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Antiviral Agents in the Critically Ill Child

Flor M. Munoz, MD

The treatment for most viral infections in children primarily is supportive. Severe viral
illnesses and significant secondary complications that require treatment in the intensive
care unit may occur in immunocompromised patients and also in infants and children
who were previously healthy. Antiviral agents with specific activity against certain respira-
tory viruses, herpesviruses, and enteric viruses are available. New drugs are under
development, and their use in pediatric patients is a subject of active research. The
clinician’s knowledge of the mechanisms of action, spectrum of activity, and side effects of
these drugs is an important tool for their judicious use in the treatment of the critically il

child.
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hildren are susceptible to infections caused by a variety of

viral pathogens that result in a wide spectrum of disease
manifestations. Infants and children who are previously healthy
may have viral illnesses severe enough to require care in the
pediatric intensive care unit. Viral infections might result in
respiratory failure (eg, those caused by respiratory syncytial
virus [RSV], influenza, parainfluenza, adenovirus), altered men-
tal status associated with encephalitis or meningitis (eg, herpes
simplex virus [HSV], enterovirus, arbovirus), dehydration and
shock from severe gastroenteritis (eg, rotavirus, enterovirus),
hepatitis and liver failure (hepatitis viruses B and C), or
multiorgan involvement. Immunocompromised children are
susceptible to common viruses and develop more severe local or
disseminated disease. These viruses include members of the
herpesvirus family such as cytomegalovirus (CMYV), Epstein-
Barr virus (EBV), and varicella-zoster virus (VZV). This review
describes the antiviral agents currently available and their use
in the treatment of common viral infections in critically ill
children. The treatment of human immunodeficiency virus
(HIV) infection is beyond the scope of this review. Table 1
summarizes the most important causes of viral illnesses in
children admitted to the intensive care unit and current options
for treatment or prophylaxis.

Respiratory Infections

Viral respiratory infections are a leading cause of morbidity,
mortality, and significant economic expense throughout the
world.! In the United States, acute viral respiratory disease
requires medical attention in 80 percent of children younger
than 5 years and almost 50 percent of those 5 to 17 years of age.?
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In children hospitalized for an acute respiratory illness, RSV is
the pathogen most frequently encountered, followed by parain-
fluenza 1, 3, and 2, and influenza A and B viruses.> The
pathogenesis of disease caused by these viruses involves direct
epithelial cell injury of bronchioles, edema, and mucus plugging
of the airways. Other important pathogens include adenovirus,
rhinovirus, and respiratory coronaviruses. Infection with these
viruses may result in severe lower respiratory tract disease or
may precipitate acute exacerbations of underlying pulmonary
conditions such as asthma and cystic fibrosis. In a recent survey,
80 to 85 percent of episodes of acute asthma in school children
were associated with a respiratory virus infection, and rhinovirus
accounted for 50 percent of the isolates.*

The treatment of most viral infections essentially is support-
ive, and the number of efficacious antiviral drugs currently
available is limited (Table 2). Aerosolized ribavirin has been
used to treat RSV infections, and oral amantadine and rimanta-
dine are available for the treatment and prophylaxis of influenza
A infection. Newer agents with activity against both influenza A
and B viruses, the neuraminidase inhibitors, have become
available recently but are not licensed for use in children yet.
Newer compounds active against paramyxoviruses, rhinovi-
ruses, and other picornaviruses are under investigation. No
proven efficacy of any drug in the treatment of adenovirus
infections has been shown.

Antiviral Drugs Against
Respiratory Viruses
Ribavirin

Ribavirin is a synthetic nucleoside analogue of guanosine and
inosine. It is converted by cellular enzymes to active monophos-
phate and triphosphate forms. Its exact mechanism of action is
unknown. Ribavirin exhibits in vitro activity against many RNA
and DNA viruses and has been reported to have clinical efficacy
against RSV and influenza A and B viruses, hantavirus, and
Lassa fever virus. Aerosolized ribavirin currently is indicated for
treating RSV lower respiratory tract infection in selected high-
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Table 1. Etiology of Viral Infections in the Critically Ill Pediatric Patient and Current Antiviral Treatment Options

