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Abstract
Human parechovirus 3 (HPeV3) is a picornavirus associated with

neurologic disease in neonates. Human parechovirus 3 infection of
preterm and term infants is associated with seizures and destructive
periventricular white matter lesions. Despite unremarkable cerebro-
spinal fluid (CSF), HPeV3 RNA can be amplified from CSF and
nasopharyngeal and rectal swabs. We report pathologic findings in 2
autopsy cases of infants with active HPeV3 infection. Both children
were born approximately 1 month premature and were neurologically
intact but, after a few weeks, developed seizures and radiologic ev-
idence of white matter lesions. Neuropathologic examination dem-
onstrated classic severe periventricular leukomalacia in the absence
of an immune response. Human parechovirus 3 sequences were
identified in RNA extracted from CSF, sera, and tissues. Human
parechovirus 3 in situ hybridization detection of infected cells was
limited to meninges and associated blood vessels in addition to
smooth muscle of pulmonary vessels. Ultrastructural evaluation of
meninges demonstrated dense core structures compatible with pi-
cornavirus virions. These findings suggest that encephalopathic
changes are secondary to infection of meninges and potential com-
promise of vascular perfusion. Thus, parechovirus infection of vas-
cular smooth muscle may be a more general pathogenic process.

Key Words: Enterovirus, Neonatal infection, Periventricular
leukoencephalopathy, Vasculopathy.

INTRODUCTION
Picornaviruses are a family of small, single-stranded,

positive-sense RNA viruses consisting of a continually
growing number of genera (currently, 26), 6 of which cause
common infections in humans (1, 2). Human parechoviruses

([HPeVs] proposed new name Parechovirus A) are members
of the Parechovirus genus, which is currently composed of 16
recognized genotypes (3). Human parechoviruses 1 and 2
were originally classified as echoviruses 22 and 23 in the
Enterovirus genus but were reclassified in 1999 into their own
genus on the basis of several distinct biologic and nucleotide
sequence characteristics (4, 5). Unlike most enteroviruses,
HPeVs do not shut off host cell protein synthesis (4). Their
capsid proteins undergo limited proteolysis such that VP0 is
not cleaved into VP2 and VP4; this may result in structurally
different and uniquely arranged nucleocapsids composed of 3
rather than 4 capsid proteins (6). Viral protein 1 (VP1) pro-
teins of HPeV show a high degree of amino acid sequence
divergence; and some strains retain the ability to recognize
host cell surface integrins by an RGD motif (1, 6). However,
HPeV3 as well as HPeV7 through 16 and variant strains of
HPeV1, HPeV4, and HPeV6 lack the RGD motif. The cellular
receptor for HPeV3 is unknown, and its cellular tropism has
not been defined in vitro or in vivo.

Human parechoviruses are prevalent infectious agents
that are usually asymptomatic but have been isolated from pa-
tients with a range of nonspecific syndromes including gastro-
intestinal and respiratory infections, sepsis, and meningitis,
particularly in neonates (7Y9). Serologic studies have suggested
early seroconversion with a mean age of 14.6, 6.3, and 0.7
months for HPeV1, HPeV2, and HPeV3 infections, respec-
tively (7, 10). Human parechovirus 3 was first isolated from a
1999 stool sample (11), and genetic analysis suggests it may be
a recently evolved (emergent) agent (12). A recent screen of
3,415 cerebrospinal fluids (CSFs) in the United Kingdom from
patients who were referred to a virology clinic (ranging in age
from birth to older than 65 years) discovered that HPeV3 was
the most prevalent picornavirus in the CSF (13).

The range of clinical CNS HPeV3 disease is not well
defined because it produces an uncharacteristic and reassur-
ingly benign noninflammatory CSF profile. Active infection is
only identified by direct viral nucleic acid measurement. In a
study of 10 infants diagnosed as having HPeV CNS infection,
viral RNA was detected in the CSF of 7, in the blood of 3, in
the nasopharynx of 1, and in the stool of 1 (14). Evaluation
with cranial magnetic resonance imaging (MRI) or ultrasound
showed abnormal periventricular white matter in all infants.
Although none of the infants died, clinical follow-up showed
no-to-variable neurologic sequelae, including cerebral palsy,
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epilepsy, and learning disabilities that were worse in preterm
versus term infants (14). More recently, similar patients have
been reported (15Y20).

