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PREFACE

Major advances in biology and medicine made during the
past several decades have contributed greatly to our under-
standing of infections that affect the fetus and newborn. As
the medical, social, and economic impact of these infections
becomes more fully appreciated, the time is again appro-
priate for an intensive summation of existing information
on this subject. Our goal for the sixth edition of this text is
to provide a complete, critical, and contemporary review of
this information. We have directed the book to all students
of medicine interested in the care and well-being of children
and hope to include among our readers medical students,
practicing physicians, microbiologists, and health care
workers. We believe the text to be of particular importance
for obstetricians and physicians who are responsible for the
pregnant woman and her developing fetus; pediatricians and
family doctors who care for newborn infants; and primary
care physicians, neurologists, audiologists, ophthalmologists,
psychologists, and other specialists who are responsible for
children who suffer the sequelae of infections acquired in
utero or during the first month of life.

The scope of this book encompasses infections of the
fetus and newborn, including those acquired in utero, during
the delivery process, and in the early months of life. When
appropriate, sequelae of these infections that affect older
children and adults are included as well. Infection in the
adult is described when pertinent to the developing fetus
and newborn infant. Each chapter includes a review of the
history, microbiology, epidemiology, pathogenesis and
pathology, clinical signs and symptoms, diagnosis, prognosis,
treatment, and prevention of the infection. The length of the
chapters varies considerably. In some instances, this variation
is related to the available fund of knowledge on the subject;
in others (e.g., the chapters on toxoplasmosis, neonatal
diarrhea, varicella, measles, and mumps), the length of the
chapter is related to the fact that no recent comprehensive
reviews of these subjects are available.

The first, second, third, fourth, and fifth editions of this
text were published in 1976, 1983, 1990, 1995, and 2001,
respectively. As of this writing, in the spring of 2005, it is
most interesting to observe the changes that have occurred
in the interval since publication of the last edition. New
authors provide fresh perspectives. Major revisions of most
chapters suggest the importance of new information about
infections of the fetus and newborn infant.

Each of the authors of the different chapters is a recognized
authority in the field and has made significant contributions
to our understanding of infections in the fetus and newborn
infant. Most of these authors are individuals whose major
investigative efforts on this subject have taken place during
the past 25 years. Almost all were supported, in part or
totally, during their training period and subsequently, by
funds obtained from the National Institutes of Health or
from private agencies such as March of Dimes. It is clear that
the major advances of this period would not have been

possible without these funding mechanisms and the freedom
given to the investigators to pursue programs of their own
choosing. Thus, the advances present in this text are also a
testimony to the trustees of agencies and the legislators and
other federal officials who provided unencumbered research
funds from the 1960s to the present day.

We were Fellows at the Thorndike Memorial Laboratory
(Harvard Medical Unit, Boston City Hospital) in the early
1960s. Although subsequently we worked in separate areas of
investigation on the two coasts, one of us as an internist and
the other as a pediatrician, we maintained close contact, and,
because of a mutual interest in infections of the fetus and
newborn infant and their long-term effects, we joined our
efforts to develop this text. For this edition, we are proud to
have added, as Associate Editors, Carol J. Baker and
Christopher B. Wilson. Carol trained in infectious diseases
in Boston with J.0.K. and Maxwell Finland, and Chris trained
in immunology and infectious diseases in Palo Alto with
J.S.R. Carol has become a world-recognized expert in all
aspects of group B streptococcal infections and is the Texas
Children’s Hospital Foundation Chair in Pediatric Infectious
Diseases in Houston. Chris has become a prominent develop-
mental immunologist and is now Chair of the Department
of Immunology at the University of Washington School of
Medicine. We look to Carol and Chris to help us maintain
the quality and value of this text for many editions to come.

We are indebted to our teachers and associates and
especially to the one individual who had a dominant influence
in our training, Dr. Maxwell Finland. We deeply appreciate
the example he set, his wise counsel, and his interest in and
support of our investigative programs. We also wish to express
our appreciation to Todd Hummel, Jennifer Ehlers, Lee Ann
Draud, and the staff of Elsevier, Inc., for guiding this project
to a successful conclusion; to Ms. Nancy Ahonen and Robin
Schroeder for secretarial assistance; and to Ms. Trisha
Mitchell for her editorial assistance.

Jack S. Remington
Jerome O. Klein

We are pleased to have joined Jack and Jerry in editing this
book, which since its inception has been a unique resource
for physicians caring for the mother, fetus, and newborn
infant. We are also grateful for the investigators working in
the field, who have improved life for mother and infant, and
for the chapter authors, who bring their comprehensive
understanding of their topics to enlighten readers.

Carol J. Baker
Christopher B. Wilson
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OVERVIEW

Current concepts of pathogenesis, microbiology, diagnosis,
and management of infections of the fetus and newborn
infant are briefly reviewed in this chapter. Also in this first
section of the book are chapters providing a global per-
spective on fetal and neonatal infections and chapters
addressing obstetric factors, immunity, host defenses and the
role of human breast milk in fetal and neonatal infections.
Chapters containing detailed information about specific
bacterial, viral, protozoan, helminth, and fungal infections
follow. This edition concludes with chapters addressing
nosocomial infections and the diagnosis and therapy of
infections in the fetus and neonate.

A number of changes have occurred in epidemiology,
diagnosis, prevention, and management of infectious
diseases of the fetus and newborn infant since publication of
the last edition of this book. Some of these changes are noted
in Table 1-1 and are discussed in this and the relevant
chapters.

Substantial progress has taken place to reduce the burden
of infectious diseases in the fetus and newborn infant. The
incidence of early-onset group B streptococcal disease has
been reduced by aggressive use of intrapartum chemopro-
phylaxis and, in particular, by the culture-based chemopro-
phylaxis strategy now recommended for universal use in the

United States; vertical transmission of human immuno-
deficiency virus (HIV) has been reduced by identification of
the infected mother with subsequent treatment, including
the use of brief regimens that are practical for use in
countries with high prevalence but limited resources; there
has been a commitment of resources by government agencies
and philanthropies, such as the Bill and Melinda Gates
Foundation, to combat global infectious diseases in mothers
and children; use of polymerase chain reaction (PCR) tech-
niques in etiologic diagnosis has expanded, permitting more
rapid and specific identification of microbial pathogens; and
in the United States, national legislation on postpartum length
of hospital stay has been enacted to prevent insurers from
restricting insurance coverage for hospitalization to fewer
than 48 hours after vaginal deliveries or 96 hours after
cesarean deliveries.

Setbacks in initiatives to reduce the global burden of in-
fectious disease in the fetus and newborn infant include the
continuing increase in the prevalence of HIV infection in
many developing countries, particularly among women; the
lack of finances to provide effective treatment for these
women and their newborn infants; and in the United States,
the increase in antimicrobial resistance among nosocomial
pathogens, as well as in incidence of invasive fungal in-
fections among infants of extremely low birth weight.

Use of the Internet has grown further, allowing access to
information hitherto unavailable to physicians or parents.
The physician may obtain current information about diseases
and management and various guidelines for diagnosis and
treatment. The interested parent who has access to the Internet
can explore a variety of Internet sites that present a vast array
of information and, unfortunately, misinformation. As an
example of the latter, a case of neonatal tetanus was associ-
ated with the use of cosmetic facial clay (Indian Healing
Clay) as a dressing on an umbilical cord stump. The product
had been publicized as a healing salve by midwives on an
Internet site on “cordcare.”! Because much of the inform-
ation on the Internet is from commercial sources and parties
with varying interests and expertise, the physician should
assist the interested parent and patient in finding Internet
sites of value. A selected list of Internet sites pertinent to
infectious diseases of the fetus and newborn infant is pro-
vided in Table 1-2.

Vital statistics relevant to infectious disease risk in neo-
nates in the United States for 2001 are listed in Table 1-3.> Of
importance are the disparities in birth weight, prenatal care,
and neonatal mortality among different racial and ethnic
groups.



4 SectionI General Information

The number of infectious diseases in fetuses and new-
born infants must be extrapolated from selected studies (see
chapters on diseases). Approximately 1% of newborn infants
excrete cytomegalovirus (CMV), greater than 4% of infants
are born to mothers infected with Chlamydia trachomatis,
and bacterial sepsis develops in 1 to 4 infants per 1000 live
births. Since the institution of intrapartum chemoprophy-
laxis in the United States, the number of infants with early-
onset group B streptococcal disease has declined, with

Table 1-1 Recent Changes in Epidemiology
and Management of infectious
Diseases of the Fetus and
Newborn Infant

Epidemiology

Increased viability of very low birth weight infants at risk for
invasive infectious diseases

Increased number of multiple births (offten of very low
birth weight) due to successful techniques for
management of infertility

Global perspective of vertically transmitted infectious
diseases

Early discharge from the nursery mandated by insurance
programs reversed by legislation to ensure adequate
observation for infants at risk for sepsis

Diagnosis

Polymerase chain reaction assay for diagnosis of infection in
mother, fetus, and neonate

Decreased use of fetal blood sampling and chorionic villus
sampling for diagnosis of infectious diseases

Prevention

Intrapartum antibiotic prophylaxis to prevent early-onset
group B streptococcal infection widely implemented

Antiretroviral therapy in pregnancy to prevent transmission
of human immunodeficiency virus (HIV) to fetus

Treatment

Antiretroviral therapy in mother to treat HIV infection in
fetus

Antitoxoplasmosis therapy in mother to treat infection in
fetus

Spread within nurseries of multiple antibiotic-resistant
bacterial pathogens

Increased use of vancomycin for B-lactam-resistant
gram-positive infections

Increased use of acyclovir for infants with suspected herpes
simplex infection

reduction in incidence from approximately 1.5 cases to
0.4 case per 1000 live births, and is expected to decline
further with the universal adoption of the culture-based
strategy.” In the United States, the use of maternal highly
active antiretroviral treatment (HAART) and peripartum
chemoprophylaxis has led to a reduction in the rate of
mother-to-child transmission of HIV from approximately
25% of infants born to mothers who received no treatment
to 2%; less complex but practical regimens of intrapartum
prophylaxis have helped to reduce the rate of transmission in
the developing world.* Among sexually transmitted diseases,
the rate of congenital syphilis declined substantially in the
United States to 13.4 per 100,000 live births in 2000, and
although rates remain higher in the South, only two states
have rates greater than 40 per 100,000 live births.” Immuniz-
ation has virtually eliminated congenital rubella syndrome
in newborn infants of mothers who were themselves born in
the United States, but cases continue to occur in infants of
foreign-born mothers; 24 of 26 infants with congenital rubella
born between 1997 and 1999 were born to foreign-born
mothers, and 21 of these were born to Hispanic mothers.®

Infection acquired in utero can result in resorption of the
embryo, abortion, stillbirth, malformation, intrauterine
growth retardation, prematurity, and the untoward sequelae
of chronic postnatal infection. Infection acquired during the
birth process or soon after birth may result in severe
systemic disease that leads to death or persistent postnatal
infection. Both in utero infection and infection acquired
during the birth process may lead to late-onset disease. The
infection may not be apparent at birth but may manifest with
signs of disease weeks, months, or years later, as exemplified
by the chorioretinitis of Toxoplasma gondii infection, the
hearing loss of rubella, and the immunologic defects that
result from HIV infection. The immediate as well as the
long-term effects of these infections constitute a major
problem throughout the world.

INFECTIONS OF THE FETUS

Pathogenesis

Pregnant women not only are exposed to the infections
prevalent in the community but also are likely to reside with
young children or to associate with groups of young children,

Table 1-2 Selected Internet Sites of Value for Physicians Interested in Infectious Diseases of the

Fetus and Newborn infant

Agency for Health Care Policy and Research

American Academy of Pediatrics

American College of Obstetricians and Gynecologists
Centers for Disease Control and Prevention

Food and Drug Administration

Immunization Action Coalition

Information on AIDS Trials

Morbidity and Mortality Weekly Report

National Center for Health Statistics

Pediatric Infectious Diseases and selected bibliography?®

http://www.ahcpr.gov

http://www.aap.org

http://www.acog.org

http://www.cdc.gov

http://www.fda.gov
http://www.immunize.org
http://www.actis.org
http://www.cdc.gov/epo/mmwr/mmwr.htmi
http://www.cdc.gov/nchs
http://www.pedid.uthscsa.edu

2Described in Jenson HB, Baltimore RS. A World Wide Web selected bibliography for pediatric infectious diseases. Clin Infect Dis 28:395-398,

1999.
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Table 1-3 Vital Statistics Relevant to Newborn Health in the United States in 2002

Racial/Ethnic Origin of Mother

Feature All Births Non-Hispanic White Non-Hispanic Black Hispanic
Live births® 4.022 2.298 0.578 0.877
Birth weight
<2500 g 7.9% 7.0% 13.5% 6.7%
<1500 g 1.4% 1.2% 3.1% 1.2%
First-trimester 84.1% 89.0% 76.0% 77.4%
Prenatal care
Multiple births® 33.0 373 35.7 215
Neonatal (<28 days)
Mortality rate®
All birth weights 47 39 9.5 3.8
<2500 g 48.6 — — —
<1500 g 2203 — — —
m = 105,

Bper 1000 live births.
“Data for 2000-2002 average annual rate/1000 live births.

From: Martin JA, Kochanek KD, Strobino DM, et al. Annual Summary of Vital Statistics—2003. Pediatrics 115:619-634, 2005.

which represents a significant additional factor in exposure
to infectious disease. The vast majority of infections in the
pregnant woman affect the upper respiratory and gastro-
intestinal tracts and either resolve spontaneously without
therapy or are readily treated with antimicrobial agents.
Such infections usually remain localized and have no effect
on the developing fetus. The infecting organism may invade
the bloodstream, however, and subsequently infect the
placenta and fetus.

Successful pregnancy is a unique example of immuno-
logic tolerance—the mother must be tolerant of her allo-
geneic fetus (and vice versa). The basis for maternal-fetal
tolerance is incompletely understood, but is known to reflect
both local modifications of host defenses at the maternal-
fetal interface and more global changes in immunologic
competence in the mother. Specific factors acting locally in
the placenta include indoleamine 2,3-dioxygenase, which sup-
presses cell-mediated immunity by catabolizing the essential
amino acid tryptophan, and regulatory proteins that prevent
complement activation.”® As pregnancy progresses, a general
shift from Tyl-type cell-mediated immunity to Ty2-type
responses also occurs in the mother, although this descrip-
tion probably constitutes an overly simplistic view of more
complex immunoregulatory changes.>'® Nonetheless, because
Ty1-type cell-mediated immunity is important in host defense
against intracellular pathogens, the Ty2 bias established
during normal gestation may compromise successful immunity
against organisms such as T. gondii. In addition, it has been
proposed that a strong curative Tyl response against an
organism may overcome the protective Ty;2 cytokines at the
maternal-fetal interface, resulting in fetal loss.

Transplacental spread after maternal infection and
invasion of the bloodstream is the usual route by which the
fetus becomes infected. Uncommonly, the fetus may be in-
fected by extension of infection in adjacent tissues and
organs, including the peritoneum and the genitalia, during
parturition, or as a result of invasive methods for the diag-
nosis and therapy of fetal disorders, such as the use of monitors,
sampling of fetal blood, and intrauterine transfusion.

The microorganisms of concern are listed in Table 1-4
and include those identified in the acronym TORCH: Toxo-

Table 14 Suggested Acronym for the
Microorganisms Responsible for
Infection of the Fetus

Toxoplasma gondii

Rubella virus
Cytomegalovirus

Herpes simplex virus
Enteroviruses

Syphilis (Treponema pallidum)

wmIn®mg

Chickenpox (varicella-zoster virus)
Lyme disease (Borrelia burgdorferi)
AIDS (human immunodeficiency virus)
Parvovirus B19

o rn

AIDS, acquired immunodeficiency syndrome.

plasma gondii, rubella virus, CMV, and herpes simplex virus
(HSV) (as a point of historical interest, the O in TORCH
originally stood for “other infections/pathogens,” reflecting
an early appreciation of this possibility). A new acronym is
needed to include the other well-described causes of in utero
infection: syphilis, enteroviruses, varicella-zoster virus (VZV),
HIV, Lyme disease (Borrelia burgdorferi), and parvovirus. In
certain geographic areas, Plasmodium and Trypanosoma
cruzi are responsible for in utero infections. TORCHES CLAP
(see Table 1-4) is an inclusive acronym. THE BAC PORCH
is easily remembered but relies on an idealized spelling for
the word back. CHAST LOVER includes a truncated spelling
of the word chaste.'' CHEAP TORCHES has been suggested
to include congenital and perinatal infections; it includes an
H for hepatitis B and C and an E for everything else that is
sexually transmitted (gonorrhea and Chlamydia, Ureaplasma,
and papillomavirus infections) but ignores Lyme disease.'
Because no clear successor to TORCH has been devised,
other acronyms are still welcome. New pathogens are being
discovered, however, so it is unlikely that any acronym will
be “permanent.”

Case reports indicate that other organisms are unusual
causes of infections transmitted by the pregnant woman to
her fetus, including Brucella melitensis,”> Coxiella burnetii (Q
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fever),'* Babesia microti (babesiosis),”” human T lymphotropic
virus types I and II (although the main route of transmission
of these viruses is through breast-feedin§),16‘17 hepatitis G
and TT viruses,'®'® human herpesvirus 6,’?' and dengue.”

Before rupture of fetal membranes, organisms in the genital
tract may invade the amniotic fluid and produce infection of
the fetus. These organisms can invade the fetus through
microscopic defects in the membranes, particularly in
devitalized areas overlying the cervical os. It also is possible
that microorganisms gain access to the fetus from des-
cending infection through the fallopian tubes in women
with salpingitis or peritonitis, or from direct extension of an
infection in the uterus, such as myometrial abscess or
cellulitis. Available evidence, however, does not suggest that
transtubal or transmyometrial passage of microbial agents is
a significant route of fetal infection.

Invasive techniques that have been developed for in utero
diagnosis and therapy are potential sources of infection for
the fetus. Abscesses have been observed in infants who had
scalp punctures for fetal blood sampling or electrocardio-
graphic electrodes clipped on their scalps. Osteomyelitis of
the skull and streptococcal sepsis have followed local in-
fection at the site of a fetal monitoring electrode®; HSV
infections at the fetal scalp electrode site also have been
reported. Intrauterine transfusion for severe erythroblastosis
diagnosed in utero also has resulted in infection of the fetus:
In one case, CMV infection reportedly resulted from intra-
uterine transfusion’®; in another instance, contamination of
donor blood with a gram-negative coccobacillus, Acinetobacter

Matemal infection

v

Bloodstream invasion

No fetal or placental

calcoaceticus, led to an acute placentitis and subsequent fetal
bacteremia.”

Fetal infection in the absence of rupture of internal mem-
branes usually occurs by the transplacental route after invasion
of the maternal bloodstream. Microorganisms in the blood
may be carried within white blood cells or attached to erythro-
cytes, or they may be present independent of cellular elements.

Microbial Invasion of the Maternal Bloodstream

The potential consequences of invasion of the mother’s
bloodstream by microorganisms or their products (Fig. 1-1)
include (1) placental infection without infection of the fetus,
(2) fetal infection without infection of the placenta, (3)
absence of both fetal and placental infection, and (4) infection
of both placenta and fetus.

PLACENTAL INFECTION WITHOUT INFECTION OF THE FETUS

After reaching the intervillous spaces on the maternal side of
the placenta, organisms can remain localized in the placenta
without affecting the fetus. Evidence that placentitis does
occur independently of fetal involvement has been demon-
strated after maternal tuberculosis, syphilis, malaria,
coccidioidomycosis, and CMV, rubella virus, and mumps
vaccine virus infection. The reasons for the lack of spread to
the fetus after the placental infection has been established
are unknown. Defenses of the fetus that may operate after
infection of the placenta include the villous trophoblast,
placental macrophages, and locally produced immune
factors such as antibodies and cytokines.

Placental infection

infection
A No fetal infection
Fetal infection
No effect on growth l
or viability Effects on Growth and Viability
Embryonic Abortion Premature Term
death and infant infant
and resorption stillbirth h g /
Intrauterine Develop- Congenital ~ Normal
growth mental disease infant
retardation anomalies

Persistent postnatal infection

Eradication of infection

Progressive No apparent Sequelae of
i ¢ disease infection
iles::-;g ‘glage Figure 1-1 Pathogenesis of

sequelae or death

hematogenous transplacental
infections.
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FETAL INFECTION WITHOUT INFECTION OF THE PLACENTA

Microorganisms may traverse the chorionic villi directly
through pinocytosis, placental leaks, or diapedesis of infected
maternal leukocytes and erythrocytes. Careful histologic
studies, however, usually reveal areas of placentitis sufficient
to serve as a source of fetal infection.

ABSENCE OF FETAL AND PLACENTAL INFECTION

Invasion of the bloodstream by microorganisms is not un-
common in pregnant women, yet in most cases neither fetal
nor placental infection results. Bacteremia may accompany
abscesses or cellulitis, bacterial pneumnonia, pyelonephritis,
appendicitis, endocarditis, or other pyogenic infections;
nevertheless, placental or fetal infection as a consequence of
such bacteremias is rare. In most cases, the fetus probably
is protected through efficient clearance of microbes by the
maternal reticuloendothelial system and circulating leukocytes.

A number of bacterial diseases of the pregnant woman,
including typhoid fever, pneumonia, sepsis caused by gram-
negative bacteria, and urinary tract infections, may affect
the developing fetus without direct microbial invasion of the
placenta or fetal tissues. Similarly, protozoal infection in the
mother, such as malaria, and systemic viral infections, in-
cluding varicella, variola, and measles, also may affect the
fetus indirectly. Fever, anoxia, circulating toxins, or metabolic
derangements in the mother during these infections can
affect the pregnancy—abortion, stillbirth, and premature
delivery are among the possible results.

The effect of microbial toxins on the developing fetus is
uncertain. The fetus may be adversely affected by toxic shock
in the mother due to Staphylococcus aureus or Streptococcus
pyogenes infection. Botulism in pregnant women has not
been associated with disease in the infant.’®?’ A unique case
of Guillain-Barré syndrome in mother and child shows that
infection-induced antibody-mediated autoimmune disease
in the mother may be transmitted to her infant. In this case,
the disease was diagnosed in the mother during week 29 of
pregnancy. A healthy infant was delivered per vagina at
38 weeks of gestation, while the mother was quadriplegic
and on respiratory support. On day 12 of life, however, flaccid
paralysis of all limbs, with absence of deep tendon reflexes,
developed in the infant, and cerebrospinal fluid examination
revealed increased protein concentration without white
blood cells.”® The delay in onset of paralysis in the infant
appeared to reflect the fact that the transplacentally trans-
ferred blocking antibodies were specifically directed at
epitopes of the mature but not the fetal neuromuscular
junction. The infant improved following administration of
intravenous immune globulin (IGIV).”

The association of maternal urinary tract infection with
premature delivery and low birth weight is a well-studied
example of a maternal infection that adversely affects growth
and development of the fetus, even though there is no
evidence of fetal or placental infection. Asymptomatic
bacteriuria in pregnancy has been linked to an excess in the
number of low-birth-weight infants.**’! In one early study,
when the bacteriuria was eliminated by appropriate anti-
biotic therapy, the incidence of pyelonephritis was lower in
the women who received treatment than in the women who
did not, and the rate of premature and low-birth-weight
infants was the same among the women in the treatment
group as among nonbacteriuric women.” A recent meta-
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analysis concluded that antibiotic treatment is effective in
reducing the risk of pyelonephritis in pregnancy and also
appears to reduce risk for preterm delivery, although the
evidence supporting this latter conclusion is not as strong.”
The basis for the premature delivery and low birth weight of
infants of bacteriuric women remains obscure.**

INFECTION OF PLACENTA AND FETUS

Microbes may be disseminated from the infected placenta to
the fetal bloodstream through infected emboli of necrotic
chorionic tissues or through direct extension of placental
infection to the fetal membranes, with secondary amniotic
fluid infection and aspiration by the fetus.

Infection of the Embryo and Fetus

Hematogenous transplacental spread may result in death
and resorption of the embryo, abortion and stillbirth of the
fetus, and live birth of a premature or term infant who may
or may not be healthy. The effects of fetal infection may
appear in the live-born infant as low birth weight (resulting
from intrauterine growth retardation), developmental
anomalies, congenital disease, or none of these. Infection
acquired in utero may persist after birth and cause
significant abnormalities in growth and development that
may be apparent soon after birth or may not be recognized
for months or years. The variability of the effects of fetal in-
fection is emphasized by reports of biovular twin pregnancies
that produced one severely damaged infant and another
with minimal or no detectable abnormalities.”>*

Embryonic Death and Resorption. A variety of organisms
may infect the pregnant woman in the first few weeks of
gestation and produce death and resorption of the embryo.
Because loss of the embryo usually occurs before the woman
realizes she is pregnant or seeks medical attention, it is difficult
to estimate the incidence of this outcome for any single
infectious agent. The incidence of early pregnancy loss after
implantation from all causes has been estimated to be 31%.
The proportion of cases of loss due to infection is unknown.*'

Abortion and Stillbirth. The earliest recognizable effects of
fetal infection are seen after the sixth to eighth week of
pregnancy and include abortion and stillbirth. Intrauterine
death may result from overwhelming fetal infection, or the
microorganisms may interfere with organogenesis to such
an extent that the development of functions necessary for
continued viability is interrupted. The precise mechanisms
responsible for early spontaneous termination of pregnancy
are unknown; in many cases, it is difficult to ascertain
whether fetal death caused or resulted from the expulsion of
the fetus.

A number of modifying factors probably determine the
ultimate outcome of intrauterine infection; these include
virulence or tissue tropism of the microorganisms, stage
of pregnancy, associated placental damage, and severity of
the maternal illness. Primary infection is likely to have a
more important effect on the fetus than recurrent in-
fection.*? For example, recurrence of CMV infection is less
severe than primary infection. Available studies do not
distinguish between the direct effect of the microorganisms
on the developing fetus and the possibility of an indirect
effect attributable to illness or poor health of the mother.
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Table 1-5 Effects of Transplacental Fetal Infection on the Fetus and Newborn Infant

Intrauterine

Growth

Retardation/Low
Birth Weight

Organisms or Disease Prematurity

Persistent Postnatal
Infection

Developmental
Anomalies

Congenital
Disease

Viruses

Rubella virus
Cytomegalovirus
Herpes simplex
Varicella-zoster virus
Mumps virus
Rubeola virus
Vaccinia virus
Smallpox virus
Coxsackieviruses B
Echoviruses
Polioviruses
Influenza virus - -
Hepatitis B virus
Human immunodeficiency virus (+) (+)
Lymphocytic choriomeningitis virus - -
Parvovirus
Bacteria

Treponema pallidum
Mycobacterium tuberculosis
Listeria monocytogenes
Campylobacter fetus
Salmonella typhosa
Borrelia burgdorferi

Protozoa

Toxoplasma gondii + +
Plasmodium (+)
Trypanosoma cruzi + +

P+ 0+ 00+ +
+

L+ 4+ + ++
|

+

L+ 4+
T+ ++ +
L+ + 4+

—~
~

|
O B I S
L+ o+

)
+ 4+ + + 4
I

|
+
+

+, evidence for effect; -, no evidence for effect; (+), association of effect with infection has been suggested and is under consideration.

Prematurity. Prematurity is defined as the birth of a viable
infant before week 37 of gestation. Premature birth may
result from almost any agent capable of establishing fetal
infection during the last trimester of pregnancy. Those
microorganisms commonly responsible for stillbirth and
abortion also are implicated as significant causes of
prematurity (Table 1-5).

Previous studies have demonstrated that women in
premature labor in whom results of amniotic fluid cultures
for bacteria are positive have elevated levels of multiple
proinflammatory cytokines in their amniotic fluid.*** In
many patients with elevated levels of interleukin-6 (IL-6),
results of amniotic fluid culture were negative. Premature
births are invariably observed, however, in women in
premature labor in whom results of amniotic fluid culture
are positive and who also have elevated amniotic fluid levels
of IL-6. To further clarify the role of measurement of levels
of IL-6 in amniotic fluid, Hitti and colleagues** amplified
bacterial 16S recombinant RNA (rRNA) encoding DNA by
PCR to detect amniotic fluid infection in women in
premature labor whose membranes were intact. PCR assay
detected bacterial infection in significantly more patients in
whom results of amniotic fluid cultures were negative but
IL-6 levels were elevated. These data suggest that as many as
33% of women in premature labor in whom results of
amniotic fluid culture are negative but IL-6 amniotic fluid

levels are elevated have amniotic fluid infection. The investi-
gators concluded that the association between amniotic fluid
infection and premature labor may be underestimated on
the basis of amniotic fluid cultures. They further suggested
that use of the broad-spectrum bacterial 16S rDNA PCR
assay may be useful for diagnosis of infected amniotic fluid.
In any case, elevated levels of amniotic fluid IL-6 are clearly
associated with an increased risk of preterm delivery, even in
cases in which cultures and PCR assay have failed to detect
infection.* Although this finding is likely to reflect infection
undetected by either technique, it remains possible that
factors other than infection contribute to preterm labor and
elevated amniotic fluid IL-6.

Intrauterine Growth Retardation and Low Birth Weight.
Infection of the fetus may result in birth of an infant who is
small for gestational age (SGA). Although low birth weight
and “small for date” infants are associated with many
maternal infections, evidence for a causal relationship is only
sufficient for congenital rubella, VZV infection, toxoplasmosis,
and CMV infection.

The organs of infants dying with congenital rubella syn-
drome or CMV infection contain a decreased number of
morphologically normal cells.’®*! By contrast, in small-for-
dates infants whose growth deficit is due to noninfectious
causes such as maternal toxemia or placental abnormalities,
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the parenchymal cells are normal in number but have a
reduced amount of cytoplasm, presumably because of fetal
malnutrition.’>*

Developmental Anomalies and Teratogenesis. CMV, rubella
virus, and VZV cause developmental anomalies in the human
fetus. Coxsackieviruses B3 and B4 have been associated with
congenital heart disease. The pathogenetic mechanisms
responsible for the fetal abnormalities produced by most
infectious agents remain obscure. Histologic studies of
abortuses and congenitally infected infants have suggested,
however, that the ultimate mode of action of some viruses
rests in their ability to cause cell death, alterations in cell
growth, or chromosomal damage. Lesions resulting from the
inflammatory processes caused by the microorganisms must
be distinguished from defects that arise from a direct effect
of the organisms on the growth of cells and tissues in the
developing embryo or fetus. Inflammation and tissue
destruction, rather than teratogenic activity, appear to be
responsible for the widespread structural abnormalities
characteristic of congenital syphilis, transplacental HSV and
VZV infection, and toxoplasmosis. Infants with congenital
toxoplasmosis may have microcephaly, hydrocephalus, or
microphthalmia, but these manifestations usually result
from an intense necrotizing process containing numerous
organisms and are more appropriately defined as lesions of
congenital infection rather than as effects of teratogenic
activity of the organism.

Some mycoplasmas™ and viruses®* produce chromo-
somal damage in circulating human lymphocytes or in human
cells in tissue culture. The relationship of these changes in
structure to the production of congenital abnormalities in
the fetus is unknown.

55,56

Congenital Disease. Clinical evidence of intrauterine
infections may be present at birth or may manifest soon
thereafter or years later. The signs result from tissue damage
or secondary physiologic changes caused by the invading
organisms. The clinical manifestations in the newborn
infant of infection acquired in utero or at delivery are given
in Table 1-6. In infants with congenital rubella, toxoplasmosis,
syphilis, or congenital CMV, HSV, or enterovirus infection,
signs of widely disseminated infection may be evident
during the neonatal period. Such signs include jaundice,
hepatosplenomegaly, and pneumonia, each of which reflects
lesions caused by microbial invasion and proliferation rather
than by defects in organogenesis. These signs of congenital
infection are not detected until the neonatal period, although
the pathologic processes responsible for their occurrence
have been progressing for weeks or months before delivery.
In some infants, the constellation of signs is sufficient to
suggest the likely congenital infection (Table 1-7). In other
infants, the signs are transient and self-limited and resolve as
neonatal defense mechanisms control the spread of the micro-
bial agent and tissue destruction. If damage is severe and
widespread at the time of delivery, the infant is likely to die.

It is frequently difficult to determine whether the in-
fection in the newborn infant was acquired in utero, during
the delivery process, or post partum. If the onset of clinical
signs after birth occurs within the minimal incubation period
for the disease (e.g., 3 days for enteroviruses, 10 days for
VZV and rubella viruses), it is likely that the infection was
acquired before delivery. The interval between exposure to
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malaria in the mother and congenital malaria in the infant
can be prolonged; one case of congenital malaria resulting
from Plasmodium malariae occurred in the United States in
an infant born 25 years after the infant’s mother had
emigrated from China.”’ Children infected with HIV peri-
natally can be diagnosed by 6 months of age using the DNA
(or RNA) PCR method, which has largely replaced other
approaches for viral detection.”® A variable fraction (less than
half) of perinatally infected children are infected with HIV
in utero, depending on the setting and maternal treatment.>
Virus-negative infants who later become virus-positive may
have been infected at or shortly before delivery.

Healthy Infants. A majority of newborn infants infected in
utero by rubella virus, T. gondii, CMV, HIV, or Treponema
pallidum have no signs of congenital disease. Fetal infection
by a limited inoculum of organisms or with a strain of low
virulence or minimal potential for pathology may be
responsible for this low incidence of clinical disease in
infected infants. Alternatively, gestational age may be the
most important factor in determining the ultimate con-
sequences of prenatal infection. When congenital rubella
and toxoplasmosis are acquired during the last trimester of
pregnancy, the incidence of clinical disease in the infected
infants is lower than when microbial invasion occurs during
the first or second trimester. Congenital syphilis results from
exposure during the second or third but not the first
trimester.

Absence of clinically apparent disease in the newborn may
be misleading. Careful observation of infected but healthy-
appearing children over the course of months or years often
reveals defects that were not apparent at birth. The failure to
recognize such defects early in life may be due to the inability
to test young infants for the functions involved. Hearing
defects identified years after birth may be the only mani-
festation of congenital rubella. Significant sensorineural
deafness and other central nervous system deficiencies have
afflicted children with congenital CMV infection who were
considered to be normal during the neonatal period. Delayed
recognition of other manifestations of in utero infection,
including failure to thrive, visual defects, and minimal to
severe brain dysfunction (including motor, learning, language,
and behavioral disorders), can follow toxoplasmosis, rubella,
and CMV infections. Infants infected with HIV usually are
asymptomatic at birth and for the first few months of life.
The median age for onset of signs of congenital HIV in-
fection is approximately 3 years, but many children remain
asymptomatic for more than 5 years. Failure to thrive,
persistent diarrhea, recurrent suppurative infections, and
diseases associated with opportunistic infections that occur
weeks to months or years after birth are signs of perinatal
infection related to HIV. Of particular concern is the report
by Wilson and colleagues* that found stigmata of congenital
T. gondii infection, including chorioretinitis and blindness,
in almost all 24 children at follow-up evaluations; the children
had serologic evidence of infection but were without apparent
signs of disease at birth and did not receive treatment or
received inadequate treatment.

Because abnormalities may become obvious only as the
child develops and reaches or fails to reach appropriate
physiologic or developmental milestones, it is of utmost
importance to give careful and thorough follow-up examin-
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Table 1-7 Syndromes in the Neonate Caused by Congenital Infections

Microorganism Signs

Toxoplasma gondii
Rubella virus

Hydrocephalus, diffuse intracranial calcification, chorioretinitis
Cardiac defects, sensorineural hearing loss, cataracts; microcephaly, “blueberry muffin” skin

lesions, hepatomegaly, interstitial pneumonitis, myocarditis, disturbances in bone growth,
intrauterine growth retardation

Cytomegalovirus

Microcephaly, periventricular calcifications, jaundice, petechiae or purpura,

hepatosplenomegaly, intrauterine growth retardation

Herpes simplex virus

Skin vesicles or scarring, eye scarring, microcephaly or hydranencephaly; vesicular skin rash,

keratoconjunctivitis, meningoencephalitis; sepsis with hepatic failure

Treponema pallidum

Bullous, macular, or eczematous skin lesions involving the palms and soles; rhinorrhea;

dactylitis and other signs of osteochondritis and periostitis; hepatosplenomegaly;

lymphadenopathy
Varicella-zoster virus
Parvovirus B19
Human immunodeficiency virus
ganglia

Limb hypoplasia, cicatricial skin lesions, ocular abnormalities, cortical atrophy
Nonimmune hydrops fetalis
Severe thrush, failure to thrive, recurrent bacterial infections, calcification of the basal

ations to infants born to women known to be infected
during pregnancy.

Persistent Postnatal Infection. Microbial agents may
continue to survive and replicate in tissues for months or
years after in utero infection. Rubella virus and CMV have
been isolated from various body fluids and tissues over long
periods of time from children with abnormalities at birth, as
well as from those who appeared healthy. In some congenital
infections, including rubella, toxoplasmosis, syphilis, tuber-
culosis, malaria, and CMV, HSV, and HIV infection, prog-
ressive tissue destruction has been demonstrated. Recurrent
eye and skin infections can occur as a result of HSV infection
acquired in utero or at the time of delivery. A progressive
encephalitis has occurred with congenital rubella infection.®'
The clinical manifestations of congenital infection in these
children had been stable for many years when deterioration
of motor and mental functions occurred at ages 11 to
14 years. Rubella virus was isolated from the brain biopsy
specimen of a 12-year-old child. Fetal parvovirus B19 in-
fection can persist for months after birth with persistent
anemia due to suppressed hematopoiesis.®®

The mechanisms responsible for maintaining or
terminating chronic fetal and postnatal infections are only
partially understood. Humoral immune responses, as deter-
mined by measurement of either fetal immunoglobulin M
(IgM) antibodies or specific IgG antibodies that develop in
the neonatal period, appear to be intact in almost all infants
(see Chapter 4). The importance of cell-mediated immunity,
cytokines, complement, and other host defense mechanisms
remains to be defined. The evidence is insufficient at present
to support a causal relation between deficiencies in any one
of these factors and persistent postnatal infection. It is
noteworthy that all of the diseases associated with persistent
postnatal infection—with the exception of rubella but in-
cluding syphilis, tuberculosis, malaria, toxoplasmosis,
hepatitis, and CMV, HSV, VZV, and HIV infections—also
can produce prolonged and, in certain instances, lifelong
infection when acquired later in life.

Efficiency of Transmission of Microorganisms
from Mother to Fetus

The efficiency of transmission from the infected, immuno-
competent mother to the fetus varies among microbial
agents and also can vary with the trimester of pregnancy. In
utero transmission of rubella virus and T. gondii occurs
primarily as a result of primary infection, whereas in utero
transmission of CMV, HIV, and T. pallidum can occur in
consecutive pregnancies. The risk of congenital rubella
infection in fetuses of mothers with symptomatic rubella
was high in the first trimester (90% before 11 weeks of
gestation), declined to a low of 25% at 23 to 26 weeks, and
then rose to 67% after 31 weeks. Infection in the first
11 weeks of gestation was uniformly teratogenic, whereas no
birth defects occurred in infants infected after 16 weeks of
gestation.*” By contrast, the frequency of stillbirth and
clinical and subclinical congenital T. gondii infection among
offspring of women who acquired T. gondii infection during
pregnancy was least in the first trimester (14%), increased in
the second trimester (29%), and was highest in the third
trimester (59%).%

Congenital CMV infection results from primary and
recurrent infections. On the basis of studies in Birmingham,
Alabama, and other centers, Whitley and Stagno and their col-
leagues® estimate that 1% to 4% of women have primary
infection during pregnancy, that 40% of these women
transmit the infection to the fetus, and that 5% to 15% of the
infants have signs of CMV disease. Congenital infection due
to recurrent CMV infection occurs in 0.5% to 1% of live-
births, but less than 1% of the infected infants have clinically
apparent congenital disease.

The transmission rate of HIV infection from the infected
mother who received no treatment to the fetus is estimated
to be about 25%, but the data are insufficient to identify
efficiency of transmission by trimester. Risk of transmission
does not appear to be greater in mothers who acquire
primary infection during pregnancy than mothers who were
infected before they became pregnant.”’
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Diagnosis of Infection in the Pregnant
Woman

Clinical Diagnosis

Symptomatic or Clinical Infection. In many instances, the
diagnosis of infection in the pregnant woman and congenital
infection in the newborn infant can be suspected on the
basis of clinical signs or symptoms. Careful examination can
be sufficient to suggest a specific diagnosis, particularly
when typical clinical findings are accompanied by a well-
documented history of exposure (see Tables 1-6 and 1-7).

Asymptomatic or Subclinical Infection. Many infectious
diseases with serious consequences for the fetus are difficult
or impossible to diagnose in the mother solely on clinical
grounds. Asymptomatic or subclinical infections may be
caused by rubella virus, CMV, T. gondii, T. pallidum, HSV,
and HIV. The vast majority of women infected during preg-
nancy with these organisms have no apparent signs of
disease; only 50% of women infected with rubella virus have
arash, and although occasional cases of CMV mononucleosis
are recognized, these make up a very small proportion of
women who acquire primary CMV infection during preg-
nancy. Similarly, the number of women with clinical mani-
festations of toxoplasmosis is less than 10%, and few women
have systemic illness associated with primary HSV infection.
The genital lesions associated with HSV infection and syphilis
often are not recognized.

Recurrent and Chronic Infection. Some microorganisms
can infect a susceptible person more than once, and when
such reinfections occur in a pregnant woman, the organism
can affect the fetus. These reinfections generally are associ-
ated with waning host immunity, but low levels of circulating
antibodies may be detectable. Such specific antibodies would
be expected to provide some protection against hematogenous
spread and transplacental infection. Fetal disease, however,
has followed reexposure of immune mothers to vaccinia,*®
variola,” and rubella” viruses.

In addition, an agent that causes infection capable of
persisting in the mother as a chronic asymptomatic infection
could infect the fetus long after the initial infection had
occurred. Such delayed infection is common for congenital
CMV and HIV infections, which have been observed in
infants from consecutive pregnancies of the same mother.
Reports of infection of the fetus as a result of chronic
infection of the mother have been cited in cases of malaria’
syphilis,’? hepatitis,”® herpes zoster** and herpes simplex,’*
and T. gondii infection.” In the case of T. gondii, congenital
transmission from the chronically infected woman occurs
almost solely when the woman is immunocompromised
during pregnancy.

Preconceptional Infection. The occurrence of acute infection
immediately before conception may result in infection of the
fetus, and the association may go unrecognized. Congenital
rubella has occurred in the fetus in cases in which the
mother was infected 3 weeks to 3 months before conception.
A prolonged viremia or persistence of virus in the maternal
tissues may be responsible for infection of the embryo or
fetus. The same has occurred rarely in cases of maternal
infection with T. gondii.”

Isolation and Identification of the Infectious Agents

General Approach. Diagnostic tests for microorganisms or
infectious diseases are part of routine obstetric care; special
care is warranted for selected patients who are known or
suspected to be exposed to the infectious agent or have
clinical signs of the infectious disease. A list of diagnostic
tests and the types of intervention that may be required if a
diagnosis is made is provided in Table 1-8. The specific inter-
ventions for each disease are provided in subsequent chapters.

The most direct mode of diagnosis is isolation of the
microbial agent from tissues and body fluids such as blood,
cerebrospinal fluid, or urine. Isolation of the agent must be
considered with knowledge of its epidemiology and natural
history in the host. For example, isolation of an enterovirus
from feces during the summer months may represent colo-
nization rather than significant infection that might result in
hematogenous spread to the fetus. Isolation of an enterovirus
from a body fluid in which it is never present under normal
circumstances or identification of a significant rise in antibody
titer would be necessary to define an acute infectious process.

Tests for the presence of hepatitis B virus surface antigen
(HBsAg) should be performed in all pregnant women. The
Centers for Disease Control and Prevention (CDC) has
estimated that 16,500 births occur each year in the United
States to women who are positive for HBsAg. Infants born to
mothers who are positive for this antigen have up to a 90%
chance of acquiring perinatal hepatitis B virus infection. If
infection is identified soon after birth, use of hepatitis B
immune globulin combined with hepatitis B vaccine is an
effective mode of prevention of infection. For these reasons,
the Advisory Committee on Immunization Practices of the
U.S. Public Health Service’” and the American Academy of
Pediatrics’® recommend universal screening of all pregnant
women for HBsAg.

Because the amniotic fluid contains viruses or bacteria
shed from the placenta, skin, urine, or tracheal fluid of the
infected fetus, this fluid, which can be obtained earlier during
gestation and with somewhat less risk than with fetal blood
sampling, also may be used to detect the infecting organism
by culture, antigen detection test, or PCR assay. Amnio-
centesis and the analysis of desquamated fetal cells in the
amniotic fluid have been used for the early diagnosis of
genetic disorders for some time. The seminal publication in
1983 by Daffos and colleagues,”® in which fetal blood
sampling for prenatal diagnosis was first described, provided
a method for diagnosing a variety of infections in the fetus
that previously could be diagnosed only after birth. Their
methods were widely adopted and have contributed signifi-
cantly both to our understanding of the immune response of
the fetus to a variety of pathogens, including rubella virus,
VZV, CMV, and T. gondii,**® and to a more objective
approach to treatment of infection in the fetus before birth.

Fetal blood sampling and amniocentesis are performed
under ultrasound guidance. The method is not free of risk;
amniocentesis alone carries a risk of fetal injury or death as
high as 1%,** and fetal blood sampling, a risk of approxi-
mately 1.4%.%° Amniotic fluid may be examined for the
presence of the infecting organism or its antigens, DNA, or
RNA. Fetal blood can be examined for the same parameters,
as well as to detect antibodies formed by the fetus against the
pathogen (e.g., IgA or IgM antibodies that do not normally
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Table 1-8 Management of Infections in the Pregnant Woman?

Time of Test
Microorganism or First Third
Disease Diagnostic Test Visit Trimester At Delivery Intervention®
Routine Care
Mycobacterium tuberculosis Tuberculin skin test + Therapy
Gonorrhea Culture or antigen + + Therapy
Hepatitis B Serology + H BIG®
Chlamydia Antigen + + Therapy
Syphilis Serology + + +¢ Therapy
Rubella Serology + Postpartum vaccine
Group B Streptococcus Culture + Intrapartum prophylaxis
Herpes simplex Examination + + + Cesarean section
Culture Therapy
Special Care if Exposed or
with Clinical Signs
Human immunodeficiency virus  Serology + Therapy
(HIV)
Parvovirus Ultrasound Intrauterine transfusion
Serology
Toxoplasmosis Serology Therapy
Polymerase chain reaction
(PCR) assay
Culture (amniotic fluid,
fetal blood)
Varicella-zoster virus Serology, cytology Therapy

3See appropriate chapters.

®Hepatitis B immune globulin only in women with high-risk factors, and hepatitis B vaccine for neonate.

‘At delivery in areas with high prevalence of infection.

Modified from table prepared by Riley L, Fetter S, Geller D, Boston City Hospital and Boston University School of Medicine.

cross the placental barrier). Fetal blood sampling usually is
performed during or after week 18 of gestation.

The fetus that is diagnosed as being infected with a
specific pathogen or that is at high risk for infection (e.g., the
fetus of a nonimmune woman who acquires her infection
with T. gondii or rubella virus during pregnancy) may be
followed by ultrasound examination to detect abnormalities
such as dilation of the cerebral ventricles.

Isolation, Culture, and Polymerase Chain Reaction Assay.
Isolation of CMV and rubella virus®* and demonstration of
HBsAG® from amniotic fluid obtained by amniocentesis
have been reported. The PCR technique has proved to be
both sensitive and specific for diagnosis of many infections
in the pregnant woman, fetus, and newborn. Thus, detection
of the DNA/RNA of an organism has, in many instances,
replaced the necessity for its isolation to make a definitive
diagnosis. The PCR method decreases the time to diagnosis
and increases the sensitivity for diagnosis of many of these
infectious agents, as exemplified by the prenatal diagnosis of
infections caused by parvovirus,?®®® CMV,**** T. gondii,”>**
and rubella virus.”>”® As with all diagnostic testing, however,
caution is required in interpreting the results of prenatal
PCR testing. The sensitivity of PCR results on amniotic fluid
is uncertain. For example, a negative result on amniotic fluid
PCR assay occurs in up to one third of cases of congenital
toxoplasmosis,”**® and in infants with congenital rubella,
results of amniotic fluid PCR assay can be negative while
those for fetal blood are positive. Combined diagnostic ap-
proaches in which PCR is used in concert with fetal serology

and other diagnostic modalities (e.g., serial fetal ultrasonog-
raphy) to test amniotic fluid and fetal blood may offer the
greatest sensitivity and predictive power in cases in which
congenital infection is suspected and this information is
important in management decisions.”**” Also, false-positive
detection of viral DNA has been observed at frequencies as
high as 5% in fluids obtained for genetic testing when
congenital fetal infection was not suspected or documented.

