or
Haemophilus influenza. In addition to increased
susceptibility to pathogens, the ability to detect
pathogen exposures via blood markers of immune
system activation is also difficult in the very young.
The clinical course of sepsis and severe inflamma-
tory response syndrome is different in neonates,
children, and adults and traditional markers of in-
flammation and disease severity used in adults have
not been shown to be helpful in younger age groups
[18-20]. Thus, it is clear that there is continued de-
velopment of acquired immunity concomitant with
increased antigen exposure throughout Years 1 and
2 of childhood [5, 21]. Following this critical pe-
riod of “immune system education,” other factors
dictate the development of “immunocompetence.”
During late childhood and adolescence, continu-
ous growth processes and hormonal influences also
play an important role in immune development.
Although it is clear that the neonatal setting is dif-
ferent from that of the adult, changes occurring
throughout childhood and adolescence are less well
defined. The ability to more precisely define the crit-
ical windows for immune system development in
the newbornand pediatric patientis essential for an-
ticipating and identifying risk factors and defining
effective therapeutic strategies [5]. Therefore, there
is a need for greater understanding of these develop-
mental changes in order to adequately understand
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and treat immune-related cardiovascular diseases
in the neonatal and pediatric patient.

Defining immune system
involvement in pediatric
cardiovascular disease

Immune system contributions to a cardiovascular
disorder can be identified via several indices in adult
disease states, and many of the basic principles and
key issues regarding pathogenesis are mirrored in
pediatric conditions. A contemporary challenge in
this research field, and in related clinical practice,
is the criteria one may use to demonstrate the in-
volvement of immune pathways in a disease setting
[22]. A classical approach to implicate the immune
system in cardiac disease has been to observe an in-
creased prevalence of immune cells in parenchymal
tissues. For example, in 1986, the Dallas criteria were
developed for histological diagnosis of myocarditis
from biopsy samples, wherein the grading system
was primarily determined by lymphocyte presence
among myocytes [23, 24]. Clinical pathology also
often determines evidence of “inflammation” via
the presence of neutrophils at a lesion site since
this illustrates a site of active tissue remodeling. Al-
though this emphasis on leukocyte prevalence has
hadvalue, itis now evident that activation of inflam-
matory pathways in parenchymal cell types (e.g.,
cardiac myocytes, vascular smooth muscle cells, en-
dothelium) clearly contributes to cell dysfunction
and often occurs at sites remote to or unrelated to
leukocyte interactions in vivo. This is particularly
true in neonatal disease states wherein total leuko-
cyte numbers may be low. We and others have ob-
served a discordance of immune cell infiltration and
cardiac myocyte expression of inflammatory mark-
ers in settings of retrovirus-related cardiomyopathy
suggesting that newer approaches to implicate the
immune system and identify key mechanisms are
needed [25-27]. Due to the previously mentioned
deficiencies in inflammatory cell numbers, signal-
ing, response and migration, solely using the pres-
ence of inflammatory cells in cardiac muscle as a di-
agnostic criteriaand measure of disease severity may
overlook cases of severe inflammation and mecha-
nisms of myocyte dysfunction and injury. The issue
of immune cell recruitment/infiltration versus ev-
idence of parenchymal cell inflammatory response

as criteria to define a disease state may be important
for improved diagnosis and therapy. Furthermore,
there may be differences in these features in chil-
dren versus adults. Some specific pediatric condi-
tions known to involve immune system contribu-
tions are discussed below.