Death associated with HPeV infection is rare, with only
a few reports and limited autopsy descriptions (15, 21, 22). In
Denmark, HPeV RNA was detected in 3% of children, with
clinical signs fitting enterovirus infection, and 6% of infected
children succumbing to infection (22). The most common
genotype detected was HPeV3 (22). Human parechovirus 3
was detected in the brain and lung tissue of a 53-day-old twin
born at 34 weeks’ gestational age who showed diffuse white
matter gliosis and edema of the cerebrum and cerebellum,
meningitis, bilateral bronchopneumonia, and inflammation in
the spleen (15). Human parechovirus 3 was detected in nasal
pharyngeal swabs of 3 (aged 4 weeksY16 months) of 1,263
autopsies in Wisconsin during a survey to assess the role of
viruses in deaths of children younger than 2 years (21). The
lungs of all 3 showed edema and varying amounts of con-
gestion. The 16-month-old child had chronic lung disease
since birth at 30 weeks’ gestational age, and HPeV3 was also
detected in the lung, spleen, and a colon swab (21).

To gain insights into the CNS tropism and pathophysiol-
ogy of HPeV3, we have evaluated 2 autopsy cases of infants
with active HPeV3 infection who died with severe CNS disease.

MATERIALS AND METHODS

Tissues
Systemic and brain tissues were collected at autopsy. Some

tissue portions were frozen atj80-C and consisted of perilesional
brain regions fromCase 1 and serum,CSF, frontal cortex, temporal
cortex, cerebellum, heart, liver, adrenal gland, muscle, bone mar-
row, spleen, and kidney tissue from Case 2. Other tissue portions
were immersionfixed in phosphate buffered 10%formalin for 1 to
2 weeks. Fixed brains were examined grossly and photographed
before sectioning in thecoronalplane.Six-micrometer-thickparaffin-
embedded sections were stained with hematoxylin and eosin for
routine histologic analysis. Use of tissue was reviewed and ap-
proved by The Committee for Oversight of Research and Clinical
Training Involving Decedents at the University of Pittsburgh.

Immunohistochemistry
Immunostainingwasperformedaspreviouslydescribed(23).

Formalin-fixed paraffin-embedded (FFPE) sections containing
systemic organs and brain tissues were stained using antibodies
for specific markers of cell lineage: glial fibrillary acidic protein
(GFAP) (1:1000, rabbit polyclonal; Dako, Carpinteria, CA); CD68
(1:100, KP1; Dako); and CD3 (1:500, rabbit polyclonal; Dako).

In Situ Hybridization
In situ hybridization (ISH) studies were performed on

FFPE tissue sections of brain and systemic organs using a
custom RNAscope Target Probe (Advanced Cell Diagnostics,
Hayward, CA), designed using the HPeV3 VP1 sequence
derived from the frozen brain tissue of Case 1 (see reverse
transcription polymerase chain reaction [RT-PCR] and se-
quencing analysis section below). Pretreatment, hybridization,
and detection techniques were performed according to the
manufacturer’s protocols. The Advanced Cell Diagnostics
probe also detected HPeV3 infection of myocardial tissue
(24). Combined ISH for HPeV3 and immunohistochemistry
(IHC) for >-smooth muscle actin were performed with the
Advanced Cell Diagnostics ISH protocol first followed by
IHC using the Tyramide Signal Amplification system (Perkin-
Elmer, Waltham, MA), according to manufacturer’s protocol
with anti-ACTA2/smooth muscle actin (1:1000, rabbit poly-
clonal; Proteintech Group, Inc., Chicago, IL).

Electron Microscopy
After fixation in 10% formalin, brain and liver specimens of

Case 1 were postfixed in Karnovsky fixative (1.5% glutaraldehyde
and 2% paraformaldehyde in sodium phosphate buffer) followed
by 1%osmium tetroxide before embedding in Epon araldite. Thick
and thin sections were made of both liver and brain tissue samples.

Nucleic Acid Extraction
Tissue samples from frozen and FFPE brain, CSF, serum,

and systemic organs were assayed for HPeV3. For frozen brain
and systemic organs, RNA was isolated from 100 mg or ap-
proximately 2-mm2 pieces of representative frozen tissue using
Trizol reagent (Life Technologies, Grand Island, NY), according
to the manufacturer’s recommendations. Total nucleic acids
were extracted from CSF and serum samples using the QIAamp
Viral RNA Mini Kit (QIAgen, Inc., Valencia, CA), using the
manufacturer’s spin protocol. For FFPE brain and systemic or-
gans, RNA was isolated from 4 � 10YKm scrolls using the
QuickExtract FFPE RNA Extraction Kit (Epicentre, Madison,
WI), as recommended by the manufacturer.

RT-PCR and Sequence Analysis
The brain RNA extracts were initially tested for HPeV

using an RT-PCR assay. RNA was converted to cDNA using
the RETROscript Reverse Transcription Kit (Life Technolo-
gies), and PCR was performed using GoTaq Green Master Mix
(Promega, Madison, WI) with a number of previously published
primers to the 5¶ nontranslated region (NTR) region (Table 1).