Cytologic and Histologic Diagnosis. Review of cytologic
preparations and tissue sections may provide a presumptive
diagnosis of certain infections. For example, cervicovaginal
smears or cell scrapings from the base of vesicles are valuable
in diagnosing VZV and HSV infections. Typical changes
include multinucleated giant cells and intranuclear inclusions.
These morphologic approaches, however, have largely been
replaced by more specific testing methods to detect VZV,
HSV, and CMV infection using direct immunofluorescence
techniques or immunoperoxidase staining. The diagnosis of
acute toxoplasmosis can be made from the characteristic
histologic changes in lymph nodes or by demonstration of
the tachyzoite in tissue specimens obtained by biopsy of
infected tissues or at autopsy.

Detailed descriptions of the changes associated with
infections of the placenta are presented in a monograph by
Fox.*® Examination of the placental parenchyma, the mem-
branes, and the cord may provide valuable information leading
to diagnosis of the infection and identification of the mode of
transmission to the fetus (in utero or ascending infection).
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Serologic Diagnosis. The serologic diagnosis of infection in
the pregnant woman most often requires demonstration of
a significant rise in antibody titer against the suspected agent.
Ideally, the physician should have available information
about the patient’s serologic status at the onset of pregnancy
to identify women who are unprotected against T. pallidum,
T. gondii, and rubella virus or who are infected with hepatitis
B virus or HIV. This valuable procedure has already been
adopted by many obstetricians.

Difficulties in interpretation of serologic test results
seldom arise when patients are seen shortly after exposure or
at the onset of symptoms. In certain infections (e.g., rubella,
toxoplasmosis), however, a relatively rapid increase in anti-
body levels may preclude the demonstration of a significant
rise in titer in patients who are tested more than 7 days after
the onset of the suspected illness. A diagnosis may be
obtained in these circumstances through the measurement
of antibodies that rise more slowly over a period of several
weeks. Demonstration of IgA and IgE antibodies (in addition
to the more conventional use of tests for IgG and IgM
antibodies) is useful in the early diagnosis of infection in the
pregnant woman, fetus, and newborn and should serve as an
impetus to commercial firms to make these methods more
widely available for use by health care providers. The same
pertains to IgG avidity tests. For example, the latter have
proved accurate in ruling out recently acquired infection
with T. gondii,” cytomegalovirus,'®'" and rubella virus.'*>'®®
At present, these tests require special techniques and are not
performed routinely by most laboratories, so local or state
health departments should be consulted for further inform-
ation regarding their availability.

Use of Skin Tests. Routine skin tests for diagnosis of tuber-
culosis should be considered a part of prenatal care. Tuberculin
skin tests can be administered to the mother without risk to
the fetus.

Universal Screening

Prenatal care in the United States includes routine screening
for serologic evidence of syphilis and rubella; culture or
antigen evidence of Chlamydia trachomatis, group B Strepto-
coccus, or hepatitis B virus infection; screening for urinary
tract infection; and skin testing for tuberculosis. The demon-
stration that treatment of the HIV-infected mother signifi-
cantly reduces the transmission of the virus to the fetus has
led to recommendations by some authorities for universal
HIV screening for all pregnant women in the United States.
Current CDC guidelines support voluntary HIV testing under
conditions that simplify consent procedures while preserving
a woman’s right to refuse testing if she does not think it is in
her best interest.'®

Pregnant women with known HIV infection should be
monitored and given appropriate treatment to enhance
mother and fetal well-being and to prevent maternal-to-fetal
transmission. Pregnant women should be examined carefully
for the presence of HIV-related infections including gonor-
rhea, syphilis, and C. trachomatis infection. Baseline anti-
body titers should be obtained for those opportunistic
infections, such as T. gondii, which are observed commonly
in HIV-infected women and which may be transmitted to
their fetuses. More detailed information on management of
an HIV-infected pregnant woman and her infant is given in
Chapter 21.

Diagnosis of Infection in the Newborn Infant

Infants with congenital infection due to rubella virus, CMV,
HSV, T. gondii, or T. pallidum may present similarly with one
or more of the following abnormalities: purpura, jaundice,
hepatosplenomegaly, pneumonitis, and meningoencephalitis.
Some findings have specific diagnostic significance (see
Tables 1-5 and 1-6).

In certain congenital infections, the organism may be
isolated from tissues and body fluids. Infants may excrete
CMYV and rubella virus in the urine for weeks to months
after birth. T pallidum may be found in the cerebrospinal
fluid, in nasal secretions, and in the skin lesions of syphilis.
Results of HIV culture or PCR assay are positive at birth in
approximately 30% to 50% of congenitally infected infants,
but results are positive in nearly 100% of infected infants by
4 to 6 months of life.

Serologic tests are available through state or commercial
laboratories for the TORCH group of microorganisms
(T. gondii, T. pallidum, rubella virus, CMV, and HSV) and for
certain other congenitally acquired infections. To distinguish
passively transferred maternal IgG antibody from antibody
synthesized by the neonate in response to infection in utero,
it is necessary to obtain two blood specimens from the
infant. Because the half-life of IgG is approximately 3 days,
the first sample is obtained soon after birth, and the second
sample should be obtained at least two half-lives or approxi-
mately 6 weeks after the first specimen.

IgA, IgE, and IgM antibodies do not cross the placenta.
Antigen-specific IgA, IgE, and IgM antibodies in the infant’s
blood provides evidence of current infection, but few com-
mercial laboratories employ reliable assays for these anti-
bodies for the purpose of identifying congenital infections,
as described in a Public Health Advisory from the Food and
Drug Administration outlining the limitations of Toxeplasrma
IgM commercial test kits.

Although most congenital infections occur as a single
entity, many HIV-infected mothers are co-infected with
other infectious agents that may be transmitted to the new-
born. The neonate born to an HIV-infected mother should
be considered at risk for other sexually transmitted infections
such as syphilis, gonorrhea, and C. trachomatis infection. In
addition, co-infection has been documented for CMV,1%:1%

Prevention and Management of Infection in
the Pregnant Woman

Prevention of Infection

Pregnant women should avoid contact with persons with
communicable diseases, particularly if the women are
known to be seronegative (e.g., for CMV) or have no prior
history of the disease (e.g., with VZV). In some cases, specific
measures can be taken. The pregnant woman should avoid
intercourse with her sexual partner if he has a vesicular
lesion on the penis that may be due to HSV or if he is known
or suspected to be infected with HIV. Pregnant women
should avoid eating raw or undercooked lamb, pork, and
beef, because such products sometimes contain T. gondii.
They also should avoid contact with cat feces, or objects or
materials contaminated with cat feces, because these are
highly infectious if they harbor oocysts of T. gondii (see
Chapter 31). Pregnant women should not eat unpasteurized
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dairy products (including all soft cheeses), prepared meats
(hot dogs, deli meat, and paté), and undercooked poultry,
because such foods often contain Listeria monocytogenes (see
Chapter 14).

Immunization

Routine immunization schedules for infants and children
with currently available live vaccines, including measles,
poliomyelitis, mumps, and rubella, should confer protection
against these infections throughout the childbearing years.

Public health authorities and obstetricians generally agree
that immunization during pregnancy poses only theoretical
risks to the developing fetus. Nevertheless, pregnant women
should receive a vaccine only when the vaccine is unlikely to
cause harm, the risk for disease exposure is high, and the
infection would pose a significant risk to the mother (e.g.,
influenza) or fetus (e.g., tetanus).'”” The following consider-
ations are of importance with regard to immunization of the
pregnant woman.

+ The only vaccines routinely recommended for adminis-
tration during pregnancy in the United States, when
indicated for either primary or booster immunization,
are those for tetanus, diphtheria, and influenza.'® Such
vaccines are inactivated. Inactivated vaccines, including
typhoid fever vaccine, are not considered hazardous to
the pregnant woman or her fetus and often can be of
major benefit when indicated. An example is the use of
tetanus toxoid vaccines in areas of the world in which
infection in the newborn from unsterile delivery and
cord care carries a significant risk of fatal outcome. In
the United States, pregnant women are at increased risk
for influenza-like illness that requires hospitalization
when compared with nonpregnant women of similar
age. For this reason, routine immunization of pregnant
women at the onset of the influenza season is recom-
mended by the Advisory Committee on Infectious
Diseases of the CDC.'® In women at increased risk for
certain serious bacterial infections, such as invasive
pneumococcal or meningococcal disease (e.g., those
with sickle cell disease or HIV infection), immunization
should precede pregnancy if at all possible. If
immunization has not occurred before pregnancy and
the risk is significant (e.g., with a meningococcal out-
break in the community), the women should be
vaccinated.

» Pregnancy is a contraindication to administration of all
live vaccines, except when susceptibility and exposure
are highly probable and the disease to be prevented
constitutes a greater threat to the woman and her fetus
than a possible adverse effect of the vaccine. For example,
yellow fever vaccine is indicated for pregnant women
who are at substantial risk for imminent exposure to
infection (such as with international travel). A report
of IgM antibodies to yellow fever in the infant of a
woman immunized during pregnancy suggests that
transplacental transmission of the yellow fever vaccine
virus does occur, although the incidence of congenital
infection is unknown.'”

Varicella vaccine should not be administered to
pregnant women, because the possible effects on
fetal development are unknown. When postpubertal
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females are immunized, pregnancy should be avoided
for at least 2 months following immunization.

+ Because several weeks can elapse before pregnancy is
evident, caution and selectivity are indicated in ad-
ministering a live virus vaccine to any woman of child-
bearing age. The demonstration of prolonged virus
shedding after immunization with live virus vaccine
suggests that pregnancy should be avoided when possible
for 2 to 3 months subsequent to the administration of
any live immunizing agent.

+ The risk to the mother or fetus from immunization of
members of her immediate family or other intimate
contacts is uncertain. The use of attenuated measles,
rubella, mumps, and varicella vaccines rarely results in
dissemination of these viruses to susceptible subjects in
the immediate environment, but household spread of
attenuated polioviruses through contact with recently
vaccinated, susceptible individuals in the family is
common. From March 1995 through March 2003, 509
pregnant women whose pregnancy outcomes are known
were inadvertently given varicella vaccine (VARIVAX
Pregnancy Registry). No offspring had congenital
varicella, and the rate of congenital anomalies was no
greater than that in the general population. Further-
more, presence of a pregnant woman in the household
is not a contraindication to varicella immunization of a
child in that household, and varicella-susceptible women
should be vaccinated post partum.

Use of Immune Globulin

Human immune serum globulin administered after exposure
to rubella, varicella, measles, or hepatitis A virus may modify
clinical signs and symptoms of the disease but has not
proved to be consistently effective in preventing disease, and
presumably viremia, in susceptible persons. Human immune
serum globulin is of undetermined value in protecting the
fetus of a susceptible woman against infection with these
viruses. Its use after maternal exposure to rubella virus
should be limited to women to whom therapeutic abortion
is unacceptable, in the event of documented infection during

pregnancy.
Antimicrobial Therapy

Almost without exception, antimicrobial agents administered
systemically to the mother pass to the fetus. Management of
pregnant women with acute infections amenable to therapy
should be the same as that of nonpregnant patients but with
attention paid to the possible effects on the fetus of the
antimicrobial drug. Pregnant women with recently acquired
acute toxoplasmosis, Lyme disease, and syphilis should under-
go treatment as outlined in the specific chapters devoted to
those topics. Women who are colonized with C. trachomatis
or group B streptococci may receive treatment under selected
circumstances, considered in the next section.

The landmark study of Connor and colleagues demon-
strated reduction of maternal-infant transmission of HIV
from 25.5% to 8.3% using zidovudine in women who had
peripheral CD4" T lymphocyte counts of more than 200
cells per puL and were mildly symptomatic.''® The currently
recommended treatment regimen in the United States is oral
zidovudine administered to pregnant women beginning at
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14 to 34 weeks of gestation and continuing throughout preg-
nancy, intravenous zidovudine during labor and delivery,
and oral zidovudine to the newborn for the first 6 weeks of
life (see Chapter 21). This complex and costly regimen is not
feasible for resource-limited countries, but recent studies in
Uganda using one dose of nevirapine administered to the
mother in labor and a single dose to the neonate before
discharge provide a model.'"!

INFECTIONS ACQUIRED BY THE NEWBORN
INFANT DURING BIRTH

Pathogenesis

The developing fetus is protected from the microbial flora of
the maternal genital tract. Initial colonization of the
newborn and of the placenta usually occurs after rupture of
maternal membranes. If delivery is delayed after membranes
rupture, the vaginal microflora can ascend and in some cases
produce inflammation of fetal membranes, umbilical cord,
and placenta. Fetal infection also can result from aspiration
of infected amniotic fluid. Some viruses are present in the
genital secretions (HSV, CMV, hepatitis B virus, or HIV) or
blood (hepatitis B or C virus or HIV). If delivery follows
shortly after rupture of the membranes, the infant can be
colonized during passage through the birth canal. A variety
of microorganisms may be present in the maternal birth
canal, as summarized in Table 1-8; included are gram-positive
cocci (staphylococci and streptococci), gram-negative cocci
(Neisseria meningitidis [rarely] and Neisseria gonorrhoeae),
gram-negative enteric bacilli (Escherichia coli, Proteus species,
Klebsiella species, Pseudomonas species, Salmonella, and
Shigella), anaerobic bacteria, viruses (CMV, HSV, rubella
virus, and HIV), fungi (predominantly Candida albicans),
C. trachomatis, mycoplasmas, and protozoa (Trichomonas
vaginalis and T. gondii). As indicated in Table 1-8, some of
these organisms are significantly associated with disease in
the newborn infant, whereas others affect the neonate rarely,
if at all.

The newborn initially is colonized on the skin, mucosal
surfaces, including the nasopharynx, oropharynx, conjunctivae,
umbilical cord, and external genitalia, and the gastrointestinal
tract (from swallowing of infected amniotic fluid or vaginal
secretions). In most infants, the organisms proliferate at
these sites without causing illness. A few infants become in-
fected by direct extension from the sites of colonization (e.g.,
otitis media from nasopharyngeal colonization). Alternatively,
invasion of the bloodstream can ensue, with subsequent dis-
semination of infection. The umbilical cord was a particularly
common portal of entry for systemic infection before local
disinfection methods became routine. This site was common
because the devitalized tissues are an excellent medium for
bacterial growth and because the thrombosed umbilical vessels
provide direct access to the bloodstream. Microorganisms
also can infect abrasions or skin wounds. Today the most
frequent sources for bloodstream invasion are the lung from
aspirated infected amniotic fluid or vaginal contents and the
gastrointestinal tract from transmigration of microbial flora
across the gut wall.

Infants in whom bacterial sepsis develops often have
certain risk factors not evident in infants in whom signifi-
cant infections do not develop. Among these factors are pre-

term delivery at a gestational age less than 37 weeks, low birth
weight, prolonged rupture of maternal membranes, maternal
intra-amniotic infection, traumatic delivery, and fetal anoxia.
Relative immaturity of the immune system is considered to
be one factor in increased risk of infection during the neo-
natal period. The role of host defenses in neonatal infection
is discussed in detail in Chapter 4.

Preterm birth is the single most significant risk factor for
infections acquired just before or during delivery of the
infant or in the nursery. The increasing number of extremely
and very low birth weight infants has continued to heighten
concern for infection as a cause of morbidity and mortality.
Furthermore, various modalities for treatment of infertility
have continued to increase the number of multiple-birth
pregnancies, and a gestational age of less than 28 weeks is
not uncommon following various modalities for treatment
of infertility. A recent summary of 6215 very low birth weight
neonates (birth weight of 401 to 1500 g) from the National
Institute of Child Health and Human Development Neo-
natal Research Network reported that 21% had one or more
episodes of blood culture-proven late-onset sepsis.'!?
Infection rate was inversely correlated with birth weight and
gestational age, and infected infants had a significantly pro-
longed mean hospital stay (79 days) compared with unin-
fected infants (60 days). Also, infants with late-onset sepsis
were significantly more likely to die than uninfected infants
(18% versus 7%), especially if they were infected with gram-
negative organisms (36%) or fungi (32%).""

The value of certain defense mechanisms remains con-
troversial. Vernix caseosa has no specific antibacterial pro-
perties, but retention of vernix probably is of value because
it provides a protective barrier to the skin. Breast milk
influences the composition of the fecal flora by suppression
of E. coli and other gram-negative enteric bacilli and en-
couragement of growth of lactobacilli. In addition, breast
milk contains secretory IgA, lysozymes, white blood cells,
and lactoferrin (an iron-binding protein that significantly
inhibits the growth of E. coli and other microorganisms);
however, the importance of these constituents for coloniz-
ation and systemic infection in the neonate acquired at or
shortly after birth is uncertain (see Chapter 5).

The virulence of the invading microorganism also must
be considered as a factor in the pathogenesis of neonatal
sepsis. Certain phage types of S. aureus (types 80 and 81) were
responsible for most cases of disease in the staphylococcal
pandemic of the 1950s. Phage group 2 S. aureus strains have
been responsible for the staphylococcal scalded skin syndrome .
sometimes seen in neonates (toxic epidermal necrolysis).
Other evidence suggests that the K1 capsular antigens of
E. coli and type Il strains of group B Streptococcus possess
virulence properties that account for their propensity to
cause invasion of the blood-brain barrier during bacteremia
when compared with non-K1 and non-type III strains.

Microbiology

The agents responsible for early-onset (before 72 hours) neo-
natal sepsis are those found in the maternal birth canal.!">!!*
Most of these organisms are considered to be saprophytic,
but on occasion they can be responsible for maternal infection
and its sequelae, including endometritis and puerperal fever.
A review of the microbial flora of the adult female genital
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Table 1-9 Association of Neonatal Disease with Microorganisms Present in the Maternal Birth Canal

Association with Neonatal Disease

Microorganism

Significant

Uncommon Rare or None

Bacteria

Lactobacillus

Staphylococcus epidermidis
Staphylococcus aureus
Alpha-hemolytic streptococci
Group A streptococci

Group B streptococci
Enterococcus

Escherichia coli

Proteus species

Klebsiella species
Pseudomonas species
Salmonella species

Shigella species

Alkaligenes faecalis

Neisseria meningitidis
Neisseria gonorrhoeae +
Haemophilus influenzae

Haemophilus parainfluenzae

Gardnerella vaginalis

Listeria monocytogenes +
Vibrio fetus

Corynebacterium

Bacillus subtilis

Anaerobic Bacteria'”®

Bacteroides

Peptostreptococcus

Veillonella

Clostridium species

Bifidobacterium

Eubacterium

Mycobacterium tuberculosis

Viruses

Cytomegalovirus +
Herpes simplex virus +
Rubella virus

Hepatitis B virus +
Human papillomavirus

Lymphocytic choriomeningitis virus

Human immunodeficiency virus

Fungi

Candida albicans +
Candida glabrata

Coccidioides immitis

Saccharomyces

Chlamydiaceae

Chlamydia trachomatis +
Mycoplasmataceae

Mycoplasma hominis

Ureaplasma urealyticum

Protozoa

Toxoplasma gondii
Trichomonas vaginalis

+ 4+ +

+ 4+ 4+

+ +

tract and its association with neonatal infection and disease
is presented in Table 1-9.

Before the introduction of the sulfonamides and penicillin
in the 1940s, gram-positive cocci, particularly group A
streptococci, were responsible for most cases of neonatal
sepsis. After the introduction of antimicrobial agents, gram-
negative enterics, in particular E. coli, were the predominant

causes of serious bacterial infections of the newborn. An
increase in serious neonatal infection caused by group B
streptococci was noted in the early 1970s, and currently,
group B streptococci and E. coli continue to be the most
frequent causative agents for early-onset neonatal sepsis and
for late-onset sepsis in term infants. By contrast, late-onset
(after 7 days) sepsis in preterm neonates remaining in the
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neonatal intensive care unit for weeks or months have sepsis
caused by commensal organisms (e.g., coagulase-negative
staphylococci and Enterococcus) as well as by organisms
acquired from the mother and from the nursery environ-
ment. The bacteria responsible for neonatal sepsis are dis-
cussed in Chapter 6.

Mycoplasmas, anaerobic bacteria, and viruses (including
HSV, hepatitis B virus, CMV, and HIV) that colonize the
maternal genital tract also are acquired during birth.

Diagnosis

Review of the maternal record provides important clues for
diagnosis of infection in the neonate. Signs of illness during
pregnancy, exposure to sexual partners with transmissible
infections, and results of cultures (e.g., for C. trachomatis,
N. gonorrhoeae, or group B streptococci), serologic tests (e.g.,
for HIV infection, rubella, hepatitis B and C, or syphilis),
and tuberculin skin tests or chest radiographs should be
identified in the pregnancy record. The delivery chart should
be checked for peripartum events that indicate risk of sepsis
in the neonate, including premature rupture of membranes,
prolonged duration (longer than 18 hours) of rupture of
membranes, evidence of fetal distress and fever or other
signs of maternal infection such as bloody diarrhea, respira-
tory or gastrointestinal signs (i.e., enterovirus), indications
of large concentrations of pathogens in the genitalia (as
reflected in bacteriuria due to group B streptococci), and
evidence of invasive bacterial infections in prior pregnancies.

The clinical diagnosis of systemic infection in the new-
born can be difficult. The initial signs of infection may be
subtle and nonspecific. Not only are the signs of infectious
and noninfectious processes similar, but also the signs of in
utero infection are indistinguishable from those of infections
acquired either during the birth process or subsequently,
during the first few days of life. Respiratory distress, lethargy,
irritability, poor feeding, jaundice, emesis, and diarrhea are
associated with a variety of infectious and noninfectious
causes.

Some clinical manifestations of neonatal sepsis, such
as hepatomegaly, jaundice, pneumonitis, purpura, and
meningitis, are common to many of the infections that are
acquired in utero or during delivery. Certain signs, however,
are related to specific infections (see Tables 1-6 and 1-7).
Many signs of congenital infection are not evident at birth:
hepatitis B infection should be considered in the infant with
onset of jaundice and hepatosplenomegaly between 1 and
6 months of age; CMV infection acquired at or soon after
delivery is associated with an afebrile protracted pneumonitis;
enterovirus infection should be considered in the infant with
acute cerebrospinal fluid pleocytosis in the first months of
life. Most infants with congenital HIV infection do not have
signs of disease during the first months of life. Uncom-
monly, signs may be present at birth. Srugo and colleagues'"”
described an infant with signs of meningoencephalitis at
6 hours of life; HIV was isolated from cerebrospinal fluid.

Most early-onset bacterial infections are nonfocal except
in the circumstance of respiratory distress at or shortly after
birth, in which the chest radiograph reveals pneumonia.
Focal infections are frequent with late-onset neonatal sepsis
and include otitis media, pneumonia, soft tissue infections,
urinary tract infections, septic arthritis, osteomyelitis, and

peritonitis. Bacterial meningitis is of particular concern
because of the substantial mortality rate and the significant
morbidity in survivors. Few infants have overt meningeal
signs, and a high index of suspicion and examination of the
cerebrospinal fluid are required for early diagnosis.

Routine laboratory methods now available are of limited
assistance in the diagnosis of systemic infections in the new-
born infant. In bacterial sepsis, the total white blood cell
count is variable and supports a diagnosis of bacterial sepsis
only if it is high (more than 30,000 cells per mm®) or very
low (fewer than 5000 cells per mm?). Immunoglobulin is
produced by the fetus and newborn infant in response to
infection. Increased levels of IgM have been measured in the
serum of newborns with infections (i.e., syphilis, rubella,
cytomegalic inclusion disease, toxoplasmosis, and malaria)
acquired transplacentally. Increased levels of IgM also result
from postnatally acquired bacterial infections. Not all in-
fected infants, however, have increased levels of serum IgM,
and some infants who do have elevated concentrations of
total IgM are apparently uninfected. Thus, identification
of increased levels of total IgM in the newborn is suggestive
of an infectious process acquired before or shortly after birth,
but this finding is not specific and is of limited assistance in
diagnosis and management.

Because inflammation of the placenta and umbilical cord
may accompany peripartum sepsis, pathologic examination
of sections of these tissues may assist in the diagnosis of
infection in the newborn. Of note, however, histologic evidence
of inflammation also is noted in the absence of evidence of
neonatal sepsis. In the immediate postnatal period, gastric
aspirate, pharyngeal mucus, or fluid from the external ear canal
has been used to delineate exposure to potential pathogens
but are not useful in the diagnosis of neonatal sepsis.

Isolation of microorganisms from a usually sterile site,
such as blood, cerebrospinal fluid, or skin vesicle fluid, or
from a suppurative lesion or a sterilely obtained sample of
urine, remains the only valid method of diagnosing systemic
infection. Aspiration of any focus of infection in a critically
ill infant (e.g., needle aspiration of middle ear fluid in an
infant with otitis media or from the joint or metaphysis of
an infant with osteoarthritis) should be performed to deter-
mine the etiologic agent. In very low birth weight infants,
commensal microorganisms, such as coagulase-negative
staphylococci, Enterococcus, or Candida, isolated from a
usually sterile body site should be considered pathogens
until proven otherwise. Culture of infectious agents from the
nose, throat, skin, umbilicus, or stool indicates colonization;
these agents may include the pathogens that are responsible
for the disease but in themselves do not establish the presence
of active systemic infection.

PCR assay to detect the nucleic acid of a variety of
important pathogens including viruses and Pneumocystis
jiroveci, enzyme immunoassay for T. gondii, and electron
microscopy to identify CMV and rotaviruses are useful new
tests available for diagnosis. When appropriate, serologic
studies should be performed to ascertain the presence of in
utero or postnatal infection. Serologic tests are available
through local or state laboratories for HIV, rubella, parvo-
virus B19, T. gondii, and T. pallidum. For some of these
infections (e.g., rubella), the serologic assay measures IgG.
To distinguish passively transferred maternal antibody from
antibody derived from infection in the neonate, it is
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necessary to obtain two blood specimens from the infant.
Because the half-life of IgG is estimated to be 23 days, the
first sample is obtained soon after birth, and the second
sample should be obtained at least two half-lives or approxi-
mately 6 weeks after the first specimen. Measurement of IgM
antibody provides evidence of current infection in the neo-
nate, but none of these assays has proven reliability at present.

Management

Successful management of neonatal bacterial sepsis depends
on a high index of suspicion based on maternal history and
infant signs, prompt initiation of appropriate antimicrobial
therapy while diagnostic tests are performed, and meticulous
supportive measures. If the physician considers that a new-
born may have bacterial infection, culture specimens should
be obtained and treatment with antimicrobial agents active
against the probable pathogens should be initiated
immediately. In general, initial therapy must include agents
active against gram-positive cocci, particularly group B
and other streptococci, and gram-negative enteric bacilli.
Ampicillin is the preferred agent with effectiveness against
gram-positive cocci and L. monocytogenes. The choice of
therapy for gram-negative infections depends on the current
pattern of antimicrobial susceptibility in the local community.
Most experts prefer ampicillin and gentamicin as agents for
therapy for early-onset presumptive sepsis, with the addition
of cefotaxime for presumptive bacterial meningitis.''®
Intrapartum antimicrobial therapy results in concentrations
of drug in the blood of the newborn infant that can suppress
growth of group B streptococci and possibly other susceptible
organisms in blood obtained for culture. The requirement
for more than one blood specimen for the microbiologic
diagnosis of early-onset sepsis places a substantial burden on
the clinician.

An algorithm has been prepared to guide empirical
management of neonates born to mothers who received
intrapartum antimicrobial prophylaxis for prevention of
early-onset group B streptococcal infection.!”” These infants
may be divided into three management groups:

1. Neonates who have signs of sepsis or those whose
mothers are colonized with group B streptococci and have
chorioamnionitis should receive a full diagnostic evaluation
with institution of empirical treatment.

2. Term neonates who appear healthy and whose mothers
received penicillin, ampicillin, or cefazolin 4 or more hours
before delivery do not require further evaluation or treatment.

3. Healthy-appearing term neonates whose mothers
received prophylaxis less than 4 hours before delivery and
neonates born at less than 35 weeks of gestation whose
mothers received prophylaxis of any duration before delivery
should be observed for 48 hours or longer and should
receive a limited evaluation, including white blood cell count
and differential and culture of blood.""”

Infants in the first two categories are readily identified, but
assignment of infants to the third category often is problem-
atic because of the vague end points. Recent recommen-
dations for prevention and treatment of early-onset group B
streptococcal infection are discussed in Chapter 13.

The choice of antibacterial drugs should be reviewed
when results of cultures and susceptibility tests become
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available. The clinician should be sure to select drugs that
have been studied for appropriate dose, interval of dosing,
and safety in neonates, especially very low birth weight
infants, and that have the narrowest antimicrobial spectrum
that would be effective (see Chapter 37). The duration of
therapy depends on the initial response to the appropriate
antibiotics but should be 10 days in most infants with sepsis,
pneumonia, or minimal or absent focal infection; the rminimal
duration of therapy for uncomplicated meningitis caused by
group B streptococci or L. monocytogenes is 14 days and for
gram-negative enteric bacilli is 21 days.'"”

The clinical pharmacology of antibiotics administered to
the newborn infant is unique and cannot be extrapolated
from the data on absorption, excretion, and toxicity in the
adult. The safety of new antimicrobial agents is a particular
concern because toxic effects may not be detected until
several years later (see Chapter 37).

Development of resistance of microbial pathogens to
antimicrobial agents is a constant concern. Group B
streptococci remain uniformly susceptible to penicillins and
cephalosporins, but many isolates now are resistant to
erythromycin and clindamycin.'"*!'"® The one or two doses
of a penicillin or cephalosporin administered as part of a
peripartum prophylactic regimen for prevention of group B
streptococcal infection in the neonate would not be expected
to significantly affect the genital flora, but surveillance for
alteration in the flora and antibiotic susceptibility should
be maintained. Because the nursery is a small, closed com-
munity, development of resistance is a greater concern with
nosocomial infections than with infections acquired in utero
or at delivery.

Despite the use of appropriate antimicrobial agents and
optimal supportive therapy, mortality from neonatal sepsis
remains substantial. With the hope of improving survival
and decreasing the severity of sequelae in survivors, investi-
gators have turned their attention to studies of adjunctive
modes of treatment that provide supplements for the demon-
strated deficits in the host defenses of the infected neonate.
These therapies include use of standard hyperimmune
immunoglobulins, leukocyte growth factors, and monoclonal
antibody preparations that are pathogen specific.

Antiviral therapies are available for treatment for new-
borns infected with HSV (acyclovir), VZV (acyclovir), and
HIV. Acyclovir and zidovudine are well tolerated in the preg-
nant woman. Because early use of acyclovir for herpes simplex
infections in neonates has been associated with improved
outcome, physicians may choose to begin therapy for pre-
sumptive disease due to HSV and reevaluate therapy when
results of cultures and PCR assay are known and more
information is available about the clinical course.

The results of phase II and IIT trials examining safety,
pharmacodynamics, and efficacy of ganciclovir treatment
of symptomatic congenital CMV infection have been
reported.'?*'?! The phase II trial established the safe dose of
ganciclovir in infants and demonstrated an antiviral effect
with suppression of viruria.'?° Neutropenia (63%), thrombo-
cytopenia, and altered hepatic enzymes were noted in a
majority of the infants. Nearly half of the infants required
dosage adjustments because of severe neutropenia. The
phase III randomized, controlled trial of intravenous
ganciclovir for 6 weeks in 100 infants with central nervous
system CMV involvement at birth demonstrated hearing
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improvement or maintained hearing in 84% of infants who
received ganciclovir, compared with 41% of control infants
(see Chapter 23).'!

Prevention
Immunoprophylaxis

Immune globulins may be valuable for prevention of certain
infections that occur during the neonatal period. Zoster
immune globulin is effective in the prevention or the
attenuation of neonatal varicella, but its manufacture has
been discontinued (as of 2005). Hepatitis B immune globulin
is effective for the interruption of perinatal transmission of
hepatitis B virus carrier state, especially when combined
with immunization with hepatitis B vaccine. Intravenous
immune globulin (IGIV) reduced the number of late-onset
infections, particularly those caused by coagulase-negative
staphylococci, in low-birth-weight premature infants in one
multicenter, randomized controlled study'?’ but not in
another.'” Currently, pathogen-specific hyperimmune
globulins or monoclonal antibody preparations for staphylo-
cocci (see Chapter 17) are under investigation.

Universal immunization of infants with hepatitis B
vaccine has been recommended by the American Academy
of Pediatrics since 1992.'” Prior selective strategies of vacci-
nation in high-risk populations and serologic screening of
all pregnant women for HB.Ag had little impact on control
of hepatitis B infections or their sequelae, and public health
authorities believe that infant immunization offers the most
feasible approach to protection of all persons and eventual
elimination of the disease. Infants born to HB,Ag-positive
women should receive hepatitis B immune globulin at or
shortly after birth and should be immunized at birth.
Further improvement in this prevention strategy may be
achieved if a universal birth dose of hepatitis B vaccine is
recommended, thereby allowing intervention for those infants
whose maternal records are incorrect or not available before
hospital discharge

Chemoprophylaxis

Antimicrobial agents capable of crossing biologic membranes
can achieve concentrations of drug in the fetus comparable
with concentrations in other well-vascularized tissues after
administration to the mother. Prevention of group B
streptococcal infection in the newborn by administration of
ampicillin to the mother was demonstrated by Boyer and
colleagues'** and other investigators as early as 1983 (see
Chapter 13). A prevention strategy was recommended for
use by the American Academy of Pediatrics in 1992.!* These
guidelines were revised in 1997, and current recommen-
dations from the CDC are endorsed by the American Academy
of Pediatrics, the American College of Obstetricians and
Gynecologists, and the American Academy of Family
Physicians. Current recommendations are for universal
culture screening of all pregnant women at 35 to 37 weeks of
gestation and for administration of intravenous penicillin
during labor.> Concentrations of drug are achieved in the
fetus that are more than 30% of the concentrations in the
blood of the mother,'*® and bactericidal concentrations against
group B streptococci are achieved in amniotic fluid 3 hours
after a maternal dose (see Chapters 13 and 37). Parenteral
antimicrobial therapy administered to the mother in labor is

essentially treating the fetus earlier in the course of the intra-
partum infection. If the fetus has been infected, the regimen
is treatment, not prophylaxis, and for some infected fetuses
the treatment administered in utero will be insufficient to
prevent early-onset group B streptococcal disease.'?® Although
the prophylactic regimen has decreased the incidence of
early-onset group B streptococcal disease (by more than 80%
in a Pittsburgh survey'?’), the regimen has had no impact on
the incidence of late-onset disease.’

Other modes of chemoprophylaxis administered to the
neonate are the use of ophthalmic drops or ointments for
prevention of gonococcal ophthalmia and the administration
of zidovudine to infants born to HIV-infected mothers.
Administration of antibacterial agents to infants with minimal
or ambiguous clinical signs is therapy for presumed sepsis
and should not be considered prophylaxis.

INFECTIONS OF THE NEWBORN INFANT IN
THE FIRST MONTH OF LIFE

When fever or other signs of systemic infection occur in the
first weeks or months of life, appropriate management
requires consideration of the various sources of infection.
Five types of such infection based on source can be
recognized: (1) congenital infections with onset in utero;
(2) infections acquired during the birth process from the
maternal genital tract; (3) infections acquired in the nursery;
(4) infections acquired in the household after discharge from
the nursery; and (5) infection that suggests an anatomic
defect, underlying immunologic disease or metabolic
abnormality.

Pathogenesis and Microbiology
Congenital Infections

Signs of congenital infection may not appear for weeks,
months, or years following birth. Diagnosis and management
are discussed in the disease chapters.

Infections Acquired during Delivery

Although maternal intrapartum prophylaxis has reduced the
incidence of early-onset group B streptococcal disease, the
regimen has not altered the incidence of late-onset disease,®
with signs occurring from 6 to 89 days of life, and in very low
birth weight infants up to 6 months of age. The pathogenesis
of late-onset group B streptococcal disease remains obscure,
but it is likely that even when vertical transmission from the
mother at birth is prevented, exposure to either the mother
(in whom colonization resumes after delivery) and other
colonized family members or caregivers can serve as a source
for colonization through direct contact. Why sepsis develops
without warning in an infant who has no risk factors for
sepsis and was well for days to weeks remains a mystery. This
concern also is relevant in infants who acquire late-onset
disease due to E. coli and L. monocytogenes.

Nursery-Acquired Infections

After arrival in the nursery, the newborn may become infected
by various pathways involving either human carriers or con-
taminated materials and equipment.
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Human sources in the hospital include personnel, mothers,
and other infants. The methods of transmission may include
the following;

would be responsible for more than one third (greater
than 200,000} of children newly infected with HIV
unless some attempts were made to limit this route of

. transmission.'*®
* Droplet spread from the respiratory tract of adults or anstussion

other newborn infants. Qutbreaks of respiratory virus
infections in prolonged-stay nurseries are frequent;
viruses present include influenza, respiratory syncytial,
and parainfluenza viruses.'”® Methods for identification
and control are provided in Chapter 35.

Carriage of the microorganism on the hands of hospital
personnel. A study has suggested that the hands may be
not only a means of transmission but also a significant
reservoir of bacteria.'”’

Suppurative lesions. Although spread of staphylococcal
and streptococcal infections to infants or mothers may
be associated with asymptomatic carriers, the most
serious outbreaks have been caused by a member of the
medical or nursing staff with a significant lesion.
Human milk. CMV, HIV, HSV, human T cell lympho-
tropic virus type I (HTLV-I),"*° HTLV-IL,"! and HB,Ag
have been identified in mother’s milk and may be
transmitted to the neonate by this route. CMV-infected
milk from banks can be dangerous for infants without
passively transferred maternal antibody.

The role of breast milk in transmission of HIV is of
concern because of the importance of breast-feeding
in providing nutrition and immunologic protection in
the first year of life. Breast milk has been documented
to be the likely source of HIV infection in neonates
whose mothers were transfused with HIV-infected
blood after delivery or in whom disease developed
post partum through sexual contact.'? These acute
infections need to be differentiated from the usual
event in which the mother is infected throughout
pregnancy. Infection during the acute period occurs
before development of antibody and may be a time
when breast milk has a high titer of transmissible
virus. Because of the importance of breast-feeding in
the nutrition of infants in developing countries, the
World Health Organization (WHO) first recommended
that women in developing countries be encouraged to
breast-feed even if they were known to be infected
with HIV.'* By contrast, in the United States and
Western Europe, HIV-infected mothers were
discouraged from breast-feeding because other
forms of nutrition were available."* In July 1998, the
United Nations changed its position and issued
recommendations to discourage women infected with
HIV from breast-feeding. The statement recognized
that many infants were infected by the breast milk of
HIV-infected mothers. The recommendation also
noted that in some cultures, women may become
stigmatized for not breast-feeding, and that in some
places, alternatives such as formula are unaffordable
or unsafe. The number of congenitally infected infants
in developing countries that have no resources for
prevention in pregnancy has reached alarming
proportions: 70% of women at a prenatal clinic in
Zimbabwe and 30% of women in urban areas in six

Infection of breast milk by bacterial pathogens
such as S. aureus, group B streptococci,
L. monocytogenes,"® and Salmonella species can result
in neonatal disease. Bacteria that are components of
skin flora, including Staphylococcus epidermidis and
o-hemolytic streptococci, frequently are cultured
from freshly expressed human milk and are unlikely
to be of importance in the breast-fed infant. If these
bacteria are allowed to multiply in banked breast milk,
infection of the neonate is possible in theory, but no
substantive data have been presented to suggest that
this is an important problem.

Other possible sources of infection in the nursery include
the following:

* Blood products. Blood used for replacement or exchange

transfusion in neonates should be determined to be
safe by techniques of proven efficacy, including tests for
hepatitis B antigen, hepatitis C, HIV antibody, CMV anti-
body, and Plasmodium species in malaria-endemic areas.
Equipment has been implicated in common-source
nursery outbreaks. The most frequent factors in trans-
mission of infection in such instances have been conta-
minated solutions used in nebulization equipment,
room humidifiers, and bathing solutions. Several gram-
negative bacteria, including Pseudomonas aeruginosa,
Serratia marcescens, and Flavobacterium, have been so
troublesome in the past that they have been termed
“water bugs” because of their ability to multiply in
aqueous environments at room temperature. In the
past decade, few solution- or equipment-related out-
breaks due to these organisms have been reported,
because of the scrupulous infection control practices
that are enforced in most intensive care nurseries.
Catheterization of the umbilical vein and artery has
been associated with sepsis, umbilical cellulitis, and
abscess formation, but again, careful hygienic practices
with insertion of these devices make these compli-
cations rare. Intravenous alimentation using central
venous catheters has been lifesaving for some infants
but also is associated with increased risk for catheter-
related bacteremia or fungemnia.

Parenteral feeding with lipid emulsions has been
associated with neonatal sepsis due to coagulase-
negative staphylococci and Candida species. Strains of
staphylococci isolated from infected ventricular shunts
or intravascular catheters produce a slime or glycocalyx
that promotes adherence and growth of colonies on the
surfaces and into the walls of synthetic polymers used
in the manufacture of catheters. The slime layer also
protects the bacteria against the action of antibiotics
and phagocytosis. The introduction of lipid emulsion
through the venous catheter provides nutrients for
growth of the bacteria and fungi.'”’

Hand hygiene remains the single most important element
in the control of the spread of infectious diseases in the
nursery. Hand hygiene measures should be implemented

African countries were infected. The United Nations
survey indicated that by the year 2000, breast-feeding



22 Section] General Information

before and after every patient contact. Surveys of hospital
employees indicate that rigorous adherence to hand hygiene,
although the most simple of infection control techniques, is
still lacking in most institutions. A study by Brown and
colleagues in a Denver neonatal intensive care unit indicated
that compliance with appropriate hand-washing techniques
was low for both medical and nursing personnel.'*®
Compliance was monitored using a direct observation
technique; of 252 observed encounters of nurses, physicians,
and respiratory therapists with babies, 25% of the personnel
broke contact with the infant by touching self (69%) or
touching another baby (4%), and 25% did not wash before
patient contact.

Waterless, alcohol-based hand hygiene products have
been introduced into nurseries recently. Their ease of appli-
cation and requirement for less time than hand washing in
achieving reduction of microorganisms should increase
adherence with hand hygiene recommendations. According
to recent surveys, waterless soap products have gained rapid
acceptance by nursery personnel including physicians.

Early discharge at 24 or 48 hours was a common practice
several years ago as hospitals and third-party payers have
attempted to reduce costs of health care. Study of a cohort of
more than 300,000 births in Washington documented that
newborns discharged home early (before 30 hours after
birth) were at increased risk for rehospitalization during the
first month of life; the leading causes were jaundice,
dehydration, and sepsis, with onset within 7 days after dis-
charge. Among 1253 infants who were rehospitalized within
the first month of life, sepsis was the cause in 55 cases (4.4%)
who were discharged early, contrasted with 42 (3.4%) who
were discharged late.””® These and other reports, combined
with corrective legislation in a number of states, have led to
recommendations that newborns remain hospitalized at
least 48 hours after vaginal birth and 72 hours after cesarean
section delivery.

Prevention of disease in the first months of life may be
accomplished by immunization of the mother with passive
transfer of protective antibody to the neonate. Immuniz-
ation of women in the childbearing years or during preg-
nancy is of proven value in prevention of neonatal tetanus
but also has been considered for prevention of invasive
disease in the first months of life. Maternal immunization
with polysaccharide and conjugate Haemophilus influenzae
type b vaccines has provided protective levels of antibody to
the infant'*” and therefore may be considered for prevention
of invasive pneumococcal infection in young infants,
especially in resource-limited countries, where disease often
occurs during the first few months of life.'"*' Immunization
of the mother during pregnancy is likely to be protective for
other diseases in the neonate due to encapsulated organisms,
including group B streptococci, '** pneumococci, and
meningococci, and has been considered for prevention of
infection due to respiratory syncytial virus'*’ and Bordetella
pertussis.'*

Community-Acquired Infections

The newborn infant is susceptible to many of the infectious
agents that colonize other members of the household and
caregivers. The physician should consider illnesses in these
contacts before discharging the infant from the hospital. If
signs of an infectious disease develop after 15 to 30 days of

life in an infant who was well when discharged from the
nursery and whose gestation and delivery did not involve
significant risk factors, the infection probably was acquired
from a household or community contact. A careful history
of illness in family members can suggest the source of the
infant’s disease (e.g., respiratory viruses, skin infections, a
prolonged illness with coughing).

An infant also can be a source of infection for household
contacts. The infant with congenital rubella syndrome can
shed virus for many months and is a significant source of
infection for susceptible close contacts. The same is true for
the infant with the vesicular lesions of herpes simplex or the
syphilitic infant with rhinitis or skin rash. Suppurative lesions
related to S. aureus in a household member can expose an
infant to a virulent strain that causes disseminated infection.

Infections That Indicate Underlying Abnormalities

Infection may serve as the first clue for identification of an
underlying anatomic, metabolic, or immune system abnor-
mality. Infants with galactosemia, iron overload, chronic
granulomatous disease, and leukocyte adhesion defects are
susceptible to certain invasive gram-negative infections.
Genitourinary infection in the first months of life can point
to an anatomic or a physiologic defect of the urinary tract.
Similarly, otitis media in the first month of life may be an
indication of a midline defect of the palate or of a eustachian
tube dysfunction. Meningitis caused by non-neonatal patho-
gens (e.g., coagulase-negative staphylococci) can be a clue to
the presence of a dermoid sinus tract to the intradural space.
In infants with underlying humoral immune defects,
systemic infections may not develop until passively acquired
maternal antibody has dissipated. Because the half-life of
IgG is about 3 weeks, such infections are likely to occur after
3 months of age.

Epidemiology

Nursery-acquired nosocomial infections can become
epidemic, and a common source may be identified by simple
epidemiologic investigation. Organisms that frequently are
the cause of nursery epidemics include S. aureus, group A
streptococci, enteroviruses, respiratory viruses, rotavirus, and
gram-negative bacilli. Infections attributed to gram-negative
bacilli often are caused by multiple antimicrobial drug—
resistant strains, especially extended-spectrum B-lactamase
(ESBL)-producing E. coli and Klebsiella species in nurseries
where use of third-generation cephalosporins is extensive.

The most complete documentation of nursery-acquired
infection was developed during the worldwide pandemic of
S. aureus disease in the 1950s. A variety of preventive measures
were attempted, including environmental manipulations,
hexachlorophene bathing, and systemic antibiotics. For un-
known reasons, the pandemic began to subside about 1963.
These factors are discussed further in Chapter 17.

Epidemic diarrhea in the newborn infant that is associ-
ated with infection with E. coli, Salmonella, and other agents
is discussed in Chapter 20. In addition, several viruses
have been implicated in nursery outbreaks of gastro-
intestinal and respiratory diseases. They include rotaviruses,
various enteroviruses (see Chapters 20 and 30), respiratory
syncytial virus, parainfluenza virus, influenza virus, and
adenoviruses.
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Health care workers can expose neonates to or acquire an
infection from neonates. Studies of the carriage of staphylo-
cocci and streptococci usually note a significant incidence in
personnel. In some cases, the infections are acquired from
the infants. Studies of the shedding of rubella virus and
CMV in the urine and saliva of infants with congenital
infections indicate that these materials are infectious for
susceptible adults working in the nursery, but appropriate
hand hygiene prevents transmission. Infection control is
discussed in Chapter 35.

Each hospital should have an infection control program
for personnel. Serologic screening of female hospital personnel
for rubella antibodies should be performed at the time of
employment. Vaccination is advised for nonpregnant women
who are seronegative. Health care workers in nurseries should
undergo serologic testing for varicella if they have no history
of prior infection and should be vaccinated if they are sero-
negative. All hospital employees should receive the hepatitis B
vaccine series and should be tested annually with a tuber-
culin skin test.