Typical Disease Virus

Antiviral Agent

RSV

Influenza viruses A and B

Respiratory tract infections

Parainfluenza 1, 2, 3
Adenovirus
Rhinovirus

Clentral nervous system infections ~ HSV

Enterovirus

Arbovirus

CMV

EBV

VZV

Hepatitis C

Hepatitis B

Rotavirus/enterovirus

Enterovirus

Systemic infections

Gastrointestinal tract infections

Ribavirin, protease inhibitors (AG7088)}

Amantadine, rimantadine,* neuraminidase inhibitors (zana-
mavir* and oseltamivirf)

Paramyxovirus fusion protein inhibitorsT

NA

Protease inhibitors (AG7088),T pleconarilf

Acyclovir, valacyclovir,* famcyclovir,* Pencyclovir,* foscarnet,*
cidofovir*

Pleconaril

NA

Ganciclovir, foscarnet,* cidofovir®

Cidofovir,* foscarnet,* interferon-of

Acyclovir, valacyclovir,* fameyclovir,* pencyclovir,* cidofovir

Interferon a + ribavirin*

Interferon alfa

NA

Pleconarily

*Not licensed for use in children.
TInvestigational drug.

risk populations. Conditions associated with high risk during
RSV infection include complicated congenital heart disease,
underlying chronic lung disease, primary or acquired immuno-
suppression, prematurity, age less than 6 weeks, certain debili-
tating conditions (eg, neuromuscular disease), and severe illness
requiring mechanical ventilation.” Although administration early
in the course of RSV disease in immunocompromised and
high-risk patients may be beneficial, the efficacy of ribavirin in
critically ill children who previously were healthy has not been
proved.5 Ribavirin is not licensed for the treatment of influenza.
Anecdotal reports indicate efficacy against measles and adenovi-
rus infections (aerosol and intravenous forms), but no controlled
trials have been performed to date. Oral ribavirin in combina-
tion with interferon alfa is indicated for treating hepatitis C.
This combination also inhibits the replication of subacute
sclerosing panencephalitis virus infection in vitro and results in
improved survival of infected hamsters,” but no clinical studies
have been performed.

Administration of ribavirin for inhalation requires the use of
a small particle (<4 um) aerosol generator (SPAG) and a
delivery rate of 12.5 L/min. The daily recommended dose (6 g/d)
can be administered at a standard concentration (20 mg/mL)
over 12 to 18 hours or at higher concentrations (60 mg/mL) over
shorter periods (eg, 2 h three times/d) for a total duration of 3 to
6 days. When given to children who require mechanical ventila-
tion, aerosolized ribavirin does not significantly affect the
respiratory system mechanics.® However, malfunction of ventila-
tor delivery systems can occur because of drug crystallization
and precipitation. Potential side effects include induction of
bronchospasm, headache, rash, and conjunctivitis in both pa-
tients and caretakers.>!'” When used systemically, loading and
maintenance doses are necessary, and ribavirin can cause
anemia, resulting from extravascular hemolysis (at low doses) or
bone marrow suppression (at high doses), and hyperbilirrubine-
mia.!l Teratogenicity has been documented only in animal
species. Resistance has not been described.

Table 2. Antiviral Drugs Active Against Respiratory Viruses and Picornaviruses

Antiviral Drug Mechanism of Action Indication/Comment
Ribavirin Not fully defined, related to interference with viral Aerosolized form: High-risk RSV lower respiratory
mRNA formation and inhibition of protein syn- tract disease
thesis Intravenous: Lassa fever
Oral: Hepatitis C
Resistance not identified
Amantadine Blockage of H' channel reduces intracellular acidifi- Prophylaxis and treatment of influenza A, without
Rimantadine cation necessary for fusion of influenza A virus to effect on B
host cell endosome and release of viral RNA Rapid and frequent resistance because of point
mutations of M2 protein
Zanamavir Inhibition of neuraminidase Treatment of influenza A and B
Oseltamivir Resistance very rare
AGT7088 Inhibition of 3C protease In vitro efficacy against picornavirus, particularly
rhinovirus
Pleconaril Inhibition of viral replication by blocking virus Oral compound active against picornavirus; clinical

attachment or uncoating through capsid binding

studies in progress
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Paramyxovirus Fusion Protein Inhibitors