TABLE 1. Sequences of Primers Used in This Study
Primer Pair Forward Primer Sequence (5¶Y3¶) Reverse Primer Sequence (5¶Y3¶) Reference

1 GGGTGGCAGATGGCGTGCCATAA CCTRCGGGTACCTTCTGGGCATCC (25)

2 YCACACAGCCATCCTCTAGTAAG GTGGGCCTTACAACTAGTGTTTG (25)

3 GTGCCTCTGGGGCCAAAAG TCAGATCCATAGTGTCGCTTGTTAC (26)

4 GTAACA(C/G)(A/T)(A/T)GCCTCTGGG(C/G)CCAAAAG GGCCCC(A/T)G(A/G)TCAGATCCA(C/T)AGT (27)

5 GTATGGCCCGCGAAGGA TCAGATCCACAGTGTCTCTTGTTACC (27)

6 CTGGGGCCAAAAGCCA GGTACCTTCTGGGCATCCTTC (28)

7 TTAGTGGGATACCACGCTTG AAAGGAAACCAGGGATCCCC (29)
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Polymerase chain reaction products were visualized by ethidium
bromide staining on a 1% TAE agarose gel (Figure, Supple-
mental Digital Content 1, http://links.lww.com/NEN/A765).
Human parechovirusYpositive products from primer sets 1 and
7 were purified using Qiaquick Gel Extraction Kit (QIAgen)
and sequenced on a 3730xl DNA Analyzer (Applied Biosystems,
Foster City, CA). Sequence results were queried on the NCBI
BLAST (blast.ncbi.nlm.nih.gov) database and were identified as
sharing 98% homology with HPeV3 isolates. RNA isolated from
systemic organs was then subjected to the same procedure (Figure,
SupplementalDigitalContent2,http://links.lww.com/NEN/A766).
Frozen brain, serum, and CSF samples were sent to the Centers
for Disease Control and Prevention (CDC) to confirm the pres-
ence of HPeV3 using a nested RT-PCR procedure to amplify the
full parechovirus VP1 region followed by Sanger sequencing to
identify the specific parechovirus type (30).

RNA isolated from FFPE was assayed for the presence
of HPeV using a 2-step RT-PCR assay. Complementary DNA
was converted to RNA with the RETROscript Reverse Tran-
scription Kit followed by real-time RT-PCR using 2� TaqMan
Gene Expression Master Mix (Applied Biosystems), primer set
6 (Table 1), and pan-HPeV probe 5¶FAM/Zen/3¶IBFQ (Inte-
grated DNA Technologies, Coralville, IA), with the sequence
5¶-AAACACTAGTTGTA(A/T)GGCCC-3¶ (28). Samples were
run on a StepOnePlus system (Applied Biosystems) using ther-
mal cycling conditions as previously reported (31). Because
some RNA samples showed inhibition of the RT-PCR reaction,
they were diluted to diminish the inhibition effect. RNA extracts
were forwarded to the CDC for independent analysis using a
second pan-parechovirus real-time RT-PCR assay (32).

RESULTS

Case Histories
Case 1 was a female infant born at 33 weeks’ gesta-

tional age to a 37-year-old G3P2. Pregnancy was complicated
by gestational diabetes and placenta previa requiring delivery
by cesarean section. Birth weight was 1,780 g, and Apgar
scores were 8 and 9. A partial biotinidase deficiency was
recognized and treated with supplemental biotin. Screening
ultrasounds of head at 5 and 15 days after delivery showed no
abnormality. The infant experienced a few brief episodes of
apnea and bradycardia but was discharged to home at 20 days
at a weight of 1,675 g. She did well at home until 10 days after
discharge when she developed emesis and lethargy and
returned to the emergency room with a diagnosis of neonatal
sepsis. Family history was significant for a father at home
with an upper respiratory tract infection. Blood and CSF
cultures of the infant were negative, and computed tomogra-
phy of the head was unremarkable (Fig. 1A). Cerebrospinal
fluid examination showed normal protein and glucose with no
pleocytosis. The day after readmission, the infant developed
seizures that were confirmed by electroencephalogram. She
was treated with phenobarbital and 1 dose of acyclovir. The
latter was stopped when PCR of CSF showed no evidence of
herpes simplex virus infection. She was treated with intrave-
nous antibiotics. The following day, MRI of the brain without
contrast was performed (Fig. 1B). Abnormal T2 signal was
seen throughout the central white matter. Restricted diffusion

was confined to periventricular white matter where multiple
focal cavitary lesions were noted along with intraventricular
hemorrhage. Because of the profound neurologic damage,
the family elected to provide comfort measures only and the
infant died the following day, 35 days after delivery and 4 days
after developing neurologic signs. Polymerase chain reaction
performed on CSF drawn before the MRI detected pare-
chovirus RNA (Roche Molecular Systems, Pleasanton, CA)
(not further speciated).