Pediatric disease states involving
immune mechanisms

Kawasaki disease
This is the leading cause of acquired heart disease
in children in developing countries and is now rec-
ognized as an important risk factor for subsequent
ischemic heart disease in adults and sudden death
in early adulthood. Kawasaki disease is an acute
vasculitis that is typically self-limiting and of un-
known etiology and occurs primarily in the first
few years of life [28]. This condition was first de-
scribed in Japan and is most frequently observed
among Asian populations [29]. The clinical presen-
tation typically includes fever, conjunctivitis, mu-
cosal erythema and rash, and elevated markers of
systemic inflammation (particularly CRP) [30, 31].
Approximately 20% of untreated children develop
coronary artery aneurysms or ectasia, which fre-
quently precipitates ischemic heart disease or sud-
den death [32]. There is strong evidence that the eti-
ology involves an infectious agent, although no spe-
cific pathogen has been determined. The fact that
Kawasaki disease is rare in both very young infants
protected by maternal antibodies and in adults has
led to the theory that the agent causes overt clin-
ical features in only a subset of children infected.
There are strong links to Asian racial groups but the
genetic basis of susceptibility is not known [28].
Striking evidence of immune activation exists in
Kawasaki disease, with elevated levels of cytokines in
blood and endothelial cell activation. Although this
is a condition of widespread vasculitis, coronary ar-
teries are virtually always involved and autopsy spec-
imens demonstrate a localized “response to injury”
vascular lesion [33]. Influx of neutrophils within
the first 10 days of onset is followed by increased
lymphocytes (particularly CD8") and IgA plasma
cells at coronary lesions, leading to damage to the
elastic lamina and fibrosis [34, 35]. Remodeling the
lesion site can lead to progressive stenosis and a
form of advanced atherosclerosis. Cardiovascular
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manifestations of this acute condition of immune
activation can be prominent and cardiac sites other
than the coronary vasculature may be involved; pa-
tients may also present with poor myocardial func-
tion and/or electrophysiological abnormalities. The
risk of aneurysm is highest in patients with long-
standing fever and other risk factors including high
leukocyte counts (>12,000/mm?) and low platelet
counts (<350,000/mm?). Because of the limitations
of identifying patients most at risk, recently pub-
lished guidelines recommend intravenous gamma
globulin (IVGG) treatment to all Kawasaki dis-
ease cases [28]. If administered early in the disease
course, IVGG is valuable in reducing the prevalence
of coronary artery abnormalities. The mechanism
of this therapy is unclear but seems to provide a
nonspecific anti-inflammatory effect. Modulations
of cytokine production, binding of bacterial super-
antigens, suppression of antibody production, and
influences on T-cell suppressor activity have all been
postulated. A challenge with this therapeutic ap-
proach in the United States and other countries is
the high cost of the IVGG therapy, especially when
administered in high doses. Therefore, further re-
finement of mechanism-based approaches or better
strategies for identifying the approximately 20% of
patients who are most vulnerable are warranted.

Myocarditis

This is an inflammatory disease of the myocardium
that is diagnosed by established histological, im-
munological, and immunochemical criteria, and is
associated with cardiac dysfunction. The clinical
manifestations of myocarditis are varied and some
patients present a fully developed disease course
with acute heart failure and severe arrhythmias, but
most present with minimal symptoms or are en-
tirely asymptomatic [36]. Initial presentation may
be with acute or chronic heart failure, suspected
acute myocardial infarction, or symptomatic or fa-
tal arrhythmias. A history of flu-like syndrome may
be present in up to 90% of patients with myocardi-
tis, accompanied by fever and musculoskeletal pain.
Laboratory tests may show leucocytosis, elevated
erythrocyte sedimentation rate, eosinophilia, or an
elevation in the cardiac fraction of creatine ki-
nase [37, 38]. The electrocardiogram may reveal a
variety of conduction disturbances (e.g., ventricu-
lar arrhythmias, atrioventricular block), evidence

of myocardial ischemia, acute myocardial infarc-
tion, or pericarditis. The relations between these
clinical and laboratory findings and the positive
biopsy results for the presence of myocarditis are
obscure [38]. Therefore, the endomyocardial biopsy
remains a “gold standard” for the diagnosis of my-
ocarditis. However, because of its limited sensitiv-
ity and specificity, a negative biopsy does not rule
out myocarditis [36]. PCR testing has been accom-
plished on endomyocardial biopsies and tracheal as-
pirates simultaneously. Both samples amplified the
same viral genome, therefore suggesting that tra-
cheal aspirate PCR testing is a comparable test to
endomyocardial biopsy for the determination of a
viral etiology [39].