RSV, parainfluenza, and measles viruses belong to the Paramyxo-
virus family. These viruses contain two major surface glycopro-
teins: a receptor binding protein that facilitates attachment to
host cells and a fusion protein required for release of the
genome-containing nucleocapsids into the cell cytoplasm. Active
peptides derived from specific regions within the transmem-
brane fusion protein of RSV and parainfluenzae 3 virus have
been identified.'”? These active peptides exhibit antiviral activity
against paramyxoviruses in vitro and against RSV in vivo in a
cotton rat model. A potential for the development of synthetic
active peptides against paramyxoviruses exists, as similar com-
pounds have been developed against HIV-1.13

Amantadine/Rimantadine

Amantadine (l-adamantanamine hydrochloride) and its
a-methyl derivative, rimantadine, are primary symmetrical
amines that interfere with the transmembrane transport of
hydrogenion (H') initiated by the influenza A membrane
protein M2. They inhibit the uncoating and replication of all
human influenza A virus subtypes (HIN1, H2N2, H3N2), but
they have no effect on influenza B viruses.!* Oral formulations
have been shown to be efficacious in reducing the severity and
duration of influenza A illness when administered within the
first 48 hours of the onset of symptoms and have been licensed
in the United States for the prophylaxis and treatment of
influenza A infection. Rimantadine has not been approved by
the Food and Drug Administration (FDA) for use in children,
but frequently it is preferred because it exhibits fewer side
effects than does amantadine and its longer half-life allows
once-a-day dosing. Side effects are similar to those induced by
antihistamines (nausea, vomiting, drowsiness, difficulty concen-
trating, agitation), and both may induce seizures in individuals
with a history of seizure disorders. Resistance to both drugs
develops frequently and rapidly during therapy because of a
single amino acid mutation of the RNA sequence encoding for
the influenza A M2 protein.”® This phenomenon has been
described in hospitalized pediatric populations'® and is a con-
cern, particularly because of the risk of transmission of resistant
strains of influenza A to susceptible patients within hospital

t.17 In outbreak situations

units such as the intensive care uni
within a hospital unit, amantadine and rimantadine can be used
for the prophylaxis of children at risk who cannot be immunized
with inactivated influenza vaccine.

Neuraminidase Inhibitors

Neuraminidase is a viral enzyme that cleaves terminal sialic acid
residues from glycoconjugates, enabling the release of influenza
viruses from infected cells and preventing viral aggregation and
inactivation by respiratory mucus. The enzyme’s active site is
present and highly conserved in the surface of influenza A and B
viruses.'® Two neuraminidase inhibitors active against both
influenza A and B are now available for clinical use: inhaled
zanamavir and oral oseltamivir (GS4104), the ethyl ester pro-
drug of GS4071, which is the active compound.

The sialic acid analogue zanamavir has an estimated bioavail-
ability of 10 to 20 percent in the lower respiratory airways when
administered by inhalation through the mouth or by intranasal

spray. A poor oral bioavailability and rapid renal clearance after
intravenous administration preclude its use by these routes.
Inhaled zanamavir has been well tolerated and very effective
(>80%) in preventing infection and febrile illness in animal and
human experimental influenza A infection.'”® In a recent
randomized, placebo-controlled trial, zanamavir administered
once daily during the influenza season in healthy adult volun-
teers was 67 percent efficacious in preventing culture-confirmed
clinical influenza and 84 percent efficacious in preventing
culture-confirmed febrile illness.?! Clinical studies are investigat-
ing the use of zanamavir for postexposure prophylaxis in
institutions and for the prevention of nosocomial influenza.