General autopsy was unremarkable except for hepatic
steatosis. Electron microscopy of liver demonstrated no ab-
normal mitochondrial inclusions or viral particles. The
unfixed brain weighed 368 g and had a normal gyral pattern
with patchy subarachnoid hemorrhage. Serial coronal sections
demonstrated massive cystic degeneration of the deep peri-
ventricular white matter (Fig. 1C). Clotted blood was noted in
some cavities. The remaining gross brain examination was
unremarkable. Routine microscopic analysis demonstrated
mild hypercellular meninges and paucicellular devitalized peri-
ventricular white matter with abundant apoptotic debris and
reactive astrocytosis (Fig. 1D, E). Surrounding viable regions
demonstrated astrocytosis (Fig. 1F) and microgliosis (Fig. 1G),
with no evidence of T-cell infiltration (Fig. 1H). Residual
germinal matrix was identified in subventricular regions of
telencephalon along with a 4- to 5-cell-thick external granule
cell layer in the cerebellum consistent with the gestational age.
Lumbosacral region of spinal cord showed an acutely orga-
nizing subdural hematoma in the subdural space.

Case 2, male Infant A, was born at 34 weeks’ gestational
age to a 34-year-old G2P1. He was the first-born twin of an
unremarkable pregnancy. Both infants were delivered by ce-
sarean section. Infant A birth weight was 1,985 g, and Apgar
scores were 9 and 10. The infant remained hospitalized after
birth. At 15 days, weight was 2,320 g, and his clinical status was
excellent. At this time, the mother developed an acute gastro-
intestinal illness that did not require medical intervention and
was not further characterized. At 16 days while in the hospital
with mother, Infant A became irritable, with low-grade fever to
37.6-C and developed bradycardia, apnea, and desaturation
episodes. A pancorporeal maculopapular rash was noted,
prompting transfer to the pediatric intensive care unit. The dif-
ferential diagnosis included neonatal sepsis, acute encephalop-
athy, and inherited metabolic diseases. Ampicillin, gentamicin,
cefotaxime, and acyclovir treatments were initiated. Pulmonary
radiography of the infant was normal. Initial blood and CSF
cultures of Infant A were negative, as were PCR-based searches
for HSVs 1 and 2 in the blood and CSF.

At 18 days, Infant A suffered from convulsions.
Bitemporal epileptic activity was detected on electroenceph-
alography. Total nucleic acids extracted from a nasopharyn-
geal swab at 19 days to detect common meningitis pathogens
were positive for enteroviruses (Seeplex Meningitis-V2 ACE
Detection [V2.0]; Seegene, Eschborn, Germany), and the CSF
was positive for parechovirus. Magnetic resonance imaging of
the head showed multiple signal abnormalities in the peri-
ventricular white matter without cortical involvement. These
abnormalities were mildly hypointense in T1 and hyper-
intense in T2. Restricted diffusion extended to the subcortical
regions, thalami, posterior limb of the internal capsule, and
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corpus callosum in its entirety. Discrete hemorrhagic foci
were present in both lateral ventricles. Because of the irre-
versible damage to the brain, comfort measures were provided
and the infant died 27 days after birth (9 days after onset of
systemic illness and 7 days after onset of neurologic signs).

Of note, his twin brother B, who had been hospitalized
in another hospital since birth with a diagnosis of infant re-
spiratory distress syndrome, did not have close contact with
the mother while she was ill. Infant B recovered from this
respiratory complication, was discharged home, and has been
in good health since.

General autopsy of Case 2 was unremarkable except for
a mild alveolar pneumonia with some focal increased cellu-
larity in peribronchial blood vessels. The brain weighed 390 g
after fixation in 10% buffered formalin. There were no lesions
on external examination. Gyral pattern was normal. Serial
coronal sections demonstrated multiple cysts in the white
matter ranging in size between 1 and 12 mm (Fig. 2A). The
thickness of the cortical ribbon was normal. Thalami and
basal ganglia showed no gross lesions. The size of the ven-
tricular cavities was normal.

Microscopic sections of the cerebral cortex showed a
normal columnar organization of neurons (Fig. 2B). Focal
deep white matter lesions extended through most of the
hemispheres bilaterally. The lesions consisted of necrosis with
surrounding rarefied neuropil (Fig. 2C). Surrounding these
cavities were enlarged astrocytic nuclei with clear nucleo-
plasm and GFAP-reactive processes (Fig. 2D). Numerous
CD68-positive macrophages also surrounded the lesion (Fig. 2E),
but there were no CD3-positive T cells (Fig. 2F). Hemorrhagic
necrosis was noted in the right parieto-occipital hemisphere,
whereas the remaining portions of both hemispheres showed
bland necrosis.

Sections of the hippocampus showed normal cortical
cytoarchitecture. Sections of midbrain, pons, medulla, and
cerebellum showed some astrocytes with enlarged nuclei and
clear nucleoplasm but no definitive evidence of necrosis or
viral inclusions. Sections of the spinal cord sampled at a
dozen levels showed an acutely organizing subdural hemato-
ma in the lumbosacral region.