Previous data from necropsy studies suggest that
undiagnosed or asymptomatic myocarditis is a
cause of death with the prevalence of up to 1%
[40]. Infectious agents are thought to play a central
role in acute myocarditis as evident by various vi-
ral, serological, and molecular biological methods.
In spite of growing evidence from animal models,
clinical data are limited. Many modern techniques
such as RNA isolation and PCR have been utilized
for defining the role of a pathogen but the results
have been highly variable. On the other hand, non-
infectious myocarditis, which often affects patients
with latent or symptomatic autoimmune disease,
denotes cardiac inflammation with no evidence
of myocardial infection and carries a very poor
prognosis [41].

The true incidence of myocarditis is unknown but
in the largest myocarditis trial (Myocarditis Treat-
ment Trial), 9.6% of 2333 patients with recent onset
of heart failure met pathological criteria for my-
ocarditis [42]. The difficulties in detecting infec-
tious agents and evidence of ongoing infection in
patients with clinical myocarditis have led to the
speculation that there might also be an autoimmune
component in the disease pathology and progres-
sion. Animal models support the involvement of
autoimmune interactions in development and pro-
gression of myocarditis [43, 44] and there is some
recent evidence to suggest that an autoimmune re-
sponse constitutes an important role in myocarditis
in humans [45].

Release of viral particles can lead to activation of
macrophages and release of IFN-vy by natural killer
(NK) cells. Uncontrolled activation of the NK cells
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may lead to myocyte injury and contribute to car-
diac dysfunction. The proinflammatory cytokines
are essential for “clearing” of the viral particles but
more importantly may also play a central role in the
development of chronic disease. These agents may
contribute to the progression of acute to chronic
myocarditis eventually leading to dilated cardiomy-
opathy (DCM). It is important to note that the set-
ting of myocarditis is a temporal sequence of dis-
ease progression. This includes viral infection in
myocardium, infiltration of immune cells, activa-
tion of inflammatory pathways in infiltrates and/or
parenchymal cells, tissue remodeling, and eventual
resolution. Defining the time course of various in-
flammatory and immune mechanisms, and identi-
fying key mechanistic targets and therapeutic win-
dows is critical for improving outcomes.

Despite evidence of an inflammatory response
in acute myocarditis, the use of immunosuppres-
sive agents does not clearly change the outcome
in this disease. In children, administration of in-
travenous immunoglobulin may improve outcome
and is therefore commonly used [46]. Such a re-
sponse has not been demonstrated in adults. Other
immunosuppressive agents such as steroids have
not been shown to be beneficial. In general, the
reversibility of impaired ventricular function ob-
served in myocarditis tends to be greater in the
younger patient but the mechanism for this obser-
vation is unknown.

Dilated cardiomyopathy

Cardiomyopathies in children are rare overall, with
roughly 1 per 100,000, but rates are much higher (8-
to 12-fold) in infants. Nearly, 40% of children with
symptomatic cardiomyopathy receive a transplant
or die within 2 years, and survival has only slightly
improved over the last decade [47]. DCM, charac-
terized by cardiac dilatation and impaired contrac-
tion of the left ventricle or both ventricles [48], rep-
resents the majority of the cases of cardiomyopathy
(versus restrictive, hypertrophic, and mixed forms)
and is most commonly linked to immune system
and/or inflammatory processes.