Diagnosis and Management

The diagnosis and management of infection acquired by the
infant in the nursery or at home are similar to those of
infection acquired during delivery. The management of late-
onset bacterial infections is discussed in Chapters 6, 13, 14,
and 17.
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One of the greatest challenges to global public health is to
eliminate the gaps between rich and poor countries in health
care resources, in access to preventive and curative services,
and in health outcomes. Although infant mortality has
declined by more than 50% since 1955,' neonatal mortality
has changed little in some of the world’s poorest countries.
Worldwide, neonatal mortality accounts for a substantial
proportion of deaths of both infants and children younger
than 5 years."” The World Health Organization (WHO)
estimates that more than 4 million neonates die each year
and that 98% of these deaths occur in developing countries.””
Causes of neonatal mortality, especially in developing
countries, are difficult to ascertain, partly because many of
these deaths occur at home, unattended by medical personnel,
and partly because critically ill neonates often present with
nondiagnostic signs and symptoms of disease. Infectious
diseases, birth asphyxia, and complications of prematurity
are thought to be the major causes of neonatal death
worldwide.*

Although access to sophisticated technology is limited in
developing countries, neonatal mortality related to infection
could be substantially reduced by simple, known interventions
before and during pregnancy, labor, and delivery; in the
immediate postpartum period; and in the early days of
life.>*>® The global burden of infectious diseases in the
newborn, direct and indirect causes of neonatal mortality
attributed to infection, specific infections of relevance in
developing countries, and strategies to reduce both the
incidence of neonatal infection and morbidity and mortality
in infants who do become infected are reviewed in this
chapter.

BACKGROUND AND GENERAL
CONSIDERATIONS

Infection as a Cause of Neonatal Death:
Hospital- and Community-Based Studies

In developing countries, where most births and neonatal
deaths occur at home and are not attended by doctors or
other trained health care workers, deaths are underreported
and information on cause of death is often incomplete.
Accurate data on causes of death are useful for many reasons.
Such data are important for providers of primary care, for
investigators as they design interventions for prevention and
treatment, for local and national health administrators, and
for decision makers who implement and evaluate health care
programs.
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To evaluate the impact of infection as a cause of neonatal
death, hospital- and community-based studies from developing
countries (in Africa, Asia, the Indian subcontinent, the Pacific,
the Middle East, and the Americas) that report neonatal
mortality rates and present data on infection as a cause of
death were reviewed. Neonatal deaths are defined as deaths
among liveborn infants during the first 28 days of life, and
the neonatal mortality rate (NMR) is reported per 1000
livebirths.” Early neonatal deaths are those that occur in the
first week of life, and late neonatal deaths are those that
occur between 8 and 28 days of life. Infections associated
with neonatal death in these studies included bacterial sepsis
and meningitis, respiratory infection, neonatal tetanus,
omphalitis, and diarrhea.

Twenty-nine hospital-based studies published from 1980
onward were reviewed.>*® Epidemiologic studies varied in
size, ranging from approximately 1000 to more than 100,000
livebirths and approximately 50 to 800 neonatal deaths. Data
on infection as a cause of early neonatal death were presented
in 17 of 29 studies; infection was associated with 7% to 54%
of early neonatal deaths in these studies. Five studies reported
data on infection as a cause of late neonatal death: 30% to
73% of these late deaths were associated with infection.
Eighteen of the 29 studies presented data on infection as a
cause of neonatal deaths overall (birth to 28 days). In these
studies, infection was associated with 4% to 56% of all
neonatal deaths.

Thirty-six community-based studies were reviewed.*’-*
Total population in each study ranged from several thousand
to 60 million people, number of births ranged from under
1000 to more than 1 million, and number of neonatal deaths
ranged from 7 to approximately 7000. Thirteen of the 36
studies presented data on infection as a cause of early neo-
natal death: 0% to 45% of early neonatal deaths were associated
with infection. Seven community studies reported numbers
of infections responsible for late neonatal deaths: 44% to
100% of late neonatal deaths were associated with infection.
Thirty-one of the 36 studies presented data on infection as a
cause of all neonatal deaths. Infection was associated with
8% to 85% of all deaths in these studies.

It is well known that neonatal deaths in developing
countries are underreported and that infection as a cause of
death is underestimated because of imprecision in diagnosis.
Remarkably few published studies worldwide present detailed
surveillance data on numbers of births and neonatal deaths
and on probable causes of death. Although hospital-based
studies are important for accurately determining causes of
morbidity and mortality, they do not always reflect what is

happening in the community. Carefully conducted com-
munity studies are needed. Furthermore, in many parts of
the developing world, neonatal deaths are underestimated
owing to inadequate vital registration, especially of home
births. If a child dies before the birth has been reported,
there is a good chance that neither the birth nor the death
will be recorded. If we estimate that 30% to 40% of neonatal
deaths are associated with infections and use the WHO 2001
estimate of 4,035,000 neonatal deaths per year in the less
developed regions of the world,’ we can estimate that
infection is responsible for between 1.2 and 1.6 million
neonatal deaths per year, or between 3300 and 4500 deaths
per day in the less developed countries of the world.

Incidence of Neonatal Sepsis and Meningitis
and Associated Mortality

Hospital-based studies from developing countries were
reviewed to determine the incidence of neonatal sepsis and
meningitis, the case-fatality rates (CFRs) associated with these
infections, and the spectrum of bacterial pathogens in
different regions of the world. Cases reported occurred among
infants born in hospitals, as well as those referred from home
or other health facilities. Fifty-three studies'"”>'% from
developing countries, published between 1980 and 2000,
were reviewed to evaluate neonatal sepsis and meningitis in
different geographic regions. Forty of these studies are
primarily reports of neonatal sepsis, and 16 studies present
data on bacterial meningitis. The vast majority of studies do
not distinguish among maternally acquired, community-
acquired, and nosocomial infections. Table 2-1 summarizes
data by region.

In all regions, sepsis was responsible for a substantial
burden of disease, with high CFRs reported in the vast
majority of studies. Overall, incidence of neonatal sepsis
ranged from 2 to 21 per 1000 livebirths (average 6 per 1000
livebirths), with CFRs of 1% to 69%. Of note, only two
studies reported CFRs under 10%, whereas a majority of the
studies reported sepsis CFRs above 30%. Fewer studies on
neonatal meningitis were available from which to present
incidence and CFRs by region. The incidence of neonatal
meningitis ranged from 0.33 to 2.8 per 1000 livebirths (average
1 per 1000 livebirths), with CFRs ranging from 13% to 59%
in these reports. Using these hospital-based rates and recent
United Nations estimates of approximately 132,787,000 births
per year in the less developed countries of the world,'”” we
estimate that approximately 800,000 cases of neonatal sepsis
and 130,000 cases of neonatal meningitis occur in developing

Table 2-1 Incidence and Case Fatality Rate (CFR) for Sepsis and Meningitis from Hospital-Based
Studies in Developing Countries
Incidence of Sepsis Incidence of meningitis
Region (case[s] per 1000 live births) CFR (%) (case(s] per 1000 live births) CFR (%)
India/Pakistan/Southeast 2.4-16 2-69 — 45
Asia/Pacific

Sub-Saharan Africa 6-21 27-56 0.7-19 18-59
Middle East/North Africa 1.8-12 13-45 0.33-1.5 16-32
Americas/Caribbean 2-9 1-31 0.4-2.8 13-35

Data updated from Stoll BJ. The global impact of neonatal infection. Clin Perinatol 24:1, 1997.
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Table 2-2 Organisms Associated with Sepsis and Meningitis in Developing Countries

Organisms Associated with Sepsis

Organisms Associated with Meningitis

Region % Gram-Negative % GBS % Gram-Negative % GBS
India/Pakistan/Southeast Asia/Pacific 21-85 0-5 22-100 0-15
Sub-Saharan Africa 16-68 0-30 22-77 0-61
Middle East/North Africa 25-98 0-24 20-87 0-70
Americas/Caribbean 31-71 2-37 33-63 3-56

GBS, group B streptococcus.

Data updated from Stoll BJ. The global impact of neonatal infection. Clin Perinatol 24:1, 1997.

countries each year. Because the vast majority of neonates in
developing countries are born at home and because many
lack access to medical care if they become ill, these numbers
are undoubtedly a gross underestimate of the true numbers
of these infections. The high CFRs for both sepsis and
meningitis (compared with those in developed countries)
suggest that early detection and improved management of
infected neonates would reduce mortality.

Bacterial Pathogens Associated with
Infections in Different Geographic Regions

Historical reviews from developed countries have demon-
strated that the predominant organisms responsible for
neonatal infections change over time.'”*'” Prospective
microbiologic surveillance is therefore important to guide
empirical therapy, to identify new agents of importance for
neonates, to recognize epidemics, and to monitor changes
over time. Moreover, the organisms associated with neonatal
infection are different in different geographic areas, rein-
forcing the need for local microbiologic surveillance. In areas
where blood cultures in sick neonates cannot be performed,
knowledge of the bacterial flora of the maternal genital tract
may serve as a surrogate marker for organisms causing early-
onset neonatal sepsis, meningitis, and pneumonia. The vast
majority of studies on the causes of neonatal sepsis and
meningitis are hospital reviews that include data on infants
born in hospitals as well as those transferred from home or
other facilities. Sixty-five studies published between 1980
and 2003 were reviewed to determine the spectrum of
bacterial pathogens responsible for neonatal sepsis and
meningitis in developing countries and to compare these
pathogens with the organisms prevalent in the developed
world.* In most of these studies, it is difficult to determine
whether infections were of maternal origin or were hospital
or community acquired. Also, the infants’ ages at the time of
infection are not always specified. The studies vary in the
detail with which culture methods are presented. It is
therefore difficult to judge the quality and reliability of the
microbiologic data presented.

Fifty-four studies present data on bacterial sepsis." The
spectrum of organisms presented in these studies does
indeed differ from what is known from developed countries.
Although the group B streptococcus (GBS) remains the

*See references 9, 11, 75-78, 80-88, 90-112, 114, 115, 118, 120-123, 130-149.
*See references 9, 11, 77, 78, 81, 82, 84, 86, 90-95, 97-100,102-112, 114, 115,
118, 120-122, 130-133, 135-149.

most important bacterial pathogen associated with early-
onset neonatal sepsis in many developed countries," studies
from developing countries present a different picture (Table
2-2). The most striking finding from the 23 studies from
India, Pakistan, Asia, and the Pacific is the low rate of GBS
sepsis.* Half of these studies, summarizing data from more
than 1000 patients with positive blood cultures, report no
isolates of GBS, and the other studies report 67 cases among
4525 infected neonates (1.5%). Gram-negative organisms
were isolated significantly more frequently than gram-
positive organisms, with Klebsiella being the most frequently
isolated pathogen in half of the studies. Fourteen studies
present data from sub-Saharan Africa.' Again, group B
streptococci were uncommon, isolated in only 8% of the
1529 patients with bacteremia. However, in three studies,
group B streptococci were the most common agents
found.>'"* In half of the studies, Staphylococcus aureus was
the most frequently isolated agent.

Overall, there was an almost equal distribution of gram-
negative and gram-positive infections. Among 11 of 12 studies
from the Middle East or North Africa,* GBS infection also was
uncommon (48 of 1216 [4%]), with only one study reporting
group B streptococci in a substantial number of infected
neonates (25 of 106 [24%]).%> Gram-negative organisms were
somewhat more likely to be associated with sepsis in these
studies. The five studies from the Americas®™!!®!?>1%13
present a varying range of gram-negative and gram-positive
pathogens. The two largest of these studies, from Mexico'*
and Panama,” identified only 18 of 804 (2%) infants with
GBS, whereas a study from the French West Indies reported
40 of 107 (37%) septic neonates infected with GBS.'®

Table 2-2 summarizes data from 19 studies of bacterial
meningitis in developing countries.” Among 721 culture-
confirmed cases, 470 (65%) were caused by gram-negative
pathogens. Group B streptococci were uncommon in a
majority of the studies.

World Health Organization Young Infant Study

A multicenter project to determine the bacterial etiology and
clinical signs of serious infections in infants younger than 90

*See references 81, 82, 84, 92,95, 97,99, 106, 108, 109, 111, 112, 114, 129,
132, 140-144.

*See references 9, 11, 77, 90, 100, 104, 105, 110, 115, 130, 136, 137, 145, 148,
*See references 86, 91, 93, 94, 102, 103, 107, 120-122, 133, 146.

$See references 75, 76, 80, 83, 85, 87, 88, 93, 96, 98, 101, 115, 121-124, 134,
140, 143.
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days was sponsored by WHO and conducted between 1990
and 1992 in four developing countries: Ethiopia, The Gambia,
Papua New Guinea, and the Philippines.''>!#>#151-13 Thjg
is the largest prospective study to date of early infant
infections in developing countries. In the four different
countries, 2453 sick young infants had blood cultures
performed and 507 had lumbar punctures. Seven percent
(167 of 2453 cases) of all blood cultures were positive: 10%
in The Gambia, 9% in Ethiopia, 5% in Papua New Guinea,
and 4% in the Philippines. Eight percent (40 of 507) of all
cerebrospinal fluid cultures were positive. As might have
been predicted, clinical symptoms were not helpful in dis-
tinguishing among infections caused by different pathogens.
Overall, 30% of infants with positive blood cultures died.
Serious infection was most common in the first week of life,
with a majority of the deaths occurring in infants younger
than 1 week of age.

A total of 1673 infants were evaluated in the first 4 weeks
of life. Of these patients, 5% had positive blood cultures;
57% had gram-positive organisms, and 43% had gram-
negative organisms. The most frequently isolated organisms
were S. aureus (23%), Streptococcus pyogenes (20%),
Escherichia coli (18%), and Streptococcus pneumoniae (10%).
The virtual absence of GBS in this large study in four
countries is striking (present in only 2 of 84 positive blood
cultures). Nineteen patients had neonatal meningitis (11 had
bacteremia as well); 63% of these were due to gram-negative
organisms and 37% to gram-positive organisms. The most
frequent isolates were S. preumoniae (in 5 of 19 [26%]) and
E. coli (in 4 of 19 [21%]). Only one neonate had GBS
meningitis. Of interest, S. pneumoniae was the most frequent
organism isolated in the second and third months of life,
accounting for 30% (25 of 83) of all positive blood cultures
and 55% (12 of 22) of all positive cerebrospinal fluid
cultures. An important conclusion of this study is that the
pneumococcus must be considered in any case of serious
infection in a young infant in a developing country, particu-
larly if signs of meningitis are present.

Group B Streptococcal Infections

It is unclear why neonates in some developing countries are
rarely infected with GBS. The most important risk factor for
invasive GBS disease in the neonate is exposure to the
organism via the mother’s genital tract. Other known risk
factors include young maternal age, preterm birth, pro-
longed rupture of the membranes, maternal chorioamnionitis,
exposure to a high inoculum of a virulent GBS strain, and a
low maternal serum concentration of antibody to the
capsular polysaccharide of the colonizing GBS strain.'>® In
the United States, differences in GBS colonization rates have
been identified among women of different ethnic groups
that appear to correlate with infection in newborns. In an
attempt to understand the low rates of invasive GBS disease
reported among neonates in many developing countries,
Stoll and Schuchat' reviewed 34 studies published between
1980 and 1998 that evaluated GBS colonization rates in
women. These studies reported culture results from 7730
women, with an overall colonization rate of 12.7%. Studies
that used culture methods that were judged to be appro-
priate found significantly higher colonization rates than
those that used inadequate methods (675 of 3801 women

[17.8%] versus 308 of 3929 [7.8%]). When analyses were
restricted to studies with adequate methods, the prevalence
of colonization by region was Middle East/North Africa, 22%;
Asia/Pacific, 19%; sub-Saharan Africa, 19%; India/Pakistan,
12%; and Americas, 14%.

The distribution of GBS serotypes varied among studies.
GBS serotype III, the most frequently identified invasive
serotype in the West, was identified in all studies reviewed
and was the most frequently identified serotype in one half
of the studies. Serotype V, which has only recently been
recognized as a cause of invasive disease in developed
countries,"”® was identified in studies from Peru'” and The
Gambia.'® Monitoring serotype distribution is important
because candidate GBS vaccines are considered for areas
with high rates of disease.

With estimated colonization rates among women in
developing countries as high as 18%, higher rates of invasive
neonatal disease than have been reported would be expected.
Low rates of invasive GBS disease in some developing
countries may be explained by less virulent strains, by genetic
differences in susceptibility to disease, by as-yet unidentified
beneficial cultural practices, or by high concentrations of
transplacentally acquired protective antibody in serum (i.e.,
a mother may be colonized yet have protective concentrations
of type-specific GBS antibody).

Hospital-based surveillance in developing countries may
be insensitive at detecting sepsis in very young infants. In
developing countries, where most deliveries occur at home,
infants with early-onset sepsis often get sick and die at home
or are taken to local health care facilities, where a diagnosis
of possible sepsis may be missed, or where blood cultures
cannot be performed. In this setting there may be under-
diagnosis of infection by early-onset pathogens, including
GBS. In the WHO Young Infant Study,'*' 1673 infants were
evaluated in the first month of life; only 2 had cultures positive
for GBS. The absence of GBS in this study cannot be explained
by the evaluation of insufficient numbers of sick neonates
(360 of thel673 infants were younger than 1 week of age).

Increasing evidence suggests that heavy colonization with
GBS increases the risk of delivering a preterm low-birth-
weight (LBW) infant.'®! Population differences in the pre-
valence of heavy GBS colonization have been reported in the
United States, where African Americans have a significantly
higher risk of heavy colonization. If heavy colonization is
more prevalent among women in developing countries and
results in an increase in numbers of preterm LBW infants,
GBS-related morbidity may appear as illness and death
related to prematurity. By contrast, heavy colonization could
increase maternal type-specific GBS antibody concentrations,
resulting in lower risk of neonatal disease. Further studies in
developing countries are needed to explore these important
issues.

Antibiotic Therapy

Studies of bacterial etiology have implications for presumptive
antibiotic therapy of bacterial infection in neonates.
Currently, the drugs most frequently used to treat suspected
severe neonatal infections, in both developed and developing
countries, are a combination of penicillin or ampicillin and
an aminoglycoside (usually gentamicin).'s? Antibiotic therapy
must be tailored to the specific microbiologic needs of a



particular geographic region based on local surveillance
data, especially if blood cultures are not performed and
cannot be used to guide therapy. In addition, issues related
to drug supply, availability, quality, and cost must be addressed.
The problem of antibiotic resistance is now recognized to be
a global problem, and the emergence of antibiotic-resistant
pathogens is particularly alarming in developing countries.
Although the extent of the problem is unknown, hospital-
based studies on the bacterial etiology of neonatal sepsis and
reports of nosocomial outbreaks from a variety of countries
demonstrate that antibiotic resistance is a problem among
neonates in developing countries.'?>'*1¢165 The widespread
availability of antibiotics and their indiscriminate and in-
appropriate use contribute to this problem. The possibility
of resistance must be considered in infants who deteriorate
despite recommended antibiotic therapy.

ACUTE RESPIRATORY INFECTIONS

The WHO estimated in 1994 that almost 800,000 deaths due
to acute respiratory infections (ARIs) occur in neonates in
developing countries each year.*'®® Among young infants,
most of these deaths are due to pneumonia, bronchiolitis, or
laryngotracheitis. Pneumonia in neonates, like neonatai
sepsis, may be of early or late onset {either acquired during
birth from organisms that colonize or infect the maternal
genital tract or acquired later from organisms in the hospital,
home, or community). Although only a few studies of the
bacteriology of neonatal pneumonia have been performed,
the findings suggest that organisms causing disease are similar
to those that cause neonatal sepsis.'*”*®® The role of viruses
in neonatal pneumonia, especially in developing countries,
remains unclear. Recent studies from developed countries
suggest that viruses, including respiratory syncytial virus,
parainfluenza viruses, adenoviruses, and influenza viruses,
contribute to respiratory morbidity and mortality, especially
during epidemic periods.'®'"°

In a review of the magnitude of ARI mortality in
developing countries, Garenne and co-workers'® estimated
that 21% of all ARI deaths in children younger than age
5 years occur in the neonatal period (1254 of 6041 ARI
deaths in 12 countries). In a carefully conducted community
study published in 1993, Bang and associates'”' determined
that 66% of ARI deaths in the first year of life occurred in the
neonatal period.

It is difficult to determine the incidence of neonatal ARI
in developing countries because many sick neonates are
never referred for medical care. In a large community study
of ARI in Bangladeshi children, the highest incidence of ARI
was in children younger than 5 months of age.'”” In the study
by Bang and associates,'”! there were 64 cases of pneumonia
among 3100 children (incidence of 21 per 1000), but this
finding underestimates the true incidence because it was
known that many neonates were never brought for care. The
risk of pneumonia and of ARI-related death increases in
infants who are of low birth weight and/or malnourished
and in those who are not breast-fed."”>'’ In a study of LBW
infants in India,!” in which infants were visited weekly and
mothers queried about disease, there were 61 episodes of
moderate to severe ARI among 211 LBW infants and 125
episodes among 448 normal-weight infants. Although 33%
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episodes occurred in LBW infants, 79% of the deaths
occurred in this weight group.

Tuberculosis

Tuberculosis (TB) remains a major global public health
threat and has become the biggest killer of young women
worldwide, with an estimated 1 million deaths occurring
annually among women of childbearing age (15 to 44 years).
The vast majority of infections and deaths due to TB occur
in developing countries. TB during pregnancy may have
adverse consequences for mother and baby, including
increased risk of miscarriage, prematurity, low birth weight,
and neonatal death.'”'”® Adverse perinatal outcomes are
increased in mothers who have late diagnosis or incomplete
or irregular therapy.'”” Ideally, diagnosis and treatment of
TB in women should occur before pregnancy. The lung
remains the most common site of infection; however, the
prevalence of extrapulmonary TB is increasing. A 1999 study
from India reviewed the outcomes of 33 pregnancies
complicated by extrapulmonary TB.'® Extrapulmonary TB
confined to the lymph nodes had no adverse effect on
maternal or fetal outcome. Disease at other sites (skeleton,
intestines, kidney, meninges, endometrium), however, was
associated with increased maternal disability and reduced
fetal growth. Although congenital TB is rare, the fetus may
become infected by hematogenous spread in a woman with
placentitis, by swallowing or aspirating infected amniotic
fluid, or by direct contact with an infected cervix at the time
of delivery.!” The most common route of infection of the
neonate, however, is through airborne transmission of
Mycobacterium tuberculosis from an infected untreated
mother to her infant. Infected newborns are at particularly
high risk of developing severe disease, including fulminant
septic shock with disseminated intravascular coagulation
and respiratory failure,'”¢'#!

The resurgence of TB and the increased risk of TB among
those who are infected with the human immunodeficiency
virus (HIV) are well known. In areas where HIV is endemic,
TB rates are rising. In a 1999 study from Zambia, TB was the
major nonobstetric cause of maternal death, and 92% of
women with TB-related deaths were co-infected with HIV.'*
In a 1997 report from South Africa,'® 11 neonates with
culture-confirmed perinatal TB were described, 6 of whom
had congenital TB. Six mothers were HIV positive, and three
of their infants also were HIV infected; one infant died.
Pregnant women who are co-infected with HIV may be at
increased risk for placental or genital TB, resulting in an
increased risk of transmission to the fetus.'**'® In areas of
the world where both TB and HIV are endemic, there must
be a high index of suspicion for both diseases in the mother
and the neonate.

Home-Based Neonatal Care

Several studies have evaluated community-based care for
acute respiratory illness to identify sick neonates in a timely
fashion and to provide treatment in their own homes. Datta
and colleagues'”” implemented a program of ARI control at
the primary health care level and demonstrated that improved
detection and treatment could reduce mortality among LBW

infants (weighing less than 2500 g). Interventions involved
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training primary health care workers and treating moderate
to severe ARI with oral penicillin (125 mg twice a day for
5 days) using a “decision and action” classification. They
compared numbers of episodes of ARI and CFRs among
LBW infants in intervention and control villages. The ARI-
specific mortality rate was 30 deaths per 1000 livebirths in
the intervention area, versus 71 per 1000 livebirths in the
control area (6/199 versus 15/211, respectively).

In a similar study of the feasibility of managing neonatal
pneumonia in the community, Bang and colleagues'”!
demonstrated reduction in ARI mortality in 1993 with a
primary health care program. Community interventions used
by this group included extensive health education of possible
caregivers (traditional birth attendants, paramedics, and
village health workers) and specific case management—
continued breast-feeding and oral co-trimoxazole syrup for
7 days. Community-based management of pneumonia had a
significant impact in reducing pneumonia-associated
mortality. In the intervention area, the neonatal mortality
rate from all causes was 64 per 1000 children and the
pneumonia-specific mortality rate was 17 per 1000 versus 84
per 1000 and 29 per 1000, respectively, in control villages,
representing a 24% reduction in mortality overall and a 40%
reduction in pneumonia-specific mortality in the intervention
villages. The CFR for neonatal pneumonia in the Bang study
was 15% (10 of 65 died) in the intervention area, lower than
what has been reported from hospital-based studies in
India,'s’ suggesting that cases managed in the community
are diagnosed and treated earlier than are hospitalized cases.

Both of these intervention studies identified cultural
barriers to care, including noncompliance with referral and
medication use. Bhandari and associates'® studied 2007
infants (aged 0 to 2 months) at two urban slum clinics in
Delhi, India. Because of severe illness, hospital admission
was advised for 273 (14%) of these infants, including 104
patients with ARI. Only 24% of families of sick infants and
20% of families of those with ARI complied with recom-
mendations for hospitalization. The other infants were
treated as outpatients and at home (with no deaths in the
ARI group). These data suggest that improved community
or domiciliary management of sick newborns may be the
only way to improve outcome in some settings.

In a 1999 study, Bang and colleagues® implemented a
comprehensive program of home-based neonatal care in a
remote rural area of India. Trained female village health care
workers identified pregnant women, visited them in their
homes during the pregnancy, attended the delivery (along
with traditional birth attendants), observed the neonate at
birth and resuscitated the infant if necessary (using a simple
resuscitation device), and visited the mother and baby in the
home on days 1, 3, 5, 7, 14, 21, and 28 and any other time if
called by the family. These health care workers were
specifically trained to encourage mothers to breast-feed in
the first hour after birth, to maintain a normal body tempera-
ture in the newborn by keeping the home warm and using
clothing appropriately, and to identify severe illnesses
including clinical sepsis, pneumonia, or meningitis. Criteria
used to diagnose presumed sepsis, pneumonia, or meningitis
in the infant included presence of normal crying at birth
followed by development of a weak or abnormal cry; initial
presence of normal sucking followed by cessation of sucking;
onset of drowsiness or unconsciousness; skin temperature

above 99° F or below 95° F; pus on the skin or umbilicus;
diarrhea, persistent vomiting, or abdominal distention;
grunting or severe retractions; and a respiratory rate of 60 or
more per minute in a quiet baby. If the presumptive diagnosis
was sepsis, pneumonia, or meningitis, the parents were advised
to take the infant to the clinic or hospital. If parents were
unwilling to have the child hospitalized, home-based care
was offered. This care included antibiotics (intramuscular
gentamicin [5 mg twice daily for 10 days for preterm new-
borns or those with birth weights less than 2500 g or 7.5 mg
twice daily for 7 days for term newborns or those with birth
weights greater than 2500 g] and oral co-trimoxazole [sulfa-
methoxazole 200 mg and trimethoprim 40 mg/5 mL] 1.25 mL
twice daily for 7 days), support to maintain a normal
temperature and to promote breast-feeding, and very close
follow-up with home visits twice a day for 7 to 10 days.
Investigators compared health outcomes in 39 intervention
and 47 control villages that had similar population charac-
teristics and baseline mortality rates (1993 to 1995). Specific
home-based neonatal care was studied in the intervention
villages in 1995 to 1998. The vast majority of births in the
intervention villages occurred at home (95%), and 43% of
the neonates had low birth weights (less than 2500 g). Very
few neonates in the intervention villages were hospitalized
for a severe illness (less than 1% during study period). In this
study, the CFR for severe neonatal illness declined from
16.6% before the intervention to 2.8% after the intervention
(P < .05). Moreover, early neonatal mortality, overall neo-
natal mortality, and infant mortality rates all declined
significantly in the intervention villages (50% reduction,
62% reduction, and 46% reduction, respectively). Of interest,
mortality was reduced at all birth weights (less than 1500 g,
1500 to 1999 g, 2000 to 2499 g, and 2500 g or greater). This
comprehensive home-based system for neonatal care was
accepted by families and was successful in reducing mortality.

The strategy of home-based neonatal care currently is
being studied in other settings and other areas of the world,
where referral to hospital for the sick neonate may not be
acceptable to families or even possible.

SEXUALLY TRANSMITTED DISEASES

It is estimated that over 333 million new cases of the four
major curable sexually transmitted diseases (STDs)—
syphilis, gonorrhea, chlamydial infection, and Trichomonas
infection—occur worldwide each year, the vast majority in
developing countries.'® The largest number of new infections
occur in South and Southeast Asia, followed by sub-Saharan
Africa and then Latin America and the Caribbean. STDs
rank among the leading causes of morbidity worldwide, a
burden borne disproportionately by women of reproductive
age. Because STDs in pregnant women often are asympto-
matic, women may receive delayed or no treatment.'®” Most
STDs are easily transmitted from mother to child during
pregnancy or delivery.'® The burden of neonatal disease
in developing countries is difficult to estimate. Adverse
pregnancy outcomes associated with untreated STDs
include miscarriage, preterm delivery, intrauterine growth
restriction, congenital infections, and maternal, fetal,
and neonatal mortality.'®'® Neonatal HIV infection is
discussed later.



Worldwide there are approximately 7 million new cases of
syphilis per year among women of childbearing age.'* Rates
of congenital syphilis parallel rates in women of reproductive
age. Studies from developing countries published between
1993 and 2000 have found seroprevalence rates of syphilis
that are significantly higher than those found in developed
countries.'”"'*2 Untreated syphilis during pregnancy increases
the risk of late fetal death, low birth weight, preterm
delivery, and severe neonatal disease.'”*!” Data from a
demonstration project in Zambia indicated that syphilis
was the most significant cause of adverse pregnancy
outcome among women attending antenatal clinics.'”
A prospective study of congenital syphilis in a Papua New
Guinea hospital published in 2000 found that the infection
was responsible for 6% of admissions and 22% of all neo-
natal deaths.”

Syphilis is transmitted from an infected mother to the
fetus largely via transplacental infection, and rarely by contact
with an infectious genital lesion during delivery. Active
infection with syphilis in pregnant women is estimated to
result in fetal or infant death or disability for 50% to
80% percent of affected pregnancies.'” A majority of
the infants born to mothers with untreated syphilis are
asymptomatic at birth, but without treatment, clinical
manifestations of disease may develop months to years
after birth. Symptoms of early congenital syphilis
include intrauterine growth restriction, anemia, thrombo-
cytopenia, jaundice, and heptosplenomegaly.'”” The most
devastating complications of untreated or late congenital
syphilis are neurologic manifestations that include mental
retardation, hydrocephalus, cranial nerve palsies, and
seizures. With adequate treatment for infected mothers,
syphilis is a preventable cause of neonatal morbidity
and death.

Neonates delivered vaginally to mothers with untreated
gonorrhea are at great risk of developing gonococcal
conjunctivitis, which, if left untreated, can lead to blindness.
Rarely, disseminated gonococcal infection develops in neo-
nates. Similarly, chlamydial infections occur in approximately
two thirds of infants born by vaginal delivery to infected
mothers.*® Chlamydia can cause conjunctivitis and/or
pneumonia, which may not be evident until the infant is
several weeks old. (See later section on ophthalmia neo-
natorum.)

The control of STDs in pregnancy is a public health
priority, especially in developing countries where rates of
infection are high. Because STDs and chorioamnionitis have
been associated with increased rates of mother-to-infant
transmission of HIV, a community randomized trial of STD
control for HIV infection prevention (antibiotics once in
pregnancy) was conducted in the Rakai district of Uganda
between 1994 and 1998.'"® Although antibiotic treatment
did not reduce maternal HIV acquisition or perinatal HIV
transmission, pregnancy outcome was improved, with
decreased rates of neonatal death, low birth weight, and
preterm delivery. Before presumptive therapy can be under-
taken on a large scale, it must be studied further. Several
countries have initiated STD control programs. The goals
are to reduce STD transmission rates; to promote early diag-
nosis and appropriate treatment to prevent complications;
and to reduce the risk of HIV infection. A special emphasis
on women is needed.'”
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HUMAN IMMUNODEFICIENCY
VIRUS INFECTION

The Joint United Nations Programme on HIV/AIDS
(UNAIDS) and the WHO estimate that in 2003 more than
40 million people worldwide are infected with HIV and that
approximately 5 million new infections occur each year.*”
Most HIV infections occur in the developing world; more
than 90% of those infected live in sub-Saharan Africa, Asia,
Latin America, or the Caribbean. Women are particularly
vulnerable to HIV infection. Worldwide approximately 50%
of cases occur in women and more than 600,000 children are
infected with HIV each year, mostly by maternal-to-child
transmission either in utero, at the time of delivery, or
through breast-feeding.?***"!

Because HIV increases deaths among young adults—
both male and female—the acquired immunodeficiency
syndrome (AIDS) epidemic has resulted in a generation of
AIDS orphans. It is estimated that by the year 2010, more
than 20 million children younger than 15 years of age will
have been orphaned by AIDS, the vast majority in sub-
Saharan Africa.”*? It is well known that maternal mortality
increases neonatal and infant deaths, independent of HIV
infection. Global estimates for the number of people living
with HIV infection/AIDS, the number newly infected in 2003,
and total AIDS deaths in 2003 are presented in Table 2-3.

Transmission

There is great disparity between developed and developing
countries in mother-to-child transmission of HIV.20¢-201:20%
In the era of antiretroviral therapy and obstetric inter-
ventions, including increased rates of scheduled cesarean
section, transmission rates as low as 2% have been reported
for Europe and North America.?*?* By contrast, rates remain
high (21% to 48%) among breast-feeding infants born to
HIV-infected mothers in developing countries, in the
absence of antiretroviral therapy.2!®"” This disparity is due
primarily to differences in access to antiretroviral drugs (to
reduce transmission) and to differences in breast-feeding
practices. Other factors that may influence transmission
rates in developing countries include co-infection with other
STDs?"; poor nutritional and/or immunologic status of the
mother*"; micronutrient deficiencies, particularly vitamin A
deficiency®'®; maternal anemia®'>?"%; specific obstetric factors
including placental abruption, premature or prolonged
rupture of the membranes, chorioamnionitis, obstetrical
procedures, and mode of delivery’'**"**'7-2%%; virulence of
the infecting HIV strain; viral phenotype and genotype; anti-
viral drug resistance’?; viral load; and advanced maternal
disease.”*

Breast-Feeding and Human
Immunodeficiency Virus

HIV is present in breast milk, and postnatal transmission by
means of breast-feeding is an important mode of trans-
mission in developing countries.””>**? A review of published
studies evaluated transmission risk among mothers who
were infected prenatally and postnatally.””’ Based on five
studies in which the mother had been infected prenatally (as
is most often the case), the additional risk of HIV trans-
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Table 2-3 Regional HIV/AIDS Statistics and Features, End of 20032

Adults and Adults and Adult Adult and
Children Living Children Newly Prevalence Child Deaths
Region with HIV/AIDS Infected with HIV (%)° Due to AIDS
Sub-Saharan Africa 25.0-28.2 million 3.0-3.4 million 7.5-8.5 2.2-2.4 million
North Africa and Middle East 470,000-730,000 43,000-67,000 0.2-0.4 35,000-50,000
South and South-east Asia 4.6-8.2 million 610,000-1.1 million 0.4-0.8 330,000-590,000
East Asia and Pacific 700,000-1.3 million 150,000-270,000 0.1-0.1 32,000-58,000
Latin America 1.3-1.9 million 120,000-180,000 0.5-0.7 49,000-70,000
Caribbean 350,000-590,000 45,000-80,000 1.9-3.1 30,000-50,000
Eastern Europe and Central Asia 1.2-1.8 million 180,000-280,000 0.5-0.9 23,000-37,000
Western Europe 520,000-680,000 30,000-40,000 0.3-0.3 2,600-3,400
North America 790,000-1.2 million 36,000-54,000 0.5-0.7 12,000-18,000
Australia and New Zealand 12,000-18,000 700-1,000 0.1-0.1 <100
Total 40 million 5 million 1.1 3 million
(34-46 million) (4.2-5.8 million) (0.9-1.3) (2.5-3.5 million)

*The ranges around the estimates in this table define the boundaries within which the actual numbers lie, based on the best available
information. These ranges are more precise than those of previous years, and work is under way to increase even further the precision of the

estimates that will be published mid-2004.

The proportion of aduits (15 to 49 years of age) living with HIV/AIDS in 2003, using 2003 population numbers.
AIDS, acquired immunodeficiency syndrome; HIV, human immunodeficiency virus [infection).

Data from AIDS Epidemic Update 2003, Geneva, WHO, UNAIDS, 2003.

mission with breast-feeding (above the in utero and delivery
risks) was estimated to be 14% (95% confidence interval
[CI] 7% to 22%). By contrast, when the mother developed
her primary infection after birth of her infant, transmission
risk increased substantially—estimated from four studies to
be 29% (95% CI 16% to 42%). Worldwide, WHO estimated
in 1998 that between one third and one half of all HIV-
infected infants acquire infection postnatally from breast-
feeding.””

Gaps remain in the understanding of how HIV is
transmitted to the infant through breast-feeding. Although
extended breast-feeding accounts for approximately 40% of
infant HIV infections worldwide, most breast-fed infants
remain uninfected despite prolonged breast-feeding and
repeated exposure to HIV.?”> Mechanisms associated with
transmission through breast milk or by breast-feeding, as
well as factors related to protection, remain unclear. The risk
of postnatal transmission increases as duration of breast-
feeding increases.””>?****® Therefore, prolonged breast-
feeding may be an important risk factor for transmission. A
2001 study from South Africa**® compared HIV transmission
rates in exclusively breast-fed, mixed-fed, and never-breast-
fed (formula-fed) infants to assess whether the pattern of
breast-feeding has an impact on early mother-to-infant
transmission of HIV. Of 529 infants followed prospectively,
150 never breast-fed, 118 were exclusively breast-fed, and
261 received breast milk and other foods in the first 3 months
of life. Transmission rates by day 1, which reflect in utero
transmission, did not differ among groups (approximately
6%). Excluding those who were HIV positive on day 1, the
proportion of infants infected at 3, 6, and 15 months of age
did not differ significantly in those who never received breast
milk (18%, 19%, 19%) versus those who were exclusively
breast-fed (6%, 19%, 25%). The infection rate was significantly
higher, however, in the group of infants who were partially
breast-fed and received mixed feedings (24%, 26%, 36%;
P = .01). This study suggests that exclusive breast-feeding
and early weaning may reduce postnatal HIV transmission.

Other factors that might influence the infectivity of breast
milk and breast-feeding include the concentration of cell-
free or cell-associated HIV in breast milk; viral strain; the
presence or absence of HIV-specific antibodies, particularly
secretory immunoglobulin A (IgA) or IgM, or cytotoxic
T cells in breast milk, lactoferrin, lysozymes, and other factors
with specific antiviral activity; and the presence of mastitis
with or without overt nipple cracks and bleeding,?*?6241:242
Furthermore, infant susceptibility to infection through breast-
feeding might be affected by stomach pH, oral ulceration,
gastroenteritis, prematurity or low birth weight, nutritional
status, and the presence of mucosal (salivary, gastrointestinal)
or serum anti-HIV antibodies or cytotoxic T lympho-
cytes.”>#%2! Eyrther studies are needed to better define risk
factors for HIV transmission by breast-feeding and inter-
ventions to reduce risk.

Although breast-feeding by HIV-positive mothers is
discouraged in Europe and North America, where safe and
affordable alternatives to breast milk are available, the issue
of breast-feeding and HIV is much more complicated in
developing countries, where breast-feeding has proven benefits
and where artificial feeding has known risks. Benefits of
breast-feeding include decreased risk of diarrhea and other
infectious diseases, improved nutritional status, and decreased
infant mortality** (see later section on breast-feeding).

In 1998, UNAIDS, WHO, and the United Nations Children’s
Fund (UNICEF) issued a joint policy statement on HIV and
infant feeding to help decision makers in different countries
develop their own policies regarding feeding practices in the
context of HIV infection.””> The statement addresses several
issues: the human rights perspective, prevention of HIV
infection in women, the health of mothers and children, and
elements for establishing a policy on HIV status and infant
feeding. As a general principle, the document supports
breast-feeding. Furthermore, the statement encourages
access to voluntary and confidential HIV testing for both
women and men of reproductive age, as well as education
regarding the implications of their HIV status for the health



and welfare of their children. Because mothers may wish to
keep their HIV status confidential, the statement
acknowledges that women must be empowered to make
decisions regarding infant feeding and supported to carry
out their decision:

This should include efforts to promote a hygienic
environment, essentially clean water and sanitation, that will
minimize health risks when a breast milk substitute is used.
When children born to women living with HIV can be ensured
uninterrupted access to nutritionally adequate breast milk
substitutes that are safely prepared and fed to them, they are at
less risk of illness and death if they are not breast-fed.
However, when these conditions are not fulfilled, in particular
in an environment where infectious diseases and malnutrition
are the primary causes of death during infancy, artificial
feeding substantially increases children’s risk of illness and
death.”

Several issues are implicit in this document. Breast-feeding
has been actively promoted for many years to improve child
survival. Discouraging breast-feeding is contrary to these
policies, and alternatives to breast-feeding may be socially
unacceptable in certain settings as well as potentially unsafe.
The risks of breast-feeding in the context of maternal HIV
infection must be explained in a clear, supportive, and non-
judgmental manner. Moreover, universal access to voluntary
HIV testing, although a clear human right, has broad social
as well as financial implications.*** Women may feel coerced
into being tested, rather than undertaking a truly voluntary
decision. There is a stigma to being infected with HIV, which
in some settings may lead to spousal rejection or abuse, loss
of friends and family support networks, and loss of jobs or
livelihood. Programs to reduce breast-feeding or limit its
duration among HIV-infected women (thereby decreasing
transmission to their infants) must not reduce breast-feeding
among women who are uninfected as well and must ensure
that safe and affordable (maybe even free) breast milk
substitutes are readily available. Although scientists have
attempted, through mathematical modeling, to define levels
of HIV seroprevalence and non—HIV-related child mortality
at which breast-feeding might be either discouraged or
promoted, there are no simple solutions to this very
complicated issue.?*>*¢ A possible decline in breast-feeding
in developing countries could have grave consequences.
Exclusive breastfeeding for 6 months followed by rapid
weaning has been proposed to reduce postnatal transmission
of HIV. Other proposed strategies include antiretroviral
propylaxis of mother and infant throughout the period of
breast-feeding, caloric and micronutrient supplements for
the breast-feeding mother, and measures to reduce breast
milk stasis and mastitis.??

Prevention of Human Immunodeficiency Virus
Infection in Developing Countries

Primary prevention of HIV infection among women of
childbearing age is the most successful but most difficult way
to prevent the infection of infants. Improving the social status
of women, education of both men and women, ensuring
access to information about HIV infection and its prevention,
promotion of safer sex through condom use, social
marketing of condoms, and treatment of other STDs that
increase the risk of HIV transmission are potential strategies
that have been successful at reducing infection.'*>*!
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Prevention of Transmission from an Infected
Mother to Her Infant

Antiretroviral Strategies

With over 600,000 infants infected perinatally each year
worldwide, prevention strategies are urgently needed. In
1994, a clinical trial performed in the United States and France
(Pediatric AIDS Clinical Trials Group [ACTG] Protocol 076)**
demonstrated that zidovudine (AZT) (100 mg five times per
day) administered orally to HIV-infected pregnant women
with no prior treatment with antiretroviral drugs during
pregnancy, beginning at 14 to 34 weeks of gestation and
continuing throughout pregnancy, and then intravenously
during labor (2 mg/kg over 1 hour followed by 1 mg/kg per
hour until delivery), and orally to the newborn for the first
6 weeks of life (2 mg/kg every 6 hours) reduced perinatal
transmission by 67.5%, from 25.5% (95% CI 18.4% to 32.5%)
to 8.3% (95% CI 3.9% to 12.8%). The regimen was
recommended as standard care in the United States and
quickly became common practice.”” However, because of
feasibility issues and high costs, this regimen is unavailable to
the vast majority of HIV-infected pregnant women in
developing countries. In many such countries, women receive
limited or no prenatal care; intravenous dosing may be unsafe,
impractical, or impossible; and women either give birth at
home or come to a hospital or clinic only when they are
already in labor. Thus, newer, simpler, less expensive methods
to reduce mother-to-infant transmission of HIV are needed
for the majority of women and children in the world.

A number of modified AZT trials were published between
1999 and 2000.2%-%>! These trials evaluated a shorter prenatal
course, oral rather than intravenous dosing in labor, a
shorter newborn course, or no AZT to the neonate. In a joint
U.S. Centers for Disease Control and Prevention (CDC) and
Thai Ministry of Public Health trial, 397 asymptomatic Thai
women were randomized to receive either placebo or AZT in
the last month of pregnancy (300-mg tablets; one tablet orally
twice daily from 36 weeks until labor, one tablet at the onset
of labor, and one tablet every 3 hours until delivery). Infants
did not receive AZT and were not breast-fed (infant formula
was provided free for 18 months). Transmission was reduced
50%, from 18.9% (95% CI 13.2% to 24.2%) in the placebo
group to 9.4% (95% CI 5.2% to 13.5%) in the AZT group.***

The Thai trial, although highly effective, did not address
the issue of whether short-course AZT would be effective in
a more symptomatic population, and one in which breast-
feeding is the norm. In Cote d’Ivoire, as in the rest of Africa,
most HIV-infected women are counseled to breast-feed their
infants because of high infant mortality without breast-
feeding, the cost of infant formula, and the stigma associated
with alternative feeding regimens. A trial using the Thai
treatment regimen was performed in Cote d’Ivoire among a
cohort of pregnant women who breast-fed their infants from
birth.?* In the Céte d’Ivoire trial, transmission was reduced
from 21.7% in the placebo group (1 = 140) to 12.2% in the
treatment group (n = 140) at 1 month (44% reduction) and
from 24.9% to 15.7% at 3 months (37% reduction). To
further investigate the efficacy of this regimen in breast-
feeding women, the results of similar studies performed in
Burkina Faso and Céte d’Ivoire were combined.” At 6 months
of age, the probability of HIV infection was 18.0% in the
AZT group (n = 192) versus 27.5% in the placebo group
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(n =197), a 38% reduction of early vertical transmission of
HIV, despite breast-feeding. The Perinatal HIV Prevention
Trial (PHPT) compared several different AZT regimens
using the same doses as in the Thai trial just described.”
They compared a “long-long regimen” started at 28 weeks of
gestation, with 6 weeks of treatment for the infant; a “short-
short regimen” started at 35 weeks of gestation, with 3 days
of treatment for the infant; a “long-short regimen”; and a
“short-long regimen.” Transmission rates for the short-short
group were significantly higher, and that regimen was
stopped. The regimens in the other arms had equivalent
efficacy (6.5%, 4.7%, 8.6%), although in utero transmission
rates were lower in the groups with longer maternal therapy.
With the introduction of two- and three-drug combination
therapy to reduce viral load in people with AIDS, investi-
gators began to study AZT in combination with other drugs
for use in pregnancy in developing countries (in the late 1990s).
The PETRA (Perinatal Transmission) trial performed in
South Africa, Uganda, and Tanzania studied four regimens:
regimen A, AZT plus lamivudine (3TC) starting at 36 weeks
of gestation followed by oral intrapartum dosing and 7 days
of postpartum dosing of mother and infant; regimen B,
without the postpartum dosing; regimen C, intrapartum AZT
alone; and regimen D, placebo. At 6 weeks, regimens A and B
were effective at reducing transmission (5.7% and 8.9% versus
14.2% and 15.3%, for the four regimens, respectively).
Benefits diminished considerably by 18 months, however,
when transmission rates were 15%, 18%, 20%, and 22%.>*
Nevirapine is a non-nucleoside reverse transcriptase
inhibitor that has potent antiviral activity, is rapidly absorbed
orally, and passes quickly through the placenta. The safety
and efficacy of short-course nevirapine versus AZT given to
women during labor and to neonates in the first week of life
were evaluated in the HIV Network for Prevention (HIVNET)
012 trial conducted in Uganda between 1997 and 1999.7* Six
hundred twenty-six HIV-infected women (313 in each group)
were randomly assigned to receive single-dose nevirapine
(200 mg orally at onset of labor and 2 mg/kg to their babies
within 72 hours of birth) or AZT (600 mg orally at onset of
labor and 300 mg every 3 hours until delivery; and 4 mg/kg
orally twice a day to babies for 7 days after birth). Almost all
infants were breast-fed from birth (98.8%), and 95.6% were
still breast-feeding at 14 to 16 weeks. The HIV transmission
rates in the nevirapine and the AZT groups were 8.2% and
10.4%, respectively, at birth (P = not significant [NS]), 11.9%
and 21.3% at 6 to 8 weeks (P =.0027),and 13.1% and 25.1%
at 14 to 16 weeks of age (P = .0006). When nevirapine and
AZT were both started at the onset of labor, nevirapine
reduced HIV transmission by almost 50% in a breast-feeding
population. Of note, the 25.1% transmission rate in the AZT
group was higher than that reported in the AZT trials from
Cote d’Ivoire,***° but the drug was started at 36 weeks (not
at the onset of labor) in those studies. Although nevirapine
appeared to be safe, long-term follow-up evaluation of
infants is needed. A study at 11 public hospitals in Saharan
Africa (1999 to 2000) compared single-dose nevirapine with
a combination of AZT and 3TC (SAINT).? New HIV in-
fections were detected in 5.7% (95% CI 3.7 to 7.8) and 3.6%
(95% CI 2.0 to 5.3) in the nevirapine and the AZT/3TC
groups, respectively (Table 2-4). Concerns have been raised
about the possible emergence of resistance mutations
following the use of intrapartum regimens of nevirapine.”**

In many areas of the developing world, women present
late in labor with unknown HIV status. A study from Malawi
published in 2003 demonstrated that postexposure prophy-
laxis can offer protection against HIV infection to babies
who missed opportunities for prenatal and intrapartum
prophylaxis.”® Combination therapy with single-dose
nevirapine plus AZT for 1 week was superior to nevirapine
alone (rate of new infections at 6 to 8 weeks was 7.7% versus
12.1%; P = .03). A pilot public health program in the
Cameroon confirmed the efficacy of single-dose nevirapine
given to HIV-infected women during labor and to the child
within 72 hours of birth for reducing mother-to-child trans-
mission.” This study demonstrated that antiretroviral
therapy can be used outside of clinical trials, in real-life
settings in developing countries, to successfully lower the
rate of mother-to-child transmission.