When administered within the first 30 hours of illness to
ambulatory adults with acute influenza, zanamavir reduces the
duration of symptoms by up to 3 days.?? Similar results are
observed in patients as young as 12 years with underlying lung
disease.” The use of nebulized zanamavir in hospitalized pa-
tients with influenza lower respiratory tract disease is being
studied in controlled clinical trials. This nebulized preparation
has been given to patients receiving mechanical ventilation
through a compassionate use protocol. Inhaled zanamavir is
approved for the treatment of influenza A and B infections in
patients 12 years of age and older. Zanamavir has a potential
role as a prophylactic agent for nonimmunized and high-risk
individuals, but further studies in the latter population are
necessary. The use of zanamavir in children deserves consider-
ation as well, particularly because treatment with this drug is
associated with a lower incidence of middle ear pressure
abnormalities during influenza illness,?* but the current method
of drug delivery might be problematic in the younger patients.

Oseltamivir, the prodrug of GS4071, a potent carbocyclic
transition state analogue inhibitor of influenza neuraminidase,
has the advantages of a good oral bioavailability (70%) and a
long plasma half-life (7-9 hours) that allows less frequent
dosing.”® The active compound provides protection against
experimental influenza in animal and human studies and
against natural infection in healthy adults (>80% efficacy)
given a once-daily dose during the influenza season.”* When
used as treatment within the first 36 hours of onset of illness,
oseltamivir reduces the severity and the duration of influenza
symptoms by 1.5 days.?? The use of oseltamivir in high-risk
populations and children is being studied. Resistance to neur-
aminidase inhibitors can occur by mutations (amino acid substi-
tutions) in either of the two major surface glycoproteins,
hemagglutinin or neuraminidase. Albeit rare, this phenomenon
occurred in vivo in an immunocompromised child with influenza
B pneumonia after 7 days of treatment with zanamavir.?’

Protease Inhibitors and Antipicornavirus Agents

Human rhinoviruses belong to the Picornaviridae family. Picor-
naviruses are a known cause of conjunctivitis, lower respiratory
tract disease, acute gastroenteritis, aseptic meningitis, and
encephalitis, in addition to the common cold. Currently, no
antiviral agents are available to treat diseases caused by picorna-
viruses, but potential drugs are being developed.

AGT7088 is an irreversible, peptidomimetic inhibitor of 3C
protease, an enzyme present in rhinoviruses and several related
picornaviruses, responsible for the cleavage of viral precursor
polyproteins into structural and enzymatic proteins. In vitro,



38 Flor M. Munoz

AG7088 has been found to potently inhibit the replication of 48
rhinovirus serotypes, coxsackieviruses A21 and B3, enterovirus
70, and echovirus 11 in a dose-dependent fashion.’! A formula-
tion for intranasal administration has been developed, and
clinical studies are expected in the near future.

Pleconaril is an investigational compound that inhibits viral
replication and shows in vitro activity against all picornaviruses.
Pleconaril binds to the capsid of viruses, inhibiting attachment
and virus uncoating. It is readily absorbed by the oral route with
a bioavailability of 70 percent, reaching higher drug concentra-
tions in the meninges, liver, and nasal epithelium than in
plasma because of its lipophilic properties.®? In studies of
experimental respiratory infection and in placebo-controlled
studies of viral meningitis in adults and children, pleconaril has
been shown to reduce the severity and duration of symptoms
when administered within 48 hours of onset of illness.® Con-
trolled clinical trials of pleconaril in the treatment of rhinovirus
diseases and enteroviral meningitis in children are in progress.

Central Nervous System and Disseminated
Viral Infections

Human herpesviruses are common causes of mucocutaneous
infections in immunocompetent and immunocompromised chil-
dren. HSV-1 is the most important cause of sporadic viral
central nervous system infection, followed in frequency by
seasonal viruses such as enteroviruses and arboviruses. Herpes-
viruses are not uncommon causes of severe, life-threatening
conditions in previously healthy children who develop complica-
tions or dissemination of initially localized infections (such as
VZV) and in immunocompromised children, who are also more
susceptible to extensive disease caused by other herpesviruses
such as CMV, EBV, and human herpesvirus 6 (HHV-6).

Table 3. Antiviral Drugs Active Against Herpesviruses

Antiviral Drugs for Herpesviruses

Numerous antiviral agents are available for the treatment and
prophylaxis of herpesvirus infections. In general, the agents are
categorized in two major classes: the nucleoside analogues,
which include most anti-herpesvirus drugs, and the pyrophos-
pate analogue foscarnet (Table 3). Nucleoside analogues re-
quire conversion to monophosphate, diphosphate, or triphos-
phate forms by cellular or viral kinases to selectively inhibit viral
replication; foscarnet does not.