Animportant precursor to DCM is often an acute
episode of myocarditis, and this is most commonly
related to viral presence in myocardial tissue [49].
A recent report by the pediatric cardiomyopathy
registry showed that 51% of the DCM cases with

known etiology were shown to involve a viral
pathogen. Viral infections have frequently been
implicated in idiopathic dilated cardiomyopathy
(IDCM), and several studies have found increased
levels of antibodies to viruses (e.g., Coxsackie B) in
many cases of IDCM [50]. Studies using very sen-
sitive PCR have also reported variable results for
detection of enteroviral RNA. A recent study ex-
amining myocardial biopsy viral PCR genome test-
ing noted that virus was noted in 20% of patients
with DCM, and only adenovirus and enterovirus
were detected with adenovirus being the most com-
mon pathogen [51]. The true frequency of viral
myocarditis as an initiator of later DCM might be
much higher, owing to the issues of endocardial
biopsy sampling infrequency and detection limits
for some viral suspects. The histological evidence of
myocarditis can also regress quickly, making detec-
tion of the active phase difficult. Whether detection
of virus or viral RNA in patients with DCM is proof
of viral etiology or rather should be considered a
possible nonspecific observation also remains to be
clarified. For these and other reasons, only one-third
of all DCM cases in pediatrics have a known cause,
whereas the remaining two-thirds have unknown
etiology and are therefore considered “idiopathic”
DCM.

Several studies have suggested that autoimmune
mechanisms play an important role in the develop-
ment of pediatric DCM. A number of autoantibod-
ies against various cellular and subcellular compo-
nents have been reported to be present in patients.
However, these types of autoantibodies have been
reported to be present in both patients with my-
ocarditis and in asymptomatic individuals [38].
Whether there is a causative role for these autoanti-
bodies and its significance remain to be elucidated.
The recent observations that immunoadsorption
and immunosuppression may cause a reduction
in these circulating autoantibodies and result in
a clinical improvement strongly support the eti-
ological importance of such autoantibodies and
the relevance of adaptive immunity mechanisms in
some cases of DCM progression [52—54]. Famil-
ial analysis has shown that idiopathic DCM may
have a genetic or inherited basis. Reduced cardiac
function and cardiomegaly have been described in
20% of first-degree relatives of IDCM patients. A
similar high prevalence of cardiac dysfunction in
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first-degree relatives of IDCM patients has been re-
ported by other investigators. Furthermore, it has
been reported that mutations in genes that encode
for such proteins as dystrophin, endothelin, and
desmin appear to be genetic risk factors for the
disease. In IDCM, a linkage between disease fre-
quency and genes of the major histocompatibil-
ity complex (MHC) has also been proposed. The
most frequently described linkage between IDCM
and MHC genes has been in class II alleles. Four
out of five independent studies identified a positive
association of IDCM with HLA-DR4. An associa-
tion between HLA-DR4 and anti-cardiac autoanti-
bodies has also been demonstrated. These studies
strongly implicate genetically controlled immuno-
logical factors in the pathogenesis of IDCM. Molec-
ular resemblance between the microbial antigen and
self-structures may induce the immune system to
activate autoreactive T-cells and build up a cyto-
toxic immune response [55]. Chagas disease is an
example of molecular mimicry wherein autoanti-
bodies from Chagasic patients recognize the car-
boxyl terminal part of the ribosomal PO protein
of Trypanosoma cruzi and the second extracellu-
lar loop of the human beta-1-adrenergic receptor.
These autoantibodies bind to the beta-adrenergic
receptors and modulate their activity [38, 56].

The autoimmune process in pediatric IDCM
could be triggered by diverse causes of cardiac in-
jury, such as an initial viral infection, trauma, and
ischemia. Likewise, there may be a specific predis-
posing genetic background and development of hu-
moral and/or cell-mediated organ-specific autoim-
munity, which could lead to IDCM in the presence
of a precipitating factor such as a viral or toxic in-
sult. Abnormality in a regulatory mechanism of the
immune system, such as deficient natural killer cell
activity, has been observed in approximately 50% of
IDCM patients, demonstrating an ongoing antiviral
defense mechanism. In a case study, Gerli et al. re-
ported an abnormal T-cell population in peripheral
blood from IDCM patients, in which there was an
increase in the number of helper-induced cells and
a decrease in the number of suppressor/cytotoxic T
cells [57]. The abnormal expression of HLA class
IT antigens may lead to an autoimmune stage that
is correlated to the prevalence of circulating au-
toantibodies, such as antibodies to beta-adrenergic
receptor.