Typing of HPeV
Human parechovirus RNA was detected in the CSF of

both cases. RNA isolated from the brain of Case 1 was
subjected to RT-PCR using a number of previously published

primers to the conserved 5¶NTR region (Table 1). The
resulting positive PCR products (Figure, Supplemental Digi-
tal Content 1, http://links.lww.com/NEN/A765) were sub-
mitted for sequencing and identified as HPeV3. This was
repeated for Case 2. Frozen samples of brain for both cases
and CSF and serum for Case 2 were sent to the CDC for
retesting. Human parechovirus 3 was detected in all samples;
the VP1 sequence was obtained in all samples except the CSF.

Summary of Histopathology of HPeV3 Infection
The histopathologic findings of both cases were re-

markably similar; however, Case 2 additionally demonstrated
mild pneumonia with foci of alveoli with abundant macro-
phages. Macrophages were also noted focally within some of
the pulmonary vascular walls. Neither of the brains nor any of
the organs demonstrated substantial T-cell infiltration. Neu-
ropathologic examination confirmed the presence of periven-
tricular white matter pathology with abundant inflammatory
changes (Figs. 1D, E; 2C) but minimal evidence of cellular
immune response (Figs. 1H, 2F). There was robust macro-
phage infiltration and moderate astrocytosis (Figs. 1F, G; 2D, E).
There was a mild increase in meningeal cellularity. No viral
inclusions were detected.

Detection of HPeV3 in Brain and Systemic
Tissues

A variety of techniques were used to detect virus in
frozen and FFPE tissues. Case 1 only had frozen material
from periventricular lesional regions, whereas Case 2 had
frozen material from multiple brain regions, CSF, serum, and
other systemic organs. As previously described, HPeV3 RNA
was identified in samples from the periventricular areas, se-
rum, and CSF (Table 2). Human parechovirus was also de-
tected in frozen heart, bone marrow, spleen, adrenal gland,
muscle, kidney, frontal and temporal cortices, and cerebellum
of Case 2 (Table 2; Figure, Supplemental Digital Content 2,
http://links.lww.com/NEN/A766).

In an effort to detect HPeV in a greater range of sys-
temic tissues and various brain regions, RNA was extracted
from FFPE autopsy tissues. Detection of HPeV was per-
formed independently at the University of Pittsburgh and the
CDC by targeting the 5¶NTR in a real-time RT-PCR assay.
We were successful in detecting HPeV using this method with
the caveat that a factor carried over from the FFPE RNA
isolation inhibited some of the RT-PCR reactions. In Case 1,

FIGURE 1. Computed tomography (CT) and magnetic resonance imaging (MRI) scans and neuropathology of human parechovirus
3 case 1. (A) Horizontal CT scan 30 days after delivery at the time of readmission to the hospital with the diagnosis of neonatal
sepsis. At 1 day of illness, there is no evidence of structural abnormality in brain parenchyma. (B) T2 Fast Spin Echo MRI without
contrast 2 days after readmission when seizures were observed. Coronal and horizontal sections demonstrate multifocal cavitation
in the deep white matter bilaterally; the left side of the patient has more severe cavitation than the right side. (C) A coronal section
of the brain at autopsy at the level of the thalamus demonstrates dilated ventricles containing some blood and surrounded by
cavitated white matter; the left side is more severely affected than the right side. (DYH) Histologic sections of deep white matter.
Low-power hematoxylin and eosin (H&E) stain demonstrates mineralized white matter with a mild increase in cellularity (D).
Higher-power H&E demonstrates spongiform hypercellular white matter without evidence of viral inclusions (E). Immunohisto-
chemical stain for glial fibrillary acidic protein demonstrates reactive astrocytosis (F). Immunohistochemical stain for CD68 high-
lights microglial/macrophages with reactive ameboid morphology (G). Immunohistochemical stain for CD3 demonstrates absence
of T cells (H).
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FIGURE 2. Pathologic findings of human parechovirus 3 (HPeV3) case 2. (A) Coronal section of the brain at autopsy at the level of
the pulvinar demonstrates dilated ventricles surrounded by cavitated and depressed white matter. (BYF) Histologic sections from
deep white matter. Low-power hematoxylin and eosin (H&E) stain demonstrates normal columnar organization of cortical gyrus
with cavitation (marked with C) in deepest white matter (B). Higher-power H&E adjacent to cavitation demonstrates rarefied
hypercellular white matter without evidence of viral inclusions (C). Immunohistochemical stain for glial fibrillary acidic protein
demonstrates reactive astrocytosis (D). Immunohistochemical stain for CD68 highlights microglia/macrophages with reactive
ameboid morphology (E). Immunohistochemical stain for CD3 demonstrates absence of T cells (F).
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HPeV sequences were detected in FFPE tissue blocks from 3
of 3 heart blocks, 2 of 5 lung blocks, 1 of 2 pancreas/adrenal
gland/kidney blocks, 1 of 1 liver blocks, 1 of 1 ovaries blocks,
and 0 of 17 brain blocks but no other organs. In Case 2, HPeV
was only detected in 5 of 15 brain blocks.