Antiretroviral therapy requires the identification of HIV-
infected women early enough in pregnancy to allow them
access to therapy; therefore, a system for voluntary, con-
fidential HIV counseling and testing must be in place.
Furthermore, women must understand the implications of
HIV infection, the drug intervention, and the possibility that
even with antiviral therapy they might transmit infection to
their infants. Interventions to reduce mother-to-child trans-
mission of HIV, especially the administration of antiretroviral
drugs and the avoidance of breast-feeding, make it difficult
for HIV-positive women to keep their infection status private.
If women fear stigmatization, discrimination, and even
violence if they are identified as HIV infected, they will be
unable or reluctant to take advantage of strategies to reduce
transmission to their infants. Providing voluntary counseling
and testing, antiviral drugs, and alternatives to breast-feeding
to reduce maternal-to-child HIV transmission has potential
wider benefits for society, including improvement in the
quality of health care services for mothers and children, and
opportunities to address primary prevention of HIV; care
for HIV-infected men, women, and children; support for
HIV orphans; and discriminatory societal attitudes.

Several demonstration projects to reduce mother-to-child
transmission of HIV were initiated in the late 1990s in
selected low-income countries, including Botswana, Burkina
Faso, Cambodia, Cote d’Ivoire, Honduras, Rwanda, Tanzania,
Thailand, Uganda, Zambia, and Zimbabwe.””” These projects
provide early access to adequate antenatal care; voluntary
and confidential counseling and HIV testing for women and
their partners; antiretroviral drugs during pregnancy and
delivery for HIV-positive women; improved care during
labor and delivery; counseling for HIV-positive women
explaining a range of choices for infant feeding; and support
for HIV-positive women who choose not to breast-feed.
UNICEEF is working with governments and infant formula
companies to identify ways of providing safe and affordable
alternatives to breast milk. At the same time, UNICEF,
WHO, and UNAIDS continue to promote breast-feeding as
the best feeding method for mothers who are HIV negative
or who do not know their HIV status.

Other Strategies

Cesarean Section. Meta-analyses of North American and
European studies performed in the late 1990s found that
elective cesarean section reduced the risk of mother-to-child
transmission of HIV by more than 50%.*'**'* However
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Table 2-5 Actions to Reduce Mother-to-Child Transmission of HIV

Pre- and Perinatal Transmission

Expand access to PMCT interventions while improving the quality/efficacy of the strategy

Develop strategies to lower the cost of new diagnostic tools for HIV infection in infancy in the appropriate settings
Trials to answer questions concerning nevirapine resistance—alternative agents? novel strategies?

Study innovative strategies to deliver interventions to women who do not have access to HIV testing or antenatal care

Postnatal Transmission

Integration of basic science studies on postnatal transmission within clinical research (collection of samples)
Define standardized and agreed-upon methodologic tools for postnatal transmission studies
investigate new approaches to make implementation easier—e.g., early diagnosis of HIV infection in infants

Pediatric Infection

Development of affordable and reliable tests/repository of samples for evaluation of new technologies for early HIV diagnosis of

children in resource-limited settings

Development and evaluation of pediatric HIV/AIDS diagnostic algorithms
Surveillance of ARV resistance (development of affordable and reliable tests) and adherence

Cross-Cutting Actions

Better coordination of funding sources
Optimize partnerships between researchers
Link HIV prevention programmes with PMTCT

increase number of providers of PMTCT, taking into account regional context

Early communication with all stakeholders

Social and cultural studies including studies on culturally appropriate counseling should be part of clinical research protocols
Implementation of PMTCT programs should be in the context of household careftreatment and of sustainability by countries;
care of children should be linked with that of the mother/family (prevention and care), and continuity of this care and

coordination is critical

Research should support the foregoing principles and be relevant to the host country

AIDS, acquired immunodeficiency syndrome; ARV, AIDS-related virus; HIV, human immunodeficiency virus; PMCT, xxxxx; PMTCT, xxxxx.
From Menu E, Scarlatti G, Barré-Sinoussi F, et al. Mother-to-child transmission of HIV: developing integration of healthcare programmes with
clinical, social and basic research studies. Report of the International Workshop held at Cobe Marina Lodge, Kasane, Botswana, 21-25 January

2003. Acta Pediatr 92:1343, 2003.

cesarean section is appropriate for reducing perinatal
transmission of HIV only if it can be performed in a well-
staffed and well-equipped facility in which risks to mother
and baby are low.>®

Vaginal Lavage. Use of vaginal microbicides during labor
and delivery to reduce the amount of HIV the neonate
comes in contact with during delivery, and cleaning the
infant’s skin immediately after delivery, have been studied.
To date, efficacy has not been demonstrated, but additional
research is under way.”’

Additional Interventions. It has been suggested that a
package of interventions to reduce mother-to-child trans-

mission of HIV should be implemented, including the
following™®:

+ Expansion and strengthening of family planning and
information and services, as well as HIV prevention
activities

+ Early access to quality antenatal care from trained
health workers

+ Voluntary counseling and HIV testing for women and
their partners

¢+ Provision of antiretroviral medication to prevent HIV
transmission from seropositive women to their babies

+ Improved care during labor, delivery, and the post-
partum period

» Counseling for HIV-positive women on infant feeding
choices, with replacement feeding made available when
needed and support for women in all of their feeding
practices

An international workshop identified specific actions that
need to be taken by the global community to reduce mother-
to-child HIV transmission ( Table 2-5).%¢!

Human Immunodeficiency Virus and
Child Survival

Although there have been tremendous gains in child survival
over the past 3 decades, with reductions worldwide in deaths
due to diarrhea, pneumonia, and vaccine-preventable diseases,
the AIDS epidemic threatens to undermine this dramatic
trend.”®? In parts of the developing world, AIDS has already
had a negative impact on child survival; in sub-Saharan
Africa, AIDS has become a leading cause of death among
infants and children (Table 2-6). Moreover, there is a complex
link between increasing mortality of children under 5 years
old and high rates of HIV prevalence in adults, related
to both mother-to-child transmission of HIV and the
compromised ability of parents who are ill themselves to
care for young children.*

NEONATAL TETANUS

More is known about neonatal tetanus than about any other
newborn infection occurring in developing countries. There
is a vast published literature on neonatal tetanus. Neonatal
tetanus traditionally has been an underreported “silent”
illness. Because it attacks newborns in the poorest countries
of the world in the first few days of life while they are still
confined to home, because of a high and rapid CFR (85%
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Table 2-6 Percentage of Infant Deaths Due to Table 2-7 Tetanus Toll: Estimated Neonatal
AIDS: Projections for the Year 2010 Deaths?

U.S. Bureau U.N. India 48,600
of the Population Nigeria 34,600
Country Census® Divisions® Pakistan 21,600
Ethiopia 13,400
Botswana 61 35 Bangladesh 10,400
Zimbabwe 58 27 Congo, Democratic Republic 10,000
Kenya 41 12 Somalia 8,800
Zambia 40 17 China 8,600
Rwanda 31 6 Afghanistan 4,200
Uganda 31 10 Indonesia 4,100
Malawi 30 9 Niger 3,600
Tanzania 29 6 Mozambique 3,000
Burkina Faso 27 6 Nepal 3,000
Cote d'Ivoire 26 8 Angola 2,700
Central African Republic 23 6 Chad 2,500
Lesotho 20 5 Mali 2,400
Burundi 18 3 Senegal 2,300
Cameroon 18 3 Yemen 2,300
Congo 16 1" Sudan 2,200
Brazil 13 0 Ghana 2,000
Congo, Democratic Republic 10 3 Burkina Faso 1,600
Haiti 7 7 Cambodia 1,500
Thailand 5 7 Cameroon 1,500
Cote d'lvoire 1,100
*Data from U.S. Bureau of the Census. The Demographic Impacts Liberia 600
of HIV/AIDS: Perspectives from the World Population Profite, 1996. Mauritania 200
®Data from U.N. Population Division, World Population Prospects: Guinea-Bissau 100
the 1996 Revision, 1997. Total 196,900

AIDS, acquired immunodeficiency syndrome.

untreated),’®* and because of poor access to medical care, the

disease may go unrecognized.”®* Retrospective community
surveys of neonatal tetanus have been conducted since the
late 1970s to determine burden of disease and mortality
rates.”® The surveillance case definition of neonatal tetanus
is relatively straightforward—that is, the ability of a new-
born to suck at birth and for the first few days of life,
followed by inability to suck starting between 3 and 10 days
of age, spasms, stiffness, convulsions, and death. Using this
definition and the verbal autopsy technique, country surveys
have estimated the magnitude of the problem worldwide.

In 2000, WHO estimated that approximately 200,000
deaths per year are still caused by neonatal tetanus.”*’” The
vast majority of cases and deaths occur in a limited number
of countries. Eighty percent deaths worldwide occur in only
eight countries—India, Nigeria, Pakistan, Ethiopia, Bangladesh,
the Democratic Republic of Congo, Somalia, and China
(Table 2-7).2%>?% In view of the significant disease burden,
WHO and UNICEF have called for the elimination (defined
as fewer than 1 case per 1000 livebirths) of neonatal tetanus
by the year 2005. To date, 104 of 161 developing countries
have achieved elimination of neonatal tetanus.?®®

Neonatal tetanus is a completely preventable disease. It
can be prevented by immunizing the mother before or
during pregnancy and/or by ensuring a clean delivery, clean
cutting of the umbilical cord, and proper care of the cord in
the days after birth. Clean delivery practices have additional
benefits—prevention of other maternal and neonatal
infections, in addition to tetanus. Tetanus threatens mothers
as well as babies, and tetanus-related mortality is a
complication of both induced abortion and childbirth in
unimmunized women.”® Immunization of women with at

*The numbers of deaths in the table are estimated, as most
necnatal deaths occur at home, before the baby reaches 2 weeks
of age, and neither the birth nor the death is reported.

Data from The Progress of Nations 2000. New York, UNICEF, 2000.

least three doses of tetanus toxoid vaccine provides complete
prevention against both maternal and neonatal tetanus. The
global elimination of maternal tetanus has recently been
added to the elimination goals.

OMPHALITIS

In developed countries, aseptic delivery techniques and cord
care have decreased the occurrence of umbilical infection, or
omphalitis. Furthermore, prompt diagnosis and antimicrobial
therapy have decreased morbidity and mortality if omphalitis
develops. Ompbhalitis continues to be a problem, however, in
developing countries, where hygienic cord care practices are
not universal.””® The necrotic tissue of the umbilical cord is
an excellent medium for bacterial growth. The umbilical
stump is rapidly colonized by bacteria from the maternal
genital tract and from the environment. This colonized
necrotic tissue, in close proximity to umbilical vessels, provides
microbial pathogens with direct access to the bloodstream. It
is not surprising that umbilical infection is common in
developing countries, with the triad of home births, unsterile
cutting of the cord, and unhygienic cord care after birth.
Omphalitis may remain a localized infection or may spread
to the abdominal wall, the peritoneum, the umbilical or
portal vessels, or the liver. Infants who present with
abdominal wall cellulitis or necrotizing fasciitis have a high
incidence of associated bacteremia (often polymicrobial)
and a high mortality rate.?’%-72
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There are only a limited number of recent studies on
umbilical infection from developing countries.* 58273276
Overall, incidence of omphalitis in these studies ranged from
2 to 54 per 1000 livebirths, with the CFR ranging from 0% to
15%. Guvenc and associates*’”” identified 88 newborns with
omphalitis at a university hospital in eastern Turkey over a
2-year period. These included 54 patients with local
symptoms only and 34 with systemic symptoms. The overall
CFR was 15%, but all deaths occurred among patients with
systemic signs, with a CFR of 38% in this group. Gram-
positive organisms were isolated from 68% of umbilical
cultures, gram-negative organisms were isolated from 60%,
and multiple organisms were cultured in 28% of patients.
Airede?” studied 33 Nigerian neonates with omphalitis. The
incidence of omphalitis was 2 per 1000 livebirths, and the
prevalence was 16 per 1000 hospital admissions. There were
no deaths in this series. Aerobic bacteria were isolated from
70%, and anaerobic bacteria were isolated from 30%. Sixty
percent of the aerobic isolates were gram-positive organisms,
and polymicrobial isolates were common. Three studies
from India were identified that present data on omphalitis or
umbilical sepsis. Singhal and associates®® reported that
umbilical sepsis developed in 28 of 920 live-born infants
(30 per 1000), and two of these infants died (CFR 7%). Four
percent of all neonatal deaths in this study were attributed to
umbilical sepsis. Bhardwaj and Hasan*’ reported that
developed umbilical sepsis developed inl1 of 204 live-born
infants(54 per 1000); there were no deaths in this group.
Faridi and colleagues”’* studied 182 Indian neonates with
ompbhalitis, including 104 hospital-born and 78 home-
delivered infants. The incidence of omphalitis in the
hospital-born group was 24 per 1000 livebirths. Overall,
gram-negative organisms were isolated more frequently than
gram-positive organisms (57% versus 43%), but S. aureus
was the single most frequent isolate (28%). In one report
from Turkey, 85 neonates with bacteriologically proven
omphalitis were evaluated.”’® S. aureus and E. coli were the
most frequent organisms isolated. Overall CFR was 139%,
with no difference between term and preterm infants. In a
study from Papua New Guinea published in 1999, umbilical
cultures were performed in 116 young infants with signs
suggestive of omphalitis. The most frequently isolated
organisms were group A B-hemolytic streptococci (44%),
S. aureus (39%), Klebsiella (17%), E. coli (17%), and Proteus
mirabilis (16%).'* In infants with both omphalitis and
bacteremia, the same organism may be cultured from both
umbilicus and blood. In the Papua New Guinea study cited
earlier, newborns with sepsis and omphalitis had S. aureus,
group A P-hemolytic streptococci, and Klebsiella pneu-
moniae each isolated from both sites.

The method of caring for the umbilical cord after birth
affects both bacterial colonization and time to cord
separation.”’”?’® It is generally agreed that application of
antimicrobial agents to the umbilical cord reduces bacterial
colonization. The effect of such agents on reducing infection
is less clear.”’® During a study of pregnancy in a rural area of
Papua New Guinea, Garner and colleagues®” detected a high
prevalence of neonatal fever and umbilical infection, which
were associated with the subsequent development of neo-
natal sepsis. They designed an intervention program for
umbilical cord care that included maternal health education
and umbilical care packs containing acriflavine spirit and

new razor blades. Neonatal sepsis was significantly less
frequent in the intervention group (1 case perof 67 versus 8
of 64; P = .02). This study, published in 1994, documented
the importance of umbilical infection in the etiology of
neonatal sepsis in the setting of a rural developing country
and demonstrated that a simple cord care intervention could
reduce infectious morbidity.

DIARRHEA

It is generally agreed that diarrheal episodes are more
common in infants older than 6 months than in those who
are younger.®?®! It is thought that the high prevalence of
breast-feeding in the first month of life, the fact that most of
the world’s children are born at home rather than in the
hospital, and the relative segregation of infants for a period
of time after birth are factors that protect the newborn from
diarrhea. Mortality from diarrhea is thought to be greatest in
the first year of life.

Numerous studies published in the 1980s and 1990s have
investigated the epidemiology of diarrhea in hospital and
community settings and the role of breast milk and breast-
feeding in protection against disease.”****® Clemens and
colleagues followed a cohort of 198 breast-fed Egyptian
neonates for the first 6 months of life.*® Neonates for whom
breast-feeding was initiated within the first 3 days of life,
when breast milk contains colostrum (early group; n= 151),
had a 26% lower rate of diarrhea during the first 6 months
of life than that in infants who started breast-feeding later
(late group; n = 47) (early versus late: 6.4 episodes versus
9.0 episodes per child-year; P < .05). Huilan and associates®®?
studied the agents associated with diarrhea in children from
birth to 35 months of age from five hospitals in China, India,
Mexico, Myanmar, and Pakistan. A total of 3640 cases of
diarrhea were studied, 28% of which occurred in infants
younger than 6 months of age. Data on the detection of
rotavirus, enterotoxigenic E. coli, and Campylobacter were
provided by age. Five percent of isolates of these agents (17
of 323) were from neonates (birth to 29 days). Black and
colleagues®* performed community studies of diarrheal
epidemiology and etiology in a periurban community in
Peru. The incidence of diarrhea was 9.8 episodes per child in
the first year of life and did not differ significantly by month
of age (0.64 to 1.0 episode per child-month) from that in
infants having diarrhea from birth. Mahmud and colleagues™
prospectively followed a cohort of 1476 Pakistani newborns
from four different communities. Eighteen percent of infants
evaluated in the first month of life (180 of 1028) had diarrhea.

Although most infants in developing countries are born
at home, those born in hospitals are at risk for nosocomial
diarrheal infections. Aye and co-workers®®’ studied diarrheal
morbidity in neonates born at the largest maternity hospital
in Rangoon, Myanmar. Diarrhea was a significant problem,
with rates of 7 cases per 1000 livebirths for infants born
vaginally and 50 per 1000 for infants delivered by cesarean
section. These differences were attributed to the following:
infants born by cesarean section remain hospitalized longer,
are handled more by staff and less by their own mothers, and
are less likely to be exclusively breast-fed.

Rotavirus is one of the most important causes of diarrhea
among infants and children worldwide, occurring most



commonly in infants aged 3 months to 2 years. In developing
countries, an estimated 800,000 children die of rotavirus
diarrhea each year, and infections occur earlier in infancy.?%°
There are few reports of rotavirus infection in newborns.?"
It appears that in most cases, neonatal infection is asympto-
matic, and that neonatal infection may protect against severe
diarrhea in subsequent infections.”?>*” Neonates are generally
infected with unusual rotavirus strains that may be less
virulent and may serve as natural immunogens.”* The rate
of infection among neonates may be more common than
was previously thought. Cicirello and associates®* screened
169 newborns at six hospitals in Delhi, India, and found a
rotavirus prevalence of 26%. Prevalence increased directly
with length of hospital stay. The high prevalence of neonatal
infections in Delhi (and perhaps in other developing country
settings) could lead to priming of the immune system and
have implications for vaccine efficacy.

Several of the community-based studies reviewed
earlier present data on diarrhea as a cause of neonatal
death,*4%3254565968.69 1 these studies, diarrhea was
responsible for 1% to 12% of all neonatal deaths. In 9 of the
10 studies, 70 of 2673 neonatal deaths (3%) were attributed
to diarrhea. Whereas diarrhea is more common in infants
after 6 months of age, it is clearly a problem, in terms of both
morbidity and mortality, for neonates in developing countries.
The WHO estimates that there are 4,035,000 neonatal deaths
per year in the less developed regions of the world.” If 3% of
all neonatal deaths are due to diarrhea, approximately
120,000 neonatal deaths per year are associated with diarrhea.

OPHTHALMIA NEONATORUM

Ophthalmia neonatorum, defined as purulent conjunctivitis
in the first 28 days of life, remains a common problem in
many developing countries. The risk of infection in the
neonate is directly related to the prevalence of maternal
infection and the frequency of ocular prophylaxis. Infants
born in areas of the world with high rates of STDs are at
greatest risk. Data on incidence and bacteriologic spectrum
from specific countries are limited. Although a wide array
of agents are cultured from infants with ophthalmia neo-
natorum,’*?*® Neisseria gonorrhoeae (the gonococcus) and
Chlamydia trachomatis are the most important etiologic
agents from a global perspective.”?®*”’ The pathogenesis of
infection is similar for these two agents: Infection is acquired
from an infected mother during passage through the birth
canal or through an ascending route. Infection due to one
etiologic agent cannot be distinguished from infection due
to the other by clinical examination; both produce a purulent
conjunctivitis. However, gonococcal ophthalmia may appear
earlier and is more severe than chlamydial conjunctivitis.
Untreated gonococcal conjunctivitis may lead to corneal
scarring and blindness, whereas the risk of severe ocular
damage is low with chlamydial infection. Without ocular
prophylaxis, ophthalmia neonatorum will develop in
30% to 42% of infants born to mothers with untreated
N. gonorrhoeae infection,’*****2 and in approximately 30%
of infants exposed to Chlamydia.**°

Strategies to prevent or ameliorate ocular morbidity
related to ophthalmia neonatorum include (1) primary pre-
vention of STDs; (2) antenatal screening for and treatment

Chapter 2 Neonatal Infections: A Global Perspective 41

of STDs (particularly gonorrhea and Chlamydia infection);
(3) eye prophylaxis at birth; and (4) early diagnosis and
treatment of ophthalmia neonatorum.” For developing
countries, eye prophylaxis soon after birth is the most cost-
effective and feasible strategy. Eye prophylaxis is used primarily
to prevent gonococcal ophthalmia. Primary prevention of
STD:s in developing countries is limited, although promotion
of condom use has been successful in reducing STDs in
some countries.”*** Screening women at prenatal and STD
clinics and treatment based on a syndromic approach (i.e.,
treat for possible infections in all women with vaginal dis-
charge without laboratory confirmation) is cost-effective but
may lead to overtreatment of uninfected women and missed
cases. Because primary infection with both N. gonorrhoeae
and Chlamydia is usually asymptomatic, pregnant women
need to be specifically screened for STDs to ensure early
diagnosis and treatment of the mother before delivery of her
neonate.

Eye prophylaxis consists of cleaning the eyelids and
instilling an antimicrobial agent into the eyes as soon after
birth as possible. The agent should be placed directly into
the conjunctival sac (using clean hands), and the eyes should
not be flushed after instillation. Infants born both vaginally
and by cesarean section should receive prophylaxis. Although
no agent is 100% effective at preventing disease, the use of
1% silver nitrate solution (introduced by Credé in 1881)*%
dramatically reduced the incidence of ophthalmia neo-
natorum. This inexpensive agent is still widely used in many
parts of the world and is the most successful prophylactic
antimicrobial agent in history. The major problems with silver
nitrate are that it may cause chemical conjunctivitis in up to
50% of infants and that it has limited antimicrobial activity
against Chlamydia.****”*% In developing countries in which
heat and improper storage may be a problem, evaporation
and concentration are particular concerns. Although 1% tetra-
cycline and 0.5% erythromycin ointments are commonly
used in developed countries, and are as effective as silver
nitrate for the prevention of gonococcal conjunctivitis, these
agents are more expensive and unavailable in many parts of
the world. Moreover, silver nitrate appears to be a better
prophylactic agent in areas where penicillinase-producing
N. gonorrhoeae (PPNG) is a problem.””

The ideal prophylactic agent for developing countries
would have a broad antimicrobial spectrum and also be
available and affordable. Povidone-iodine is an inexpensive,
nontoxic topical agent that is potentially widely available in
developing countries. Preliminary studies suggest that it may
be useful in preventing ophthalmia neonatorum. A prospective
masked, controlled trial of ocular prophylaxis using 2.5%
povidone-iodine solution, 1% silver nitrate solution, or 0.5%
erythromycin ointment was conducted in Kenya.*" Of 3117
neonates randomized to receive a study drug, 13.1% in the
povidone-iodine group versus 15.2% of those who received
erythromycin and 17.5% in the silver nitrate group developed
infectious conjunctivitis (P < .01). The high rates of infection
in this group despite ocular prophylaxis are striking.
Although there was no significant difference among agents
in prevention of gonococcal ophthalmia (1% or less for each
agent), povidone-iodine was more effective than either other
agent in preventing chlamydial conjunctivitis. A 2003 study
by the same group compared prophylaxis with one drop and
with two drops of the povidone-iodine solution instilled in
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both eyes at birth in 719 Kenyan neonates. No cases of
N. gonorrhoeae infection were identified. Double application
did not change the rates of infection with C. trachomatis
(4.2% and 3.9%).*'" Although the antimicrobial spectrum of
povidone-iodine is wider than that of other topical agents’?
and antibacterial resistance has not been demonstrated,’"’
published data on the efficacy of povidone-iodine against
PPNG are not yet available. Of note, 2.5% povidone-iodine
might also be useful as an antimicrobial agent for
cord care—of relevance in the prevention of omphalitis (see
earlier). Further studies of the safety and efficacy of this
agent are particularly important for its use in developing
countries.

The frequency of ocular prophylaxis in developing
countries is unknown. In consideration of the high rates of
STDs among pregnant women in many developing countries,
eye prophylaxis is an important blindness prevention strategy.
For infants born at home, a single dose of antimicrobial
agent for ocular prophylaxis could be added to traditional
birth attendant or home delivery kits. The strategy of ocular
prophylaxis is more cost-effective than early diagnosis
and appropriate treatment. Furthermore, in areas of the
world in which access to medical care is limited and effective
drugs are scarce or unavailable, it may be the only viable
strategy.

No prevention strategy is 100% effective. Even with
prophylaxis, 5% to 10% of infants will develop ophthalmia.
All infants with ophthalmia must be given appropriate
treatment—even if they received prophylaxis at birth. A single
dose of either ceftriaxone (25 to 50 mg/kg intravenously [IV]
or intramuscularly {IM], not to exceed 125 mg) or cefotaxime
(100 mg/kg, IV or IM) is effective therapy for gonococcal
ophthalmia caused by both PPNG and non-PPNG strains.**”’
Gentamicin and kanamycin also have been shown to be
effective therapeutic agents and may be more readily available
in some settings. Rarely, gonococcal infection acquired at
birth may become disseminated, resulting in arthritis,
septicemia, and even meningitis. Neonates with disseminated
gonococcal disease require systemic therapy with ceftriaxone
(25 to 50 mg/kg once daily) or cefotaxime (25 mg/kg IM
or IV twice daily) for 7 days (arthritis, sepsis) or 10 to
14 days (meningitis). If a lumbar puncture cannot be
performed (and meningitis cannot be ruled out) in an
infant with evidence of dissemination, the longer period of
therapy should be chosen.’® Infants with chlamydial
conjunctivitis should receive a 2-week course of oral
erythromycin (50 mg/kg per day in four divided doses).
After the immediate neonatal period, oral sulfonamides
may be used.’”

Intraocular instillation of human milk or colostrum
has been used as a traditional remedy for ophthalmia
neonatorum in some developing countries. An interesting
1996 study from Nigeria demonstrated that colostrum
(but not mature milk) resulted in in vitro inhibition of
growth of S. aureus and a variety of coliform organisms.*'
A similar study compared in vitro activity of colostrum to
that of povidone-iodine and confirmed that colostrum
inhibited growth of N. gonorrhoeae as well as S. aureus.’"
Although an unorthodox prophylactic or therapeutic
agent, colostrum or human milk deserves further study,
especially for rural areas with limited access to health care
facilities.

MALARIA

From a global perspective, malaria is one of the most
important infectious diseases. More than 40% of the world’s
population live in areas with malaria risk. The WHO
estimates that 300 to 500 million cases occur annually, with
1.5 to 3 million deaths. More than half of all malaria deaths
occur in children younger than 5 years of age.*'® The disease
is mainly confined to poorer tropical areas of Africa, Asia,
and Latin America. Countries in sub-Saharan Africa account
for more than 90% of malaria cases. Each year approximately
24 million African women become pregnant in malaria-
endemic areas and are at risk for malaria during pregnancy.’"’
Four species of the malaria parasite infect humans: Plasmodium
falciparum, Plasmodium vivax, Plasmodium ovale, and
Plasmodium malariae. P. falciparum is responsible for the
most severe form of disease and is the predominant parasite
in tropical Africa, Southeast Asia, the Amazon area, and the
Pacific. Groups at greatest risk for severe disease and death
are young nonimmune children, pregnant women (especially
primigravidas), and nonimmune adults.’!®

Malaria in Pregnancy

Preexisting levels of immunity determine susceptibility to
infection and severity of disease.”’’?”' In areas of high
endemicity or high stable transmission, where there are high
levels of protective immunity, the effects of malaria on the
mother and fetus are less severe than in areas where malaria
transmission is low or unstable (i.e., sporadic, periodic). It is
unclear why pregnant women (even with preexisting
immunity) are at increased risk for malaria. Severe maternal
complications (cerebral malaria, pulmonary edema, renal
failure) occur most commonly in women with little or
no immunity and are most frequent with infections due to
P. falciparum. Severe malaria may result in pregnancy-related
maternal death.

Malaria parasitemia is more common, and the parasite
burden is higher in pregnant than in nonpregnant
women.*'**? This increase in both prevalence and density of
parasitemia is highest in primiparous women and decreases
with increasing parity.”®® The parasite burden is highest
in the second trimester and decreases with increasing
gestation.’'? The most important effects of malaria on
pregnant women are severe anemia’’® and placental in-
fection.’’’322243% The prevalence of anemia can be as high
as 78%, and anemia is more common and more severe in
primigravidas.’” A 1999 study highlighted the importance
of P. vivax infection (as well as the much more studied
P. falciparum) as a cause of pregnancy-related morbidity,
including anemia.’®

Perinatal Outcome

Perinatal outcome is directly related to placental malaria.
Malaria is associated with an increase in spontaneous
abortions, stillbirths, preterm delivery, and intrauterine
growth restriction, particularly in areas where malaria is
acquired by nonimmune women.*?"*?**® Reported rates of
fetal loss range from 9% to 50%.>*° The uteroplacental vascular
space is thought to be a relatively protected site for parasite
sequestration and replication.’”*** Placental malaria is
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Table 2-8 Countries Reporting Chloroquine-Resistant Malaria

Sub-Saharan Africa

Angola Liberia
Benin Madagascar
Botswana Malawi
Burkina Faso Mali
Burundi Mauritania
Cameroon Mozambique
Central African Republic Namibia
Chad Niger
Congo Nigeria
Congo, Democratic Republic Rwanda
Céte d'lvoire Senegal
Eritrea Sierra Leone
Ethiopia Somalia
Gabon South Africa
The Gambia Tanzania
Ghana Togo
Guinea Uganda
Guinea-Bissau Zambia
Kenya Zimbabwe

Middle East and North Africa

Iran Sudan
Oman Yemen
Central Asia

Afghanistan

East/South Asia and Pacific

Bangladesh Nepal
Cambodia® Pakistan
China Papua New Guinea
India Philippines
Indonesia Sri Lanka
Lao Rep. Thailand?®
Malaysia Viet Nam
Myanmar?

Americas

Bolivia Panama
Brazil® Paraguay
Colombia Peru
Ecuador Venezuela

aPlasmodium falciparum has widespread resistance to more than one drug.
Data from World Health Organization. International Trave! and Health—Vaccination Requirements and Health Advice. Geneva, World Health
Organization, 1997; and from The Progress of Nations 1997. New York, UNICEF, 1997.

characterized by the presence of parasites and leukocytes in
the intervillous space, pigment within macrophages, prolif-
eration of cytotrophoblasts, and thickening of the tropho-
blastic basement membrane.’”® Placental infection may alter
the function of the placenta, reducing oxygen and nutrient
transport and resulting in intrauterine growth retardation,
and may allow the passage of infected red blood cells to the
fetus, resulting in congenital infection. In primigravidas living
in endemic areas, placental malaria occurs in 16% to 63% of
women, whereas in multigravidas, the prevalence is much
lower at 12% to 33%.%'*%%

The most profound effect of placental malaria is the
reduction of birth weight.”?"****! Both P. falciparum and
P. vivax infection during pregnancy are associated with a
reduction in birth weight.*® Steketee and associates™ have
estimated that in highly endemic settings, placental malaria
may account for approximately 13% of cases of low birth
weight secondary to intrauterine growth retardation. In
Africa, malaria is thought to be an important contributor to
low birth weight in the almost 3.5 million LBW infants born
annually.>® Of importance, malaria is one of the few pre-
ventable causes of low birth weight. Because low birth weight
is a major determinant of neonatal and infant mortality in
developing countries, malaria may indirectly increase
mortality by increasing low birth weight.>> An important
benefit of malaria prevention programs will be a reduction
of low birth weight and low birth weight—associated infant
mortality.>**

Congenital Malaria

Transplacental infection of the fetus also may occur. It is
relatively rare in populations with prior immunity (0.1% to
1.5%)*" but more common in nonimmune mothers. It is
thought that the low rate of fetal infection concomitant with
a high incidence of placental infection is due in part to
. L Jiac 335336
protection from transplacental maternal antibodies.

The clinical characteristics of neonates with congenital
malaria (i.e., malaria parasitemia on peripheral blood smear)
include fever, respiratory distress, pallor, anemia, hepatomegaly,
jaundice, and diarrhea. There is a high mortality rate with
congenital infection.””” The global burden of disease related
to congenital malaria is unknown.

Prevention and Treatment of Malaria

Pregnant women living in malaria-endemic areas need
access to services that can provide prompt, safe, and effective
treatment for malaria. Chloroquine, the safest, cheapest,
most widely available antimalarial drug, has been the agent
of choice for the prevention and treatment of malaria in
pregnancy.”*® However, in all areas where P. falciparum is
prevalent, the parasite is at least partially resistant to
chloroquine (Table 2-8).%'® There are a limited number of
safe and effective antimalarjals available for use in preg-
nancy. For a drug to be considered safe, it must be safe for
the mother, safe for the fetus, and ideally also safe for the
breast-feeding infant.” New drug development has been
impeded by the fact that pregnant women have been
excluded from drug development programs because of the
justified fear of risks to the fetus.**

A 2002 systematic review of prevention versus therapy
in pregnant women examined studies on the effectiveness
of prompt therapy for malaria infection, prophylaxis with
antimalarial drugs to prevent infection, and reduced
exposure to mosquito-borne infection by using insecticide-
treated bednets.”® Chemoprophylaxis is associated
with reduced maternal disease, including anemia and
placental infection. One study found that the incidence of
placental malaria is reduced by prophylaxis, even when
chloroquine is used in areas with chloroquine-resistant
malaria.**? In addition, prophylaxis has been found to have
a positive effect on birth weight and risk of preterm
delivery.”®
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Table 2-9 Estimated Global Burden of Disease—Major Neonatal Infections

Estimated Case-Fatality

Infection Estimated No. of Cases Rate (%) Estimated No. of Deaths
Neonatal sepsis 800,000 40 320,000
Neonatal meningitis 130,000 40 52,000
Neonatal tetanus 240,000 85 200,000
Acute respiratory infection 2,650,000 30 800,000
Diarrhea 25,000,000 0.6 150,000
Human immunodeficiency virus infection 600,000 7 »?

Total 29,420,000 1,522,000

®Data unavailable: Most HIV-related deaths occur after the neonatal period.
Data updated from Stoll Bi. The global impact of neonatal infection. Clin Perinatol 24:1997.

A major problem with both chemoprophylaxis and
prompt therapy for known or suspected infection is that it is
often difficult to deliver services to pregnant women,
especially those who live in areas remote from health centers.
Intermittent presumptive therapy involves two or three doses
of a safe and effective antimalarial given to women in malaria-
endemic areas with the presumption that they are at high
risk to be infected. Recent studies from Africa have demon-
strated that intermittent preventive treatment (IPT) can reduce
the incidence of malaria and its adverse consequences.*****
These interventions are particularly important and cost-
effective in pregnancy.***** In 2000, the WHO recommended
IPT with sulfadoxine-pyrimethamine in malaria-endemic
areas where P. falciparum is resistant to chloroquine and
sensitive to sulfadoxine-pyrimethamine.**” This drug is
effective in a single dose, is not bitter, and is relatively well
tolerated. In areas where malaria transmission is lower and
P. vivax as well as P. falciparum is a problem, finding an
appropriate drug regimen is more difficult.**®

Other Malaria Control Measures

Although the benefits of antimalarial chemoprophylaxis
have been established, poor compliance’® and increasing
drug resistance have led to trials of alternative prevention
strategies. Use of insecticide-treated bed nets has been
successful in reducing childhood morbidity and mortality in
malaria-endemic areas.”*”** The effects of bed nets on
malaria in pregnancy have been inconsistent, however. A
study in Tanzania found a significant reduction in para-
sitemia and anemia.” A study from the Thai-Myanmar
border found a significant reduction in maternal anemia,
with only a marginal effect on peripheral parasitemia®™*; a
study from The Gambia found a reduction in severe anemia
in the dry season and fewer preterm deliveries in the rainy
season,” but studies from Ghana®® and Kenya® showed
no significant impact of insecticide-impregnated bed nets
on malaria-associated morbidity in pregnant women,
including anemia and low birth weight. Given the number of
pregnant women living in malarious areas, research on
non-drug control strategies are needed for this high-risk
group. The use of social marketing has increased bed net use.
An additional benefit of bed net use is protection of the
neonate, who almost always sleeps with the mother in this
setting,’>

Studies published in 2003 have shown an association
between malaria and HIV in pregnancy with an increase in
the risk of maternal malaria and of placental malaria in
HIV-positive mothers.”***® Furthermore, co-infection with
malaria and HIV infection in pregnancy has been shown to
increase mother-to-child transmission of HIV**® and both
perinatal and early infant mortality.*

GLOBAL BURDEN OF INFECTIOUS DISEASES
AMONG NEWBORNS

Table 2-9 summarizes estimates of the global burden for the
most important neonatal infections. These estimates are
based on the review of studies presented earlier and selected
WHO and United Nations documents.>”!?2% [n summary,
of the estimated 132,787,000 children born in developing
countries each year, more than 20% (or almost 30 million
children) develop a neonatal infection and more than
1,500,000 infants die of infection in the neonatal period
each year.

DIRECT AND INDIRECT CAUSES OF
NEONATAL DEATH RELATED TO INFECTION

The immediate or direct medical causes of neonatal death
related to infection include sepsis, meningitis, omphalitis,
neonatal tetanus, pneumonia, TB, diarrhea, malaria, and
HIV infection/AIDS. There are, however, a vast array of
indirect causes for many of the infectious deaths in develop-
ing countries (Table 2-10). These contributory factors have
social as well as medical roots. Sociocultural factors include
poverty (not just of individuals but of governments as well),
illiteracy, low social status of women, lack of political power
(for women and children) and lack of will in those who have
power, gender discrimination (for both mother and neonate),
harmful traditional or cultural practices, poor hygiene, lack
of clean water and sanitation, the cultural belief that a sick
newborn is doomed to die (and is, moreover, replaceable),
the family’s inability to recognize danger signs in the new-
born, inadequate access to high-quality medical care (either
because it is unavailable or because of the lack of transport
for emergency care) or the lack of supplies or appropriate
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Table 2-10 Direct and Indirect Causes of Neonatal Death Related to Iinfections in Less Developed

Countries

Direct Causes of Death

Indirect Causes of Death

Medical Sociocultural

Sepsis Poverty

Meningitis llliteracy

Omphalitis with sepsis Low social status of women

Tetanus Lack of potential power

Pneumonia Gender discrimination (for mother and newborn)
Tuberculosis Harmful traditional practices

Diarrhea Poor hygiene

Malaria Lack of clean water and sanitation

HIV infection/AIDS

Cultural belief that a sick newborn is doomed to die

Inability to recognize danger signs in sick newborn
Poor care-seeking behavior

Inadequate access to high-quality medical care
Lack of transport for emergency care

Lack of appropriate drugs

Maternal death
Medical
Poor maternal health

Untreated maternal infections including sexually transmitted diseases, urinary tract
infection, chorioamnionitis

Failure to fully immunize mother against tetanus

Inappropriate management of labor and delivery

Unsanitary cutting and care of umbilical cord

Failure to promote early and exclusive breast-feeding (HIV dilemma noted)

Prematurity/low birth weight

AIDS, acquired immunodeficiency syndrome; HIV; human immunodeficiency virus.
Data updated from Stoll BJ. The global impact of neonatal infection. Clin Perinatol 24:1, 1997.

drugs, and maternal death.>**2%> Medical factors that may
also contribute to an infectious neonatal death include poor
maternal health, untreated maternal infections (including
STDs, urinary tract infection, and chorioamnionitis), failure
to fully immunize the mother against tetanus, inappropriate
management of labor and delivery, unsanitary cutting and
care of the umbilical cord, failure to promote early and
exclusive breast-feeding, and prematurity and/or low birth
weight 245 To promote change, families must know
enough to identify illness and must want and be able to seek
care. Health care workers (of all levels) must know what to
do and must have the resources to support needed therapy.
Moreover, better maternal care—both preventive and
curative—is preventive medicine for the newborn.

With the scientific knowledge currently available, it is
possible to address the medical causes of infectious death
and to make a significant impact on mortality. It is far harder
to address the sociocultural factors that, in some settings,
make a medical approach to preventing and treating these
diseases impossible. Coordinated activities are needed to
bring about change that is sustainable by countries on their
own, over the long haul. This will involve a multidisciplinary
approach—bringing together people with different interests,
from different backgrounds, different agencies, different
government ministries—to seek solutions to problems and
to implement change at the local level. Finally, it will involve
the global acknowledgment that this is the right thing to do
(i.e., a moral imperative) and, therefore, the long-term
commitment of substantial funding to help provide needed
services to poor countries. The challenge for the next decade
is to link science and medicine with social solutions through

a global commitment to long-term, long-lasting change so
that improvements in both maternal and newborn health
can be achieved and sustained.

STRATEGIES TO LIMIT INFECTION IN
THE NEONATE AND TO REDUCE
INFECTION-ASSOCIATED MORTALITY

Strategies to prevent or reduce neonatal infections, and to
reduce morbidity and mortality in those newborns in whom
infection develops, involve putting into practice what is known
and inventing creative ways to make these interventions
workable in a developing country context. Use of simple,
cost-effective technologies that are potentially available at
the village or district hospital level could have a major impact
in reducing morbidity and mortality related to neonatal
infection. Moreover, public health, medical, and social inter-
ventions all have a role to play in reducing the global burden
of neonatal infection. Several potential interventions are
reviewed here (Table 2-11).

Maternal Immunization to Prevent
Neonatal Disease

There is growing interest in the possibility of using maternal
immunization to protect neonates and very young infants
from infection through passively acquired transplacental or
breast milk antibodies, or both.*****’ Immunization of preg-
nant women with tetanus toxoid has dramatically reduced
cases of neonatal tetanus and is the classic example of maternal
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Table 2-11
in Developing Countries

Interventions to Reduce Neonatal Infections or to Reduce Infection-Associated Mortality

Antenatal Care
Tetanus immunization

Maternal immunization with new vaccines in the future (e.g., group B streptococci, Haemophilus influenzae type b, pneumococcus)
Primary prevention of sexually transmitted disease, including HIV infection, through maternal education and safer sex using

condoms

Diagnosis and treatment of sexually transmitted diseases, urinary tract infection, malaria, tuberculosis, other infections

Plan clean and safe delivery

Intrapartum/Delivery Care
Prevent prolonged labor

Optimal management of complications, including fever, premature rupture of membranes, puerperal sepsis

Clean delivery
Clean cutting of umbilical cord/optimal cord care

Breast-feeding

Promote early and exclusive breast-feeding (HIV dilemma noted)

Gender Issues

Promote gender equality
Encourage education of girls

Interventions to Decrease Low Birth Weight and/or Prematurity

Delay childbearing in young adolescents
Promote maternal education

Improve maternal nutrition: caloric supplementation before and during pregnancy

Reduce tobacco use

Diagnose and treat sexually transmitted diseases
Malaria prophylaxis and treatment

Limit maternal work load during pregnancy
Maternal support to decrease stress/anxiety

Community-Based Interventions

Train birth attendants to identify problems in the newborn, treat simple problems, refer newborns with serious iliness

Promote and support breast-feeding (HIV dilemma noted)

Maternal education regarding personal and domestic hygiene, newborn care, childhood immunization

Home-based diagnosis and treatment of newborn infections

Early Identification and improved Treatment of Neonates with Infection

Integrated approach to the sick young infant (WHO/UNICEF)

Improve newborn care at all levels: home, village, health center, district hospital, referral hospital

Neonatal iImmunization

Bacillus Calmette-Guérin, hepatitis B, other new vaccines (e.g., rotavirus)

HIV, human immunodeficiency virus; UNICEF, United Nations Children’s Fund; WHO, World Health Organization.
Data updated from Stoll BJ. The global impact of neonatal infection. Clin Perinatol 24:1, 1997,

immunization and subsequent passive immunization to
protect the newborn. Because most IgG antibody is trans-
ported across the placenta in the last 4 to 6 weeks of preg-
nancy, maternal immunization to prevent neonatal disease
through transplacental antibodies is most promising for
term newborns, who will have adequate antibody levels at
birth. By contrast, this strategy will be less successful for
preterm infants because of insufficient passage of maternal
antibodies. Boosting breast milk antibodies by immunizing
the mother is a potential strategy for reducing infection in
both term and preterm infants. Vaccines being currently
developed or field tested to reduce or prevent neonatal
infection by passive immunization include vaccines against
GBS, S. pneumoniae, and Haemophilus influenzae.”®®*
Because most neonatal GBS disease—especially the most
severe—occurs in the first hours of life, maternal immuniz-
ation to provide passive protection to the neonate is a
potentially important strategy. A problem with GBS vaccines
has been poor immunogenicity. Studies performed in the
last decade have focused on the immunogenicity of
polysaccharide-protein conjugate vaccines and suggest that

conjugate vaccines may be highly effective in pregnant
women.”® Published data suggest that candidate GBS
polysaccharide—tetanus toxoid conjugates are safe in adults
and elicit antibody levels above what is likely to be passively
protective for neonates.”’®””! Multivalent vaccines, which
could provide protection against multiple GBS serotypes, are
particularly promising.””?

Pneumococcal polysaccharide vaccines have been
administered safely to pregnant women.”>*”* One study
from Bangladesh reported that pneumococcal vaccination
during pregnancy increased type-specific IgG serum anti-
body in both mother and infant.””” Cord blood levels of
antibody were about half those of the mother, with IgGl
subclass antibodies preferentially transferred to the infant.
The estimated antibody half-life in the infant was 35 days.
Immunization increased breast milk antibody as well. How-
ever, in a study of the 23-valent pneumococcal vaccine given
to women before pregnancy, neither mothers nor infants
had significantly elevated pneumococcus-specific antibody
at delivery.’” If passive immunization does not interfere
with active immunization of young infants, vaccination of



pregnant women could potentially be used to prevent
pneumococcal disease in early infancy. The recent finding
from the WHO Young Infant Study that S. pneumoniae is an
important cause of sepsis and meningitis in young infants'®!
supports the continued investigation of maternal immuniz-
ation with pneumococcal vaccines as a prevention strategy
for developing countries.

In developed countries, invasive disease resulting from
H. influenzae type b (HIB) has been almost completely
eliminated by the use of HIB conjugate vaccines.*”® However,
in many parts of the world, HIB remains an important cause
of life-threatening infections in infancy, particularly
pneumonia and meningitis. Although HIB infection is rare
in the neonatal period, approximately 40% of cases of HIB
disease in developing countries occur in infants younger
than 6 months of age.”’*’® Both neonatal and maternal
immunization strategies are being explored to target popu-
lations in which HIB infections occur in young infants.**"=76*”7
A study from The Gambia’’® showed that maternal
immunization with HIB polysaccharide—tetanus protein
conjugate vaccine increased both maternal and neonatal
antibody concentrations. At 2 months of age, 60% of infants
of vaccinated mothers had antibody concentrations con-
sidered to be protective. Similar results were found in a study
of native American women immunized with HIB conjugate
vaccines before pregnancy. Significant antibody elevations
were detected at birth in infants born to these women.””’