The studies described above demonstrate the im-
portant role for immune system activation in pedi-
atric dilated cardiomyopathies. Although a minor-
ity of cases has a known etiology, initiating episodes
of myocarditis or autoimmune mechanisms are
most often suspected. Thus, adaptive as well as in-
nate immunity pathways likely contribute to DCM
progression. Strategies to develop therapy to mod-
ulate these mechanisms and improve outcomes in
this patient group are clearly warranted.

Postpericardiotomy syndrome
Postpericardiotomy syndrome (PPS) is a cluster
of symptoms and physical signs observed in as
high as 15% of pediatric patients within the first
week or two following open heart surgery. PPS
is marked clinically by the presence of low-grade
fever, irritability, chest pain, and loss of appetite
associated with pleural and pericardial effusions.
These effusions commonly require intervention.
An inflammatory response marked by leukocy-
tosis and elevated erythrocyte sedimentation rate
is evident. PPS responds to treatment with anti-
inflammatory agents, such as acetyl salicylic acid
and nonsteroidal anti-inflammatory agents, but its
occurrence is not prevented by these agents and
may actually be exaggerated by a short-treatment
course of steroids (24 hours) following open heart
surgery [58].

Allograft rejection

Availability of pulmonary and aortic allografts (ho-
mografts) has greatly aided in the surgical repair
of congenital heart disease. Because these grafts are
biopreserved and are a variety of sizes, they may be
stored and used as needed. These grafts often last
an extensive period of time requiring replacement
only after the child outgrows the size of the graft.
But implantation has been associated with an im-
munologic response [59] and may be responsible
for graft failure often within months of initial im-
plantation. High plasma reactive antibody titers can
be observed following allograft placement which
may not only jeopardize graft viability but may also
impact the future option for cardiac transplanta-
tion [60]. Use of decellularized or tissue engineered
grafts may in the long run be superior to cyropre-
served allografts in minimizing the inflammatory
response [61, 62].



bBLUKUos/-Vvatson

May 12, 2007 15115

12 PART I Immune dysfunction leading to heart disease

Inflammation in chronic heart failure
Regardless of the etiology of heart failure, sev-
eral mechanisms are involved in the progression
of myocardial dysfunction and failure. Myocardial
remodelingisassociated with an increase in myocar-
dial mass, hypertrophy, induction of fetal gene ex-
pression, and changes in function and structure. In-
jury to the myocardium triggers a cascade of events
that involve neuroendocrine activation, release of
growth factors, cytokines, integrins, and adhesion
molecules causing remodeling events and progres-
sion of disease. Persistent immune activation has
been demonstrated in patients with chronic heart
failure [63]. Irrespective of the initiating factors,
increased serum levels of inflammatory cytokines
have been described (e.g., TNF-a, IL-1-3, and IL-
6), and enhanced expression of various inflamma-
tory mediators within the myocardium has been
observed during heart failure [64, 65]. Thus, regard-
less of etiology, the failing myocardium is character-
ized by a state of chronic inflammation, as evident
by infiltration of mononuclear cells and/or activa-
tion of inflammatory cytokine gene expression in
myocardium. Of note is that this chronic state of
inflammation ultimately leads to increased cellular
“oxidative stress,” wherein specific reactive oxygen
and nitrogen intermediates cause cellular injury via
protein oxidation and DNA damage. We and others
have shown that these reactive species are impor-
tant contributors to cardiac and vascular dysfunc-
tion and can occur in numerous settings of nonis-
chemic heart disease [66—71]. Thus, the presence of
an inflammatory reaction in the myocardium may
be considered a cause as well as a consequence of
myocardial dysfunction and failure.