Detection of HPeV3 In Situ
We first tried using pan-enterovirus antibodies to detect

HPeV-infected cells using IHC. As expected, these antibodies
did not detect HPeV-infected cells. These same antibodies did
detect Coxsackievirus B4 in encephalitic cases (33). Next, we
developed multiple ISH RNA probes for HPeV3 and applied
these to the systemic and CNS tissue of both cases. Infected
cells detected in Case 1 were limited to brain meningeal cells
and blood vessel walls (Fig. 3A, B). Viral RNA was abundant
in these regions, but histopathologic abnormalities were
minimal. Meningeal macrophages were readily detected with
antibodies to CD68, and T cells detected with antibodies to
CD3 were rare. Human parechovirus 3 RNA probes did not
hybridize with brain parenchymal cells. Case 2 also showed
infected meningeal cells without infected parenchymal CNS
cells (Fig. 3C). In addition, the smooth muscle walls of some
moderate-size lung blood vessels in Case 2 were infected in a
multifocal fashion (Fig. 3DYF). Lung blood vessels demon-
strated vasculopathy with disruption of the internal elastic
lamina, mild cellular infiltration, and thrombosis (Fig. 3F).
Combined IHC for smooth muscle actin and ISH for HPeV3
confirmed infection of vascular smooth muscle cells in both
meninges and lung (Fig. 4A).

We also searched for picornavirus particles at the ul-
trastructural level in multiple blocks of liver and brain tissue
from Case 1. The liver did not show any identifiable virus
particles. However, the blocks of brain tissue that had most
optimal preservation of the meningeal tissue showed collec-
tions of dense core structures (~50Y100 nm) in the cytoplasm

of smooth muscle pericytes surrounding endothelial cells
lining vascular lumen (Fig. 4B, C).

DISCUSSION

HPeV3, an Emergent Pathogen
RNA viruses such as those of the Picornaviridae family

are in continual evolution. A relatively error-prone RNA po-
lymerase results in genomic mutations that undergo adaptive
selection in the infected host. Human parechovirus 3 was
discovered in 1999 (11) and, based on sequence diversity
analysis, has been estimated to have emerged as recently as
400 years ago (34), with an estimated half-life of distinct re-
combinant forms of 15 to 37 years (12). From the recent be-
ginnings of HPeV3 surveillance in Europe and North
America, HPeV3 seems to exhibit a biennial pattern of in-
fection with high prevalence in Europe during even years (1)
and North America during odd years. Japanese studies have
shown HPeV3 seropositivity in 87% of adults older than 40
years, including 68% of adult females of childbearing age
(11). By contrast, seropositivity was only found in 10% and
13% of Dutch and Finnish adults, respectively (35).

Serologic studies of neonates have shown that HPeV
infection occurs soon after birth, with antibody-positive sera
appearing in the first months of life (7, 10, 13). By 1 year of
age, greater than 90% of tested sera contain neutralizing an-
tibody (36). Primary infection of neonates is predominantly
associated with diarrhea, but respiratory disease is also seen (5).
Human parechovirus has been associated with myocarditis (37)
and has been isolated from cardiac muscle of an agamma-
globulinemic individual who died of myocarditis (38). Two
large PCR-based studies of CSF from children younger than
5 years who presented with sepsis detected HPeV in 2.3% to
4.2% of the specimens (39, 40). In additional studies, subtyping
of CSF HPeV isolates consistently demonstrates HPeV3 (1, 9).

TABLE 2. Detection of Human Parechovirus Sequences in Formalin-Fixed Paraffin-Embedded and Frozen Tissue
Case 1 Case 2