Acyclovir/Valacyclovir

Acyclovir is a synthetic acyclic purine nucleoside analogue of
guanosine. Valacyclovir is the L-valyl ester of acyclovir and is
three to five times more bioavailable than is acyclovir. Hydroly-
sis of valacyclovir to acyclovir occurs in the intestinal wall and
the liver. Acyclovir is catalyzed by herpesvirus thymidine kinase
to acyclovir monophosphate and then transformed to the active
compound acyclovir triphosphate by cellular kinases. The active
drug inhibits viral DNA polymerase by acting as an immediate
DNA chain terminator. Acyclovir is active against HSV-1 (most
sensitive virus), HSV-2 (twofold less susceptible than HSV-1),
and VZV (requires higher doses than HSV) but has limited
activity against CMV, EBV, and HHV-6, which lack thymidine
kinase.**

Oral, topical, and intravenous preparations of acyclovir are
available and efficacious for the treatment of children with HSV
mucocutaneous disease, encephalitis, and neonatal infection,
and primary and recurrent VZV infections. Intravenous admin-
istration is required for treating any invasive disease and
preventing dissemination of mucocutaneous infection in immu-
nocompromised hosts. Administration early in the course of the
disease is more beneficial. Valacyclovir is available only in a
tablet form, and its safety and effectiveness have not been

Antiviral Drug Mechanism of Action

Indication/ Comment

Nucleoside analogues

Acyclovir DNA chain terminator and

Valacyclovir inhibition of DNA polymerase

Famciclovir DNA chain inhibitor and

Penciclovir inhibition of DNA polymerase

Trifluridine Inhibition of DNA polymerase

Idoxuridine

Vidarabine

Ganciclovir DNA chain terminator and
inhibition of DNA polymerase

Cidofovir Inhibition of DNA polymerase or

DNA chain terminator
Pyrophosphate analogue
Foscarnet

Inhibition at pyrophosphate binding site of DNA
polymerase and reverse transcriptase

Most useful in the treatment of HSV and VZV
infections
Resistance: mutations of thymidine kinase

Oral formulations licensed for adults only
Resistance: similar to acyclovir

Topical treatment of ocular HSV
Resistance: similar to acyclovir
Significant toxicity

Most useful against CMV
Resistance: mutations of DNA polymerase, phos-
photransferase, and thymidine kinase

Alternative for acyclovir-resistant HSV and gan-
cliclovir/foscarnet-resistant CMV

Acyclovir-resistant HSV, ganciclovir-resistant
CMV

Cross-resistance may occur
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established in children.® When administered intravenously,
acyclovir can crystallize and precipitate in the renal tubules.
This can be minimized by slowing infusion rates and by ensuring
adequate hydration. Other side effects include local phlebitis,
elevation of blood urea nitrogen (BUN) and serum creatinine
levels, neutropenia, nonspecific gastrointestinal symptoms (nau-
sea, vomiting, diarrhea), and encephalopathic changes (obtunda-
tion, seizures). Adjustment of dose is required with impaired
renal function. Resistance to acyclovir occurs by mutations that
result in deficiency or alterations of thymidine kinase or viral
DNA polymerase.®® Resistance is more likely to occur with
prolonged exposure or suboptimal dosing and in immunocompro-
mised patients. Foscarnet or cidofovir are alternatives for
acyclovir-resistant HSV and VZV.

Famciclovir/Penciclovir

Famciclovir is the synthetic acyclic guanine derivative prodrug
of penciclovir. Famciclovir is readily absorbed after oral adminis-
tration and is converted to the active triphosphate form penciclo-
vir by viral thymidine kinases like acyclovir. Unlike acyclovir,
penciclovir is not an obligate DNA chain terminator, but it
effectively inhibits DNA chain elongation. It also exhibits a less
powerful inhibition of viral DNA polymerases.’” However, famci-
clovir’s higher oral bioavailability and longer intracellular half-
life ensure more prolonged antiviral activity and allow for lower
and less frequent dosing. Clinical indications, adverse events,
and mechanisms of resistance of these drugs are similar to those
of acyclovir and valacyclovir.?® Safety and efficacy data are not
available for children.