Sepsis

Sepsis is characterized by systemic inflammation,
cardiovascular dysfunction, inability of oxygen de-
livery to meet oxygen demand, altered substrate
metabolism, and ultimately multiorgan failure and
death. The mortality rate from sepsis doubles in
patients who develop cardiovascular dysfunction
and septic shock [72]. Cardiac dysfunction and car-
diovascular collapse result from increased myocyte
production of TNF-a, nitric oxide, and peroxyni-
trite, which leads to further DNA damage and ATP
depletion resulting in secondary energy failure [73].
In addition, serum from patients with septic shock

directly causes decreased maximum extentand peak
velocity of contraction, activates transcription fac-
tors for proinflammatory cytokines, and induces
apoptosis in cultured myocytes [74]. As discussed
previously, immune function and inflammatory re-
sponses to pathogens differ in neonates and children
from adults; their cardiovascular response to sepsis
is also different and less well understood.

In adults, septic shock is characterized by a hy-
perdynamic phase with decreased left ventricular
ejection fraction (LVEF), decreased systemic vascu-
lar resistance (SVR), and an increased cardiac index
[75]. Underlying coronaryartery disease, cardiomy-
opathy, and congestive heart failure may contribute
to the systolic and diastolic ventricular dysfunction
described in the setting of adult sepsis. Myocar-
dial dysfunction in childhood septic shock, how-
ever, reaches its maximum within hours and is
the main cause of mortality [76]. In comparison
to adults, children more often present in a non-
hyperdynamic state with decreased cardiac output
(CO) and increased SVR [77]. This low CO is as-
sociated with an increase in mortality [78]. Since
children are more able to maximize SVR and main-
tain a normal blood pressure despite decreased CO,
hypotension is a late and ominous sign of septic
shock.

Due to a limited number of research studies in
the very young, the hemodynamic response of pre-
mature infants and neonates is not well understood,
and the presenting hemodynamic abnormalities are
more variable than in older children and adults [77].
Infants and young children have a limited ability to
increase stroke volume or myocardial contractility
as they have relatively decreased ventricular mus-
cle mass and are already functioning at the top of
the Frank—Starling curve; therefore, increases in CO
are highly dependent on heart rate. LPS-induced
production of TNF-« has been associated with in-
creased apoptosis and cell death in adult cultured
cardiomyocytes [81], and this ventricular myocyte
apoptosis has been linked to cardiovascular dys-
function in adult whole animal experiments [79,
80]. Neonatal cardiomyocytes, however, do not ex-
hibit an increase in apoptosis despite an increase in
TNF-a production after LPS exposure, suggesting
another mechanism for sepsis-associated cardiovas-
cular dysfunction in neonates [82]. Complicating
the cardiovascular response to sepsis in the neonate
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are additional morbidities including reopening of
a patent ductus arteriosus and the development of
persistent pulmonary hypertension of the newborn
(PPHN) due to the cytokine elaboration, acidosis,
and hypoxia in the setting of sepsis [78].

Therapeutic issues and
opportunities

The pediatric disease states described previously
highlight some key features of this population rel-
ative to adults and provide important opportuni-
ties for research and therapeutics. The classical large
coronary artery obstruction, myocardial infarction,
and ischemia infarct-related heart failure, which
is the most common form of adult cardiovascu-
lar sequelae, is exceedingly uncommon in children.
Rather, most forms of heart disease in children are
considered nonischemic and implicate other pro-
cesses, particularly infectious and/or inflammatory
etiologies. Given the strong evidence that immune
system competence and phenotypes are variability
is different in children relative to adults (and most
different in neonates and infants), it is likely that
there are discrete differences in pediatric cardiovas-
cular disease, even when the disease state appears
generally similar. Overall, much of the therapeu-
tic approaches used in children have been derived
from trials conducted in adults, and this is true of
cardiovascular medicine as well. Some recent stud-
ies have suggested that the use of nonspecific anti-
inflammatory strategies such as IVGG may have
value in at least some of the conditions described
above, but large-scale randomized trials in children
are generally lacking. Further research to define the
mechanisms and immuno-inflammatory oxidative
pathways involved in these disease states is clearly
warranted and will help to define new therapeutic
strategies for an underserved population.
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