Additional studies of the safety, efficacy, and effectiveness
of immunizing pregnant women with specific vaccines are
needed. They must address issues of safety to the mother,
fetus, and young infant. Furthermore, they must assess
protection against specific diseases (e.g., sepsis, pneumonia,
meningitis) as well as protection against all causes of
neonatal and infant mortality. The subsequent response of
the infant to active immunization also must be evaluated, to
ensure that passive immunization does not interfere with the
infant’s ability to mount an immune response. Therefore, in
developing countries, studies must be carried out in settings
in which it is possible to maintain surveillance throughout
infancy.

Neonatal Immunization

Protection of young infants against vaccine-preventable
diseases requires vaccines that are immunogenic in early
life.*®! A number of vaccines are currently given to newborns
or young infants: bacillus Calmette-Guérin (BCG), hepatitis B,
polio, diphtheria, tetanus, pertussis, and HIB. The BCG
vaccine, developed early in this century, is a live attenuated
strain of Mycobacterium bovis. The WHO promotes the use
of BCG in newborns to prevent TB, and this vaccine is
widely used in developing countries in which TB is a common
and potentially lethal disease. Although approximately
3 billion doses have been given, the efficacy of this vaccine is
still debated. Vaccine efficacy in many prospective trials and
case-control studies of vaccine use at all ages ranges from
possibly harmful to 90% protective.’® One meta-analysis of
BCG studies in newborns and infants concluded that the
vaccine was effective and reduced infection in children by
more than 50%.’* BCG reduced the risk of pulmonary TB,
TB meningitis, disseminated TB, and death from TB. Factors
that may explain the variability of responses to BCG vacci-
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nation in different studies and populations include use of a
wide variety of vaccine preparations, regional differences in
environmental flora that may alter vaccine response, and
population differences.”” The safety of BCG in immuno-
compromised patients (e.g., those with HIV infection) is
unclear.

Hepatitis B vaccination of newborns has proved that
neonatal immunization can prevent neonatal infections and
their sequelae.® Studies from both developed and developing
countries have shown that hepatitis B vaccine administered
in the immediate newborn period can significantly reduce
the rate of neonatal infection and the development of a
chronic hepatitis B surface antigen (HB,Ag) carrier state.’®
The efficacy of vaccine alone (without hepatitis B immune
globulin [H-BIG]) has allowed developing countries that
cannot screen pregnant women and do not have H-BIG to
make a major impact in reducing the infection of newborns.
Recently, the WHO recommended that all countries add
hepatitis B vaccine to their routine childhood immunization
programs.®® In addition, studies of neonatal immunization
with polio vaccine, HIB conjugate vaccines, and pneumococcal
conjugate vaccines suggest some protection with neonatal
vaccination that might reduce but not eliminate disease.**’

Rotavirus diarrhea is a major killer of young infants in
developing countries, causing approximately 800,000 child-
hood deaths per year. The development of a live oral quad-
rivalent rhesus rotavirus vaccine, which has been shown to
be highly effective in young infants, particularly at preventing
severe disease, is exciting and potentially very important.**’
Additional studies in developing countries are needed before
rotavirus vaccines can be added to routine childhood vacci-
nation programs. The quadrivalent rhesus rotavirus vaccine,
highly effective in preventing severe disease in Venezuelan
children,®® has never been tested in African or Asian
children. Factors that might influence efficacy in developing
countries include younger age at infection, potentially larger
viral inoculum, presence of different or unusual strains of
rotavirus, and poorer nutritional status.”®” Unlike children in
developed countries, those in developing countries experi-
ence most severe episodes of rotavirus diarrhea in the first
year of life. Vaccines will need to be delivered early—perhaps
at birth. Further studies on the safety and efficacy of rota-
virus vaccine in neonates are needed.”***’

With the global problem of increasing antibiotic resistance,
maternal and neonatal immunization have become even
more important strategies to pursue. In developing countries,
issues of vaccine cost, availability, and efficacy in the field are
particularly pressing and are major barriers to the use of
vaccines that are known to be safe and effective in developed
countries. Efforts to reduce vaccine cost by studying lower
doses of vaccine and use of single-dose vials for multiple-
dose use are promising.*®® Ultimately, the reduction of vaccine
cost is in the hands of vaccine manufacturers.

Antenatal Care and Prevention of
Neonatal Infection

The care and general well-being of the mother are
inextricably linked to the health of her newborn. Antenatal
care can play an important role in the prevention or
reduction of neonatal infections.” Both preventive and
curative interventions directed toward the mother can have
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beneficial effects on the fetus or newborn or both. Tetanus
immunization of the pregnant woman is an essential
component of any developing country’s antenatal care
program and, as discussed earlier, will prevent neonatal
tetanus.’*>*! The diagnosis and treatment of STDs—
especially syphilis, gonorrhea, and chlamydial infection—can
have a significant impact on neonatal morbidity and
mortality.”®'® In areas of the world in which syphilis is
endemic, congenital syphilis may be a major cause of neo-
natal morbidity and mortality.’> Antenatal treatment of
gonorrhea and chlamydial infection can prevent neonatal
infection with these agents—ophthalmia neonatorum (for
gonorrhea and chlamydial infection), disseminated gonorrhea,
and neonatal respiratory disease (for chlamydial infection).'#-'
Moreover, STDs and maternal urinary tract infection increase
the mother’s risk of puerperal sepsis, with its associated
increased risk of neonatal sepsis. In malaria-endemic areas,
treatment of maternal malaria can have an impact on new-
born health, particularly through a reduction in the incidence
of low birth weight.*’

Antenatal care also is an important setting for maternal
education regarding danger signs during pregnancy, labor,
and delivery—especially maternal fever, prolonged or pre-
mature rupture of the membranes, and prolonged labor—
and danger signs to watch for in the newborn. Moreover, it
is the time and place for the mother to plan where and by
whom she will be delivered and for the health care worker to
stress the importance of a clean delivery, preferably with a
trained skilled birth attendant.

Intrapartum and Delivery Care and Prevention
of Neonatal Infection

It is universally recognized that poor aseptic techniques
during labor and delivery, including performing procedures
with unclean hands and unclean instruments and unhygienic
cutting of the umbilical cord, are major risk factors for both
maternal and neonatal infections.”™ It is essential to promote
safe and hygienic practices at every level of the health care
system where women deliver (i.e., home, health center, district
or referral hospital). Proper management of labor and
delivery can have a significant impact on the prevention of
neonatal infection. It is important to emphasize the need for
clean hands, clean perineum, clean delivery surface, clean
instruments, clean cord care, use of an appropriate clean
delivery kit, avoidance of harmful traditional practices,
prevention of unnecessary vaginal examinations, prevention
of prolonged labor, and optimal management of pregnancy
complications including prolonged rupture of the mem-
branes, maternal fever, and chorioamnionitis/puerperal
sepsis.’

If the mother does develop a puerperal infection, the
newborn requires special attention and should be treated for
presumed sepsis.”®® Prolonged rupture of the membranes,
maternal fever during labor, and chorioamnionitis are
particular risk factors for early-onset neonatal sepsis and
pneumonia in both developed and developing countries.***%
Ideally, high-risk infants who are born at home should be
referred to the nearest health care facility for observation
and antibiotic therapy. In practice, this may be either
impossible or unacceptable to the family, and ways to deliver
care to the mother and the newborn in the home must be

developed and evaluated. The traditional birth attendant or
other health care worker who attends the birth has a critical
role to play in the early health of the newborn.

Breast-Feeding

The promotion of early and exclusive breast-feeding is one
of the most important interventions for the maintenance of
newborn health and the promotion of optimal growth and
development.” Breast-feeding is especially important in
developing countries, where safe alternatives to breast milk
are often unavailable or too expensive. Moreover, poor hygiene
and a lack of clean water and clean feeding utensils make
artificial formula an important vehicle for the transmission
of infection. Breast milk has many unique anti-infective
factors, including secretory IgA antibodies, lysozyme, and
lactoferrin. In addition, breast milk is rich in receptor
analogues for certain epithelial structures that microorganisms
need for attachment to host tissues, an initial step in in-
fection.” Many studies performed in the 1980s and 1990s
have shown that breast-feeding reduces the risk of infectious
diseases, including neonatal sepsis, diarrhea, and possibly
respiratory tract infection.”®”***%2 Moreover, there is
evidence that breast-feeding protects against infection-related
neonatal and infant mortality.*0>%

The HIV epidemic has raised questions about the safety
of breast-feeding in areas in which there is a high prevalence
of HIV infection among lactating women,22>3*24147 H1v
may be transmitted through breast-feeding. A major question
for any setting is whether the benefits of breast-feeding out-
weigh the risk of postnatal transmission of HIV through
breast milk.*”” For many areas of the world, where infectious
diseases, especially diarrheal diseases, are a primary cause of
infant death, breast-feeding, even when the mother is HIV
infected, remains the safest mode of infant feeding. Countries
with high and low reported rates of exclusive breast-feeding
are listed in Table 2-12.%'¢

Table 2-12 Breast-Feeding Rates in
Developing Countries®?

Exclusive Breast-Feeding

Exclusive Breast-Feeding
Rates of 10% or Less

Rates of 50% or More

Country % Country %
Niger 1 Rwanda 90
Nigeria 2 Burundi 89
Angola 3 Ethiopia 74
Cote d’Ivoire 3 Tanzania 73
Haiti 3 Uganda 70
Central African 4 Egypt 68

Republic Eritrea 65
Thailand 4 China 64
Cameroon 7 Mauritania 60
Paraguay 7 Bangladesh 54
Maldives 8 Turkmenistan 54
Senegal 9 Bolivia 53
Dominican Repubilic 10 Iran 53
Togo 10 India 51
Trinidad/Tobago 10 Guatemala 50

3Breast-feeding in infants younger than 4 months of age.
bData from DHS MICS and other nationwide surveys, 1987-1996.
From The Progress of Nations 1997. New York, UNICEF, 1997.



Maternal Education and Socioeconomic Status

Maternal education, literacy, and overall socioeconomic status
are powerful influences on the health of both mother and
newborn.*®*!" Education of girls must be promoted and
expanded so that women of reproductive age know enough
to seek preventive services, understand the implications of
danger signs during labor and delivery and in their new-
borns, and recognize that they must obtain referral care for
obstetric or newborn complications, or both. Improvements
in education and socioeconomic status are obviously linked.
They may affect child health by allowing the mother a greater
voice in the family with greater decision-making power,
making her better informed about domestic hygiene, disease
prevention, or disease recognition, or enhancing her ability
to seek medical attention outside the home and to comply
with medical advice.

Low Birth Weight and Prematurity

Low birth weight (2500 g or less) constitutes a major public
health problem. Worldwide, approximately 90% of LBW
infants are born in developing countries.*'? Low birth weight
is caused by impaired fetal growth, shortened gestation, or a
combination of both. In developing countries, low birth
weight is caused more frequently by intrauterine growth
retardation than by prematurity.”***? Data suggest that both
preterm and LBW infants are at increased risk for infection
and infection-related mortality.*'>*** Therefore, strategies to
reduce the frequency of low birth weight and prematurity
could have a measurable impact on neonatal infection.
Potential interventions to improve intrauterine growth or to
lengthen gestation, or both, include delaying childbearing in
adolescents, improved maternal education, caloric supple-
mentation before and during pregnancy, general improvements
in nutrition, malaria prophylaxis or treatment, treatment of
STDs and other maternal infections, efforts to reduce
tobacco use, improved water and sanitation, limitation of
maternal work during pregnancy, and general improvement
in socioeconomic conditions.

Community-Based Interventions

In parts of the world in which a majority of births occur at
home, primary health care at the village level will need to put
added empbhasis on care of the newborn. The birth attendant
is responsible for observation of the newborn at and after
birth and deciding that the newborn is healthy and ready to
be “discharged” to the care of the mother. It is important to
link postpartum care of the mother with surveillance and
care of the newborn. The postpartum visit should be used to
detect and treat the sick newborn as well as to evaluate the
mother. Birth attendants need to be trained to identify
problems in the newborn, to treat simple problems (e.g.,
skin infections), and to refer those that are potentially life-
threatening (e.g., suspected sepsis). Moreover, they should
provide all new mothers with breast-feeding support and
give advice regarding personal hygiene/cleanliness and other
prevention strategies such as immunization. Improvement
in domestic hygiene should be encouraged, including
sanitary disposal of wastes, use of clean water, and hand
washing, so that the newborn enters a clean home and is less
likely to encounter pathogenic organisms. In some settings,
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families will refuse to take even a sick newborn to a hospital,
and care will need to be brought into the village or home.
Community interventions need to be designed and modified
to meet the needs of mothers and newborns in different
settings in different countries and need further evaluation.

Early Identification and Improved Treatment
of Neonates with Infection

If untreated, infections in newborns can rapidly become
severe and life-threatening. Therefore, early identification
and appropriate treatment of newborns with infection are
critical to survival. In developing countries, where access to
care may be limited, diagnosis and treatment are particularly
difficult. It is important to recognize maternal and neonatal
factors that increase risk of infection in the newborn. These
include maternal infections during pregnancy (STDs, urinary
tract infection, others), premature or prolonged rupture of
membranes, prolonged labor, fever during labor, unhygienic
obstetric practices or cord care, poor hand-washing practices,
low birth weight/prematurity, artificial feeding, and generally
unhygienic living conditions.”*

In areas without sophisticated technology and the
diagnostic help of laboratory tests and x-ray studies, treat-
ment decisions must be made on the basis of the history and
findings on physical examination. In the WHO Young Infant
Study, clinical predictors of neonatal sepsis were studied in
more than 3000 sick infants younger than 2 months of age
in Ethiopia, The Gambia, Papua New Guinea, and the
Philippines.*'® In multivariable analysis, 14 signs were
independent predictors of severe disease: reduced feeding
ability, absence of spontaneous movement, temperature
greater than 38° C, drowsiness or unconsciousness, a history
of a feeding problem or change in activity, state of agitation,
the presence of lower chest indrawing (retractions), respira-
tory rate greater than 60, grunting, cyanosis, a history of
convulsions, a bulging fontanel, and slow digital capillary
refill. The presence of any one of these signs had a sensitivity
for severe disease (sepsis, meningitis, hypoxemia, or radio-
logically proven pneumonia) of 87% and a specificity of 54%.

Mothers, birth attendants, and other health care workers
and family members must be educated so that they can
identify danger signs in the newborn and understand that
prompt and appropriate therapy may make the difference
between life and death. The positive deviance (PD) approach
involves investigating children (in this case newborns) with
healthy outcomes despite adverse conditions, identifying
model practices among successful families, and designing an
intervention to transfer these behaviors to other mothers
and families. Save the Children has studied the PD approach
in newborns in Pakistan. In-depth interviews were conducted
to identify common behaviors among parents of surviving
asphyxiated newborns, thriving LBW babies, surviving new-
borns who demonstrated danger signs, and normal newborns.
PD families had better maternal care, better routine and
special newborn care, and better care-seeking behavior.*” A
study from Sri Lanka, a developing country with relatively
low neonatal and infant mortality rates, identified a high
level of care-seeking behavior among mothers, particularly
for illnesses with acute, high-risk danger signs.*!®

An integrated approach to the sick child, including the
young infant, has been developed by the WHO and
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UNICEE*" This strategy promotes prompt recognition of
disease, appropriate therapy using standardized case manage-
ment, referral of serious cases, and prevention through
improved nutrition (breast-feeding of the neonate), and
immunization. This approach stresses diagnosis using simple
clinical signs that can be taught to health care workers at all
levels. The health care worker assesses the child by questioning
the mother and examining the child, classifies the illness as
serious or not, and determines if the infant needs urgent
treatment and referral, specific treatment and advice, or only
simple advice and home management. Importance of breast-
feeding is stressed, and follow-up instructions are given. All
young infants are checked for specific danger signs that
equate with need for emergency care and urgent referral.
Because the signs of serious bacterial infection in the new-
born are not easily recognized, every young infant with danger
signs is given treatment for a possible bacterial infection. All
newborns with suspected severe infection receive antibiotics
as soon as possible and are then referred for hospitalization.
In situations where referral is impossible or unacceptable to
the family, community-based interventions must be designed,
implemented, and evaluated.

CONCLUSION

The 1996 World Health Report*® highlights the global
importance of infectious diseases, especially among young
children, and stresses the impact of new or emerging diseases.
Neonatal infections are old diseases. Furthermore, each
infection-related death should be considered a potentially
preventable death. What is needed is a new recognition that
they are important causes of morbidity and mortality and
that simple interventions are available that can have a
significant impact on reducing the incidence of both
infection and death related to infection in developing
countries.
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Early-onset neonatal infection often has its origin in utero.
Thus, risk factors for neonatal sepsis include prematurity,
premature rupture of the membranes (PROM), and maternal
fever during labor (which may be caused by clinical intra-
amniotic infection). This chapter focuses on these major
obstetric conditions. Included in addition to these three
“classic” topics is a discussion of new information indicating
that intrauterine exposure to bacteria is linked to major neo-
natal sequelae, including cerebral palsy, bronchopulmonary
dysplasia (BPD), and respiratory distress syndrome (RDS).

INTRA-AMNIOTIC INFECTION

Clinically evident intrauterine infection during the latter

half of pregnancy develops in 1% to 10% of pregnant women

and leads to increased maternal morbidity as well as perinatal
mortality and morbidity. In general, the diagnosis is clinically
based on the presence of fever and other signs and symptoms,
such as maternal or fetal tachycardia, uterine tenderness,
foul odor of the amniotic fluid, and maternal leukocytosis.
Although not invariably present, rupture of the membranes
or labor also occurs in most cases. Some prospective reports
have noted higher rates (4.2% to 10.5%)" than in older
retrospective studies (1% to 2%).* A number of terms have
been applied to this infection, including chorioamnionitis,
intrapartum infection, amniotic fluid infection, and intra-
amniotic infection (IAl). We use the last designation to dis-
tinguish this clinical syndrome from bacterial colonization
of amniotic fluid (also referred to as “microbial invasion of
the amniotic cavity”) and from histologic inflammation of
the placenta (i.e., histologic chorioamnionitis).

Pathogenesis

Before labor and membrane rupture, amniotic fluid is nearly
always sterile. With the onset of labor or with membrane
rupture, bacteria from the lower genital tract usually enter
the amniotic cavity. This ascending route is the most
common pathway for development of IAL* In 1988, Romero
and co-workers described four stages of ascending intra-
uterine infection (Fig. 3-1). Shifts in vaginal or cervical flora
and the presence of pathologic bacteria in the cervix represent
stage 1. Bacterial vaginosis may also be classified as stage I.
In stage II, bacteria ascend from the vagina/cervix into
the decidua, the specialized endometrium of pregnancy. The
inflammatory response here allows organisms to invade the
amnion and chorion leading to chorioamnionitis. In stage
II1, bacteria invade chorionic vessels (choriovasculitis) and
migrate through to the amnion into the amniotic cavity to
cause Al Once in the amniotic cavity, bacteria may gain
access to the fetus through several potential mechanisms,
culminating in stage IV; fetal bacteremia, sepsis, and
pneumonia may result.’

Occasional instances of documented IAl in the absence of
rupture of membranes or labor support a presumed hema-
togenous or transplacental route of infection. Fulminant [AI
without labor and without rupture of membranes may be
caused by Listeria monocytogenes.*'® Maternal sepsis due to
this organism often manifests as maternal flulike illness and
may result in death of the fetus. In an outbreak caused by
“Mexican-style” cheese contaminated with Listeria, several
maternal deaths occurred.!' Other virulent organisms, such
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Figure 3-1 The stages of ascending infection. (From Romero R,
Mazor M. Infection and preterm labor: pathways for intrauterine
infections. Clin Obstet Gynecol 31:558, 1988.)

as group A streptococci, also have been the cause of trans-
placental infection.'? IAI may develop less commonly as a
consequence of obstetric procedures such as cervical cerclage,
diagnostic amniocentesis, cordocentesis (percutaneous
umbilical cord blood sampling), or intrauterine transfusion.
The absolute risk is small with all of these procedures: Al
develops in 2% to 8% of patients after cerclage,” ¢ in less
than 1% of patients after amniocentesis,'”” and in 5% of
patients after intrauterine transfusion."® Higher risks are
encountered, however, when cerclage is performed when the
cervix is dilated and effaced.

Two large studies of risk factors for IAl identified charac-
teristics of labor as the major risk factors by logistic regression
analysis. These features included low parity, increased
number of vaginal examinations in labor, as well as increased
duration of labor, membrane rupture, and internal fetal
monitoring,>* More recently, risk factors for IAI have been
stratified for term versus preterm pregnancies.'” For patients
at term with IA], the study investigators observed, by logistic
regression analysis, that the independent risk factors were
membrane rupture for longer than 12 hours (odds ratio
[OR] 5.81), internal fetal monitoring (OR 2.01), and more
than four vaginal examinations in labor (OR 3.07). For
preterm pregnancies, these three risk factors were again
identified as being independently associated with IAI, but
with differing ORs. Specifically, in the preterm pregnancies,
membrane rupture for longer than 12 hours was associated

with an OR of 2.49; for internal fetal monitoring, the OR was
1.42; and for more than four examinations, the OR was 1.59.
One interpretation of these data regarding risk factors
among preterm pregnancies is that there was some other risk
factor not detected in this survey. Additionally, meconium
staining of the amniotic fluid has been associated with an
increased risk of chorioamnionitis (4.3% versus 2.1%).2°
Prior spontaneous and elective abortion (at less than 20
weeks) in the immediately preceding pregnancy has also
been associated with development of IAI in the subsequent
pregnancy (OR 4.3 and 4.0, respectively).?!

In 1996, a multivariable analysis demonstrated quanti-
tatively the importance of chorioamnionitis in neonatal
sepsis.”? The OR for neonatal sepsis accompanying clinical
chorioamnionitis was 25, whereas for preterm delivery,
membrane rupture for longer than 12 hours, endometritis,
and group B streptococcal colonization, the ORs all were less
than 5. Epidural anesthesia has been associated with fever in
labor (independent of infection).” This knowledge must be
considered in determining the etiology of fever in a patient
who has an epidural anesthetic in place.

Although Naeye had reported an association between
recent coitus and development of chorioamnionitis defined
by histologic study,** further analysis of the same population
refuted this association.” Other studies have not demon-
strated any relationship between coitus and PROM, premature
birth, or perinatal death.?

Microbiology

The cause of Al is often polymicrobial. Gibbs and colleagues
reported a microbiologic case-control study of amniotic
fluid from 52 patients with clinical IAL? The following
organisms were found in the amniotic fluid from patients
with 1AL Bacteroides species, 25%; group B streptococci,
12%; other aerobic streptococci, 13%; Escherichia coli, 10%;
other aerobic gram-negative rods, 10%; Clostridium species,
9%; Peptococcus species, 7%; and Fusobacterium species, 6%.
The mean number of bacterial isolates in patients with IAI
was 2.2. For the 52 patients with clinical IAI, aerobes and
anaerobes were isolated from 48%; aerobes only from 38%;
anaerobes alone from 8%; and no aerobes or anaerobes from
6%. Cultures of amniotic fluid from patients with IAI were
more likely to have more than 10? colony-forming units (CFUs)
of any isolate per milliliter, any number of high-virulence
isolates, and more than 10> CFUs/mL of high-virulence
isolates. Only 8% of these cultures from control patients had
10? CFUs/mL or more of high-virulence isolates. The isolation
rate of low-virulence organisms, such as lactobacilli, diph-
theroids, and Staphylococcus epidermidis, was similar in both
the IAI and the control groups. In smaller studies, a similar
spectrum of organisms was reported.'**® Neisseria gonorrhoeae
was not isolated in any of these studies, but it appears to be
an infrequent cause of amnionitis.”"°

A role for genital mycoplasmas has been suggested by case
reports describing their isolation from amniotic fluid of
clinically infected patients and by epidemiologic studies
showing an association between the isolation of Mycoplasma
hominis or Ureaplasma and placental inflammation.*"*
Unfortunately, these latter studies did not demonstrate
correlation of isolation of genital mycoplasmas with clinical
infection in the mother or neonate. In a controlled study of
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IAI Blanco and co-workers reported that 35% of cultures of
amniotic fluid from patients with Al yielded M. hominis,
whereas only 8% of matched control cultures showed
M. hominis (P < .001).*® Ureaplasma urealyticum was
isolated from amniotic fluid from 50% of the infected and
uninfected patients. In a subsequent study, Gibbs and col-
leagues found M. hominis in the blood of 2% of women with
IAI and reported a serologic response in 85% of women with
IAI who also had M. hominis in the amniotic fluid.>* This
rate of serologic response was significantly higher than that
in asymptomatic control women or in infected women with-
out M. hominis in the amniotic fluid (P < .001).3* Cultures
of blood and serologic results did not clarify the role of
U. urealyticum. Thus, the pathogenic potential of M. hominis
is high in IAI, but the pathogenic status of U. urealyticum is
unclear in this infection.

Data related to the role of Chlamydia trachomatis in
infections of amniotic fluid are in conflict. Martin and co-
workers prospectively studied perinatal mortality in women
whose pregnancies were complicated by antepartum maternal
chlamydial infections.” Two of the six fetal deaths in the
Chlamydia-positive group were associated with chorio-
amnionitis compared with one of eight in the control group.
Wager and colleagues showed that the rate of occurrence of
intrapartum fever was higher in patients with antepartum
C. trachomatis infection (9%) than in patients without
C. trachomatis isolated from the cervix (1%).>® The data are
interesting but must be interpreted with caution because of
the limited number of patients and because the control
group may not have been sufficiently similar to the infected
group. Furthermore, C. trachomatis has not been isolated
from amniotic cells or placental membranes of patients with
IAL** In a preliminary study, no difference was found in
the rate of serologic response to C. trachomatis in women
with IAI compared with that in asymptomatic women.”

In a large prospective study, Sperling and colleagues
reported amniotic fluid culture results from 408 cases of IAIL

The most commonly isolated organisms were U. urealyticum
(47%), M. hominis (31%), Prevotella bivia (29%), Gardnerella
vaginalis (24%), group B streptococci (15%), anaerobic
streptococci (9%), E. coli (8%), Fusobacterium species (6%),
enterococci (5%), and other aerobic gram-negative rods
(5%).* A summary of representative data for five micro-
biologic studies is given in Table 3-1. Because of differences
among these studies in microbiologic and collection
techniques and in reporting format for isolates, Table 3-2 is
meant to show broad, overall results.

Evidence has shown that maternal bacterial vaginosis is
causally linked to IAL*' The evidence may be categorized as
follows: (1) the microorganisms in bacterial vaginosis and in
chorioamnionitis are similar; (2) bacterial vaginosis is

Table 3-1 Microbes Isolated in Amniotic Fluid
from Cases of Intra-amniotic
Infection: A Summary of Studies

Representative %

Microbe Isolated

Genital Mycoplasmas

Ureaplasma urealyticum 47-50

Mycoplasma hominis 31-35

Anaerobes

Prevotella bivia 11-29

Peptostreptococcus 7-33

Fusobacterium species 6-7

Aerobes

Group B streptococci 12-19

Enterococci 5-11

Escherichia coli 8-12, 55

Other aerobic gram-negative rods 5-10

Gardnerella vaginalis 24

Data from references 13, 27, 28, 33, and 40. See text.

Table 3-2 Comparative Studies of Intrapartum versus Postpartum Maternal Antibiotic Therapy in

Treatment of Intra-amniotic Infection

Author, Year Design/Setting

No. of Patients

Maternal Intrapartum
Antibiotic Regimen

Benefits of Intrapartum
Treatment

Sperling et al,”® 1987  Retrospective/pubic teaching 257

hospital in San Antonio,

Texas

Gilstrap et al,”> 1988 Retrospective/public 273
teaching hospital in Dallas,
Texas

Gibbs et al,”* 1988 Randomized dlinical trial/ 45

same as Sperling (1987)

NNS reduced from 19.6%
in postpartum treatment
group to 2.8% in
intrapartum treatment
group (P =.001)

NNS reduced from 5.7% in
postpartum treatment
group to 1.5% in
intrapartum treatment
group (P = .06); group B
streptococcal bacteremia
reduced from 5.7% to
0% (P = .004)

NNS reduced from 21% to
0%; maternal morbidity
also decreased (P = .05)

Penicillin G plus
gentamicin IV

Varied?®

Ampicillin plus
gentamicin IV

*Antibiotic regimens noted as 47% received ampicillin or penicillin in combination with gentamicin and clindamycin; 22%, ampicillin or

penicillin with gentamicin; 20%, cefoxitin; and 11%, other antibiotics.

IV, intravenously; NNS, neonatal sepsis confirmed by blood culture.
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associated with the isolation of organisms in the chorio-
amnion; and (3) bacterial vaginosis is associated with
development of clinical chorioamnionitis in selected
populations.*>** It has been demonstrated that treatment of
bacterial vaginosis in high risk populations prenatally
decreases the risk of chorioamnionitis and other pregnancy
outcomes.”” However, in the large Maternal Fetal Medicine
Units Network trial, screening and treatment did not lead to
benefit either in the overall patient population or in the
secondary analysis of women with prior preterm birth.*
Subsequently, an American College of Obstetricians and
Gynecologists (ACOG) Practice Bulletin on assessment of
risk factors for preterm birth advocated that screening and
treating of either high- or low-risk women would not be
expected to reduce the overall rate of preterm birth.*’ How-
ever, in select populations of high-risk women such as those
with prior preterm birth and bacterial vaginosis early in
pregnancy, we still recommend treatment of those women.

Amniotic fluid cultures from cases of intra-amniotic
infection accompanying a low-birth-weight infant are more
likely to contain the anaerobic organism Fusobacterium
(21.6% versus only 3.8% in non-low-birth-weight cases,
P < .001) and P, bivia (46% versus 28%, P = .035). There
were no significant differences, however, in the isolation
rates of group B streptococci, E. coli, other aerobes, or genital
mycoplasmas between cases from low-birth-weight and
non-low-birth-weight infants.*

Bloodstream isolates from newborns in 408 cases of 1Al
were reported as follows: E. coli, 5 cases; group B streptococci,
4 cases; Staphylococcus aureus, 2 cases; enterococci, 2 cases;
other streptococci, 3 cases; and 1 case each for Enterobacter
species, Haemophilus influenzae, Haemophilus parainfluenzae,
and microaerophilic streptococci.*® Thus, of 20 isolates,
group B streptococci and E. coli accounted for 45% of isolates,
even though these organisms were present in the amniotic
fluid of just 20% of cases.

The role of viruses in causing IAI is less well delineated.
Yankowitz and associates evaluated fluid from 77 mid-
trimester genetic amniocentesis by polymerase chain reaction
(PCR) assay for the presence of adenovirus, enterovirus,
respiratory syncytial virus (RSV), Epstein-Barr virus (EBV),
parvovirus, cytomegalovirus (CMV), and herpes simplex
virus (HSV). Six samples were positive (three adenovirus,
one parvovirus, one CMV, and one enterovirus), and two
resulted in pregnancy loss, one at 21 weeks (adenovirus) and
one at 26 weeks (CMV).>

Diagnosis

Diagnosis of IAI requires a high index of suspicion because
the clinical signs and symptoms may be subtle. Moreover,
usual laboratory indicators of infection, such as positive
stains for organisms or leukocytes and positive culture
results, are found more frequently than is clinically evident
infection. Microorganisms are easily grown in culture from
the amniotic fluid or chorioamniotic membranes using
standard techniques. Cassell and colleagues demonstrated
positive cultures from the chorioamniotic space twice as
frequently as from the intra-amniotic space (20% versus 9%),
lending further support to the theory that microorganisms
ascend from the vagina through the chorioamniotic space to
gain access to the amniotic cavity and then the fetus.”'

The rate of positive amniotic fluid cultures for micro-
organisms is higher with preterm PROM (32.4%) than with
preterm labor with intact membranes (12.8%).*

Rates of IAI are probably underestimated with preterm
PROM, because severe oligohydramnios may preclude
sampling success. Additionally, women in labor on hospital
admission generally are not sampled but have been shown to
have higher rates of microbial invasion of the amniotic
cavity at (39%) than those in women not in labor (25%).
When they do enter labor, the risk of microbial invasion of
the amniotic cavity is still higher at 75%.

Clinical diagnosis of IAI usually is based on maternal
fever, maternal or fetal tachycardia, uterine tenderness, foul
odor of amniotic fluid, and leukocytosis. Other causes of
fever in the parturient patient include epidural analgesia,
concurrent infection of the urinary tract or other organ
systems and perhaps dehydration, illicit drug use and other
rare conditions. The differential diagnosis of fetal tachy-
cardia consists of prematurity, medications, arrhythmias, and
hypoxia, whereas for maternal tachycardia other possible
causes are drugs, hypotension, dehydration, and anxiety as
well as intrinsic cardiac conditions, hypothyroidism, as well
as pulmonary embolism. In general, the most common
clinical and laboratory criteria for diagnosis of IAI are fever,
leukocytosis, and ruptured membranes; fetal tachycardia
and maternal tachycardia are noted in a variable percentage
of cases."** Foul-smelling amniotic fluid and uterine
tenderness, although more specific signs, occur in a minority
of the cases. Bacteremia occurs in less than 10% of cases.
Because peripheral blood leukocytosis is common during
normal labor, this result does not always indicate infection.
As a predictor of 1Al leukocytosis (white blood cell counts
greater than 12,000/mm’) had a sensitivity of 67%, specificity
of 86%, positive predictive value of 82%, and negative
predictive value of 72%.%*

Direct examination of the amniotic fluid may provide
important diagnostic information. Samples can be collected
transvaginally by aspiration of an intrauterine pressure
catheter, by needle aspiration of the forewaters, or by amnio-
centesis. Outside of research protocols, transabdominal
amniocentesis is the most common technique.

There is a significant association between detecting white
blood cells or bacteria in a stain of uncentrifuged amniotic
fluid and clinical infection.”*® In a case-control study, white
blood cells were seen on smear in 67% of cases of IAl and in
only 12% of controls (P = .001). Bacteria were seen on smear
in 81% of cases of IAI and in 29% of controls (P < .001).%
With suspected IAl, detection of bacteria or white blood
cells on a smear of uncentrifuged fluid supports the
diagnosis, but there are frequent false-positive and false-
negative results.

Several other recent tests of amniotic fluid have been
evaluated as predictors of IAL In a small case-control
study, Hoskins and co-workers found that the leukocyte
esterase test showed excellent performance (91% sensitivity,
95% specificity, and 95% positive and 91% negative
predictive values) when the clinical diagnosis of chorio-
amnionitis was used as the gold standard.** Low concen-
trations of amniotic fluid glucose (variably reported at less
than 10 to 20 mg/dL) are strongly associated with positive
amniotic fluid culture and less strongly associated with
clinical IA1.%658
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Recently, attention has been directed to proinflammatory
cytokines as markers of IAl. During the course of intra-
uterine infection, bacteria reach the decidua, stimulating a
maternal inflammatory response. Once bacteria gain access
to the amniotic cavity and the fetus, the fetal inflammatory
response can be activated.

Interleukin-6 (IL-6) is an immunostimulatory cytokine
and a key mediator of fetal host response to infection. Several
lines of investigation indicate that IL-6 may be the future
diagnostic test of choice. For example, elevated levels of IL-6
in the amniotic fluid have been a more sensitive rapid test
for the detection of microbial invasion of the amniotic cavity
than amniotic fluid glucose, amniotic fluid Gram stain, or
amniotic fluid white blood cell count. Amniotic fluid IL-6
levels have also been shown to be increased with positive
cultures of either the amniotic fluid or the amniochorion.”
Elevation of IL-6 levels in the amniotic fluid also is a very
sensitive indicator of acute histologic chorioamnionitis and
the identification of neonates at risk for significant morbidity
and mortality.** Maternal serum IL-6 levels also have been
reported to be elevated when preterm labor is associated
with intrauterine infection.®’ Finally, fetal production of
IL-6 (as determined by cordocentesis) is an independent risk
factor for the occurrence of severe neonatal morbidity,
including sepsis and pneumonia.®*®® Additional areas of
research currently include cervicovaginal production of
cytokines.

PCR, a molecular biologic technique that amplifies the
signal of small amounts of DNA, is likely to change the
future of diagnosis of IAL Several studies have evaluated
amniotic fluid samples using PCR techniques. PCR assay has
a higher sensitivity than that of culture for detection of
microorganisms in the amniotic fluid, particularly in patients
whose amniotic fluid is culture negative but other markers
indicate evidence of an inflammatory response.*>%**

Chronic Intra-amniotic Infection

Increasing evidence is accumulating to suggest that IAI also
may exist as a chronic condition. Several studies have per-
formed microbiologic studies of midtrimester genetic amnio-
centesis fluid. Risk of adverse pregnancy outcome is increased
when patients are asymptomatic but have positive results on
such studies at midtrimester amniocentesis, compared with
patients with culture-negative fluid.”® Similarly, amniotic
fluid IL-6 concentrations were found to be significantly
higher in patients experiencing a loss following midtrimester
amniocentesis than in those patients delivering at term.5*

Emerging evidence also suggests that chronic inflammation
may also be present in maternal serum. Goldenberg and
colleagues recently showed elevated granulocyte colony-
stimulating factor (G-CSF) at 24 and 28 weeks in women
subsequently delivering prematurely.”’

These data then beg the question of whether infection
could be present before conception. The documented
increased risk of recurrent preterm birth would lend
credence to this hypothesis, but studies have not yet proved
this hypothesis.”"’?

Management and Short-Term Outcome

Traditionally, the effectiveness of management has been
viewed in terms of short-term maternal and neonatal out-
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comes, including maternal sepsis, neonatal sepsis, pneumonia,
meningitis, and perinatal death. This section discusses the
management principles of these short-term outcomes.

In the past, there was debate regarding timing of anti-
biotic administration, but it has now become standard to
begin treatment during labor, as soon as possible after the
maternal diagnosis of IAl is made. Three studies, including a
randomized clinical trial, have demonstrated benefits from
intrapartum antibiotic therapy compared with immediate
postpartum treatment (see Table 3-2).”>”7° In a large, non-
randomized allocation of intrapartum versus immediate
postpartum treatment, the former treatment was associated
with a significant decrease in neonatal bacteremia (2.8%
versus 19.6%; P < .001) and a reduction in neonatal death
from sepsis (0.9% versus 4.3%; P =.07).”> Another large study
showed an overall reduction in neonatal sepsis (P = .06),
especially bacteremia due to group B streptococci (0% versus
4.7%; P = .004), with use of intrapartum treatment.”” Then,
in a randomized clinical trial, Gibbs and associates demon-
strated that intrapartum treatment provided both maternal
benefits (decreased hospital stay, lower mean temperature
post partum) and neonatal benefits (decrease in sepsis:
0% versus 21%, P = .03, and decreased hospital stay). In this
study, neonatal treatment was identical and consisted of
intravenous ampicillin and gentamicin begun within 1 to
2 hours of birth and continued for at least 72 hours. If
bacteremia or neonatal pneumonia was diagnosed, anti-
biotics were continued for 10 days.”

Pharmacokinetic studies” done during early pregnancy
show that ampicillin concentrations in maternal and fetal
sera are comparable 60 to 90 minutes after administration
(Fig. 3-2). Penicillin G levels in fetal serum are one third of
the maternal levels 120 minutes after administration.” In
addition, ampicillin has some activity against E. coli.
Accordingly, ampicillin is preferable to penicillin G for treat-
ment of IAl. When used in combination with an amino-
glycoside, ampicillin should be administered first, because it
has the broader antimicrobial spectrum. In late pregnancy,
gentamicin also crosses the placenta rapidly, but peak fetal
levels may be low, especially if maternal levels are sub-
therapeutic.”® An initial gentamicin dose of at least 1.5 to
2.0 mg/kg followed by 1.0 to 1.5mg/kg every 8 hours is
indicated because of the potential for unfavorable gentamicin
kinetics. As an alternative, a newer penicillin or cephalosporin
with excellent activity against aerobic gram-negative bacteria
might be used. However, there is little published experience
with these other antibiotics in IAl Levels of ampicillin and
aminoglycosides in amniotic fluid usually are below fetal
serum levels, and peak concentrations in amniotic fluid may
be attained only after 2 to 6 hours.”*”® The kinetics of newer
penicillin and cephamycin antibiotics have not been studied
extensively in pregnancy.

The duration of maternal treatment post partum in cases
of chorioamnionitis is debatable. One randomized trial
compared single-dose versus multidose postpartum treatment
of mothers and reported that single-dose treatment was
accompanied by a shorter time to discharge (33 hours in the
single-dose group versus 57 hours in the multidose group;
P = .001).” However, the single-dose group had a nearly
threefold increase in failure of therapy, but this did not
achieve statistical significance (11% in the single-dose treat-
ment group versus 3.7% in the multidose group; P = .27).
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Turnquist and associates also studied postpartum antibiotic
therapy given when IAI was present, but only when cesarean
section was performed. All patients received one dose of pre-
operative intravenous gentamicin and clindamycin. Patients
were then randomized to receive no further antibiotics or to
continue clindamycin plus gentamicin and had received
ampicillin intravenously every 6 hours after a diagnosis of
IAI was made. Our preference is to administer antibiotics for
24 hours or more after resolution of fever.

With regard to timing of delivery, short-term outcome is
excellent without the use of arbitrary time limits."8%#
Cesarean delivery usually is reserved for standard obstetric
indications, not for TAI itself. In nearly all cases, delivery
occurred within 8 hours after diagnosis of IAI (mean
interval was 3 to 5 hours). No critical interval from diagnosis
of amnionitis to delivery could be identified. Yet nearly in all
of these cases the pregnancy was at or near term. Rates of
cesarean section are two to three times higher among
patients with IAI than in the general population, owing to
patient selection (most cases occur in women with dystocia
already diagnosed) and a poor response to oxytocin.?*®’
There is no demonstrated advantage of the extraperitoneal
caesarean technique over the transperitoneal technique in
decreasing maternal complications of IAL*®

In the past, we used a combination of an intravenous
penicillin and intravenous gentamicin as soon as the diag-
nosis was made and cultures had been obtained."*® Several
studies have reported good results with similar regimens.”
When a cesarean section is necessary, clindamycin should be
added post partum to these antibiotics because of the
importance of anaerobes in post—cesarean section infection
and the high failure rate (20%) with therapy with penicillin-
gentamicin after cesarean section for IAL* Other initial
regimens with cefoxitin alone or ampicillin plus a newer
cephalosporin may be equally effective, but no comparative
trials have been performed.

Since 1979, retrospective studies have shown a vastly
improved perinatal outcome compared with that reported in
earlier studies. Gibbs and colleagues reported a retrospective
study of 171 patients with IAI in whom therapy (with
penicillin G and kanamycin) usually was begun at the time
of diagnosis.* The mean gestational age of the neonate was

Gynecol 96:938, 1966.)

37.7 weeks. There were no maternal deaths, and bacteremia
was found in only 2.3% of mothers. Among women with
1Al the rate of cesarean delivery was increased approxi-
mately threefold to 35%, mainly because of dystocia. In all
mothers the outcome was good. There was only one episode
of septic shock, with no pelvic abscesses or maternal deaths.
Similar results were reported from Los Angeles County
Hospital.”

Gibbs and colleagues found that when IAl is present, the
perinatal mortality rate (140 per 1000 births) was approxi-
mately seven times the overall perinatal mortality rate for
infants weighing more than 499 g (which was 18.2 per 1000
births)." Yet none of the perinatal deaths was clearly
attributable to infection; of live-born infants weighing more
than 1000 g, none died of infection. In the study by Koh and
co-workers, the perinatal mortality rate was lower (28.1 per
1000 births), which probably reflected the higher mean
gestational age (39.3 weeks).*” There were no intrapartum
fetal deaths and only four neonatal deaths. Again, no deaths
were due to infection. Neither perinatal nor maternal
complications correlated with more prolonged diagnosis-to-
delivery intervals. Because patients who underwent cesarean
section had more complicated courses, it was concluded that
cesarean section should be reserved for patients with
standard obstetric indications for this procedure in addition
to IAL

Yoder and colleagues later provided a prospective, case-
control study of 67 neonates with microbiologically confirmed
IAI at term.*® There was only one perinatal death, which was
unrelated to infection. Cerebrospinal fluid culture results
were negative for all 49 infants tested, and there was no
clinical evidence of meningitis. Findings on chest radio-
graphs were interpreted as possible pneumonia in 20% of
patients and as unequivocal pneumonia in only 49%.
Neonatal bacteremia was documented in 8%. There was no
significant difference in the frequency of low Apgar scores
between the IAI and control groups.

Two other retrospective studies have been confirmatory.
In 1984, Looff and Hager reported the outcomes of 104
pregnancies with clinical chorioamnionitis.** The mean
gestational age was 36 weeks. The perinatal mortality rate
was 123 per 1000 births. Nearly all of the excess mortality
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Table 3-3 Perinatal Outcome in Preterm Amnionitis (Intra-amniotic Infection)

Amnionitis? Control?
Reference® Reference®™ Reference® Reference®™
Measure (%) (N=47) (N =292) (N =204) (N = 606)
Perinatal death 13 25 3b 6°
Respiratory distress syndrome 34 62 16° 35°
Total infections 17 28 7° 11°
Intraventricular hemorrhage NR 56 NR® 22°

°At centers reporting these results, there were active referral services. In these series of consecutive patients with preterm premature rupture

of membranes, those with amnionitis are compared with those without.

PRates are significantly lower than for amnionitis group in corresponding study.

NR, not reported.

was attributed to prematurity rather than to sepsis. These
authors also reported an increase in the cesarean delivery
rate (26%). In 1985, Hauth and co-workers reviewed data
for 103 pregnancies with clinical chorioamnionitis at term.®!
The mean interval from diagnosis of amnionitis to delivery
was 3.1 hours, which confirmed the absence of a critical
interval for delivery. In this study, the overall perinatal
mortality rate was 9.7 per 1000 births and the cesarean
delivery rate was 42%.

Neonates born prematurely have a higher frequency of
complications if their mothers have IAl. Garite and Freeman
noted that the perinatal death rate was significantly higher in
47 preterm neonates with IAI than in 204 neonates with
similar birth weights but without IAL® The group with IAI
also had a significantly higher percentage (13% versus 3%;
P < .05) with RDS and total infection. A larger but similar
comparative study of 92 patients with chorioamnionitis and
606 controls of similar gestational age also demonstrated
significant increases in mortality, RDS, intraventricular
hemorrhage (IVH), and clinically diagnosed sepsis in the
group with choricamnionitis (Table 3-3).” When Sperling
and associates stratified outcomes in cases of IAI by birth
weight, cases leading to low birth weight were associated
with more frequent maternal bacteremia (13.5% versus 4.9%;
P = .06), early-onset neonatal sepsis (16.2% versus 4.1%;
P =.005), and neonatal death from sepsis (10.8% versus 0;
P <.001).%°

In a retrospective, case-control study, Ferguson and co-
workers reported neonatal outcome after chorioamnionitis.”
Seventy percent of newborns weighed less than 2500g. In
116 matched pairs, the authors found more deaths (20%
versus 11%), more sepsis (6% versus 2%), and more asphyxia
(27% versus 16%) in the group with chorioamnionitis. None
of these differences, however, achieved statistical significance.

Choriamnionitis has been previously a maternal infection.
Increasing evidence indicates that the fetus is primarily
involved in the inflammatory response leading to premature
delivery. The fetal inflammatory response syndrome (FIRS),
well described by Yoon and co-authors, characterizes preterm
PROM and spontaneous preterm labor, with a systemic pro-
inflammatory cytokine response resulting in earlier delivery
and with an increased risk of complications.” Additionally,
these investigators show an association between the fetal
inflammatory cascade and fetal white matter damage.” It
remains unclear, however, whether cytokines mediate this
damage or directly cause the damage, or if infection itself is

responsible for the damage. Cytokines also can be stimulated
by a number of noninfectious insults such as hypoxia,
reperfusion injury, and toxins.*

Long-Term Outcome

Hardt and colleagues studied long-term outcomes in preterm
infants (weighing less than 2000 g) born after a pregnancy
with chorioamnionitis and found a significantly lower mental
development index (Bayley’s score) for these infants than
noted for preterm control infants (104 * 18 versus 112 * 14;
P = .017).”* Morales reported 1-year follow-up of preterm
infants born after pregancy with chorioamnionitis and of
control infants. He did not observe differences in mental and
physical development, but adjustments were made for IVH
and RDS, both of which were more frequent in the
amnionitis group.*

Intriguing new information strongly suggests that intra-
uterine exposure to bacteria is associated with long-term
serious neonatal complications, including cerebral palsy or
its histologic precursor, periventricular leukomalacia (PVL),
as well as major pulmonary problems of bronchopulmonary
dysplasia (BPD) and RDS. The unifying hypothesis states
that intrauterine exposure of the fetus to infection leads to
abnormal fetal production of proinflammatory cytokines.
This leads in turn to fetal cellular damage in the brain, lung,
and potentially other organs. This FIRS has been likened to
the systemic inflammatory response syndrome (SIRS) in
adults. The evidence linking infection to cerebral palsy may
be summarized as follows:

1. Intrauterine exposure to maternal or placental infection
is associated with an increased risk of cerebral palsy both in
preterm and term infants.”>*

2. Clinical chorioamnionitis in very low birth weight
infants is significantly associated with an increase in PVL
(P=.001)."