Paraffin Frozen Paraffin Frozen

Brain 1/17 3/3 5/15 4/4

CSF V na V 1/1

Heart 3/3 na 0/2 1/1

Lung 2/5 na 0/5 na

Trachea 0/1 na na na

Esophagus/stomach/thymus 0/1 na 0/3 na

Small bowel 0/1 na 0/2 na

Colon/bladder 0/1 na 0/2 na

Pancreas/adrenal/kidney 1/2 na 0/6 1/1

Liver 1/1 na 0/3 nd

Spleen 0/1 na 0/2 1/1

Bone marrow na na na 1/1

Ovaries 1/1 na V V

Testicle/prostate V V 0/3 na

Muscle na na na 1/1

Serum V na V 1/1

na, not available; j, not applicable; nd, not determined.
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FIGURE 3. In situ hybridization for human parechovirus 3 (HPeV3) in the meninges and smooth muscle of lung blood vessels. (AYF)
Paraffin sections were hybridized with the chromogenic HPeV3 RNA probe (red) and counterstained with hematoxylin (blue). (A)
Modestly hypercellular meninges between cerebellar folia of Case 1 hybridized extensively to HPeV3 RNA probe. (B) Higher-power
image of a large blood vessel in the cerebellar meninges of Case 1 demonstrates that both vascular wall and meningeal cells are
infected. Modestly hypercellular meninges between cerebral gyri of Case 2 hybridized to HPeV3 RNA probe (C). Cavitation in
deepest white matter (marked with C). Multiple sections of lung from Case 2 show hybridization of HPeV3 RNA probe to smooth
muscle of large blood vessels (DYF). Endothelium and adjacent bronchial and cartilaginous tissues do not hybridize. There is
disruption of the internal elastic lamina (F, arrows) in a mildly inflamed and thrombosed artery containing HPeV3 RNA (red).
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In view of our detection of HPeV3 within brain tissues of
2 cases also diagnosed as having periventricular leukomalacia
(PVL), we performed a pilot study to assess the feasibility of
detecting HPeV in FFPE brain tissue from the previous 10 years
of pediatric autopsies with the neuropathologic diagnosis of
PVL. We were unable to detect HPeV RNA by RT-PCR in the
majority of FFPE brain blocks (1 out of 19 cases of PVL and 1
out of 4 non-PVL controls). However, the significance of these
findings is compromised by our inability to detect HPeV RNA
in many of the paraffin blocks from our 2 known infected cases
(1 of 17 brain blocks in Case 1 and 5 of 15 in Case 2). Detection
of HPeV in RNA extracted from frozen tissues of Case 2 con-
firms that assay of RNA from frozen autopsy tissue would be
more sensitive and potentially more revealing. On the other
hand, because we detected HPeV in all frozen samples exam-
ined, including serum, it might be difficult to distinguish organ
infection from viremia.

Clinical Criteria for Diagnosis
Most parechoviruses are transmitted through either fecal/

oral or respiratory routes. Replication in the gastrointestinal
tract results in prolonged shedding and potential hematogenous
systemic spread. In such severe infections, sepsis is associated
with encephalitis and hepatitis. In view of the protean clinical
manifestations that are similar to those of enterovirus infection
and the high prevalence of HPeV infection, diagnosis of severe
disease is a laboratory challenge. In the most extensive clinical
study to date, Verboon-Maciolek et al (14) identified 10 infants
(3 term, 7 preterm) with acute HPeV infection. The gestational
age range (29Y41 weeks) and time after delivery to clinical
disease (1Y12 weeks) encompass those of our 2 patients. The
infants in that report exhibited neonatal sepsis with fever in 7 of
10 and a body rash in 6 of 10. Infectious etiology was deter-
mined by PCR of CSF or other bodily fluids where 8 of 10

could be further subtyped as HPeV3. Indeed, in that study,
HPeV accounted for approximately two thirds of the neonates
admitted to intensive care units for encephalitis.

In the clinical setting of possible meningoencephalitis, the
CSF samples in all of the neonatal patients (14), like ours, were
considered ‘‘aseptic’’ (i.e. no pleocytosis and unremarkable
protein and glucose concentrations with no agent recovered
on culture). Most neonates do not die from HPeV infection
(14, 41); however, like our patients, they showed extensive
periventricular lesions using a variety of neuroimaging mo-
dalities. As would be expected from the pathologic character
of the lesions in our 2 patients, diffusion weighted MRI might
provide the most sensitive diagnostic imaging modality.
Follow-up of the cohort of Verboon-Maciolek (14) showed a
variable neurologic outcome from cerebral palsy in 1 patient, to
learning disability, seizures, or normal neurodevelopment in
half of the patients. Survival appears to be the norm after
HPeV3 infection; thus, our autopsy cases represent the end of a
spectrum of neurologic damage. Less severe infections pre-
sumably are cleared, although neurologic damage in this young
cohort may be manifest later.

Because HPeV3 is difficult to isolate in vitro and ref-
erence antisera for serotyping are not available, diagnostic
laboratories rely on RT-PCR for detection and identification.
The recent design of degenerate primers to 5¶NTR has resulted
in a capacity to detect all currently known HPeVs (30, 32).
With the identification of the pathologic substrate and im-
proved understanding of the disease pathogenesis, it may now
be possible to generate consensus criteria for diagnosis.