Trifluridine and Idoxuridine/Vidarabine

Trifluridine and idoxuridine are thymidine nucleoside ana-
logues used for the topical treatment of HSV infections such as
primary keratoconjunctivitis and recurrent epithelial keratitis.?
Both require phosphorylation to an active triphosphate form
and have significant side effects and toxicity (local irritation,
corneal and conjunctival edema, increased intraocular pressure,
and photophobia). Only trifluridine is licensed for use in the
United States. This compound also has been used topically for
the treatment of acyclovir-resistant chronic mucocutaneous
genital HSV infections in HIV-infected patients.

Vidarabine (adenine arabinoside or Ara-A) has antiviral
activity against HSV-1 and HSV-2, vaccinia virus, and VZV.
Intravenous vidarabine is rapidly deaminated in vivo to a less
active compound, arahypoxanthine, and is associated with
significant toxicity, which limits its use. Trifluridine is preferred
for the treatment of HSV keratoconjunctivitis because vidara-
bine can cause significant local eye irritation. Resistance to this
agent has not occurred in the clinical setting.?

Ganciclovir

Ganciclovir is a nucleoside analogue of guanine that can
undergo transformation to ganciclovir monophosphate by two
viral-specific enzymes: a phosphotransferase encoded by the
UL-97 gene of CMV and the thymidine kinase of HSV. Activa-
tion to its triphosphate form is accomplished by cellular kinases.
Ganciclovir inhibits viral DNA synthesis by directly terminating
viral DNA elongation and by competitive inhibition of DNA

polymerase. Although ganciclovir has in vitro activity against
HSV and VZV, it is 100 times more potent against CMV.*!

Ganciclovir is indicated for the treatment of CMV retinitis,
encephalitis, pneumonitis, esophagitis, hepatitis, and colitis; it is
used in the prophylaxis of CMV retinitis and in selected
CMV-=seropositive immunocompromised patients (ie, bone mar-
row and solid organ transplant recipients). Limited data in
children suggest safety and efficacy similar to those in adults.#>*
The combination of ganciclovir with CMV immune globulin
intravenously has been used for treatment and prophylaxis of
CMV disease in immunocompromised patients.>*6 Ganciclovir
also may have a role in the prophylaxis of EBV lymphoprolifera-
tive disease in transplant recipients.*’ The use of ganciclovir in
congenital CMV disease is under investigation and not routinely
recommended. Antiviral treatment in this population is unlikely
to have an effect on tissue injury that occurred antenatally.

Significant toxicity that commonly occurs with intravenous
administration of ganciclovir includes bone marrow depression
(granulocytopenia, anemia, and thrombocytopenia), elevation
of hepatic transaminases and serum BUN and creatinine levels,
and, less frequently, nonspecific gastrointestinal complaints,
headache, and rash. Dose adjustment is required with impaired
renal function. Concomitant use of nephrotoxic drugs increases
ganciclovir nephrotoxicity. Immunocompromised patients often
require prolonged therapy with ganciclovir, increasing the
chances of toxicity and development of resistance. Resistance
occurs through mutations of the genes encoding for viral DNA
polymerase, CMV phosphotransferase, or HSV thymidine ki-
nase.” Therefore, ganciclovir-resistant CMV may not be suscep-
tible to treatment with acyclovir and requires the use of agents
with different mechanisms of action, such as cidofovir and
foscarnet.