3. The levels of inflammatory cytokines are increased in
the amniotic fluid of infants with white matter lesions
(PVL), and there is overexpression of these cytokines in
neonatal brain with PVL.%®

4. Experimental intrauterine infection in rabbits leads to
brain white matter lesions.”

5. Marked inflammation of the fetal side of the placenta
is associated with adverse neurologic outcomes. Coexisting
evidence of infection and thrombosis, particularly on the
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fetal side of the placenta, is associated with a heightened risk
of cerebral palsy or neurologic impairment in term and
preterm infants. Additionally, histologic funisitis is associated
with an increased risk of subsequent cerebral palsy (OR 5.5,
95% confidence interval [CI] 1.2 to 24.5).5”'%1%! This risk
underscores the importance of sending placentas for gross
and microscopic examination in the setting of IAI.

The association between IAl and cerebral palsy differs for
the term infant and the preterm infant. A recent review
article nicely outlines the controversies in this area, including
the associations among microbiologic, clinical, and histologic
chorioamnionitis.'”” Additionally, emerging evidence points
to genetic predispositions to inflammation and thrombosis;
cytokine polymorphisms also may be linked to cerebral palsy.”

In addition to cellular and tissue damage in the fetal brain,
an overexuberant cytokine response induced by bacteria may
damage other fetal tissues, such as the lung, contributing to
RDS and BPD.'® In support of this hypothesis, a case-control
study of infants with and without RDS was conducted.
Those with RDS were significantly more likely to have elevated
levels of amniotic fluid tumor necrosis factor (TNF)-c, a
positive culture of the amniotic fluid, and severe histologic
chorioamnionitis (P < .05 for each association). Elevated
amniotic fluid IL-6 levels were also twice as common in the
group with RDS, but this association did not achieve
statistical significance. Furthermore, preterm fetuses with
elevated cord blood IL-6 concentrations (greater than
11 pg/mL) were more likely to develop RDS (64% versus
24%; P < .005) than were those without elevated cord IL-6
levels. Rates of occurrence of BPD also were increased (11%
versus 5%), but the observed difference was not statistically
significant. Curley and associates found elevated matrix
metalloproteinase-9 (MMP-9) concentration in broncho-
alveolar lavage fluid in preterm neonates with pregnancies
complicated by chorioamnionitis compared with age-
matched uninfected controls. These investigators hypothesize
that increased MMP levels in the lung cause destruction of
the extracellular matrix, breaking down type IV collagen
in the basement membrane and leading to the failure of
alveolarization and to fibrosis components of chronic lung
disease.'™

More recently, genetic predisposition toward exuberant
host response to tissue injury has been described.
Proinflammatory cytokine polymorphisms such as TNF-o
308 relate to bacterial endotoxin and an increased risk of
preterm delivery.'%'%

In summary, IAI has a significant adverse effect on
mother and neonate, but vigorous antibiotic therapy and
reasonably prompt delivery result in an excellent short-term
prognosis, especially for the mother and the term neonate.
With the combination of prematurity and amnionitis, serious
sequelae are more likely for the neonate. Newly developing
information suggests that intrauterine infection is linked to
major neonatal long-term complications. A complex inter-
play of cytokine genotype may contribute to long-term
complications as well.

Conclusion

The unanswered question remains: Why does IAI develop in
some patients and not in others? Investigations of maternal
and fetal genotypes for pro-inflammatory markers, among

Table 3-4 Proposed Prevention Strategies for
Clinical Intra-amniotic Infection

Prompt management of dystocia

Induction of labor with premature rupture of membranes at
term

Antibiotic prophylaxis with preterm premature rupture of
membranes

Antibiotic prophylaxis with preterm labor, but with intact
membranes

Antibiotic prophylaxis for group B streptococcal infection

Prenatal treatment of bacterial vaginosis

Chlorhexidine vaginal irrigations in labor

Infection control measures

others, as well as study of mucosal immunity and host
response, may help to answer this important question, as
well as clarifying when neonatal damage will occur. It is not
until we understand the answers to these questions that
satisfactory therapeutic approaches can be developed.

Prevention

As categorized in Table 3-4, numerous approaches have been
proposed for the prevention of IAL. Among these, prompt
management of dystocia has been shown to decrease
chorioamnionitis, as well as to shorten labor and reduce the
cesarean section rate.'® Similarly, induction in women with
PROM at term most likely results in fewer maternal infections
than may occur with expectant management.'®® Antibiotic
prophylaxis for patients with preterm PROM decreases
chorioamnionitis as well as other complications.''*!!! Treat-
ment for bacterial vaginosis in high-risk women decreases
incidence of preterm birth. Antibiotic prophylaxis for
patients in preterm labor (but with intact membranes) does
not appear to decrease frequency of chorioamnionitis.!*?
Intrapartum prophylaxis for the prevention of neonatal
group B streptococcal sepsis is now a national standard in
known group B streptococci—colonized parturients or those
in at-risk categories. It is presumed that this approach also
decreases chorioamnionitis, but there are no definitive data
to support this. Prenatal treatment of bacterial vaginosis in
low-risk women, chlorhexidine vaginal washes in labor, and
specific infection control measures have not been demon-
strated to be effective,'>!!*115

INFECTION AS A CAUSE OF PRETERM BIRTH

Preterm birth is the leading perinatal problem in the United
States. Infants born before week 37 of gestation account for
approximately 11% of births but for 60% to 80% of all
perinatal deaths."'*'!® In most cases, the underlying cause of
premature labor is not evident. Evidence from many sources
points to a relationship between preterm birth and geni-
tourinary tract infections (Table 3-5)."'*!% Infection leading
to preterm birth may arise in the lower genital tract, the urinary
tract, or a more remote site such as the lung or periodontal
tissues.'?!
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Table 3-5 Evidence for Relationship between
Preterm Births and Subclinical
Genitourinary Tract Infection

¢ The incidence of histologic chorioamnionitis is increased
after preterm birth.

* The incidence of clinical infection is increased after
preterm birth in both mother and neonate.

¢ Some lower genital tract microbes or infections are
associated with an increased risk of preterm birth.

¢ There are biochemical mechanisms linking prematurity
and infection.

» Infection and inflammation cause cytokine release and
prostaglandin production.

¢ Bacteria and bacterial products induce preterm delivery in
animal models.

¢ Amniotic fluid tests for bacteria are positive in some
patients in premature labor.

¢ Some antibiotic trials have shown a decrease in numbers
of preterm births.

Histologic Chorioamnionitis and Prematurity

Over the past 3 decades, one of the most consistent obser-
vations is that placentas in premature births are more likely
to demonstrate evidence of inflammation (i.e., histologic
chorioamnionitis) (Fig. 3-3). In a series of 3500 consecutive
placentas, Driscoll found infiltrates of polymorphonuclear
cells in 11%.'? Clinically evident infection developed in only
a few of the women in this study, but the likelihood of
neonatal sepsis and death was increased.'?

An association has been established between histologic
chorioamnionitis and chorioamnion infection (defined as a
positive culture).'”? Odds ratios (ORs) have been reported
from 2.8 to 14, this relationship being stronger among
preterm deliveries than among term deliveries. Overall, the
organisms found in the chorioamnion are similar to those
found in the amniotic fluid in cases of clinical IAL This array
of organisms supports an ascending route for chorioamnion
infection in most cases.

Although it is not certain how histologic chorioamnionitis
and membrane infection cause preterm delivery or preterm
PROM, studies suggest that they lead to weakening of the
membranes (as evidenced by lower bursting tension, less
work to rupture, and less elasticity'* in vitro) and to
production of prostaglandins by the amnion.!*'%

Clinical Infection and Prematurity

Both premature infants and women who previously gave
birth to premature infants are more likely to develop
clinically evident infection.'?’ In a large study of more than
9500 deliveries, confirmatory evidence has shown that
chorioamnionitis, endometritis, and neonatal infection all
were significantly increased in preterm pregnancies, even
after correcting for the presence of PROM.'?® These obser-
vations suggest that subclinical infection led to the labor and
that infection became clinically evident after delivery. Some
investigators argue that there is no causal relationship but
that infection develops more frequently in premature infants
because, for example, they are compromised hosts or
because they have more invasive monitoring in the nursery.

Figure 3-3 Infiltrates of polymorphonuclear cells are seen in the
fetal membranes. Inflammation of the placenta and membranes has
been consistently observed more often after preterm births than after
term births.

Association of Lower Genital Tract Organisms
or Infections with Prematurity

Premature birth has been associated with isolation of several
organisms from the maternal lower genital tract and with
subclinical infections, as listed in Table 3-6. Lower genital
tract colonization with U. urealyticum is not associated with
preterm birth. Similarly, cervical infection with C. trachomatis
is not associated with preterm birth. However, other lower
genital tract or urinary infections, including those due to
N. gonorrhoeae and Trichomonas vaginalis and bacteriuria,
are associated with preterm birth. Bacterial vaginosis,
characterized by high concentrations of anaerobes, Gardnerella
vaginalis, and genital mycoplasmas, with a corresponding
decrease in the normal vaginal lactobacilli, has been
consistently associated with premature birth.

Maternal genital tract colonization with group B strepto-
cocci may lead to neonatal sepsis, especially when birth
occurs prematurely or when the membranes have been
ruptured for prolonged intervals. In addition, an association
between colonization of the cervix with these organisms and
premature birth has been found by Regan and co-workers.'?
These investigators noted delivery at less than 32 weeks in
1.8% of the total population but in 5.4% of women
colonized with group B streptococci (P < .005). PROM also
occurred significantly more often in the colonized group
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Table 3-6 Association of Lower Genitourinary
Tract Infections with Preterm Birth

Odds Ratio for Preterm Birth

infection (95% confidence Interval)

Ureaplasma urealyticum
Chlamydia trachomatis
Neisseria gonorrhoeae
Trichomonas vaginalis
Bacterial vaginosis
Bacteriuria

1.0 (0.8-1.2)*
0.7 (0.36-1.37)¢
5.31 (1.57-17.9)¢
1.3(1.1-1.4)¢
2.19 (1.54-3.12)f
1.64 (1.35-1.78)9

?Data from Carey JC, Blackwelder WC, Nugent RP, et al.
Antepartum cultures for Ureaplasma urealyticum are not useful in
predicting pregnancy outcome. Am J Obstet Gynecol 1991;
164:728.

®Data from Sweet RL, Landers DV, Walker C, et al. Chlamydia
trachomatis infection and pregnancy outcome. Am J Obstet
Gynecol 156:824, 1987,

‘Data from Harrison HR, Alexander ER, Weinstein L, et al. Cervical
Chlamydia trachomatis and mycoplasmal infections in pregnancy.
JAMA 250:1721, 1983.

9Data from Elliott B, Brunham RC, Laga M, et al. Maternal
gonococcal infection as a preventable risk factor for low birth
weight. J Infect Dis 161:531, 1990.

*Data from Cotch MF, Pastorek JG, Nugent RP, et al. Trichomonas
vaginalis associated with low birth weight and preterm delivery. Sex
Transm Dis 24:353, 1997.

'Data from Leitich H, Bodner-Adler B, Brunbauer M, et al. Bacterial
vaginosis as a risk factor for preterm delivery: a meta-analysis. Am J
Obstet Gynecol 189:139, 2003.

9Romero R, Oyarzun E, Mazor M, et al. Meta-analysis of the
relationship between asymptomatic bacteriuria and preterm
delivery/low birth weight. Obstet Gynecol 73:567, 1989.

(15.3% versus 8.1%; P < .005). Of six studies evaluating the
association between group B streptococci genital colonization
and preterm labor or delivery, five found no association.'?’
In contrast with the conflicting data regarding group B
streptococcal genital colonization, group B streptococcal
bacteriuria has been consistently associated with preterm
delivery, and treatment of this bacteriuria resulted in a
marked reduction in prematurity (37.5% in the placebo
group versus 5.4% in the treatment group)."**'** Current
recommendations for prevention of perinatal group B
streptococcal infection from the Centers for Disease Control
and Prevention (CDC) are for intrapartum treatment only,
with the exception of group B streptococcal bacteriuria, which
should be treated antepartum. The CDC recommend
adoption of universal screening. The universal screening
approach involves screening women at 35 to 37 weeks of
gestation with proper collection and culture techniques,
followed by intrapartum treatment for all women with
positive cultures.'””

Untreated acute pyelonephritis has been found to be
consistently associated with a 30% risk of preterm labor and
delivery. A meta-analysis'* showed that women with
asymptomatic bacteriuria had a 60% higher rate of low birth
weight (95% CI 1.4 to 1.9) and a 90% higher rate of preterm
delivery (95% CI 1.3 to 1.9).

Amniotic Fluid Cultures in Preterm Labor

Among patients with signs and symptoms of preterm labor,
the probability of finding a positive result on tests for bacteria

depends on several factors. These factors are the specimen
tested, the population under investigation, and the technique
used for microbial detection. Thus, when standard culture
techniques have been used for the amniotic fluid of patients
clinically defined as being in preterm labor, the likelihood of
positive cultures ranges from 0% to 25%. Yet with culture of
the amniotic fluid of patients in preterm labor who deliver a
preterm infant within 72 hours of the amniocentesis, the
likelihood of a positive result has been 22%. With use of
more sensitive assays such as PCR assay, the probability of
finding bacteria in the amniotic fluid of patients in preterm
labor has been as high as 30% to 55%.!>"*° Because bacteria
are likely to be present in the amniotic membranes before
appearing in the amniotic fluid, the rate of positive cultures
of the membranes for patients in preterm labor has been
32% to 61%. Histologic evidence of chorioamnion infection
is extremely common, being found in approximately 80% of
placentas after the birth of an infant weighing 1000 g or less.

Biochemical Links of Prematurity and Infection

The widely accepted working hypothesis is that bacteria
ascending into the uterine cavity are able to directly stimulate
cytokine activity. IL-1, IL-6, and TNF-q, the proinflammatory
cytokines, have been shown to be produced by the fetal
membranes, decidua, and myometrium. Patients with
elevated levels of these cytokines in the amniotic fluid have
shorter amniocentesis-to-delivery intervals than those for
patients without elevated cytokine levels. Levels also are
elevated when preterm labor is associated with IAL'*" In
addition, elevated amniotic fluid IL-6 levels have been found
to prospectively identify those fetuses destined for significant
neonatal morbidity and mortality.'"*' Similarly, Gomez and
associates demonstrated that elevated fetal plasma levels of
IL-6 in patients with preterm PROM, but not in labor, had a
higher rate of delivery within 48 hours compared with those
who delivered more than 48 hours after cordocentesis. These
important findings suggest a fetal inflammatory cytokine
response triggers spontaneous preterm delivery.'*?

Immunomodulatory cytokines such as IL-1 receptor
antagonist (IL-1ra), IL-10, and transforming growth factor
(TGF)-B play a regulatory role in the cytokine response,
allowing for a downregulation of this response. IL-1ra has
been shown in humans to increase in response to IAL'*
Similarly, IL-10 inhibits IL-1B—induced preterm labor in a
rhesus model.'*

Animal models have been used to evaluate cytokine-
mediated initiation of preterm birth. Romero and colleagues
demonstrated that systemic administration of IL-1 induced
preterm birth in a murine model.'"* Similarly, Kaga and
co-workers gave low-dose lipopolysaccharide (LPS) intra-
peritoneally to preterm mice, causing preterm delivery.'*
Again in the murine model, others demonstrated preterm
birth after intrauterine inoculation of E. coli.

Other investigators have used inoculation of live bacteria
to study the infection-cytokine—preterm birth pathway. For
example, in rabbits, we found that intrauterine inoculation
of E. coli, Fusobacterium species, or group B streptococci led
to rapid induction of labor at 70% gestation with an
accompanying increase in histologic infiltrate and elaboration
of TNF-a into the amniotic fluid. More recently, using our
rabbit model, we demonstrated that intrauterine inoculation
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Table 3-7 Randomized Trial of Erythromycin for Treatment of Vaginal Ureaplasma urealyticum

Infection in Pregnancy

Treatment Group

Outcome Erythromycin (N = 605) Placebo (N = 576) P Value
Birth weight (g, mean = SD) 3302 = 557 3326 + 558 NS
Birth weight <2500 g (%) 7 6 NS
Gestational age at delivery 236 wk (%) 8.6 8.2 NS
Premature rupture of membranes at 236 wk (%) 2.5 25 NS
Stillbirth (%) 0.5 0.5 NS
Neonatal death (%) 0.2 0 NS

NS, not significant; SD, standard deviation.

of the anaerobe P. bivia at 70% gestation led to establishment
of a “chronic” infection in 64% of animals, with preterm birth
occurring in 33%.' Also using a rhesus monkey model,
Gravett and colleagues inoculated group B streptococci at
78% gestation and found resulting increases in amniotic
fluid cytokines and prostaglandins followed by a progressive
cervical dilatation,'*

Antibiotic Trials

These treatment trials may be categorized into three general
types as follows: (1) antibiotics given during prenatal care to
patients at increased risk of preterm delivery; (2) antibiotics
given adjunctively with tocolytics to women in preterm labor;
and (3) antibiotics given to women with preterm PROM but
not yet in labor.

In the prototype of the first category of antibiotic trial,
Kass and colleagues'*’ and McCormack and associates'
noted a reduction in the percentage of low-birth-weight
infants delivered of women who received oral erythromycin
for 6 weeks in the third trimester, compared with those
delivered of women who were given a placebo. Of note, these
results were not confirmed in a National Institutes of
Health—sponsored, multi-institutional study. More than 1100
women with genital U. urealyticum were randomized to
receive placebo or erythromycin beginning at 26 to 28 weeks
of gestation and continuing until 35 weeks. Here, no improve-
ment was detected in any outcome measure (Table 3-7). Two
retrospective, nonrandomized studies have reported reductions
in PROM, low birth weight, and preterm labor through
antenatal treatment of C. trachomatis infection.'"'*> How-
ever, the only randomized treatment trial for C. trachomatis
infection in pregnancy led to conflicting results.'***

Treatment with metronidazole should be offered to
women who have symptomatic T. vaginalis infection in
pregnancy in order to relieve maternal symptoms.'*?
Metronidazole is safe for use in the first trimester of
pregnancy.'* Yet when pregnant women with asymptomatic
T. vaginalis infection at 24 to 29 weeks of gestation were
randomized to receive treatment with either metronidazole
or placebo, rates of delivery at less than 37 weeks and at less
than 37 weeks due to preterm labor were both increased in
the group given metronidazole (relative risk 1.8 [95% CI 1.2
to 2.7] for delivery at less than 37 weeks and relative risk 3.0
[95% CI 1.5 to 5.9] for delivery at less than 37 weeks due to
preterm labor).'>

Table 3-8 Risk of Selected Adverse Outcomes
with Use of Antibiotics in Preterm
Labor with Intact Membranes

Outcome Relative Risk® (95% Cl)

Preterm birth

Delivery within 48 hours
Perinatal mortality
Neonatal death

0.99 (0.92-1.05)
1.04 (0.89-1.23)
1.22 (0.88-1.70)
1.52 (0.99-2.34)

2A relative risk (RR) less than 1.0 favors antibiotics, and an RR
greater than 1.0 favors controls. The RR is statistically significant if
the 95% CI (confidence interval) excludes 1.0.

From King J, Flenady V. Prophylactic antibiotics for inhibiting preterm
labour with intact membranes. Cochrane Database Syst Rev (1),
2003.

Because of the consistent association of bacterial vaginosis
with preterm birth, several treatment trials have been carried
out in pregnancy. A recent meta-analysis reported no signifi-
cant reduction in preterm delivery when women with
bacterial vaginosis were given antibiotic therapy as part of
their prenatal care. Similarly, there is no significant reduction
in preterm labor with treatment for bacterial vaginosis in
women with previous preterm birth or in women at low risk
for preterm birth. Of major importance, however, in the
subset of women with both previous preterm birth and
treatment for at least 7 days with an oral regimen, there was
a significant reduction in preterm delivery (OR 0.42, 95% CI
0.27 to 0.67). Whether vaginal treatment of bacterial
vaginosis is effective in preventing preterm birth is unclear.
In the meta-analysis, no benefit was obtained by vaginal
treatment.'>® Yet, in a recent trial of a 3-day course of
clindamycin cream beginning at less than 20 weeks, a
decreased incidence of preterm birth was observed (4%
preterm birth in the antibiotic group versus 10% in the
placebo group; P < .03)."

Among women in preterm labor with intact membranes,
there have been several studies and recent meta-analyses. For
example, the ORACLE 1II study demonstrated no delay in
delivery or no improvement in a composite outcome that
included neonatal death, chronic lung disease, or cerebral
anomaly.””® In the Cochrane meta-analysis, a total of 7428
women in 11 trials were assessed. As shown in Table 3-8, the
use of antibiotics did not decrease preterm birth delivery
within 48 hours or perinatal mortality. Of interest, the relative
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risk for neonatal death in the antibiotic treatment group was
1.52 (95% CI 0.99 to 2.34). There was a significant reduction
in postpartum intrauterine infection with use of antibiotics,
but this reduction was not seen as sufficient justification for
widespread use of antibiotics in preterm labor. In a sub-
analysis, the reviewers looked at trials employing antibiotics
that were active against anaerobes (i.e., metronidazole or
clindamycin). Here there were significant benefits in delivery
within 7 days and in neonatal intensive care unit (NICU)
admissions. However, these benefits were not accompanied
by significant reductions in major end points such as preterm
birth, perinatal mortality, or neonatal sepsis.

Among patients with preterm PROM, again there have
been several large trials. In 2003, the Cochrane Library up-

Table 3-9 Risk of Selected Adverse Outcomes
with Use of Antibiotics for Preterm
Premature Rupture of Membranes

Qutcome Relative Risk?® (95% ClI)

Delivery within 48 hours
Delivery within 7 days
Chorioamnionitis
Neonatal infection
Abnormalities on cerebral
ultrasound examination

0.71 (0.58-0.87)
0.8 (0.71-0.9)

0.57 (0.37-0.86)
0.68 (0.53-0.87)
0.82 (0.68-0.98)

3A relative risk (RR) less than 1.0 favors antibiotics, and an RR
greater than 1.0 favors controls. The RR is statistically significant if
the 95% Cli (confidence interval) excludes 1.0.

Data from reference 27.

dated its meta-analysis of these trials. In 13 trials comprising
6000 patients, antibiotics in this clinical setting had consistent
benefits. Among women exposed to antibiotics, delivery
within 48 hours, or within 7 days, or development of chorio-
amnionitis was less likely. Their neonates were less likely to
have infection or sepsis. See Table 3-9.

Lack of consistent findings in these antibiotic trials raises
the question of why antibiotics have been effective in so few
clinical situations. One likely explanation is that a true
effective antibiotic may be “diluted out” by inclusion in the
trials of patients in whom premature labor is not due to
infection, for example, patients in preterm labor at 34 to
37 weeks. Another likely explanation is that once clinical
signs and symptoms of preterm labor begin, the complex
biochemical reactions have progressed too far to be stopped
by antibiotic therapy alone.

Widespread use of antibiotics for the purpose of pro-
longing a premature pregnancy raises concerns regarding
selection of resistant organisms and masking of infection. To
date, evidence of selection pressure has been limited mainly
to very low birth weight infants.'>® Concerns over masking
infection is now of great concern, especially in view of recent
evidence that intrauterine exposure to bacteria is associated
with long-term adverse neonatal outcomes including
cerebral palsy and PVL,!$%!¢!

For reasons other than prevention of preterm birth,
detection and treatment of N. gonorrhoeae, C. trachomatis,
and bacteriuria are appropriate. Our recommendations for
use of antibiotics to prevent preterm birth are summarized
in Table 3-10. However, future research is urgently needed to
identify markers in women who are in preterm labor as a

Table 3-10 Consensus on Use of Antibiotics to Prevent Preterm Birth

Opinion

Comment

During Prenatal Care

1. Treat Neisseria gonorrhoeae and Chlamydia
trachomatis infection.

Screening and treatment of these two sexually transmitted organisms
should follow standard recommendations to prevent spread to

sexual partner(s) and the newborn. Published nonrandomized trials
show improved pregnancy outcome with treatment.

2. Treat bacteriuria, inciuding group B
streptococcal bacteriuria.

Screening and treatment for bacteriuria is a standard practice to
prevent pyelonephritis. A meta-analysis concluded that bacteriuria

is directly associated with preterm birth.

3. Screen for and treat bacterial vaginosis in patients
at high risk for preterm birth. In these high-risk
women, treat with an oral metronidazole for 1
week or more.

4, Treat symptomatic Trichomonas vaginalis infection
to relieve maternal symptoms, but do not screen
for or treat asymptomatic trichomoniasis.

5. Do not treat Ureaplasma urealyticum genital
colonization.

6. Do not treat group B streptococcal genital
colonization.

With Preterm Labor and Intact Membranes

1. Give group B streptococcal prophylaxis to prevent
neonatal sepsis.

2. Do not give antibiotics routinely to prolong
pregnancy.

With Preterm Premature Rupture of Membranes

1. Give group B streptococcal prophylaxis to prevent
neonatal sepsis.

2. Give additional antibiotics in pregnancies at 24 to
32 weeks.

A meta-analysis has shown benefit in women with high-risk
pregnancies with this treatment.

This opinion is based on randomized trials in asymptomatic infected
women.

One double-blind treatment trial that corrected for confounding
infections showed no benefit.
One double-blind treatment trial showed no benefit.

As recommended by the Centers for Disease Control and Prevention
and the American College of Obstetricians and Gynecologists.

Meta-analyses concluded that antibiotics gave no neonatal benefit,
overall.

As recommended by the Centers for Disease Control and Prevention
and the American College of Obstetricians and Gynecologists.

Meta-analyses concluded that there was substantial benefit to the
neonate.
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result of infection, in whom intervention with antibiotics or
other novel therapies is most likely to be of benefit. In
addition, detection of women genetically predisposed to
infection-induced preterm birth is important. For example,
some investigators have identified associations between
polymorphisms in the cytokine gene complexes, including
that for TNF-a,, and preterm PROM or spontaneous
preterm birth, 16216

PREMATURE RUPTURE OF MEMBRANES

PROM is a common but poorly understood problem. Because
there is little understanding of its etiology, management has
been largely empirical, and obstetricians have been sharply
divided over what constitutes the best approach to care.
Indeed, the problem is complex. Gestational age and demo-
graphic factors influence the outcome with PROM. Thera-
peutic modalities added within the past 2 decades include
corticosteroids, tocolytics, and more potent antibiotics, but
their place in therapy remains controversial. Of major
importance is the marked improvement in survival of low-
birth-weight infants. This chapter emphasizes developments
since 1970. The literature has been reviewed periodically,'®'¢°

Definition

Lack of standard, clear terminology has hindered under-
standing of PROM. Most authors define PROM as rupture at
any time before the onset of contractions, but premature also
carries the connotation of preterm pregnancy. To avoid
confusion, we reserve preterm to refer to rupture occurring
at a gestational age less than 37 weeks. Others using the
expression “prolonged rupture of the membranes” have used
the same acronym, PROM.

The latent period is defined as the time from membrane
rupture to onset of contractions. It is to be distinguished
from the latent phase, which designates the phase of labor
that precedes the active phase. “Conservative” or “expectant”
management refers to the period of watchful waiting when
1AT has been at least clinically excluded in the setting of
PROM.

In addition to IAI, terms used to describe maternal or
perinatal infections during labor include fever in labor, intra-
partum fever, chorioamnionitis, amnionitis, and intrauterine
infection. In most reports, clinical criteria used for these
diagnoses include fever, uterine irritability or tenderness,
leukocytosis, and purulent cervical discharge. After delivery,
maternal uterine infection is referred to as endometritis,
endomyometritis, or metritis. These clinical diagnoses usually
are based on fever and uterine tenderness. In few studies,
however, were presumed maternal infections confirmed by
blood or genital tract cultures.

For neonates, the most common term used to report
infection is neonatal sepsis, but some authors use a positive
blood or cerebrospinal fluid culture result, whereas others
use clinical signs of sepsis without bacteriologic confirmation.

Incidence

In several reports, the incidence of PROM has ranged from
3% to 7% of total deliveries,'”*'”! whereas PROM related to
preterm birth has occurred in approximately 1% of all
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pregnancies.”® In some referral centers, however, preterm
PROM accounted for 30% of all preterm births.'””

Etiology

Several clinical variables have been associated with PROM,'”*'76
including cervical incompetence, cervical operations and
lacerations, multiple pregnancies, polyhydramnios, antepartum
hemorrhage, and heavy smoking. In most instances, how-
ever, none of these clinical variables are present. No associ-
ation has been found between the frequency of PROM and
maternal age, parity, maternal weight, fetal weight and
position, maternal trauma, or type of work.'®*!7®

Physical properties of membranes that rupture prematurely
also have been investigated. Studies of the collagen content
of amnion in patients with PROM have led to conflicting
results, perhaps because of important differences in
methodology. Of interest, patients with Ehlers-Danlos
syndrome, a hereditary defect in collagen synthesis, are at
increased risk of preterm PROM. Other reports have shown
that membranes from women with PROM are thinner than
membranes from women without PROM.'”® Using in vitro
techniques to measure rupturing pressure, investigators have
found that the membranes from patients with PROM
withstand either the same or higher pressure before bursting
than do membranes from women without PROM.'7*"#!
Such observations have suggested a local defect at the site of
rupture, rather than a diffuse weakening, in membranes that
rupture before labor. These studies of physical properties
should be interpreted with caution because of differences in
measuring techniques, possible deterioration of membrane
preparations, and need for proper controls. In addition to
being a possible cause of premature labor, subclinical
infection may be a cause of PROM (see previous section).
Acute inflammation of the placental membranes is twice as
common when membranes rupture within 4 hours before
labor than when they rupture after the onset of labor, which
suggests that this “infection” may be the cause of PROM.'”’
Supporting this hypothesis, increases in amniotic fluid matrix
metalloproteases (MMP-1, -8, and -9) as well as decreases in
matrix metalloprotease (MMP-1 and -2) inhibitors have been
demonstrated in women experiencing preterm PROM. 82183

Several reports have suggested a relationship among coitus,
histologic inflammation, and PROM. In additional analyses,
two successive singleton pregnancies in each of 5230 women
(10,460 pregnancies) were considered.’® Preterm PROM
occurred in only 2% of 773 pregnancies when there was no
recent coitus and histologic chorioamnionitis, but it
occurred in 23% of 96 pregnancies when both of these
features were present. However, a causal role of coitus or
infection was not established, because there may have been
other factors that were not considered. Evaluation of
successive pregnancies would not necessarily have eliminated
these confounding variables. In the South African black
population, the rates of histologic chorioamnionitis and
PROM were increased when coitus had occurred within the
last 7 days. Use of a condom during coitus resulted in less
placental inflammation. In addition, PROM occurred more
often (P < .01) when there had been male orgasm during
coitus.'® Because organisms may attach to sperm, it has
been hypothesized that sperm carry organisms into the
endocervix or uterus.
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Further evidence is provided by bacteriologic studies.
Patients with PROM before term or with prolonged mem-
brane rupture are more likely to have anaerobes in the
endocervical cultures than are women without PROM at
term.'®'¥” These observations may be interpreted as showing
that subclinical anaerobic “infection” leads to PROM. The
increased presence of anaerobes in cervical cultures, how-
ever, may reflect hormonal or other influences at different
stages of gestation.

Investigations of risk factors for preterm PROM are likely
to provide insight into the etiology of this condition. In the
largest case-control study, Harger and colleagues reported
341 cases and 253 controls.'® Only three independent
variables were associated with preterm PROM in a logistic
regression analysis. These were previous preterm delivery
(OR 2.5,95% CI 1.4 to 2.5), uterine bleeding in pregnancy,
and cigarette smoking. The OR accompanying bleeding
increased with bleeding in late pregnancy and with the
number of trimesters in which bleeding occurred (OR for
first-trimester bleeding 2.4, 95% CI 1.5 to 3.9; OR for third-
trimester bleeding 6.5, 95% CI 1.9 to 23; OR for bleeding in
more than one trimester 7.4, 95% CI 2.2 to 26). For cigarette
smoking, the OR was higher for those who continued smoking
(2.1, 95% CI 1.4 to 3.1) than for those who stopped (1.6,
95% CI 0.8 to 3.3). Because previous preterm pregnancy is a
historical feature and little can be done to prevent bleeding
in pregnancy, this study provides additional reason to en-
courage all patients, especially women of reproductive age,
to stop smoking.

In the vast majority of cases, the specific etiology of
preterm PROM remains unknown.

Diagnosis

In most cases, PROM is readily diagnosed by history, physical
findings, and simple laboratory tests such as determination
of pH (Nitrazine [phenaphthazine] test [Bristol-Myers Squibb,
Princeton, NJ]) or detection of ferning. Although these tests
are accurate in approximately 90% of cases, they yield false-
positive and false-negative results, especially in women with
small amounts of amniotic fluid in the vagina. Other bio-
chemical and histochemical tests and intra-amniotic injection
of various dyes have been suggested, but they have not gained
wide acceptance. Ultrasound examination also has been used
as a diagnostic technique, because finding oligohydramnios
suggests PROM. Oligohydramnios, however, has many
additional causes.

Natural History

The onset of regular uterine contractions occurs within
24 hours after membrane rupture in 80% to 90% of term
patients." The latent period exceeds 24 hours in 19% of
patients at term and exceeds 48 hours in 12.5%.'%'% Only
3.6% of term patients do not begin labor within 7 days.'s®
Before term, latent periods are longer among patients
with PROM. Confirming earlier studies, more recent investi-
gations have shown latent periods of 24 hours in 57% to
83%,'®>'%° of 72 hours in 15% to 26%,'”>!°"1%2 and of 7 days
in 19% to 41% of patients.'”>'®® There is an inverse relation-
ship between gestational age and the proportion of patients
with latent periods of 3 days.'®' There is also an inverse

relationship between advancing gestation and a decreased
risk of chorioamnionitis. One third of women with preg-
nancies between 25 and 32 weeks of gestation had latent
periods of 3 days, whereas for pregnancies between 33 and
34 and between 35 and 36 weeks, the values were 16% and
4.5%, respectively. In 53 cases of PROM at 16 to 25 weeks
(mean, 22.6 weeks), the median length of time from PROM
to delivery was 6 days (range, 1 to 87 days; mean, 17 days).'*
In a population-based study of 267 cases of PROM before
34 weeks, fully 76% of women were already in labor at the
time of admission, and an additional 5% had an indicated
delivery. Only 19% were candidates for expectant manage-
ment, and of these women, 60% went into labor within
48 hours.'* Thus, the natural history of PROM reveals that
labor usually develops within a few days.

In a minority of the cases of PROM, the membranes can
“reseal,” especially with rupture of membranes after amnio-
centesis. With expectant management, 2.8% to 13% may
anticipate the cessation of leakage of amniotic fluid.*>'*

Complications

Analysis of complications described in recent studies is
complex because of differences in study design. Table 3-11,
however, attempts to summarize complications observed in
studies with more than 100 infants. Direct comparisons of
data from one study to another require extreme caution. The
wide-ranging differences are attributable to major differences
in populations at risk, gestational age, definitions, and
management.

The most common complication among cases with
PROM before 37 weeks is RDS, which is found in 10% to
40% of neonates. (A small number of studies have reported
RDS in as many as 60% to 80% of newborns.) Neonatal
sepsis was documented in less than 10%, whereas amnionitis
(based on clinical criteria only) occurred in 4% to 60%.'"”
Endometritis developed in 3% to 29% of patients in most
reports, but it is not clear whether patients with amnionitis
are included in the endometritis category. In selected groups,

Table 3-11 Complications in Newborns after

Premature Rupture of

Membranes®
Complication Rate (%)
Perinatal mortality, overall 0-43
Term 0-2.5
All preterm 2-43
1000-1500 g 29
1501-2500 g 7
RDS, all preterm 10-42
1000-1500 g 42
1501-2500 g 7
Infection
Amnionitis 4-33
Maternal (overall) 3-29
Endometritis 3-29
Neonatal sepsis 0-7
Neonatal overall (including clinically diagnosed 3-281

sepsis)

aStudies with more than 100 infants.
RDS, respiratory distress syndrome.
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such as women who undergo cesarean section after PROM,
endometritis occurs in up to 70% of patients.

When latent periods in preterm pregnancies are
prolonged, pulmonary hypoplasia is an additional neonatal
complication. When rupture of membranes occurs before
19 weeks, the incidence of pulmonary hypoplasia has been
reported as 60%.'*® In cases where PROM occurred before
26 weeks and with long intervals (e.g., more than 5 weeks)
between rupture and delivery, Nimrod and colleagues noted
a 27% incidence of pulmonary hypoplasia.”® Other studies
demonstrate a lower incidence of pulmonary hypoplasia.'”
Pulmonary hypoplasia is rare if PROM occurs after 26 weeks
of gestation.””! In addition, pulmonary hypoplasia is poorly
predicted antenatally by ultrasound examination.*” Ultra-
sound estimates of interval fetal lung growth include lung
length, chest circumference, chest circumference—abdominal
circumference ratio, or chest circumference-femur length
ratio. An additional 20% of neonates had fetal skeletal
deformities as a result of compression. Nonskeletal
restriction deformities of prolonged intrauterine crowding
similar to features of Potter’s syndrome include abnormal
facies with low-set ears and epicanthal folds. Limbs may be
malpositioned and flattened.””

Low Apgar scores, less than 7 at 5 minutes of life, are
noted in 15% to 64% of live-born infants.?®*?” This compli-
cation is most common among very low birth weight infants.
Other complications of PROM, especially in the preterm
pregnancy, include malpresentation, cord prolapse, and
congenital anomalies. In view of the long list of potential
hazards, it is not surprising that premature infants surviving
after PROM often are subject to prolonged hospitalization.

Perinatal mortality depends mainly on gestational age.
The wide variation in results in Table 3-11 for preterm infants
reflects different groupings of gestational ages. It is not
certain whether infants with PROM have higher mortality
than that for infants of the same gestational age without
PROM.

Causes of perinatal death may be determined by examining
data from four large series (Table 3-12).2%*?!° Two of these
studies included stillbirths; two studies excluded them.
Overall, RDS was the leading cause of death. Deaths were
presumed to be due to hypoxia when there was an ante-

Table 3-12 Primary Causes of Death among
Preterm Infants Born with
Premature Rupture of Membranes
Cause % of Perinatal Deaths®
RDS 29-70
Infection 3-19
Congenital anomaly 9-27
Asphyxia-anoxia 5-46°
Others* 9-27

20verall perinatal mortality was 13% to 24%.
bIncludes stillbirths with birth weight between 500 and 1000 g.
‘Includes atelectasis, erythroblastosis fetalis, intracranial
hemorrhage, and necrotizing enterocolitis.

RDS, respiratory distress syndrome.

Data from references 149, 179, 180, and Romero R, Kadar N,
Hobbins JC. Infection and labor. Am J Obstet Gynecol 157:815,
1987.
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partum or intrapartum death of a very small infant. In both
frequency and severity, RDS was a greater threat than
infection to the preterm fetus.

Maternal mortality as a complication of PROM is rare.
Studies document only one maternal death (related to
chorioamnionitis, severe toxemia, and cardiorespiratory
arrest) in more than 3000 women with PROM.*'! Case
reports of maternal death from sepsis complicating PROM
appear sporadically.?'2

Approach to Diagnosis of Infection

Because of the frequency and potential severity of maternal
and fetal infections after PROM, various tests have been
studied as predictors of infection. One review critically
appraised eight tests and found no test to be ideal.?'* Several
authors have evaluated the use of amniocentesis and
microscopic examination of amniotic fluid for the presence
of bacteria. This approach is limited, however, because
amniotic fluid is available in only half of the patients.
Clinical infection is more common in women with positive
smears or cultures, but 20% to 30% of these women or their
newborns had no clinical evidence of infection.?'*?'7 In
addition, amniocentesis may potentially be accompanied by
trauma, bleeding, initiation of labor, or introduction of
infection, although Yeast and co-authors reported no increase
in onset of labor and no trauma in their retrospective
series.”'® Table 3-13 summarizes the diagnostic and prognostic
value of several tests of amniotic fluid.?"’

Because the value of amniocentesis in patients with
preterm PROM has not been determined precisely, most
practitioners do not employ this test routinely for several
reasons. Most patients with PROM and positive amniotic
fluid culture results are in labor within 48 hours, and culture
results often are delayed and available after the fact. Because
at least some patients have positive culture results with no
clinical evidence of infection, there is concern regarding
unnecessary delivery of preterm infants. Finally, it has not
been demonstrated that clinical decisions based on data
from amniocentesis lead to an improved perinatal outcome.
Feinstein and colleagues evaluated 73 patients with preterm
PROM who underwent amniocentesis.””® When the Gram
stain or culture result was positive, delivery was accomplished.
Results were compared with those of 73 matched patients
from a historical group. Compared with controls, patients
managed by amniocentesis had less clinically diagnosed
amnionitis (7% versus 20%; P < .05) and fewer low Apgar
scores for their infants at 5 minutes (3% versus 12%; P < .05).
There were, however, no significant differences in rates of
overall infection (22% versus 30%), “possible neonatal sepsis”
(12% versus 14%), or perinatal deaths (1% versus 3%).
Although there were apparent advantages to management by
amniocentesis, historically controlled studies have serious
limitations, and no significant decreases in overall infection
of perinatal mortality were found. In a small comparative
study of expectant management versus the use of amnio-
centesis, Cotton and colleagues reported a significantly shorter
neonatal hospital stay in the amniocentesis group (P < .01),
but more than 25% of patients were excluded because no
amniotic fluid pocket was seen.”*! Also, there were no signifi-
cant differences in rates of maternal infection, neonatal
sepsis, or neonatal death. Ohlsson and Wang found Gram
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Table 3-13 Diagnostic Values of Amniotic Fluid Testing in Detection of Positive Amniotic Fluid
Culture in Patients with Preterm Labor and Intact Membranes

Diagnostic Index Sensitivity

Positive Predictive
Value

Negative Predictive

Specificity Value

Gram stain

IL-6 (211.30 ng/mL)

WBC count (=50 cells/mm?)

Glucose (<14 mg/dL)

Gram stain plus WBC count (250 cells/mm?)

7/11 (63.64%)
11/11 (100.0%)
7/11 (63.64%)
9/11 (81.82%)
10/11 (90.91%)

108/109 (99.08%)
90/109 (82.57%)
103/109 (94.50%)
80/109 (81.65%)
102/109 (93.58%)

7/8 (87.50%)
11/30 (36.67%)

7/13 (53.85%)

9/29 (31.03%)
10/17 (58.82%)

108/112 (96.43%)
90/90 (100.0%)
103/107 (96.26%)
89/91 (97.80%)
102/103 (99.03%)

Gram stain plus glucose (<14 mg/dL)
Gram stain plus IL-6 (>11.30 ng/mL)
Gram stain plus glucose (<14 mg/dL) plus

10/11 (90.91%)
11/11 (100.0%)
10/11 (90.91%)

88/109 (80.73%)
89/109 (81.65%)
85/109 (77.98%)

10/31 (32.26%)
11/31 (35.48%)
10/34 (29.41%)

88/89 (98.88%)
89/89 (100.0%)
85/86 (98.84%)

WBC count (250 cells/mm?)

Gram stain plus WBC count (250 cells/mm?)
plus IL-6 (=11.30 ng/mL)

Gram stain plus glucose (<14 mg/dL) plus
IL-6 (>11.30 ng/mL)

Gram stain plus WBC count (250 cells/mm?3)
plus IL-6 (>11.30 ng/ml) plus glucose
(€14 mg/dL)

11/11 (100.0%)
11/11 (100.0%)

11/11 (100.0%)

87/109 (79.82%) 11/33 (33.33%) 87/87 (100.0%)

78/109 (71.56%) 11/42 (26.19%) 78/78 (100.0%)

76/109 (69.72%) 11/44 (25.00%) 76/76 (100.0%)

IL-6, interleukin-6; WBC, white blood cell.

Data from Romero R, Yoon BH, Mazor M, Gomez R, et al. The diagnostic and prognostic value of amniotic fluid white blood cell count, glucose,
interleukin-6, and Gram stain in patients with preterm labor and intact membranes. Am J Obstet Gynecol 169:805, 1993.

stain and culture of amniotic fluid to have a modest positive
predictive value for clinical chorioamnionitis.”’* Thus,
clear evidence for the widespread use of amniocentesis in
PROM is not available. In view of the more recent infor-
mation regarding the association of cerebral palsy and in-
fection, these issues should be reinvestigated in a controlled
fashion.

Noninvasive procedures such as measuring the level of
maternal serum C-reactive protein and amniotic fluid
volume have also been suggested as predictors of infection.
Several groups have evaluated C-reactive protein as such a
predictor.”??* An elevated level of C-reactive protein in
serum from patients with PROM has a modest positive
predictive value for histologic amnionitis (40% to 96%), but
its predictive value for clinically evident infection is poor
(10% to 45%). The value of a normal level of C-reactive
protein for predicting absence of clinical chorioamnionitis
is better (80% to 97%). In view of the low predictive
value of a positive test, a decision to attempt delivery based
solely on an elevated C-reactive protein level does not
appear wise.

Women who have PROM with oligohydramnios appear
to be at increased risk for clinically evident infection, but the
positive predictive value is modest (33% to 47%). In 1985,
Gonik and co-workers noted that “amnionitis” developed in
8 (47%) of 17 patients with no pocket of amniotic fluid
larger than 1 by 1 cm on ultrasound examination, whereas
amnionitis developed in 3 (14%) of 22 patients with adequate
pockets (i.e., larger than 1 by 1.c¢m) (P < .05).*” To improve
the predictability of these tests, Vintzileos and colleagues
used a biophysical profile that included amniotic fluid volurmne,
fetal movement and tone, fetal respirations, and a nonstress
test.”>® However, positive predictive value of the biophysical
profile has been variable (31% to 60% for clinical chorio-
amnionitis and 31% to 47% for neonatal sepsis).”"*

Treatment of Preterm Premature Rupture of
Membranes before Fetal Viability

Because fetal viability is nil throughout nearly all of the
second trimester, the traditionally recommended approach
to PROM in this period of gestation has been to induce
labor. However, retrospective reports have provided pertinent
data on expectant management for PROM before fetal
viability.””** As expected, the latent period is relatively long
(mean, 12 to 19 days; median, 6 to 7 days). Although in these
reports, maternal clinically evident infections were common
(amnionitis in 35% to 59% and endometritis in 13% to
17%), none of these infections were serious, but maternal
death from sepsis has been reported.”* Of note, there was an
appreciable neonatal survival rate of 13% to 50%, depending
on gestational age at membrane rupture and duration of the
latent period. In cases with PROM at less than 23 weeks, the
perinatal survival rate was 13% to 47%; whereas with PROM
at 24 to 26 weeks, it was 50%.7**?** The incidence of still-
births is higher (15%) with midtrimester preterm PROM
than with later preterm PROM (1%). The incidence of lethal
pulmonary hypoplasia is 50% when membrane rupture
occurs before 19 weeks.” Accordingly, with appropriate
counseling, expectant management may be offered even in
the second trimester for selected cases of PROM (Table 3-14).
As neonatal survival in the periviable periods continues to
improve, the numbers of infants afflicted by moderate to
severe disabilities remains substantial.”® These concerns
should be clearly communicated to the mother before delivery.
As discussed subsequently, a plan for group B streptococcal
surveillance and treatment also would be indicated.