Neonatal Rather Than Fetal Infection
Both of our cases and those cases reported by Verboon-

Maciolek et al (14) and Gupta et al (16) are most consistent
with a postnatal rather than fetal infection in utero. In our first

FIGURE 4. Localization of human parechovirus 3 (HPeV3) to smooth muscle vascular cells. (A) In situ hybridization for HPeV3 RNA
(red) colocalizes with cells stained for smooth muscle actin (green) in the lung. (B, C) Ultrastructural images of HPeV3 meningeal
tissue. Brain blocks containing meningeal tissue overlying the cerebellum of Case 1 were subjected to electron microscopy. Al-
though preservation was suboptimal, blood vessels were identified and examined at high power. Endothelial cells [E] lining the
vascular lumen [L] were surrounded by pericyte smooth muscle cells [SM] overlying collagen [C] (B). The rectangle surrounds
collections of approximately 50- to 100-nm dense core structures in the smooth muscle cell cytoplasm. Higher-power image of the
boxed area in (B) with surrounding structures (C). The arrows point to some of the approximately 50- to 100-nm dense core
structures that are compatible with picornaviruses. Scale bar = 500 nm.
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patient, extensive clinical and laboratory evaluation showed
that the subject was well until at least a month after delivery
when contact with a sick parent was associated with devel-
opment of neonatal sepsis. Similarly, our second patient and
his twin were not septic at delivery, but the twin that had
contact with an ill parent went on the following day to de-
velop HPeV encephalitis while the twin that was isolated from
the parent did not. Parental symptoms were described as
gastrointestinal in 1 case and respiratory in the other but
presumably not severe because neither parent sought medical
care. Like enteroviruses, parechovirus infections in adults are
most often mild, with robust viral shedding and high rates of
infection among household contacts (42).

The postdelivery infection raises several questions re-
garding the pathogenesis of this disease entity. Because hu-
moral immunity provides lifelong protection from many
picornaviruses, had the mothers been immune, transfer of
immunoglobulin would have been expected to protect the
infants in the perinatal period (although neutralizing antibody
titers specific for HPeV3 can be low [43]). It has been previ-
ously reported that low maternal antibody is associated with
more severe enteroviral disease in neonates (44). Because our
subjects clearly were not protected, it is possible that primary
HPeV infection of a parent in the weeks after delivery trans-
mitted the virus to the offspring. This raises the question of
why the parents were infectable. Unfortunately, the immunity
to picornaviruses is not ‘‘sterilizing,’’ that is, immunoglobulin
that protects the host from systemic infection does not abro-
gate spread of the virus to the community. Given the high
prevalence seropositivity and robust nature of HPeV trans-
mission, the emergence of HPeV3 infection causing severe
neurologic disease could warrant further study of the need for
immunization schemes to protect neonates (43).

Tropism of HPeV3
Using RNA extracted from tissues, we detected HPeV3

in a fairly broad spectrum of tissues; however, the vasculature
of human autopsy tissues is not perfused and PCR is ex-
tremely sensitive, such that viremia was most likely respon-
sible for the signal rather than direct organ cell infection.
Despite severe damage in brain periventricular regions, we
only detected infection of meningeal cells and blood vessel
smooth muscle cells. It is possible that virus might have
infected other areas of the brain previously and was subse-
quently suppressed but, given the short clinical course of each
patient, this seems unlikely. Rather, we favor the hypothesis
that the severe periventricular lesions are an indirect effect of
vascular compromise (45). Case 2 showed additional infec-
tion in vascular smooth muscle cells of the lung. It would
seem logical to surmise that vessel smooth muscles might
possess viral receptors or provide a supportive environment
for HPeV3 replication. Further delineation of this concept will
require improved tissue culture methods and definition of the
host cell surface receptor. The lung of Case 2 also showed exten-
sive vasculopathy with mild cellular infiltrate and thrombosed
vessels. The internal elastic lamina in some vessels appeared to
be disrupted. These findings also raise the possibility that HPeV
might play a role in other vascular-related diseases of unknown
etiology such as idiopathic pulmonary hypertension.

Etiology of PVL in HPeV Infection
Picornaviruses, like Coxsackievirus B3, are notorious

for causing myocarditis and encephalitis. Studies have shown
that CNS infection in fatal cases has involved periventricular
stem cell regions. In the case of HPeV3, the absence of
infected periventricular cells and the absence of a host im-
mune response in the lesional areas suggests that the ‘‘en-
cephalitis’’ caused by HPeV3 is probably not the result of
direct infection but rather secondary to vascular compromise.
Infection of meningeal vascular smooth muscle cells could
lead to the breakdown of vascular integrity and hemorrhage
(as was seen in our cases) or impairment of vascular flow,
with subsequent insult to metabolically active CNS elements.
This is supported by the observation in both of our HPeV3
cases that there was the formation of a subdural hematoma in
the spinal cord and ventricles. This hypothesis is consistent
with many theories of the etiology of PVL in neonates (45).

CONCLUSIONS
We have shown that neurologic disease associated with

neonatal HPeV3 infection can be attributed to viral infection
of meningothelial and vascular smooth muscle cells. We hy-
pothesize that dysfunction of infected blood vasculature (e.g.
thrombosis) is the proximal cause of severe PVL in these in-
fants. Infection of systemic blood vessel smooth muscle cells
might also mediate pathologically less obvious organ dys-
function such as pulmonary hypertension.
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