Cidofovir

Cidofovir is a new acyclic nucleoside monophosphate derivative.
Because of the presence of a phosphonate group, initial phosphor-
ylation by viral-specific enzymes is not required. Cidofovir is
phosphorylated by host cell enzymes to its active diphosphate
form, which selectively inhibits viral DNA polymerase through
competitive inhibition or DNA chain termination. Cidofovir is a
potent inhibitor of viral replication, with activity against CMV
and other herpesviruses (including HSV, VZV, and EBV).*
Given that initial phosphorylation by viral enzymes is bypassed
by cidofovir, it is the drug of choice for acyclovir-resistant HSV
and ganciclovir- or foscarnet-resistant CMV. The active diphos-
phate form has a long intracellular half-life, allowing for long
intervals of administration between doses (once weekly). Cidofo-
vir is additive or synergistic against CMV in vitro when com-
bined with acyclovir, ganciclovir, and foscarnet. The most
significant side effect is nephrotoxicity (proximal tubular dysfunc-
tion), which can be reduced by oral probenicid and adequate
hydration before treatment. Other adverse reactions include
neutropenia, peripheral neuropathy, and ocular hypotonia. Vi-
ral resistance conferred by mutations in DNA polymerase has
been shown in vitro but has not occurred in patients treated with
cidofovir.*
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Foscarnet

Foscarnet (trisodium phosphonoformate) is an organic ana-
logue of inorganic pyrophosphate. Phosphorylation by viral or
host cell kinases is not required for activation of this compound.
Its mechanism of action is preventing elongation of DNA chains
through selective inhibition at the pyrophosphate binding site of
viral DNA polymerase and retroviral reverse transcriptase, at
concentrations that do not inhibit cellular DNA polymerase.>
Foscarnet has antiviral activity against HSV-1 and HSV-2
(including acyclovir-resistant strains), VZV, CMV (including
ganciclovir-resistant strains), EBV, HHV-6, hepatitis B virus,
and HIV-1.

Foscarnet currently is indicated for treatment of CMV
retinitis in HIV-infected patients and for acyclovir-resistant
HSV infections in immunocompromised hosts. Acyclovir-
resistant VZV also has been treated successfully with foscarnet.
Its use should be limited because of the occurrence of signifi-
cantly more adverse events than occur with ganciclovir. Intrave-
nous administration of foscarnet commonly results in phlebitis,
nausea and diarrhea, anemia and granulocytopenia, nephrotox-
icity, electrolyte disorders (hypocalcemia, hypokalemia, hypomag-
nesemia, hypophosphatemia or hyperphosphatemia), and sei-
zures.* The excretion of the drug in urine may result in genital
ulceration. Concomitant administration of nephrotoxic drugs
should be minimized, and serum calcium levels should be
monitored closely in patients receiving intravenous pentami-
dine. In animal studies, foscarnet has been shown to affect the
development of tooth enamel and bones. Because resistance to
foscarnet may develop by mutations in the viral DNA polymer-
ase, acyclovir-resistant HSV and ganciclovir-resistant CMV
viruses that have these mutations might also develop resistance
to foscarnet.

Viral Infections of the Gastrointestinal Tract

Most viral infections that cause gastroenteritis are self-limited
and require only supportive therapy. Hepatitis viruses can cause
acute and chronic disease in children. Children younger than 19
years account for 10 percent of patients with primary hepatitis B
virus (HBV) infection each year.3! The epidemiology of hepatitis
Civirus (HCV) infection in children is less well characterized in
the United States, but its incidence is likely to be similar or less.
The majority of children with HBV or HCV infection are
asymptomatic. However, 20 to 50 percent of children and 90
percent of neonates infected with HBV have persistent infec-

Table 4. Antiviral Drugs Active Against Hepatitis B and C Viruses

tion, and the majority of children infected with HCV have
chronic infection that may progress to cirrhosis.’>* Both viruses
are associated with the development of hepatocellular carci-
noma. Risk factors for HBV and HCV infection include paren-
teral exposure to blood products, parenteral drug use, hemoglo-
binopathies, heterosexual or homosexual activity, and maternal
infection during pregnancy. Numerous potential drugs are
available for the treatment of hepatitis B and C (Table 4). Of
these, interferon alfa has been modestly efficacious, with in-
creased efficacy when used in combination with ribavirin.

Antiviral Drugs for Hepatitis B
and C Viruses

Interferon Alfa/Ribavirin

Interferons are cytokines released by virus-infected host cells.
Uninfected cells acquire resistance to RNA and DNA viruses by
binding and internalizing interferons. Although their exact
mechanism of action is not totally understood, interferons
activate cellular mechanisms that induce the release of enzymes
causing degradation of viral mRNA and inhibition of viral
protein synthesis.?