Investigational Treatment Measures

Highly experimental protocols are investigating the possibility
of extrinsic materials to promote resealing of the amniotic
membranes.”’ This idea stems from the use of a blood patch
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Table 3-14 Summary of Management Plans for Premature Rupture of Membranes

Management

In Second Trimester (<26-28 wk)

A. Induction
B. Expectant management

Retrospective works show high materna! infection rate but 13% to

50% neonatal survival

In Early Third Trimester (26-34 wk)

A. Tocolytics to delay delivery

B. Corticosteroids to accelerate lung maturity

C. Antibiotics for prophylaxis of neonatal group B
streptococcal infection

D. Antibiotics to prolong latent period

Randomized trials show no important benefits
CDC consensus statement recommends use between 24 and 32 wk
Efficiency established in randomized trial

Risk-benefit ratio unresolved; limit to randomized trials; optimal

duration of antibiotics unresolved

E. Expectant management

Approach followed most commonly; if premature rupture of

membranes occurs >32 wk, randomized trials show no neonatal
benefit to expectant management

At or Near Term (>35 wk)

A. Early induction, within 12-24 hr

B. Late induction, after approximately 24 hr

C. Expectant management until labor or infection
develop

D. Prostaglandin E, and E, preparations to ripen cervix/
induce labor

Recent evidence supports both option A and option C

Randomized trials and historical data support safety and efficacy

CDC, Centers for Disease Control and Prevention.

for treatment of spinal headache.® An aggressive inter-

ventional protocol for early midtrimester PROM using gelatin
sponge for cervical plugging in patients with spontaneous
or iatrogenic preterm PROM at less than 22 weeks with
significant oligohydramnios (maximal vertical pocket less
than 1.5cm) evaluated transabdominal or transcervical
placement of the gelatin sponge. This measure was in addition
to broad-spectrum antibiotic therapy and cervical cerclage.
Eight of 15 women undergoing the procedure reached a late
enough stage in gestation to allow fetal viability, and 30% of
infants survived to hospital discharge. Three of the surviving
infants had talipes equinovarus, and two had bilateral hip
dysplasia and torticollis. Quintero and colleagues™ introduced
an “amniopatch” consisting of autologous or heterologous
platelets and cryoprecipitate through a 22-gauge needle
intra-amniotically into seven patients with preterm PROM
16 to 24 weeks following fetoscopy or genetic amniocentesis
and reported a fetal survival rate of 42.8% (three of seven).
Of the remaining patients, two had unexplained fetal death,
one miscarried, and a fourth had an underlying bladder
outlet obstruction that prevented resealing of membranes.
With spontaneous rupture of membranes, 0 of 12 patients
have had resealing of their membranes.”® The investigators
speculate that with spontaneous rupture of membranes,
rupture sites are larger, are located over the internal cervical
os, are less amenable to patching, and are more susceptible
to ascending infection and weakening of the lower portion
of the membranes by proinflammatory agents.

To address the larger defect with spontaneous preterm
PROM, Quintero and colleagues have investigated the use of
an “amnio graft,” achieved by laser-welding the amniotic
membranes using Gore-Tex materials and a collagen-based
graft material (Biosis), as well as combined use with a fibrin
glue, with variable success in both animal models and
selected patients.”****° Use of a fibrin sealant was associated
with a 53.8% survival rate when the sealant was placed

transcervically. In their study, mean gestational age at
rupture of membranes was 19 weeks 4 days; at treatment,
20 weeks 5 days; and at delivery, 27 weeks 4 days, with a
mean latency of 48 days from initial rupture to delivery.
Additional research in this area is necessary to establish the
safety and efficacy of this modality.

Treatment of Preterm Premature Rupture of
Membranes in Early Third Trimester

It is at the gestational age interval of 24 to 34 weeks that
management is most controversial. Yet new information has
become available, and sophisticated meta-analyses have been
performed. Controversial components of therapy, including
corticosteroids, tocolytics, and antibiotics, are reviewed here.
Specific situations such as HSV and HIV infection and
cerclage coexisting with PROM are reviewed later in the
chapter (see Table 3-14).

Corticosteroids

Many investigators have used corticosteroids in at least some
patients with PROM.?!"** In some studies, the investigators
found evidence for an increased rate of maternal post-
partum infection after administration of corticosteroids.
The infections occurred mainly after vaginal delivery and
were mild. Of still greater concern is the observation of some
investigators that the rate of neonatal sepsis was increased
when corticosteroids were used. However, most studies have
not found this association.

Some studies reported significant (or nearly significant)
decreases in the occurrence of RDS, but others found no
significant decrease when corticosteroids were used in patients
with PROM.**2 There are major difficulties in interpreting
these studies. In some of the more rigorously designed
studies of corticosteroid use, the numbers of patients with
PROM were small. Thus, real differences may have been
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missed (a beta error). In most studies, there were at least
small decreases in the incidence of RDS in the corticosteroid
group. A relatively wide range of gestational ages was studied.
The minimum number of weeks of gestation for entry into
a study ranged from 25 to 32, and the maximum ranged
from 32 to 37. Because an equal effect of corticosteroids on
the rate of RDS is unlikely at all gestational age intervals, real
differences may have been missed in some intervals, because
data for these intervals were combined with data for
other gestational ages. Finally, experiments measuring the
surfactant-inducing potency of corticosteroids suggest
differences in the efficacy of various corticosteroid pre-
parations and various dosages.

Several studies, including three meta-analyses, have
attempted to resolve the confusion.”®*** Unfortunately, the
authors reached differing conclusions. Ohlsson concluded
that in preterm PROM, corticosteroid treatment “cannot
presently be recommended to prevent RDS ... outside a
randomized controlled trial.*** The reasons underlying this
conclusion are that the evidence that it decreases RDS is
weak and its use increases the incidence of endometritis and
may increase neonatal infections” On the other hand,
Crowley and associates concluded that corticosteroids were
effective in preventing RDS after preterm PROM (OR 0.44,
95% CI 0.32 to 0.60) and that they were not associated with
a significant increase in perinatal infection (OR 0.84, 95% CI
0.57 to 1.23) or neonatal infection (OR 1.61, 95% CI 0.9 to
3.0).” Lovett and colleagues, in a prospective, double-blind
trial of treatment for preterm PROM, did use corticosteroids
in all patients. They also found significant decreases in
mortality, sepsis, and RDS rates, as well as increased birth
weight, when corticosteroids and antibiotics were given
compared with use of corticosteroids alone. In addition,
Lewis and co-workers investigated use of ampicillin-
sulbactam in preterm PROM and then randomized patients
to receive weekly corticosteroids versus placebo between 24
and 34 weeks. They found a decrease in RDS (44% versus
18%; P = .03 or .29, 95% CI 0.10% to 0.82%) in the cortico-
steroid treatment group with no increase in maternal or
neonatal infection complications.””® Lee’s group also
evaluated use of weekly steroids in a randomized double-
blind trial in women at 24 to 32 weeks with preterm PROM,
compared with only a single course of steroids. Although the
investigators found no differences in the overall composite
neonatal morbidity between the groups (34.2% versus
41.8%), they did find an increased rate of chorioamnionitis
in the weekly-course group (49.4% versus 31.7%; P = .04).
Of note, in the group with gestational age at delivery of 24 to
27 weeks, there was a significant reduction in RDS from
100% in the single-course group to 26.5% (P = .001) in the
weekly-course group.”’

Leitich and associates concluded that corticosteroids
appear to diminish the beneficial effects of antibiotics in the
treatment of preterm PROM. This was based on the results
of their meta-analysis of five randomized trials of antibiotics
and preterm PROM in which corticosteroids were used,
which they compared with those of their previous meta-
analysis of preterm PROM without corticosteroids. They
found nonsignificant differences in mortality, sepsis, RDS,
IVH, and necrotizing enterocolitis when both antibiotics
and corticosteroids were used. By contrast, when antibiotics
but not corticosteroids were used, they found a significant

decrease in chorioamnionitis (OR 0.37, P = .0001), post-
partum endometritis (OR 0.47, P =.03), neonatal sepsis (OR
0.27, P = .002), and IVH (OR 0.48, P = .02).%®

The National Institutes of Health (NIH) Consensus
Development Panel in 1995 recommended that corticosteroids
be given in the absence of IAI to women with preterm
PROM at less than 30 to 32 weeks of gestation because the
benefits of corticosteroids may outweigh the risk at this
gestational age, particularly with IVH. Because the number
of patients receiving corticosteroids with PROM at more
than 32 weeks of gestation was small, the consensus panel
chose to restrict its recommendation to less than 32 weeks of
gestation. Recommended dosing includes betamethasone
12 mg intramuscularly every 24 hours for two doses or
dexamethasone 6 mg every 12 hours for four doses. The
consensus panel reconvened in 2000 and reconfirmed their
original recommendations. Repeat dosing of steroids was
not recommended outside of randomized trials. Guinn and
colleagues found no decrease in neonatal morbidity with
serial weekly courses of betamethasone compared with single
course therapy.”

Antibiotics

Patients with preterm PROM are candidates for prophylaxis
against group B streptococci.’®*?** In addition, one inno-
vative report noted use of combination antibiotics in an
asymptomatic patient with preterm PROM because of
bacterial colonization of the amniotic fluid, which was
detected by amniocentesis. A second amniocentesis 48 hours
after therapy revealed a sterile culture.”

Some studies of preterm pregnancies have found an
increased rate of amnionitis to be associated with an
increasing length of the latent period,*>?%®?** whereas
others?®” have not. In patients with preterm PROM, digital
vaginal examination should be avoided until labor develops,
although transvaginal or transperineal ultrasound can be
safely used to assess cervical length without increasing the
risk of infection.”®® Some studies noted that prolonged ROM
decreased the incidence of RDS,>'*?'' others noted no
significant effect.’?7-2%%242243266267 Thege discrepancies may
be explained by differences in experimental design (such as
grouping of various gestational ages and using different
sample sizes) or in definitions of clinical complications.

Antibiotics of several classes have been found to prolong
pregnancy in the setting of preterm PROM. Two large
multicenter clinical trials with different approaches had
adequate power to evaluate the utility of antibiotics in the
setting of preterm PROM. Mercer and Arheart*®® evaluated
the use of antibiotics in PROM with a meta-analysis. They
evaluated such outcomes as length of latency, chorio-
amnionitis, postpartum infection, neonatal survival, neonatal
sepsis, RDS, IVH, and necrotizing enterocolitis. Several
classes of antibiotics were used, including penicillins and
cephalosporins, although few studies used either tocolytics
or corticosteroids. Benefits of antibiotics in this analysis
included a significant reduction in chorioamnionitis, IVH,
and confirmed neonatal sepsis. There was a significant
decrease in the number of women delivering within 1 week
of membrane rupture (OR 0.56, CI 0.41 to 0.76), but no
significant differences were seen in necrotizing enterocolitis,
RDS, or mortality. The evidence currently supports use of
antibiotics in preterm PROM to prolong latency and to
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decrease maternal and neonatal infectious complications,
but further studies to select the preferred agent have yet to be
performed.

The Maternal Fetal Medicine Units Network of the National
Institutes of Child Health and Development (NICHD) con-
ducted a large, multicenter trial of antibiotics after PROM
but also did not use tocolytics or corticosteroids. Patients
with preterm PROM at between 24 and 32 weeks were
included. Patients were randomized to receive aggressive
intravenous antibiotic therapy consisting of ampicillin (2 g
intravenously [IV] every 6 hours) and erythromycin
(250 mg IV every 6 hours) for the first 48 hours, followed
by 5 days of oral therapy of amoxicillin (250 mg every
8 hours) and enteric coated erythromycin (333 mg orally
every 8 hours) or placebo. Antibiotic treatment resulted in
prolongation of pregnancy. Twice (50%) as many patients
in the antibiotic treatment group remained pregnant after
7 days and 21 days composite neonatal morbidity was
reduced in the antibiotic treatment group from 53% to 44%
(P < .05). In addition, individual neonatal comorbid con-
ditions occurred less often in the antibiotic treatment group:
RDS (40.5% versus 48.7%), stage 3/4 necrotizing entero-
colitis (2.3% versus 5.8%), patent ductus arteriosus (PDA)
(11.7% versus 20.2%), BPD (13.0% versus 20.5%) (P < .05
for each). Occurrence rates for specific infections including
neonatal group B streptococci—associated sepsis (0% versus
1.5%), overall neonatal sepsis (8.4% versus 15.6%), and
pneumonia (2.9% versus 7.0%) all were significantly less
(P < .05) in the antibiotic treatment group.

The second large trial was the multicenter, multiarm
ORACLE trial of oral antibiotics in women with preterm
PROM at less than 37 weeks. Over 4000 patients were
randomized to receive oral erythromycin, amoxicillin—
clavulanic acid, both, or placebo for up to 10 days. All of the
antibiotic regimens prolonged pregnancy compared with
placebo. Amoxicillin—clavulanic acid, however, increased the
risk for neonatal necrotizing enterocolitis (1.9% versus
0.5%; P = .001), and this regimen is now advised against.
The investigators demonstrated a significant decrease in
perinatal morbidity, RDS, and necrotizing enterocolitis with
use of ampicillin and erythromycin.?®

Egarter and associates found in a meta-analysis of seven
published studies a 68% reduction of neonatal sepsis and a
50% decreased risk of IVH in infants born to mothers
receiving antibiotics after preterm PROM. They did not,
however, find any significant differences in either RDS or
neonatal mortality.””

The Cochrane Library has reviewed antibiotic use in
preterm PROM in more than 6000 women in 19 trials. This
meta-analysis also found that antibiotic use in preterm
PROM was associated with an increased latent period at
48 hours and 7 days and reduction in major neonatal
comorbid conditions or indicators such as neonatal infection,
surfactant use, oxygen therapy, and abnormalities on head
ultrasound examination prior to hospital discharge. Of
interest, there was an increased risk of necrotizing entero-
colitis in the two trials involving 2492 babies in which co-
amoxiclav was administered to the mother (relative risk 4.6,
95% CI 1.98 to 10.72). Another included trial in the meta-
analysis compared erythromycin to co-amoxiclav; the
investigators found fewer deliveries at 48 hours in the
co-amoxiclav group but no difference at 7 days. However,

they also found a decrease in necrotizing enterocolitis when
erythromycin rather than co-amoxiclav was used (relative
risk 0.46, 95% CI 0.23 to 0.94).”' Thus, they recommended
that co-amoxiclav should be avoided in the setting of preterm
PROM.

Owing to concerns of emergence of resistant organisms,
another question involves duration of antibiotic therapy in
preterm PROM. Two recent small trials have evaluated this
question. Segel and assocites compared 3 days and 7 days of
ampicillin in patients at 24 to 33 weeks with preterm PROM.
In their 48 patients, there was no difference in 7-day latency
as well as no difference in rates of chorioamnionitis, post-
partum endometritis, and neonatal morbidity and mortality.?”?
Lewis and colleagues studied 3 days versus 7 days of ampicillin-
sulbactam (3g IV every 8 hours) and similarly found no
difference in outcomes between groups.”’? Both of these
studies are small, so the final answer to this important
question remains unanswered. We use 7 days of antibiotics,
usually ampicillin and erythromycin, following the dosing
from the NICHD trial.

Tocolytics and Development of Respiratory
Distress Syndrome

Older studies suggested a decrease in the rate of RDS with
use of beta-adrenergic drugs, but in the National Collabo-
rative Study, use of tocolytics in patients with ruptured
membranes increased the likelihood of RDS by about
350%.%”* In addition, two small randomized controlled trials
have assessed use of tocolytics in the presence of PROM. 227
Neither found any significant increase in time to delivery or
in birth weight or any decrease in RDS or neonatal hospital
stay. These studies, however, did not use antibiotics or
corticosteroids. Tocolytics have been shown to prolong preg-
nancy by about 48 hours in patients with intact membranes,
but their efficacy with preterm PROM remains debatable. In
the patient with preterm PROM and no contractions,
tocolytics need not be given. In the patient with preterm
PROM and contractions, IAI should be ruled out before
consideration of tocolytics. Tocolytics could be considered
in the early third trimester to maximize impact of antenatal
corticosteroids (48-hour delay) on neonatal morbidity and
mortality. Interested readers are referred to a recent review
of this subject.””’”

Determination of Fetal Lung Maturity

Some clinicians determine the status of fetal pulmonary
maturity and proceed with delivery if the lungs are mature.
Amniotic fluid may be collected by amniocentesis or from
the posterior vagina. Either presence of phosphatidylglycerol
or a lecithin-to-sphingomyelin ratio higher than 2 in amniotic
fluid has been reported to be a good predictor of pulmonary
maturity. In a series of patients with PROM before 36 weeks,
Brame and MacKenna determined whether phosphatidyl-
glycerol was present in the vaginal pool and delivered
patients when there was presence of phosphatidylglycerol,
spontaneous labor, or evidence of sepsis.”’® Of 214 patients,
47 had phosphatidylglycerol present initially and were
delivered. Of the remaining 167, 36 (21%) were subsequently
found to have phosphatidylglycerol and were induced or
delivered by cesarean section. Evidence of maternal infection
developed in 8 (5%) and spontaneous labor developed
in 123 (74%) of the 167 patients. Phosphatidylglycerol in
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amniotic fluid from the vagina reliably predicted fetal lung
maturity; however, its absence did not necessarily mean that
RDS would develop. Of 131 patients who did not show
phosphatidylglycerol in the vaginal pool in any sample, 82
(62%) were delivered of infants who had no RDS. Lewis and
colleagues also showed the presence of a mature Amniostat-
FLM (Hana Biologies, Irvine, Calif) in a vaginal pool sample
from 18% of 201 patients, and none developed RDS.

Intentional Preterm Induction in the Mid-Third
Trimester

Even with PROM, delivery of a premature infant simply
because the lungs show biochemical maturity may be
questioned in view of other potential hazards of prematurity
and the potential difficulties of the induction.

Two papers have examined this controversial issue. With
respect to the new information regarding the association
among preterm PROM, chorioamnionitis, and subsequent
development of cerebral palsy, the use of intentional mid-
third-trimester induction is receiving increased attention.

Mercer and colleagues compared expectant management
and immediate induction in 93 pregnancies complicated by
PROM between 32 and 36 weeks 6 days, when mature fetal
lung profiles were documented. They found significant
prolongation of latent period and of maternal hospitaliz-
ation, as well as increased neonatal length of stay, and
increased antimicrobial use in the expectant management
group despite no increase in documented neonatal sepsis.
Thus, they concluded that in women with preterm PROM at
32 through 36 weeks with a mature fetal lung profile,
immediate induction of labor reduces the duration of
hospitalization in both mother and neonates.””” Cox and
Leveno similarly studied pregnancies complicated by
preterm PROM at 30 to 34 weeks of gestation. Consenting
patients were randomly assigned to one of two groups:
expectant management versus immediate induction.
Corticosteroids, tocolytics, and antibiotics were not used in
either group. Fetal lung profiles were not determined. The
investigators found a significant increase in the incidence of
chorioamnionitis and antepartum hospitalization in the
expectant management group. In addition, they found no
clinically significant differences in birth weight or frequency
of IVH, necrotizing enterocolitis, neonatal sepsis, RDS, or
perinatal death. They concluded that there were no clinically
significant neonatal advantages to expectant management of
ruptured membranes and decreased antepartum hospitaliz-
ation in those women managed with immediate induction.?

Fetal Surveillance

Owing to concerns regarding cord compression and cord
prolapse as well as the development of intrauterine and fetal
infection, daily fetal monitoring in the setting of preterm
PROM has been studied. Vintzileos and colleagues demon-
strated that infection developed when the nonstress test
became nonreactive 78% of the time, compared with only
14% when the nonstress test remained reactive.”’ Similarly,
the biophysical profile score of 6 or less also predicted
perinatal infection.’® As a result, we recommend daily
monitoring with nonstress tests. If the nonstress test is
nonreactive, further workup with biophysical profile should
be performed. Because there are currently no large studies

evaluating outpatient management of preterm PROM, we
recommend hospitalization until delivery.

Conclusion

Despite availability of recent data and sophisticated meta-
analyses, we believe the evidence supports the use of
expectant management in the absence of IAI and in the
absence of documented fetal lung maturity in the third
trimester until 34 completed weeks. If expectant management
is chosen, corticosteroids to enhance fetal organ maturation
should be given until 32 weeks. In addition, broad-spectrum
antibiotics consisting of ampicillin and erythromycin should
be administered for 7 days. Bacterial vaginosis should also be
treated if present. In general, tocolytics should be avoided.
Daily fetal surveillance is also recommended. Appropriate
group B streptococcal prophylaxis in this high-risk group is
strongly encouraged during labor. From a cost-effectiveness
standpoint, Grable and co-workers looked at PPROM
between 32 and 36 weeks. Using their decision analysis based
on 1996 cost data, they weighed the costs of maternal
hospitalization, latency, infection, and minor/major neonatal
morbidity versus that of immediate induction. They found
that it is most effective to delay delivery by 1 week between
32 and 34 weeks and to induce at presentation at or after
35 weeks,”8>2%

Recurrence

Recurrence of PPROM in a subsequent pregnancy following
an index pregnancy complicated by PPROM has been
estimated to be 13.5% to 44%. In Lee and colleagues’
population-based case-control study, there was an odds ratio
of 20.6 for recurrent PPROM and 3.6 for recurrent preterm
birth. However, the estimated gestational age of index
preterm PROM is poorly predictive of subsequent timing of
recurrent events. The other two studies had higher
recurrence of risks but probably included transferred
patients, so that the study populations constituted a more
select group.”*>2%

Prevention

Because preterm PROM often is accompanied by both
maternal and neonatal adverse events, prevention of preterm
PROM is desirable. Prediction of preterm PROM was
evaluated in a large prospective trial, the Preterm Prediction
Study,*® sponsored by the NICHD Maternal Fetal Medicine
Units Network. Prior preterm birth and preterm birth
secondary to preterm PROM were associated with sub-
sequent preterm birth. In nulliparas, preterm PROM is
associated with medical complications, work in pregnancy,
symptomatic contractions, bacterial vaginosis, and low body
mass index. In multiparas, associated risk factors included
prior preterm PROM, prior preterm birth due to preterm
labor, and low body mass index. In both nulliparas and
multiparas, a cervix found to be shorter than 25mm by
endovaginal ultrasound examination was associated with
preterm PROM. A positive fetal fibronectin also was
predictive of preterm PROM in both nulliparas (16.7%) and
multiparas (25%). Multiparas with a prior history of
preterm birth, a short cervix, and a positive fetal fibronectin
had a 31-fold higher risk of PROM and delivery before
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35 weeks compared with women without these risk factors
(25% versus 0.8%; P = .001).%*

Special Situations

Cerclage and Preterm Premature Rupture of
Membranes

Classic obstetric dogma has suggested immediate removal of
the cervical cerclage stitch when preterm PROM occurs.
Risks associated with the retained stitch include maternal
infection from bacterial proliferation emanating from
the foreign body and cervical lacerations consequent to
progression of labor despite the retained stitch. Small
retrospective studies have shown conflicting results.

Currently, there are not enough data in the literature to
recommend removal or retention of the suture. If there is no
evidence of IAI or preterm labor in very premature
gestations, one could consider leaving the stitch in during
corticosteroid administration while there is uterine
quiescence. After corticosteroids are maximized after 48
hours, then the stitch might be removed.?*?**

Preterm Premature Rupture of Membranes and
Herpes Simplex Virus

In a retrospective review from 1986 to 1996 of 29 patients
with preterm PROM and a history of recurrent genital
herpes, there were no cases of neonatal herpes. However, the
95% CI suggests that the risk of vertical transmission could
be as high as 10%. The mean estimated gestational age
at membrane rupture was 27.7 weeks. Mean estimated
gestational age at maternal herpetic lesion development was
28.7 weeks. With continued expected management, mean
estimated gestational age at delivery was 30.6 weeks in the
study group. Of the 29 patients, 13 (45%) were delivered by
cesarean section. Additionally, although delivery was
performed for obstetric indication only, 8 of 13 patients
undergoing cesarean section had active lesions as the only or
a secondary indication for cesarean section. In this study,
risk of neonatal death from complications of prematurity
was 10%. Risk of major neonatal morbidity was 41%. The
risks of major morbidity and mortality would have been
considerably higher had there been iatrogenic delivery at the
time of development of their herpetic lesion. Thus, it
appears prudent when there is a history of recurrent HSV
infection to continue expectant management in the signifi-
cantly preterm gestation. In the setting of primary herpes (or
nonprimary first episode), with the higher viral loads that
entails, early delivery theoretically may prevent vertical
transmission, but this has not been specifically studied. Only
8 of the patients in this study received acyclovir treatment.
Thus, use of acyclovir for symptomatic outbreaks would
theoretically reduce the risk of transmission, as well as
decreasing the number of cesarean sections performed for
presence of active lesions at the time of delivery.””
Additionally, Scott and associates have demonstrated a
decreased cesarean section rate in term patients with a history
of recurrent HSV infection.”*

Human Immunodeficiency Virus and Preterm
Premature Rupture of Membranes

There are no specific data regarding the subset of patients
with preterm PROM who are seropositive for HIV. With

Obstetric Factors Associated with Infections in the Fetus and Newborn Infant 79

highly active antiretroviral therapy (HAART) and a low viral
load, expectant management of preterm PROM after clinical
exclusion of IAI might be considered, because the
complications of prematurity with gestational age of less than
32 weeks, and certainly less than 28 weeks, are significant.
With continued HAART, the risk of vertical transmission
should remain low. The physician should discuss and
document potential risks and benefits with the mother
regarding the possibility of vertical transmission or neonatal
morbidity and mortality. Intravenous infusion of zidovudine
should be initiated at admission, if the antiretroviral
regimen permits, because latency can be unpredictively short
in many patients with preterm PROM.*”’ If, after a period of
observation and no evidence of spontaneous preterm labor,
intravenous zidovudine may be discontinued and oral
HAART continued.

Treatment of Term Premature Rupture of
Membranes

Approximately 8% of pregnant women at term experience
PROM, although contractions commence spontaneously
within 24 hours of membrane rupture in 80% to 90% of
patients.'”” After greater than 24 hours elapses following
membrane rupture at term, the incidence of neonatal
infection is approximately 1%, but this risk increases to 3%
to 5% when clinical chorioamnionitis is diagnosed.?*® For
many years, the practice in most institutions had been to
induce labor in term patients within approximately 12 hours
of PROM, primarily because of concerns about development
of chorioamnionitis and neonatal infectious complications.
More recently, three studies have demonstrated that in most
patients, expectant management can be safely applied (see
Table 3-14). The designs of these three reports were different.

Kappy and associates reported a retrospective review in a
private population.””” Duff and colleagues performed a
randomized study in indigent patients with unfavorable cervix
characteristics (less than 2 cm dilated, less than 80% effaced)
and with no complications of pregnancy (e.g., toxemia,
diabetes, previous cesarean section, malpresentation,
meconium-stained fluid).’® In the patients assigned to the
induction group, initiation of induction generally was at
12 hours after rupture of membranes. The excess cesarean
deliveries in the induction group were for failed induction.
In the induction group, there was a higher probability of IAL
In the study by Conway and colleagues, all patients were
observed until the morning after admission.”' Induction of
labor was then undertaken if the patient was not in labor.

Wagner and co-workers provided yet another variant by
comparing early induction (at 6 hours after PROM) to late
induction (at 24 hours after PROM).*”? In their population
at a Kaiser Permanente hospital, the results favored early
induction by shortening maternal hospital stay and
decreasing neonatal sepsis evaluations. Recent work also has
evaluated use of oral and vaginal prostaglandin preparations
(prostaglandins E; and E,) to ripen the cervix or induce
labor after PROM at term. These preparations appear to be
effective in shortening labor without increasing maternal or
neonatal infection.’”~%

Hannah and colleagues evaluated four management
schemes in women with PROM at term: (1) immediate
induction with oxytocin, (2) immediate induction with
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vaginal prostaglandin E,, (3) expectant management for up
to 4 days followed by oxytocin induction, and (4) expectant
management followed by prostaglandin E, induction.
Although no differences in cesarean section rates or
frequency of neonatal sepsis were found, an increase in
chorioamnionitis was noted in the expectant management
groups, and all deaths not caused by congenital anomalies
occurred in the expectant management group. Of note,
patient satisfaction was higher in the immediate induction
group. A secondary analysis demonstrated five variables as
independent predictors of neonatal sepsis: clinical chorio-
amnionitis (OR 5.89), presence of group B streptococci (OR
3.08), seven to eight vaginal examinations (OR 2.37), duration
of ruptured membranes 24 to 48 hours (OR 1.97), greater
than 48 hours from membrane rupture to active labor (OR
2.25), and maternal antibiotics before delivery (OR 1.63).>*

We endorse immediate induction with oxytocin in
women with PROM at term if the condition of the cervix is
favorable and the patient is willing. If the condition of the
cervix is unfavorable, induction with appropriate doses of
prostaglandins may be used before use of oxytocin. Intra-
partum antibiotic prophylaxis against group B streptococci
should be used according to the 2002 guidelines,” which
emphasize universal screening of all gravidas at 35 to
37 weeks. All seropositive women should receive intravenous
antibiotics in labor. Changes in the 2002 recommendations
over the previous guidelines also include antibiotic guide-
lines for those with high- and low-risk penicillin allergy, as
well as checking antibiotic sensitivities due to emerging anti-
biotic resistance, particularly resistance of erythromycin and
clindamycin to group B streptococci.
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The human fetus and neonate, particularly the premature
neonate, are unduly susceptible to a wide variety of microbes.
This susceptibility results from limitations of both innate
and adaptive (antigen-specific) immunity, and from limitations
in processes through which the innate immune system
facilitates and directs the development of protective antigen-
specific immunity. This chapter focuses on the ontogeny of
the cellular and humoral components of the immune system
and their function in the human fetus, neonate, and young
infant. Antigen-specific immunity is discussed first, followed
by innate mechanisms of host defense. The relationship
between deficiencies in immune function in the neonate and
fetus and their increased susceptibility to bacterial, viral, and
protozoal infections are examined, followed by a brief review
of current and potential applications of immunotherapy
as therapeutic adjuncts or for the prevention of these
infections.

The immune system is composed of hematopoietic cells,
including lymphocytes, mononuclear phagocytes, myeloid
and lymphoid dendritic cells (DCs), and granulocytes; certain
nonhematopoietic cells, such as follicular DCs and thymic
epithelial cells; and humoral factors, such as cytokines
(Tables 4-1 and 4-2) and complement components. The
mature hematopoietic cells of mammals are derived from
pluripotent hematopoietic stem cells (HSCs). HSCs are
generated during ontogeny from embryonic para-aortic
tissue (the splanchnopleure), fetal liver, and bone marrow.'
The yolk sac, which is extraembryonic, is a major site of
nonlymphoid hematopoiesis starting at about the third
week of embryonic development and is supplanted by
the fetal liver at 8 weeks of gestation and, finally, by the
bone marrow after 5 months of gestation. HSCs are found
in the para-aortic tissue region by day 27 of human
gestation, and cells with blood-forming potential in vitro
have been identified in this region as early as day 19 of
development.” Hematopoiesis by the fetal liver and bone
marrow is established by seeding of these sites with
circulating HSCs derived from para-aortic tissue.” All
major lineages of hematopoietic cells that are part of the
immune system are present in the human by the beginning
of the second trimester. Their ontogeny from HSCs is
discussed in separate sections of this chapter.
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Table 4-1

Major Human Cytokines and TNF Family Ligands: Structure, Cognate Receptors, and

Receptor-Mediated Signal Transduction Pathways

Proximal Signal

Cognate Receptor  Transduction
Cytokine Family Members Structure Family Pathway(s)
IL-1 iL-1a, IL-1B, IL-18 (iL-1y), and IL-1  B-Trefoil, monomers;  IL-1 receptor IRAK; JNK

receptor antagonist
Hematopoietin IL-2-IL-7, IL-9-IL3, IL-15, IL-17,
IL-19, IL-29, CSFs,
oncostatin-M, and IFNs
(o, B, v, and others); class Il
subfamily consists of IL-10,
IL-19, IL-20, 1L-22, IL-24, IL-26,

and IFNs
TNF ligand TNF-o, lymphotoxin-a, -B, CD27L,
CD30L, CD40L, OX40L, TRAIL,
and others
TGF-B TGF-B1, -B2, -p3, bone
morphogenetic proteins
Chemokines

CXC ligand subfamily
CC ligand subfamily

CXCL1-14, CXCL16

CCL1-5, CCL7, CCL8, CCL11,
CCL13-CCL28

XCL1 (lymphotactin), XCL2
(SCM-1p)

CX3CL (fractalkine)

C ligand subfamily

CX3C ligand subfamily

Four a-helical;

B-Jellyroll;

Cysteine knot;

processed and

secreted

Hematopoietin
receptors

JAK tyrosine kinases/
STAT, Src and Syk
tyrosine kinases

monomers except
for IL-5 and IFNs
(homodimers) and
IL-12, IL-23, and
IL-27
(heterodimers);
secreted
TNF receptor
family

TRAFs and proteins
mediating
apoptosis

homotrimers;
type Il membrane
proteins and
secreted

TGF-J receptors Smad proteins

processed and type 1 and
secreted type 2
heterodimers
(intrinsic
serine threonine
kinases)
Three-stranded Seven membrane- G protein-mediated
B-sheet; all but spanning
fractalkine are domains

secreted
CXCR1-CXCR6
CCR1-CCR10
XCR1

CX3CR1

CSF, colony-stimulating factors; IFN, interferon; IL, interleukin; IRAK, IL-1 receptor-associated serine/threonine kinase; JNK, c-Jun N-terminal
kinase; STAT, signal transducer and activator of transcription; TGF, transforming growth factor; TNF, tumor necrosis factor; TRAFs, TNF-o.
receptor—associated factors; TRAIL, TNF-related apoptosis—inducing ligand.

T LYMPHOCYTES AND ANTIGEN
PRESENTATION

Overview

T lymphocytes, which are commonly referred to as T cells,
are so named because the vast majority originate in the
thymus. Along with B lymphocytes (B cells), which develop
in the bone marrow, T cells comprise the adaptive or antigen-
specific immune system. T lymphocytes play a central role in
antigen-specific immunity because they directly mediate
cellular immune responses and play a critical role in
facilitating antigen-specific humoral immune responses by B
cells.

Most T cells recognize antigen in the form of peptides
bound to major histocompatibility complex (MHC) molecules
on antigen-presenting cells (APCs). Antigen-specific T cell
receptors (TCRs) are heterodimeric molecules composed of
either o and P chains (o3-TCRs) (Fig. 4-1) or Y and 8 chains
(Y8-TCRs).* The amino-terminal portion of each of these
chains is variable and is involved in antigen recognition. As

discussed later, the highly variable nature of this portion of
the TCR is generated, in large part, as a result of TCR gene
rearrangement of variable (V), diversity (D), and joining (J)
segments. By contrast, the carboxy-terminal region of each
of the four TCR chains is monomorphic or constant. The
TCR on the cell surface is invariably associated with the
nonpolymorphic complex of CD3 proteins, which include
CD3-v, -8, -g, and - (see Fig. 4-1).>° The cytoplasmic domains
of proteins of the CD3 complex include 10 immunoreceptor
tyrosine-based activation motifs (ITAMs), which serve as
docking sites for intracellular tyrosine kinases that transduce
activation signals to the interior of the cell after the TCR has
been engaged by antigen.®

Nearly all T cells that bear an af-TCR, hereafter referred
to as af} T cells, also express on their surface the CD4 or CD8
co-receptors in a mutually exclusive manner. The CD4
co-receptor is expressed as a monomeric or homo-oligomeric
complex.” The CD8 co-receptor may consist either of
CD8-0/CD8-B heterodimers or CD8-0/CD8-0 homodimers.?
The off T cells mainly express CD8-0/CD8-P heterodimers;
a subset of T cells with ¥8-TCRs, hereafter referred to as ¥8
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Table 4-2 Immunoregulatory Effects of Select Cytokines, Chemokines, and TNF Ligand Family
Proteins and Their Production by Human Neonatal Cells
Production by Neonatal
Cytokine Principal Cell Source Maijor Biologic Effects versus Adult Cells Reference(s)
IL-1e, IL-1-B Many cell types; M¢ Fever, inflammatory MNGCs: normal after LPS 1080, 1405
are a major source response, cofactor in T treatment; ?reduced
and B cell growth in premature
IL-2 T cells T > B cell growth, increased T cells: normal with 326, 342, 343
cytotoxicity by T and most polyclonal
NK cells, increased stimuli; neonatal <
cytokine production and adult after CD3 mAb
sensitivity to apoptosis by treatment
T cells, growth and
survival of regulatory
T cells
IL-3 T cells Growth of early T cells: neonatal and 342, 1406, 1407
hematopoietic precursors adult naive < adult
(also known as multi-CSF) memory
MNCs: neonatal < adult
IL-4 T cells, mast cells, Required for IgE synthesis; T cells: Neonatal and 342, 343
basophils, enhances B cell growth adult naive < adult
eosinophiis and MHC class |l memory
expression; promotes
T cell growth and T2
differentiation, mast
cell growth factor;
enhances endothelial
VCAM-1 expression
IL-5 T cells, NK cells, mast Eosinophil growth, T cells: neonatal and 342
cells, basophils, differentiation, and adult naive < adult
eosinophils survival memory
IL-6 Mo, fibroblasts, T cells  Hepatic acute-phase protein T cells: neonatal < adult  1408-1412
synthesis, fever, T and naive < adult memory
B cell growth and MNC: term normal to
differentiation slightly reduced;
premature ~25% of
adult
M¢: neonatat < adult
after RSV infection
Whole blood: neonatal
= adult
IL-7 Stromal cells of bone Essential thymocyte growth Not known
marrow and thymus factor
IL-8 (CXCL8) M¢, endothelial cells, Chemotaxis and activation MNGs: neonatal < adult 1082, 1083, 1408,
fibroblasts, of neutrophils or normal in different 1413
epithelial cells, studies using
T cells LPS stimulation;
preterm < term
Mo¢: decreased after
GBS incubation
Whole blood: neonatal
= adult
IL-9 T cells, mast cells T cell and mast cell growth Not known
factor
IL-10 Mo, T, cells, B cells, NK  Inhibits cytokine production T cells: neonatal and 346, 731, 1088, 1408
cells, B cells, NK by T cells and adult naive < adult
cells, keratinocyes, mononuciear cell memory
eosinophils inflammatory function; MNC: neonatal < adult
promotes B cell growth (lectin or LPS)
and isotype switching, M¢: neonatal < aduit
NK cell cytotoxicity Whole blood: neonatal
= adult
IL-11 Marrow stromal cells, Hematopoietic precursor Fibroblasts: neonatal 1414
fibroblasts growth, acute-phase > adult

reactants by hepatocytes

continued
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Table 4-2

General Information

Proteins and Their Production by Human Neonatal Cells—cont'd

Immunoregulatory Effects of Select Cytokines, Chemokines, and TNF Ligand Family

Cytokine

Principal Cell Source

Major Biologic Effects

Production by Neonatal
versus Adult Cells

Reference(s)

IL-12

IL-13

IL-15

IL-17

IL-18

iL-21

iL-23

IL-25

IL-27

IFN-a

IFN-B

IFN-y

Dendritic cells, Mo

T cells, mast cells,
basophils,
eosinophils

Epithelial cells, bone
marrow stromal
cells, activated
monocytes

T cells

Macrophages, hepatic
Kupffer cells,
intestinal and skin
epithelia

T cells

Dendritic cells, Mo

T42 cells, mast cells

Dendritic cells, M¢

Dendritic ceils, M¢

Fibroblasts, epithelial
cells, dendritic cells
T cells, NK cells,
eosinophils (?),
IL-18-stimulated
B cells

Enhances T,1 differentiation,

T cell growth, T cell and
NK celi cytotoxicity;

induces IFN-y secretion by

T cells and NK cells;
enhances B cell response
to Tl antigens

Very similar to those of I1L-4,
with possible exception of
lacking direct T cell effects

and greater effect on
goblet cells of lung
Enhances NK cell
development, growth,
survival, cytotoxicity, and

cytokine production; T cell

chemoattractant and
growth factor

Enhances T cell proliferation;
proinflammatory cytokine

release by macrophages

Promotes T,,1 differentiation;

production of IL-2 and
GM-CSF by T cells, and
IFN-y by T cells, NK cells,
and B cells; T cell- and
NK cell-mediated
cytotoxicity, DC
recruitment

Enhances proliferation of
B cells, naive T cells;

NK cell differentiation and

cytotoxicity

Similar effects to those of
1L-12

Promotes T,2 cytokine
secretion by T cells and
APCs (?M¢)

Promotes responsiveness of

T cells to IL-12; inhibits T,2

differentiation
Inhibits viral replication;
increases MHC class |
expression and NK cell
cytotoxicity

Same as for IFN-«

Same as for IFN-a and -f;
also activates Mo,
increases MHC class Il and
antigen presentation
molecules, inhibits igE
production, enhances
B cell response to
Tl antigens, promotes T, 1
differentiation

MNCs: neonatal and
young children
< adult or normal
after LPS in different
studies; normal in
response to S. aureus

DC: neonatal < adult in
response to LPS or
pertussis toxin

T cells: neonatal and
adult naive CD4*
< adult memory CD4*

Neonatal CD8* > adult
cDb8*

MNC: neonatal
< adult after LPS
stimulation

Not known

MNCs: neonatal 65% of
adult in response to
group B streptococci

Not known

Not known

Not known

Not known

MNCs: normal to some
stimuli but reduced
to most stimuli,
including HSV,
parainfluenza virus,
unmethylated CpG
DNA and poly (1:C),
particularly in
premature

MNC: normal

T cells: neonata! and
adult naive < adult
memory; neonatal
< adult naive with
allostimulation

NK cells: normal after
HSV and IL-2
stimulation

MNCs: neonatal < adult
after IL-12 and IL-15
treatment

69, 73, 85-88, 911,
1415, 1416

358, 1417

891

1093

69, 82, 83, 84, 1091,
1418

82
86, 326, 343, 356,

891, 924, 1415,
1419

continued
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Table 4-2 Immunoregulatory Effects of Select Cytokines, Chemokines, and TNF Ligand Family
Proteins and Their Production by Human Neonatal Cells—cont'd
Production by Neonatal
Cytokine Principal Cell Source Major Biologic Effects versus Adult Cells Reference(s)
TNF-a Mo, T cells, and NK Fever and inflammatory T cells: neonatal < adult 348, 891, 1080,

CD40 ligand (CD154)

Fas ligand

Flt-3 ligand

G-CSF

GM-CSF

CCL3 (MIP-1a))

CCL5 (RANTES)

TGF-B

cells

T cells, lower amounts
by B cells and DCs

Activated T cells,
NK cells retina,
testicular epithelium
Bone marrow stromal
cells

M¢, fibroblasts,
epithelial cells

Mo, endothelial cells,
T cells

Mo, T cells

M¢, T cells, fibroblasts,
epithelial cells

Mo, T cells, fibroblasts,
epithelial cells,
others

response effects similar to
IL-1, shock, hemorrhagic
necrosis of tumors, and
increased VCAM-1
expression on
endothelium; induces
catabolic state

B cell growth factor;
promotes isotype
switching, promotes iL-12
production by dendritic
cells, activates Mo

Induces apoptosis of cells
expressing Fas, including
effector B and T cells

Potent DC growth factor;
promotes growth of
myeloid and lymphoid
progenitor cells in
conjunction with other
cytokines

Growth of granulocyte
precursors

Growth of granulocyte-M¢
precursors and dendritic
cells, enhances
granulocyte-M¢ function
and B cell antibody
production

M¢ chemoattractant; T cell
activator

Mo and memory T cell
chemoattractant; enhances
T cell activation; blocks
HIV co-receptor

Inhibits M¢ activation;
inhibits Ty1 T cell
responses

MNCs: neonatal < adult
after IL-15 or LPS
treatment

Mo: neonatal < adult
after RSV infection;
preterm < adult after
LPS treatment

Whole blood: neonatal
= adult

T celis: neonatal < aduit
naive after calcium
ionophore and
phorbol ester;
neonatal < adult or
adult naive after CD3
mAb and
allostimulation

T cells: neonatal < adult
after CD3 and
CD28 mAbs

Unknown

MNCs: neonate normat
or slightly < than
adults

M¢: term similar and
preterm < adult

T cells: neonatal < adult

MNC: neonatal < adult

Mo: normal after LPS
stimulation

MNCs: neonatal < adult

T cells: neonatal < adult

MNCs: neonate < adult

1408, 1412, 1420

356, 362, 364,
376-379

362

344, 962, 1421

342, 344, 1421, 1422

1083

357

1083

APC, antigen-presenting cell; CSF, colony-stimulating factor; DC = dendritic cell; G-CSF, granulocyte colony-stimulating factor;
GM-CSF, granutocyte-macrophage colony-stimulating factor; GBS, group B streptocdi; HIV, human immunodeficiency virus; HSV, herpes
simplex virus; IFN, interferon; IgE, immunoglobulin E; IL, interleukin; LPS, lipopolysaccharide; M¢, mononuclear phagocytes; mAb, monoclonal
antibody; MHC, major histocompatbility complex; MIP-1¢,, macrophage inflammatory protein-1a; MNCs, circulating mononuclear cells;
NK, natural killer; RSV, respiratory syncytial virus; S. aureus, Staphylococcus aureus; TGF, transforming growth factor; Tl, T cell-independent;
TNF, tumor necrosis factor; VCAM-1, vascular cell adhesion molecule-1.
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T cells, express CD8-0/CD8-a homodimers. Those o8 T cells
expressing CD4 or CD8 are commonly referred to as CD4*
or CD8" T cells, respectively. Nearly all o T cells recognize
protein antigens in the form of peptide fragments bound to
classic MHC molecules—peptide-MHC class I complexes in
the case of CD8" T cells and peptide-MHC class II molecules
in the case of CD4" T cells. Thus, antigen processing—the
generation of peptide fragments from protein antigens—
and antigen presentation—the display of peptide-MHC

complexes on the surface of cells—play an essential role in
enabling T cells to recognize and respond to microbes.
Certain types of cells express MHC class I molecules and
also constitutively express MHC class II molecules, which
endows them with enhanced capacity to present antigenic
peptides to T cells. Such cells commonly are referred to as
APCs and include DCs, mononuclear phagocytes, and B
lymphocytes. DCs express particularly high amounts of
MHOC class I and class II molecules, as well as other proteins
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that allow them to effectively take up and present antigen to
naive CD4" and CD8" T cells, allowing them to play a critical
role in the initiation of primary antigen-specific T cell
responses.’ Thus, DCs, which are part of the innate immune
system, are a critical link between innate immunity and the
induction of antigen-specific T cell-mediated immunity.

In contrast with af} T cells, a majority of Y8 T cells appear
to recognize either stress-induced, nonclassic MHC molecules
themselves or nonpeptide antigens, such as host- or pathogen-
derived lipid-containing molecules, bound to these nonclassic
MHC molecules.

Basic Aspects of Antigen Presentation

Antigen Presentation by Class | Major
Histocompatibility Complex Molecules

Three major types of MHC class I heavy chains exist in
humans: the human leukocyte antigens HLA-A, -B, and -C,
which are encoded by three genes clustered on chromosome
6, in a region known as the MHC locus. Classic MHC
class I molecules consist of a polymorphic & or heavy chain,
which is associated with a monomorphic light chain, f§,-
microglobulin. MHC molecules have a special cleft or
groove for presenting antigenic peptides (Fig. 4-2; see also
Fig. 4-1). In MHC class I molecules, this cleft is formed by
the a1 and a2 domains of the heavy chain. Peptides bound
to MHC class I are preferentially recognized by the CD8*
subset rather than the by CD4" subset of af§ T cells. This
specificity is due, at least in part, to an affinity of the CD8
molecule for the a3 domain of the heavy chain, which is
distinct from the portion of the heavy chain involved in
binding peptide.

Most peptides bound to MHC class I molecules are
derived from proteins synthesized de novo within host cells
(see Fig. 4-2). The bulk of these peptides are derived from
recently translated proteins rather than as a result of turn-

Figure 4-1 T cell recognition of
antigen and activation. The off T cell
receptor (af-TCR) recognizes antigen
presented by the antigen-presenting cell
(APC) in the form of antigenic peptides
bound to major histocompatibility complex
(MHC) molecutes on the APC surface.
Most CD4* T cells recognize peptides
bound to MHC class Il, whereas most
CD8* T cells recognize peptides bound to
MHC class I. This MHC restriction is the
result of a thymic selection process, and
is due in part to an intrinsic affinity of the
CD4 and CD8 molecules for the MHC
class Il and class | molecules, respectively.
Once antigen is recognized, the CD3
protein complex, which is invariably
associated with the af-TCR, acts as a
docking site for tyrosine kinases that
transmit activating intracellular signals.
Interaction of the T cell CD28 molecule
with either CD80 (B7-1) or CD86 (B7-2)
provides an important co-stimulatory
signal to the T cell, leading to complete
activation, rather than partial activation
or functional inactivation (anergy).

over of stable proteins, thereby minimizing any delay in
detecting pathogen-derived peptides that may result from
recent infection.”’ In uninfected cells, these peptides are
derived from host proteins; that is, they are self-peptides.
Recently synthesized host proteins that are targeted for
degradation, for example, because of misfolding or defective
post-translational modification, are a major source of self-
peptides that bind to MHC class I. After intracellular infection,
such as with a virus, peptides derived from viral proteins
endogenously synthesized within the cell bind to and are
presented by MHC class 1. Antigenic peptides are derived
predominantly by enzymatic cleavage of proteins in the
cytoplasm by a specialized organelle called the proteasome.
A specific peptide transporter or pump, the transporter
associated with antigen processing (TAP), then shuttles pep-
tides formed in the cytoplasm to the endoplasmic reticulum,
where peptides are able to bind to recently synthesized MHC
class I molecules. Peptide binding stabilizes the association
of the heavy chain with §,-microglobulin in this compart-
ment and allows the complex to transit to the cell surface.
Peptides bound to MHC class I molecules in vivo typically
are 8 to 10 amino acids in length. The peptide-binding
groove is closed at both ends so that larger peptides cannot
be accommodated. For a given MHC allele, certain positions
(anchor residues) within the peptide can be encoded only by
specific amino acids for effective binding to the cleft. Amino
acid residues at other, more variable positions point out of
the cleft and are recognized by the TCR (epitope residues).
The antigen recognition process clearly imposes significant
restrictions on the ability of peptides from a particular
protein to be immunogenic, because the peptide must both
bind to the MHC molecule and be recognized by the TCR.
These constraints on peptide immunogenicity are offset
by the availability of the three different types of MHC class I
molecules (HLA-A, -B, and -C), each of which is highly poly-
morphic. The human HLA-A, -B, and -C heavy chain genes
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Figure 4-2

Intracellular pathways of antigen presentation. A, Foreign peptides that bind to major histocompatibility complex (MHC) class |

are derived predominantly from cytoplasmic proteins synthesized de novo within the cell. Viral proteins entering cells following fusion of an
enveloped virus with the cell membrane may also enter this pathway. Dendritic cells are particularly efficient at taking up proteins for the MHC
class | pathway by micro- or macropinocytosis. These cells also can transfer proteins taken up as part of necrotic or apoptotic debris into the
MHC class | pathway, a process known as cross-presentation. Cytoplasmic proteins are degraded by proteasomes into peptides, which then enter
into the endoplasmic reticulum via the TAP (“transporter associated with antigen processing”) system. Peptide binding by de novo synthesized
MHC class | takes place within the endoplasmic reticulum. B, Foreign peptides that bind to MHC class Il are mainly derived from either
internalization proteins found in the extracellular space or that are components of cell membrane. The invariant chain binds to recently synthesized
MHC class If and prevents peptide binding until a specialized cellular compartment for MHC class Il peptide loading is reached. In this compartment,
the invariant chain is proteolytically cleaved and released and peptides derived from internalized proteins may now bind to MHC class Il. The
human leukocyte antigen (HLA)-DM molecule facilitates the loading of peptide within this compartment. In dendritic cells, proteins that enter
into the MHC class Il antigen presentation pathway can be transferred to the MHC class | pathway by cross-presentation.

have at least 303, 558, and 150 different molecularly defined
alleles, respectively," with the greatest degree of polymorphism
found in the region encoding the antigenic cleft.> MHC
polymorphism ensures that at the individual and population
levels, MHC molecules are able to bind and present a wide
variety of peptides to T cells. It has been proposed that
populations in which the MHC alleles are less polymorphic,
such as Native Americans, may be at greater risk for certain
infections owing to limitations in the diversity of antigenic
peptides that can be presented."

MHC class I molecules and the cell components required
for peptide generation, transport, and MHC class I binding
are virtually ubiquitous in the cells of vertebrates. The
advantage to the host is that cytotoxic CD8" T cells can then
recognize and lyse cells infected with intracellular pathogens
in most tissues. Adult neuronal cells are one of the few cell
types that constitutively lack MHC class 1. Because neurons
are predominantly postmitotic cells, lack of MHC class [
molecules may help to limit immune-mediated destruction
of a cell type with a limited capacity to be replaced. MHC
class I molecules are expressed by some populations of fetal
neuronal cells, however, and this expression appears to play
arole in neuronal development that is distinct from antigen
presentation.ls MHC class I HLA-A, -B, and -C molecules
also are absent from the trophoblast of the human placenta,
which may serve to limit the recognition of fetal-derived

trophoblast cells as foreign by maternal T cells. The abundance
of MHC class I molecules is increased by exposure to inter-
ferons (IFNs), which also can induce the expression of modest
amounts of MHC class I molecules on cell types that
normally lack expression, including neuronal cells.

DCs appear to be unique in their ability to present
antigenic peptides on MHC class I molecules by an additional
pathway, known as cross-presentation, in which extracellular
proteins that are taken up as large particles (phagocytosis),
as small particles (macropinocytosis), or in soluble form
(micropinocytosis) are then transferred from endocytic vesicles
to the cytoplasm and subsequently loaded onto MHC class I
molecules through TAP." Phagocytosis of apoptotic cells or
blebs from apoptotic cells appears to be a particularly efficient
source of antigens for cross-presentation.'® Cross-presentation
is enhanced by exposure of DCs to IFN-ot and IFN-J, which
together constitute type I IFN, and are typically produced at
high levels during viral infections.”” Cross-presentation is
essential for the induction of primary CD8" T cell responses
directed toward antigens of pathogens that do not directly
infect APCs (e.g., most viruses) and therefore cannot be
directly loaded into the MHC class I pathway. Other viruses,
such as those of the herpesvirus family, can directly infect
APCs but also disrupt conventional MHC class I antigen
presentation (discussed in more detail later on). In this
situation, the cross-presentation pathway may allow peptides
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derived from viral proteins taken up by the cell to reach the
TAP transporter before the expression of virally encoded
gene products that disrupt antigen presentation.'®

Antigen Presentation by Class Il Major
Histocompatibility Complex Molecules

In MHC class Il molecules, an o and a B} chain each contribute
to the formation of the groove in which antigenic peptides
bind (see Fig. 4-2)."° MHC class II-peptide complexes are
recognized primarily by aff T cells of the CD4" but not by
the CD8" subset. This is due, at least in part, to an affinity of
the CD4 molecule for a domain of the MHC class I § chain
distinct from the region that forms part of the peptide-
binding groove. In contrast with MHC class I, peptides that
bind to MHC class II proteins are derived mostly from phago-
cytosis or endocytosis of soluble or membrane-bound proteins
(see Fig. 4-2). In the absence of foreign proteins, a majority
of peptides bound to MHC class Il molecules are self-peptides
derived from proteins found either on the cell surface or
secreted by the cell. Newly synthesized MHC class II molecules
associate in the endoplasmic reticulum with a protein called
the invariant chain, which impedes their binding of endo-
genous peptides in this compartment. The loading of exo-
genously derived peptides and the removal of invariant
chain from MHC class II are facilitated by HLA-DM (see
Fig. 4-2), a nonpolymorphic heterodimeric protein that is
encoded in the MHC locus."” Peptide loading appears to
occur in a late endocytic compartment or compartments,
which have been called CIIV or MIIC (class II vesicles or
MHC class Il compartment),? effectively separating peptides
binding to MHC class [ and to MHC class Il into two separate
pools. Unlike the MHC class I cleft, the MHC class II cleft is
open at both ends, allowing the binding of larger peptides.
Most MHC class II peptides are from 14 to 18 amino acids
in length, although they can be substantially longer.

As with MHC class [ molecules, the genes that encode the
o and B chains of the three major types of human MHC
class I molecules—HLA-DR, -DP, and -DQ—are located on
chromosome 6 and are highly polymorphic, particularly in
the region encoding the peptide-binding cleft.” In humans
and primates, HLA-DR allelic diversity is mediated solely by
the HLA-DR B chain, because the HLA-DR a chain is mono-
morphic. HLA-DRP protein is encoded mainly at the DRBI
locus, for which there are 362 known molecular alleles.''
Some HLA-DR proteins may be encoded by less polymorphic
loci, such DRB3, that are closely linked to DRB1. The HLA-
DPa, -DP, -DQuq, and -DQP gene loci are highly poly-
morphic, consisting of 20, 107, 25, and 56 known molecular
alleles, respectively.'" HLA-DR is expressed at substantially
higher levels than HLA-DP or HLA-DQ, which probably
accounts for its predominance as the restricting MHC class
II type for many CD4" T cell immune responses.

The distribution of MHC class II in uninflamed tissues is
much more restricted than MHC class 1,”? with constitutive
MHC class II mainly limited to APCs, such as DCs, mono-
nuclear phagocytes, and B cells. Limiting MHC class II
expression in most situations to these cell types makes teleo-
logic sense, because the major function of these professional
APCs is to process foreign antigen for recognition by CD4"
T cells. Other cell types can be induced to express MHC class
II and, in some cases, present antigen to CD4" T cells, as a
consequence of tissue inflammation or exposure to

cytokines, particularly IFN-y but also tumor necrosis factor-
o (TNF-a) or granulocyte-macrophage colony-stimulating
factor (GM-CSF) (see Tables 4-1 and 4-2).

Nonclassic Antigen-Presentation Molecules

HLA-E. HLA-E is a nonclassic and nonpolymorphic MHC
molecule similar to conventional MHC class 1 in its
dependency on the TAP transporter for peptide loading and
in its obligate association with [,-microglobulin.” In contrast
with conventional MHC class I, HLA-E preferentially binds
hydrophobic peptides derived from the amino-terminal
leader sequences of most alleles of HLA-A, -B, and -C.** Low
levels of HLA-E surface expression can be detected on most
cell types,” consistent with the nearly ubiquitous distribution
of HLA-A, -B, and -C and the TAP system. The principal role
for HLA-E is to interact with the CD94-containing receptors
on natural killer (NK) lymphocytes and to regulate their
function (see later section on NK cell inhibitory receptors).
HLA-E messenger RNA (mRNA) is detectable in human
fetal liver early during the second trimester.”®

HLA-G. HLA-G, which is expressed at high levels by human
cytotrophoblasts and macrophages within the maternal
uterine wall, has limited polymorphism but otherwise is quite
similar to MHC class I in its association with [3,-microglobulin
and structure. HLA-G occurs as either an integral membrane
protein or a secreted isoform.”” Cytolytic activity by NK cells
normally is limited by engagement of inhibitory receptors,
many of which recognize MHC class I. Because trophoblast
cells lack expression of most conventional MHC class I
molecules, the surface expression of HLA-G, which is
particularly high during the first trimester of pregnancy,
may limit their lysis by maternal or fetal NK cells.

HLA-G engages CD94-NKG2A, the same inhibitory
receptor utilized by HLA-E for inhibiting NK cell-mediated
cytotoxicity.”® In addition, membrane-bound HLA-G engages
inhibitory receptors expressed on T cells, including p49,
immunoglobulin-like transcript (ILT)-2, and ILT-4; this may
account for the ability of HLA-G to inhibit the proliferation
of adult T cells in response to allogeneic stimuli.” Because
HLA-G also is expressed by cells found outside the placenta
(e.g., circulating adult monocytes after treatment with IFN-y),*
it also may regulate the later phases of the T cell immune
response.

Soluble HLA-G is present at relatively high levels in the
serum of pregnant women and in lower amounts in cord
blood and in the peripheral blood of nonparous women and
men.” The in vivo function of soluble HLA-G remains
unclear, but it may inhibit immune responses. Consistent
with this proposed function, soluble HLA-G can induce Fas
(CD95)-dependent apoptosis of activated CD8" T cells,
apparently by engaging CD8 and increasing surface expression
of Fas ligand (CD95L).*!

MICA and MICB. MHC class I-related chains A and B
(MICA and MICB), the genes for which also are found at the
MHC locus, have limited but clear homology with con-
ventional MHC class 1 molecules.’®” In contrast with
conventional MHC class I, however, they lack a binding site
for CD8, are not associated with B,-microglobulin, and do
not appear to be involved with the presentation of peptide
antigens. Instead, these molecules are expressed on stressed
intestinal epithelial cells, such as those experiencing heat shock,
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and are recognized by y8 T cells that bear V81-containing
¥8-TCR. MICA and MICB also may be induced on other cell
types in response to infection with viruses, such as those of
the herpesvirus group. MICA and MICB are ligands for
NKG2D found on most NK cells, and on some CD8" T cells
and Y8 T cells, which can either activate or act in concert
with TCR-mediated signals to activate these cells.***

CD1. The human CD1 locus includes four nonpolymorphic
genes, CDla through CD1d.** CDI1 molecules associate
with §,-microglobulin but have limited structural homology
with either MHC class I or MHC class II proteins. In humans,
they are expressed mainly on APCs, including DCs.” CD1b
efficiently binds and presents highly hydrophobic lipoglycan
molecules of mycobacteria, such as lipoarabinomannans,
mycolic acid, and glucose monomycolate, and some self-lipids,
such as Gy, ganglioside.”®*

Mycobacterial lipoglycans undergo processing and
loading onto CD1b in an endosomal compartment that is
similar or identical to the compartment where peptides are
loaded onto MHC class II molecules. Subsets of CD8* T cells
and of the rare CD4°CD8™ aff T cells respond to microbial
lipids on CD1b and CD1c¢ molecules, and a subset of y8 T
cells recognizes as-yet uncharacterized antigens on CDlc
molecules.”

CD1d, the only member of the human CD1 cluster that
also is expressed in the mouse, appears to be specialized for
the presentation of hydrophobic nonpeptide molecules,
such as endogenous lipids or glycolipid molecules. As in the
case of CD1b, loading of antigens onto CD1d is apparently
accomplished in a “late” endosomal compartment similar or
identical to the compartment where peptides are loaded
onto MHC class II molecules. A unique subset of aff T cells,
which are autoreactive to CD1d in vitro, are commonly referred
to as NK T cells (see later on); NK T cells are mainly CD4~
and CD8™ and express a canonical TCR a chain (Va24]JaQ).

Dendritic Cells

DCs, the sentinels of the immune system, are bone marrow—
derived cells that in their mature form display characteristic
cytoplasmic protrusions or dendrites. DCs in the circulation
and tissues are heterogeneous with regard to their surface
phenotype and functional attributes, and the precursor-
product relationship of these subsets with each other and
with other cell types remains controversial’ A common
feature of DCs is the absence of most or all cell surface
molecules that characterize other bone marrow—derived cell
lineages (that is, they lack lineage rarkers), including molecules
typically expressed on T cells (with the exception of a low
level of expression of CD4), B cells, NK cells, and granulo-
cytes. By contrast, DCs do express MHC class II, and mature
DCs express much greater amounts of MHC class II (and
MHC class I) than any other cell type. Thus, DCs are lineage
marker—negative (Lin"), MHC class II-positive, mononuclear
cells of hematopoietic origin.

As described later on, DCs are poised to respond rapidly
to microbial invasion by secretion of cytokines and presen-
tation of microbial antigens to T cells, which leads to T cell
activation and functional differentiation. It also is clear that
DCs modulate the function of B cells and NK cells and, in
steady-state conditions that prevail in uninfected persons,
play a central role in maintaining a state of tolerance to self-

antigens by presenting them to T cells in the absence of
accessory signals required for T cell activation; these functions
are not discussed further.?

DCI1 (Myeloid Subset of) Dendritic Cells. In this chapter,
CD11c* DCs are collectively referred to as DC1 cells or
myeloid DCs.”” DCs in the skin include Langerhans cells,
which express CD1a and Birbeck granules but lack expression
of the factor XIIla coagulation factor, and interstitial cells of
the dermis, which conversely lack Birbeck granules and are
factor XIlla positive. Both express CD11c and ILT-1.>*
Interstitial DC1 cells are found in essentially all tissues
and are highly effective in uptake of antigen in soluble or
particulate form.*!

DC1 cells in uninflamed tissues are said to be immature
because they express only moderate levels of MHC class I
and class 11 molecules on their surface. Immature DC1 cells
also are found in the blood—probably in transit to the
tissues—but in small numbers (0.2% to 0.4% of peripheral
blood mononuclear cells [PBMCs]) relative to monocytes
(approximately 10% of PBMCs), a cell type from which DC1
cells can be derived.** After exposure of immature DC1 cells
to inflammatory stimuli, further antigen uptake ceases, and
maturation ensues in which antigenic peptides derived from
previously internalized particles are displayed on their cell
surface in the groove of MHC class I and class II molecules,
which are now expressed in great abundance on the cell
surface.

Exposure of immature DCs to inflammatory stimuli
results in their migration from the tissues to the T
cell-dependent areas of secondary lymphoid organs, such as
the lymph nodes and spleen. The migration of leukocytes,
including DCs, is mediated by a combinatorial and
multistep process determined by the pattern of expression
on the cell surface of adhesion molecules and chemokine
receptors and by the local patterns and gradients of adhesion
molecule and chemokine receptor ligands in tissues (see
Tables 4-1 and 4-2). Chemokines constitute a cytokine super-
family with more than 50 members known at present, most
of which are secreted and of relatively low molecular
weight.**** Chemokines are produced by a large number of
cell types and selectively attract various leukocyte populations,
which bear the appropriate G protein—linked chemokine
receptors. They can be divided into four families according
to their pattern of amino-terminal cysteine residues: CC,
CXC, C, and CX3C (X represents a noncysteine amino acid
between the cysteines). A nomenclature for the chemokines
and their receptors has been adopted, in which the family is
first given (e.g., CC), followed by L for ligand (the chemokines
itself} and a number or followed by R (for receptor) and a
number. Functionally, chemokines also can be defined by
their principal function—in homeostatic or inflammatory
cell migration—and by the subsets of cells on which they
act.*> Maturing DCs increase surface expression of the CCR7
chemokine receptor and decrease expression of most other
chemokine receptors. This results in the migration of these
cells through lymphatics to T cell-rich areas of secondary
lymphoid organs that express the CCR7 ligands CCL19 and
CCL21.*

DC1 cell maturation and migration can be triggered by a
variety of stimuli, including pathogen-derived products that
are recognized through Toll-like receptors (TLRs) (Table 4-3),"
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Table 4-3 Human Tolil-like Receptors (TLRs)

Site of Interaction Signal Transduction/Effector

Toll-like Receptor  Ligand with Ligand Molecules
TLR-1 Heterodimerizes with TLR-2 Cell surface MyD88-dependent induction of
cytokines
TLR-2 Peptidoglycan and lipoteichoic acid of gram-positive Cell surface MyD88-dependent induction of
bacteria, mycoplasmal and meningococcal cytokines
lipopeptides, mycobacterial lipoarabinomannan,
Neisseria porins, and others; recognition of some
ligands is dependent on heterodimerization with
TLR-1 or TLR-6
TLR-3 Double-stranded RNA (viruses) Endosome TRIF-dependent induction of
type | IFN and cytokines
TLR-4 LPS, RSV (?fibronectin) Cell surface MyD88- and TRIF-dependent
induction of
cytokines; TRIF-dependent
induction of type | IFN
TLR-5 Flagellin Cell surface MyD88-induced cytokines
TLR-6 Heterodimerizes with TLR-2 Cell surface MyD88-dependent induction of
cytokines
TLR-7 Imidazoquinoline drugs, single-stranded RNA Endosome MyD88-dependent induction of
molecules (viruses) type | IFN and cytokines
TLR-8 Imidazoquinoline drugs, single-stranded RNA Endosome MyD88-dependent induction of
molecules (viruses) type | IFN and cytokines
TLR-9 Unmethylated CpG DNA (bacteria and viruses) Endosome MyD88-dependent induction of
cytokines and type | IFN
TLR-10 Unknown Unknown Unknown

IFN, interferon; LPS, lipopolysaccharide; RSV, respiratory syncytial virus.

by endogenous cytokines, such as interleukin (IL)-1, TNF-c,
and GM-CSF (see Tables 4-1 and 4-2), and by engagement of
CD40 on the DC surface by CD40 ligand (CD154), a molecule
that is expressed at particularly high levels by activated CD4"
T cells (Table 4-4). Thus, the function and localization of
DC1 cells are highly plastic and rapidly modulated either by
direct recognition of microbes or their products, by cytokines
produced by neighboring DCs and other cells of the innate
system, or by products of T cells to which they present
antigens.

The TLR family of transmembrane proteins recognizes
microbial structures that, for the most part, are essential for
the proper function of microbes that express them. These
microbial structures are relatively invariant and are not
present in normal mammalian cells (see Table 4-3). For this
reason, recognition of these “pathogen-associated molecular
patterns” by TLRs provides infallible evidence for microbial
invasion alerting the innate immune system to respond
appropriately.® To date, 10 different TLRs have been identified
in humans,*” with distinct recognition specificities and patterns
of expression, and both shared and unique downstream
response pathways (see Table 4-3). For example, TLR-2, along
with TLR-1 and TLR-6, recognizes bacterial lipopeptides,
peptidoglycan and lipoteichoic acid on the surface of gram-
positive bacteria, fungal surface structures, and cytomegalo-
virus (CMV); TLR-3 recognizes viral double-stranded RNA,
a component of the life cycle of many viruses, and a synthetic
mimic of double-stranded RNA, poly(I:C); TLR-4 recognizes
lipopolysaccharide (LPS) from gram-negative bacteria and a
protein encoded by respiratory syncytial virus (RSV); TLR-5
recognizes bacterial flagellin; TLR-7 and TLR-8 recognize
single-stranded RNA, a characteristic of RNA viruses, such
as influenza virus***% TLR-9 recognizes DNA from bacteria,

which contain unmethylated CpG dinucleotide residues (CpG
DNA)* and from DNA viruses, such as herpes simplex virus
(HSV), in which these CpG residues also are unmethylated.”"*
Because TLR-9 does not recognize DNA containing methylated
CpG residues, which predominate in human DNA, this
receptor serves as a means to distinguish host from
pathogen-related DNA. Signals from each of these TLRs
induce maturation and migration of DCs, but the patterns
of cytokine production induced vary both with the TLR that
is being activated and with the cell type on which the TLR is
expressed (see Table 4-3).>* Notably, DC1 cells express TLRs
that recognize bacterial, fungal, and protozoal cell surface
structures but do not express TLR-9. Consequently, DC1
cells are not activated in response to unmethylated CpG
DNA, a potent inducer of IEN-a production by another DC
population, pre-DC2 cells. DC1 cells express TLR-3, however,
and signal through TLR-3 to induce type I IFN.

Mature DC1 cells express high levels of peptide-MHC
complexes and molecules that act as co-stimulatory signals
for T cell activation, such as CD80 (B7-1) and CD86 (B7-2),
and consequently are highly efficient for presenting antigen
in a manner that leads to the activation of naive CD4" and
CD8" T cells (see Fig. 4-1 and Table 4-4).” DCs not only play
acritical role in T cell activation but also influence the quality
of the T cell response that ensues by directing the differen-
tiation of naive CD4" T cells into T helper I (TyI) (capable
of producing IFN-y but not IL-4, IL-5, or IL-13) or Ty2
(capable of producing IL-4, IL-5, or IL-13 but not IFN-Y)
effector T cells (see later sections on differentiation and
homeostasis of activated T cells). For example, the production
by DCs of IL-12, a heterodimeric cytokine consisting of a p35
and a p40 chain, or of type I IEN skews differentiation toward
the Ty1 pathway.**¢
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Table 44 Selected Pairs of Surface Molecules Involved in T Cell-Antigen-Presenting Cell (APC)

Interactions
T Cell Surface Corresponding
Molecule T Cell Distribution Ligand(s) on APCs APC Distribution
CcD2 Most T cells; higher on memory cells, lower on LFA-3 (CD58), CD59  Leukocytes
adult naive and neonatal T cells
cD4 Subset of aff T cells with predominantly helper MHC class I § chain  Dendritic cells, M¢, B cells,
activity others (see text)
CD5 All T cells CD72 B cells, M¢
CcD8 Subset of off T cells with predominantly MHC glass | heavy Ubiquitous

LFA-1 (CD11a/CD18)

CcD28
1COS
VLA-4 (CD49d/CD29)

cytotoxic activity
All T cells; higher on memory cells, lower on
adult naive and neonatal T cells

Most CD4* T cells, subset of CD8" T cells
Effector and memory T cells; not on resting

naive cells
All T cells; higher on memory cells, lower on

chain
ICAM-1 (CD54)
ICAM-2 (CD102)
ICAM-3 (CD50)

CD80 (B7-1)
CD86 (B7-2)
B7RP-1 (B7h)

VCAM-1 (CD106)

Leukocytes (ICAM-3 > ICAM-1,-2)
and endothelium

(ICAM-1, ICAM-2); most ICAM-1
expression requires activation

Dendritic celis, M¢, activated
B cells

B cells, M¢, dendritic cells,
endothelial cells

Activated or inflamed
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adult naive and neonatal T cells

ICAM-1 (CD54)
adult virgin and neonatal T cells
TLA-4 (CD152) Activated T celis
CD40 ligand (CD154)
T cells

PD-1 Activated CD4* and CD8"* T cells

All T cells; higher on memory cells, lower on

Activated CD4* T cells; lower on neonatal CD4*

endothelium (increased by
TNF, IL-1, IL-8)

LFA-1 (CD11a/CD18) Leukocytes

CD80 Dendritic cells, M¢, activated
CcD86 B cells, activated T cells
CDhao Dendritic cells, M¢, B cells,
thymic epithelial cells
PD-L1, PD-L2 Dendritic cells, M¢, B cells,

regulatory T cells

CTLA-4, cytotoxic T lymphocyte antigen-4; ICAM, intercellular adhesion molecule; ICOS, inducibe co-stimulator; IL, interleukin; LFA, leukocyte
function antigen; Mé¢, mononuclear phagocytes; MHC, major histocompatibility complex; PD, programmed death [molecule]; VCAM, vascular

all adhesion molecule; VLA-4, very late antigen-4.

DC2 (Plasmacytoid) Subset of Dendritic Cells. DC2 cells
and their immediate precursors, pre-DC2 cells, appear to
constitute a cell lineage distinct from DCl1-lineage cells. Human
DC2-lineage cells have a characteristic surface phenotype
with high expression of the IL-3 receptor (CD123), low
expression of CD4, and lack of CD11c and ILT-1.“* Pre-DC2
cells, also referred to as plasmacytoid DCs, are found in the
blood and secondary lymphoid organs, particularly in
inflamed lymph nodes.**** The difference in their pattern of
localization from that of immature DC1 cells is due to dif-
ferences in expression of chemokine receptors.*’ In contrast
with immature DC1 cells, pre-DC2 cells have a limited
capacity for antigen uptake and presentation.*” Pre-DC2 and
DC2 cells also differ from DCl1-lineage cells by a capacity to
produce large amounts of IFN-a and IL-12 in response to
unmethylated CpG DNA, such as is contained in the HSV
genome, and to RNA viruses, such as influenza virus,*>*’>
and by their lack of response to LPS or peptidoglycan. The
difference in responsiveness of immature DC1 and DC2 cells
to different microbes and microbial structures parallels dif-
ferences in TLR expression—pre-DC2 and immature DC2
cells express TLR-7 and TLR-9, whereas immature DCI1 cells
express TLR-1, -2, -3, -4, -5, and -6 (see Table 4-3). Studies
indicate that pre-DC2 cells use TLR-9 to recognize HSV
through its unmethylated genomic CpG DNA.*"*? Single-
stranded RNA contained in RNA viruses, such as influenza
virus, activates pre-DC2 cells through TLR-7 or TLR-8, or
both.”® Activated pre-DC2 cells secrete high levels of
type I IFN, which probably plays an important role in

early innate antiviral immunity by inducing a systemic
antiviral state,

As with immature DC1 cells, activation of pre-DC2 cells
by TLR, cytokines, or CD40 ligand also results in their
maturation, including acquisition of the cytoplasmic pro-
trusions characteristic of DCs, upregulation of CCR7 and
migration to T cell-rich areas of lymph nodes, and an increased
capacity to present antigen to naive T cells. Although pre-
DC2 cells cultured in IL-3 alone (to maintain viability in
vitro) induce naive neonatal T cells to produce a mixture of
IFN-y and IL-10, the addition of CD40 ligand or influenza
virus leads to the differentiation of naive neonatal T cells
into Tyl cells that produce IFN-y but not IL-10 or IL-4.%
The strong Ty1 polarization requires the production by DC2
cells of IFN-o in response to influenza virus, and IFN-a and
IL-12 in response to CD40 ligand®; the response to CD40
ligand may involve additional mediators because, in the
absence of T cells, CD40 ligand induces little or no IL-12 and
IFN-0 production by pre-DC2 cells.*® Nonetheless, pre-DC2
cells activated through TLR-7 and TLR-9 probably act locally
in the lymphoid tissues to favor the development of Ty1 cells
and to enhance local adaptive immune responses,®' in addition
to their role in innate antiviral defense.

Antigen Presentation in the Fetus and Neonate

As discussed later, antigen-specific T cell responses in the
fetus, neonate, and young infant are reduced or delayed
compared with responses in the adult. These reduced or
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delayed responses may reflect differences intrinsic to neonatal
T cells, limitations of neonatal APC function, or both. Because
DCs appear to play an essential role in antigen presentation
to naive T cells as part of primary immune responses, and
because virtually all T cells in the fetus and neonate are naive
(as discussed more fully in the section on T cell development
and function in the fetus and neonate), differences in the
numbers and functions of neonatal DCs would be expected
to have important effects on T cell responses in the fetus and
neonate. Accordingly, the following discussion first
considers general aspects of MHC expression in the fetus
and neonate and then focuses on DCs, followed by antigen
presentation by other cell types.

Major Histocompatibility Complex Molecule
Expression in the Fetus and Neonate

The expression of MHC class I and class IT molecules by fetal
tissues is evident by 12 weeks of gestation,®*®* and all of the
major APCs, including mononuclear phagocytes, B cells, and
DCs,* are present by this time. Fetal tissues are vigorously
rejected after transplantation into non~-MHC-matched hosts,
indicating that surface MHC expression is sufficient to initiate
an allogeneic response, probably by host cytotoxic CD8*
T cells. This vigorous allogeneic response does not exclude
subtle deficiencies in antigen presentation in the fetus and
neonate, particularly under conditions that more stringently
test APC function (e.g., during infection with herpesviruses
that inhibit peptide loading of MHC class 1).* MHC class 1
expression on neonatal lymphocytes is lower than on adult
cells.® The amount of MHC class II expressed per cell by
neonatal monocytes or B cells is similar to or greater than
that expressed by adult cells,® but a greater fraction of
neonatal monocytes lack HLA-DR surface expression.®’

Circulating Neonatal Dendritic Cells

Although most DCs are found in the tissues, small numbers,
consisting of immature DCi and pre-DC2 cells and
representing approximately 0.5% of circulating blood
mononuclear cells, are found in the blood. Information
regarding blood DCs in the human neonate comes from
phenotypic analyses and very limited functional studies,
inferences regarding their function based on studies using
mixed blood mononuclear cells or whole blood assays, and
phenotypic and functional studies on DCs derived by culturing
blood monocytes in vitro. In the neonatal circulation, DCs
with a pre-DC2 surface phenotype (Lin HLA-DR™!CD11¢
CD33°CD123") predominate in cord blood and early
infancy, constituting about 75% of the total Lin"HLA-DR*
DCs,”® and approximately 0.75% of total blood mononuclear
cells.”® The relative increase in pre-DC2 cells in neonates and
infants’® may reflect an increased proportion of less differen-
tiated CD11¢"CD123™9 cells in cord blood.”” The remaining
25% of DCs have an HLA-DR"CD11¢*CD33*CD123" surface
phenotype that is similar to the phenotype of circulating
adult DC1 cells, except that CD83 expression is absent.®®
After the neonatal period, the numbers of DC2-lineage cells
appear to decline with increasing postnatal age, whereas the
numbers of DC1 cells do not. The biologic significance of
the predominance of DC2-lineage cells in the neonatal
circulation is uncertain, but this predominance may reflect a

high rate of the colonization of lymphoid tissue, which is
undergoing rapid expansion at this age.

Expression of MHC class IT (HLA-DR) and co-stimulatory
molecules on neonatal and on adult blood DC1 and pre-
DC2 cells is similar.**’? Stimulation with LPS (a TLR-4 ligand)
and poly(I:C) (a TLR-3 ligand) was shown to increase the
expression of HLA-DR and CD86 on DCI1 cells to a similar
extent, but CD40 and CD80 increased less in neonatal than
in adult DCI1 cells.”” Stimulation with unmethylated CpG
DNA (a TLR-9 ligand) increased the expression of HLA-DR
on pre-DC2 cells to a similar extent, but CD40, CD80, and
CD86 increased less in neonatal than in adult pre-DC2 cells.
Also, stimulation with pertussis toxin enhanced HLA-DR,
CD80, and CD86 expression on adult DCI1 cells (pre-DC2
cells do not respond to pertussis toxin) but not on neonatal
DCs.” It should be noted that each of the studies from
which the findings described in this paragraph were derived
originated from one group of investigators, and the results
have not yet been confirmed by others.

The first studies to directly test the ability of cord blood
DCs to activate T cells was done before the availability of
markers that allow them to be isolated relatively rapidly and
in high purity. In these studies, cells cultured overnight in
vitro were substantially less effective than adult cells in
activating allogeneic T cell proliferation.”*” This decreased
activity was associated with reduced levels of expression
of HLA-DR and the adhesion molecule ICAM-17* (see Table
4-4). In the more recent studies cited in the previous para-
graph, however, in which expression of HLA-DR was evaluated
on uncultured DCs, HLA-DR expression on neonatal and
on adult DC1 and pre-DC2 cells did not differ significantly.
The lower level of HLA-DR expression by neonatal DCs
in the earlier studies by Hunt and colleagues probably
reflects the overnight culture or the predominance of pre-
DC2 cells in neonatal blood, which express lower levels of
HLA-DR than do DCI1 cells.**®® DC2-lineage cells are highly
prone to die during culture in vitro, and the use of an over-
night protocol for cell isolation may adversely affect cord
blood DCs, in which pre-DC2 cells are predominant.

Although more recent studies found that circulating DCs
from cord blood can allogeneically stimulate cord blood T
cells in vitro,’®"” their efficiency was not compared with
that of adult DCs. Virtually all of the allostimulatory activity
of cord blood DCs is mediated by the DC1 subset rather
than by the pre-DC2 subset,”® raising the possibility that
neonatal DC1 cells are functionally normal on a cell-by-cell
basis. It should be noted that activation of allogeneic T cells
does not require uptake, processing, and presentation of
exogenous antigens and is not as stringent a test of APC
function as is activation of foreign antigen—specific T cells. A
direct comparison of DC1 lineage cells from the neonate and
the adult is necessary to define the adequacy of neonatal
myeloid DC antigen presentation. Like pre-DC2 cells from
the tonsils of older children,”®”® cord blood pre-DC2 cells are
ineffective at uptake of either protein or peptide antigens.””
It is unclear whether maturation of pre-DC2 cells in the
neonate (e.g., by exposure to viruses) results in a similar
increase in capacity for antigen presentation that is observed
with adult pre-DC2 cells.

DCs also can influence whether naive CD4* T cells
differentiate into producers of mainly Ty2 cytokines, mainly
Tyl cytokines, or a mixture of both (also referred to as a T40
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cytokine profile), with the outcome dependent on the type
of DCs and the conditions used for activation.*****%8! For
example, antigen presentation by pre-DC2 cells favors the
differentiation of naive T cells into Ty2 cells, unless these
cells have been activated by viruses or unmethylated CpG
DNA, which causes them to release IFN-a or IL-12 and, in
turn, drives potent Ty polarization.®’ The predominance of
pre-DC2 cells in the fetus and neonate may account for the
tendency toward Ty2 skewing of immune responses to
environmental allergens and the limited response to intra-
cellular pathogens in these age groups, the maintenance
of fetal-maternal tolerance during pregnancy, and the lower
risk of graft-versus-host disease following cord blood trans-
plantation.

In addition to the predominance of pre-DC2 cells in the
neonatal circulation, the ability of neonatal DCs to produce
type I IFN and IL-12 also appears to be somewhat diminished
compared with that of DCs from adults. With specific
exceptions noted later on, the relevant studies have been
done with total blood mononuclear cells or whole blood,
rather than purified DCs. Because DCs are the dominant
source of IFN-a and IL-12 produced in response to the
stimuli employed, it is likely that the findings reflect pro-
duction by DCs. In an early study, type I IFN production by
neonatal blood mononuclear cells was equivalent to that of
adult cells for a variety of inducers, including HSV and other
viruses.® Other studies, however, have found that type I IFN
production and the frequency of IFN-o~producing cells in
response to HSV were diminished compared with those in
adults, particularly for prematurely born infants.*> Similar
results were obtained for blood cells stimulated with para-
influenza viruses® and unmethylated DNA.® It is likely that
the decreased production of type I IFN by neonatal blood
cells in response to viruses or unmethylated CpG DNA
reflects decreased production by DC2-lineage cells signaling
through TLR-9, but this decrease has been shown directly
only for the response to unmethylated CpG DNA.* Neonatal
blood cells also produce less IFN-a in response to poly(I:C),
which activates DC1 cells through TLR-3.”2 Overall, these
more recent studies suggest that neonatal DC1- and DC2-type
cells produce approximately 0% to 30% as much type I IFN
as that produced by adult cells. The production of bioactive
IL-12, a heterodimer of p35 and p40, also appears to be
reduced in response to LPS but not to all stimuli. For example,
neonatal and adult blood mononuclear cells stimulated
with Staphylococcus aureus, or other gram-positive and
gram-negative bacterial cells produce equivalent amounts of
IL-12.55%

Neonatal Monocyte-Derived Dendritic Cells

Mature DCs can differentiate in vitro from a variety of pre-
cursor cells, including blood monocytes, pre-DC2 cells, CD34"
myelomonocytic cells, and even granulocytes, depending on
the cytokines and culture conditions employed. Although
both adult peripheral and cord blood monocytes cultured
with GM-CSF and IL-4 give rise to immature DCs similar to
the DC1 lineage,”*! monocyte-derived DCs from cord blood
express less HLA-DR, CD1a, and co-stimulatory molecules
(CD40 and CD80) than are expressed by adult cells. Con-
sistent with these reductions in HLA-DR and co-stimulatory
molecule expression, monocyte-derived DCs from cord blood

have decreased allostimulatory activity for T cells compared
with that of adult monocyte-derived DCs.***?

Cord blood monocyte-derived DCs also have a low capacity
to produce IL-12 in response to LPS, engagement of CD40,
or treatment with double-stranded RNA [poly(I:C)]; this is
apparently due to a selective decrease in mRNA expression
of the IL-12 (p35) chain component.” Reduced IL-12
expression may account for decreased production of IFN-y
by adult CD4" T cells after allogeneic stimulation by
cord blood—derived DCs compared with production after
stimulation by adult monocyte—derived DCs.

These findings using monocyte-derived DCs provide an
explanation for limitations in T,;1 immunity, such as delayed-
type hypersensitivity skin reactions and antigen-specific
CD4" T cell IFN-y production, which are discussed later on.
The relevance of these findings obtained with monocyte-
derived DCs is supported by observations in mice suggesting
that myeloid DCs can directly differentiate from monocytes
when these undergo transendothelial trafficking.**® It remains
unclear, however, if the differentiation of monocytes into
DCs following high doses of exogenous cytokines faithfully
mimics DC differentiation from less mature precursors in
vivo. A rigorous comparison of the gene and protein
expression profiles and function of monocyte-derived DCs
with freshly isolated highly purified DC populations may
help clarify this issue.

Fetal Tissue Dendritic Cells

Our knowledge of tissue DCs in the human fetus and neonate
is limited. Epidermal Langerhans cells and dermal DCs are
found in fetal skin by 16 weeks of gestation,” and immature
DCl-lineage cells are found in the interstitium of solid
organs by this age. Cells with the features of pre-DC2 cells
are found in fetal lymph nodes between 19 and 21 weeks of
gestation’®; they have an immature phenotype and are not
recent emigrants from inflamed tissues.

Antigen Presentation by Neonatal Monocytes and
B Cells

APC function of monocytes and B cells from human neonates
has not been characterized in great detail. MHC class 1I-
mediated antigen presentation by monocytes appears to be
intact, since neonatal and adult monocytes are similarly
effective in presenting soluble protein antigens or alloantigens
to induce T cell proliferation,”*® a response that is mainly
MHC class II dependent. One report suggested that a sub-
stantial fraction of MHC class II molecules on neonatal but
not adult B cells are “empty”—that is, they lack peptides in
the binding groove.” Accordingly, neonatal B cells may be
functionally limited as APCs.

Basic Aspects of T Cell Development
and Function

Prothymocytes and Major Thymocyte Subsets

With the exception of a subset of the T cells found in the gut
and perhaps the liver,'™'” most af T cells develop from
immature progenitor cells within the unique microenviron-
ment of the thymus. The thymus arises from the ventral
portions of the third and fourth pharyngeal pouches. Both
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ectoderm and mesoderm contribute to the formation of this
tissue. The human thymus does not have a population of
self-replenishing stem cells and therefore probably requires a
continual input of thymocyte progenitor cells (prothymo-
cytes) to maintain thymocytopoiesis, as is true for the
mouse.'” The human prothymocyte probably is a lymphoid
cell that lacks TCR o or TCR [} chains and expresses CD3
molecules in its cytoplasm and the CD7 protein on its
surface, with little or no expression of CD4 or CD8. CD7
also is found on mature T cells and NK cells, suggesting a
close relationship between these two cell types.'*

The precursor-product relationship between the pro-
thymocyte and other immature lymphocyte progenitor cells
remains controversial, as does the extent to which the
prothymocyte is committed to the T cell or NK cell lineages
before thymic entry.'”® Prothymocytes may be derived from
the common lymphocyte progenitor (CLP) cell, which is
capable of giving rise to the T, B, and NK cell lineage when
exposed to appropriate environmental cues. Cells with the
properties suggestive of CLPs, based on in vitro differentiation
assays, are found in cord blood and have a CD34*CD38 CD7*
surface phenotype.''” Nonetheless, a study in the mouse
has found striking differences between bone marrow CLPs
and the most immature lymphocyte populations found in
the thymus, suggesting that prothymocytes could have a
CLP-independent source.'®

The prothymocyte probably enters the thymus through
postcapillary venules located near the corticomedullary
junction (Fig, 4-3).'” This process may depend on expression
of the CD44 and oy integrin molecules by the prothymo-
cyte.'”” Human prothymocytes may retain the ability to
differentiate into the NK cell lineage even after entering the
thymus,'® which is consistent with later occurrence of the
split between T cell and the NK cell lineages than between
the T cell and the B cell lineages. The engagement of Notch
1 on the prothymocyte cell surface by ligands expressed by
thymic epithelial cells, such as a Delta-1,""? appears to be a
key event in promoting T-lineage cell differentiation.

Intrathymic cellular progeny of the prothymocyte give
rise to the three major subsets of thymocytes characteristic
of the postnatal thymus. These subsets are named according
to their pattern of surface expression of CD4 and CD8
and are further characterized by their surface expression of
off-TCR-CD3 complexes. Thymocytes can be classified as
double-negative (CD4 CD8), which express little or no
CD4 or CD8 (hence, double-negative) or aff-TCR-CD3 and
are direct products of the prothymocyte; double-positive
(CD4MCD8") which express medium levels of af3-TCR-CD3
and are derived from double-negative cells; and single-
positive (CD4"CD8™ and CD4CD8"), which express high
levels of o3-TCR-CD?3 and are derived from double-positive
cells. In humans, there is also an intermediate stage between
double-negative and double-positive thymocytes that is
characterized by a CD4°CD8CD3" surface phenotype.'"!
The double-negative progeny of the prothymocyte undergo
cell division and progressive differentiation as they move
outward in the cortex toward the subcapsular region. These
cells then reverse course and move from the outer to the
inner cortex as double-positive thymocytes. Finally, double-
positive cells become single-positive thymocytes in the
medulla, which probably exit the thymus through blood
vessels located in the medulla.

Intrathymic Generation of T Cell Receptor Diversity

T (and B) lymphocytes undergo a unique developmental
event, the generation of a highly diverse repertoire of antigen
receptors through DNA recombination, a process referred to
as V(D)] recombination. This diversity is generated through
the random rearrangement and juxtaposition into a single
exon of variable (V), diversity (D), and joining (J) segments
to form in each cell a unique TCR o and TCR B gene
sequence.’ The unrearranged human TCR [ chain gene spans
685 kilobases of DNA on human chromosome 7 and contains
46 potentially functional V gene segments located upstream
of two constant (C) regions, each associated with one D and
six ] segments (Fig. 4-4).''* The human TCR o chain gene
locus on chromosome 14 contains 54 V segments and 61 ]
segments that can potentially be used for TCR « gene re-
arrangement.''?

V(D)] recombination is a highly ordered process and is
controlled at multiple levels.'">!"> The restriction of the
process of V(D)J recombination to cells of the T and B
lymphocyte lineage results from the unique expression in
their precursors of two recombination-activating genes,
RAGI and RAG2. Recombination of the TCR genes is further
restricted to cells of the T lymphocyte rather than B lym-
phocyte lineage by mechanisms (e.g., histone acetylation)
that allow RAG access to the TCR genes only in T cell
progenitors. The RAG proteins are critically involved in the
initiation of the recombination process—they recognize and
cleave conserved sequences flanking each V, D, and ] segment.
Other proteins, including a high-molecular-weight DNA-
dependent protein kinase and its associated Ku70 and Ku80
proteins, DNA ligase IV and its associated XRCC4 protein,
and Artemis, then perform nonhomologous DNA end-joining
of the cleaved V(D)J segments. Unlike RAG proteins, these
other proteins involved in nonhomologous DNA end-joining
are expressed in most cells and are involved in repair of
double-stranded DNA breaks.''® Genetic deficiency of any of
the proteins involved in the rearrangement process results in
a form of severe combined immunodeficiency (SCID),
because T cell and B cell development depend on the surface
expression of rearranged TCR and immunoglobulin genes,
respectively. Human SCID due to genetic immunodeficiency
of RAG-1, RAG-2, and Artemis is well documented.'"’

The complementarity-determining regions (CDRs) of
the TCR and immunoglobulin molecules are those that are
involved in forming the three-dimensional structure that
binds with antigen. The V segments encode the CDR1 and
CDR2 regions for both TCR chains. The CDR3 region, where
the distal portion of the V segment joins the (D)] segment,
is a particularly important source of af-TCR diversity for
peptide-MHC recognition,'' and is the center of the antigen-
binding site for peptide-MHC complexes. CDR3 (also known
as junctional) diversity is achieved by multiple mechanisms.
These mechanisms include (1) the addition of one or two
nucleotides that are palindromic to the end of the cut gene
segment (termed P-nucleotides); these nucleotides are added
as part of the process of asymmetrical repairing of “hairpin”
ends (the two strands of DNA are joined at the ends) that are
generated by RAG endonuclease activity''’; (2) the activity
of terminal deoxytransferase (TdT), which randomly adds
nucleotides (called N-nucleotides) to the ends of segments
undergoing rearrangement; TdT addition is a particularly
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Major Developmental Events

Migration into thymus from
bone marrow or fetal liver

Proliferation,
TCR gene
rearrangement

Positive selection of
the a3-TCR repertoire

Negative selection of
the aB-TCR repertoire

CD4°cD8" cD38sM)

Emigration to periphery

Peripheral CD4* and
CD8* T cells

Figure 4-3 Putative stages of human aff T cell receptor—positive (aB-TCR*) thymocyte development. Prothymocytes from the bone marrow or
fetal liver, which express CD7, enter the thymus via vessels at the junction between the thymic cortex and medulla. They differentiate to
progressively more mature of-TCR* thymocytes, defined by their pattern of expression of the a-TCR-CD3 complex, CD4, CD8, and CD38. TCR a
and TCR B chain genes are rearranged in the outer cortex. Positive selection occurs mainly in the central thymic cortex by interaction with thymic
epithelial cells, and negative selection occurs mainly in the medulla by interaction with thymic dendritic cells. Following these selection processes,
medullary thymocytes emigrate into the circulation and colonize the peripheral lymphoid organs as CD4* and CD8* T cells with high levels of the
of-TCR-CD3 complex. These recent thymic emigrants (RTEs) also contain signal joint T cell receptor excision circles (TRECs), which are a circular
product of TCR gene rearrangement. Most RTEs probably lack CD38 surface expression. By contrast, in neonates, most peripheral T cells retain
surface expression of CD38 and have high amounts of TREC compared with aduit peripheral T cells.

important mechanism for diversity generation because every
three additional nucleotides encodes a potential codon,
potentially increasing repertoire diversity by a factor of 20;
and (3) exonuclease activity that results in a variable loss of
nucleotide residues, as part of the DNA repair process.
Together, t