Recombinant interferon alfa-2b is licensed in the United
States for the treatment of chronic HBV infection in adults and
children. Subcutaneous administration three times a week for 6
months results in normalization of liver transaminase levels and
seroconversion (presence of antibody to hepatitis B e antigen
[HBeAb] and absence of hepatitis B e antigen [HBeAg]) in 40 to
50 percent of adult patients. Controlled clinical trials suggest
similar response rates (range, 20% to 58%) in children living in
Western countries but lower response rates in Asian children.”*
The response rate is lower in those who acquire HBV in the
neonatal period and higher with higher doses of interferon.
Response rates (defined as absence of HCV DNA in serum) are
similar when interferon alfa is used in the treatment of adults
with hepatitis C, but a relapse rate of 50 percent occurs after
completion of therapy (net persistent response rate of 5% to
20%).% Nonresponders show no improvement with repeated
treatment, higher doses, or longer duration of therapy. Clinical
studies in children are limited, but as with HBV, similar
response and relapse rates are observed in children with HCV.%?
When used in combination with orally administered ribavirin,
the persistent response rate of interferon alfa in the treatment
of HCV increases to 49 percent.’ Interferon alfa might also be
useful in the treatment of EBV lymphoprolipherative disease.>’

Antiviral Drug

Mechanism of Action

Indication/ Comment

Interferon alfa-2a
Interferon alfa-2b
Interferon alfa-n3
Interferon alfa-2b and ribavirin

viral mRNA

Lamivudine Inhibition of DNA polymerase
Famciclovir Inhibition of DNA polymerase
Tenofovir Inhibition of DNA polymerase
Adefovir Inhibition of DNA polymerase

Inhibition of viral protein synthesis through acti- Investigational
vation of host cellular enzymes that degrade

Chronic and recurrent HBV and HCV infection

Chronic and recurrent HBV and HCV infection
Investigational
Investigational
Investigational
Investigational
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Side effects of interferon therapy that are frequent but
transient include fever, headache, malaise, thrombocytopenia,
and leukopenia. Less frequently, alopecia, prolonged fatigue,
and depression may occur. The need for repeated parenteral
administration and the lack of sustained response in most
patients implies an adequate selection of subjects that should
receive treatment with interferon. In the case of HBV, better
response rates are observed in non-Asian children with infection
acquired beyond the neonatal period, who have mild pretreat-
ment elevations of liver enzymes and liver histology, and lower
baseline serum HBV DNA or hepatitis B core antigen (HBcAg)
concentrations.

Lamivudine and Other Compounds

Nucleoside analogues such as lamivudine, famciclovir, adefovir,
and tenofovir inhibit HBV replication in vitro by inhibiting DNA
polymerase. Although these agents have been efficacious in
experimental animal studies and reduce HBV DNA levels in
patients with chronic HBV infection, long-term treatment is
required, which in turn has been associated with the develop-
ment of resistant mutations in HBV DNA polymerase (with the
exception of adefovir). Combination therapy is under investiga-
tion.

Summary

Viral infections are the most common cause of morbidity in
pediatrics. The majority of children have viral illnesses that do
not require hospitalization. However, severe illness, complica-
tions, and secondary bacterial infections that require treatment
in the pediatric intensive care unit also occur. Infants, young
children, and patients with certain underlying conditions are
more commonly admitted to the intensive care unit. Prevention
through immunization is possible for influenza and hepatitis B
virus infections, and it should be encouraged, particularly in
high-risk populations. Passive prophylaxis with intravenous
immunoglobulin for high-risk groups is available for RSV and
CMYV, and monoclonal antibody products are now available for
RSV as well. The number of drugs becoming available for
treating severe viral infections in children is increasing. How-
ever, it is important to keep in mind that their efficacy might be
limited by the need for administration early during the course of
disease (and therefore for adequate diagnostics), their frequent
toxicity, and the development of resistance. Adequate support-
ive therapy continues to be the cornerstone in the treatment of
severe viral infections in children. The knowledge of the cur-
rently available antiviral agents and their particular indications
and side effects, along with a selective and judicious use of these
drugs, will enhance the clinician’s capability to achieve a
successful outcome in the critically ill child.
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