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Summary

Maternal-fetal transmission of cytomegalovirus (CMV) represents the most common infectious
cause of long-term neurodevelopmental disability in children. Congenital CMV (cCMV) infection
is associated with microcephaly, seizure disorders, cognitive disability, developmental delay, and
sensorineural hearing loss (SNHL). Of these disabilities, SNHL is the most common, affecting
approximately 10% of infants with cCMV. Although the sequelae of cCMV are well recognized, it
is much less clear what long-term morbidities may occur in neonates that acquire post-natal CMV
infection. Post-natal CMV (pCMV) infection is most commonly transmitted by breast-feeding,
and in full-term infants is of little consequence. However, in preterm, very-low birthweight
(VLBW) infants (<1500 g), pPCMV can result in a severe sepsis-like syndrome, with wide-ranging
end-organ disease manifestations. Although such short-term complications are well recognized
among clinicians caring for premature infants, the long-term risks with respect to adverse
neurodevelopmental outcomes remain controversial. In this review, we provide an overview of the
clinical manifestations of breast milk-acquired pCMV infection. In particular, we summarize
studies that have examined—sometimes with conflicting conclusions—the risks of long-term
adverse neurodevelopmental outcome in VLBW infants that acquire pCMV from breast milk. We
highlight proposed preventive strategies and antiviral interventions, and offer recommendations for
high-priority areas for future basic science and clinical research.

Keywords

breast milk; cytomegalovirus infection; cytomegalovirus vaccine; hearing loss; neurological
sequelae; viral transmission

Correspondence Mark R. Schleiss, Department of Pediatrics, Division of Infectious Diseases and Immunology, University of
Minnesota, 2001 6th Street SE, Minneapolis, MN 55455. schleiss@umn.edu.

CONFLICT OF INTEREST
The authors declare no conflicts of interest relevant to this work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osterholm and Schleiss Page 2

INTRODUCTION TO NEONATAL CMV INFECTIONS

Human cytomegalovirus (HCMV) is one of the most commonly encountered viral pathogens
in newborn infants.! Infection may be accquired in utero, congenital CMV (cCMV), or in
the immediate postnatal period (0CMV infection). It is estimated that cCMV infection
occurs in 0.5% to 0.65% of all deliveries in the developed world, although there is
considerable geographic variation.23 In the United States, this corresponds to approximately
40 000 infected newborn infants annually. There are substantial racial and ethnic differences
in the prevalence of cCMV.# Globally, the seroprevalence of CMV antibodies is estimated to
be ~80%.° The prevalence of cCMV infection is directly proportional to the overall
prevalence of CMV antibodies in women of child-bearing age in the population being
studied.2 Preconception seropositivity does not protect against maternal reinfection with new
strains of virus during pregnancy or reactivation of latent maternal infection. Hence, the
biggest burden engendered by cCMV infection appears to be in infants born to women with
preconception immunity, likely due to maternal re-infections during pregnancy with new,
novel strains of virus. Approximately 10% of infants with cCMV have clinically evident
disease at birth, including visceral organomegaly, microcephaly with intracranial
calcifications, chorioretinitis, and skin manifestations including petechiae and purpura. This
complex of findings, characterized as the syndrome of cytomegalic inclusion disease (CID)
of the newborn, predicts a poor prognosis with respect to neurodevelopmental sequelae.5-10

Neurological sequelae caused by cCMV include microcephaly, neuronal migration defects,
intracranial calcifications, developmental delay, seizure disorders, and mental retardation.
11-13 |_ong-term deficits are more common in infants who are symptomatic at birth.14:15
However, even among those infected infants who appear normal at birth, there is a risk of
cCMV-related sequelae. The risk of neurological sequelae appears to be highly dependent on
the timing of infection in utero, with first trimester infections presenting a particularly high
risk for fetal brain infection and injury.1® Sensorineural hearing loss (SNHL) is the most
important and common long-term disability occurring in the setting of cCMV.
Approximately 22% to 65% of children with symptomatic and 6% to 23% of children with
asymptomatic cCMV infection will develop SNHL.17 Although controversial 8 there is
evidence to suggest that cCMV infections that occur in the context of preconception
maternal immunity are less likely to be associated with long-term neurodevelopmental
sequelae than are those congenital infections that occur in the context of primary maternal
infection during pregnancy.18

In contrast to cCMV, pCMV infection has generally been considered to be of little clinical
consequence. Typically such infections are acquired by breast-feeding, and this form of
transmission is so ubiquitous and (generally) innocuous that some reviews have referred to it
as a form of “natural immunization”.1920 However, even the initial studies demonstrating
transmission of CMV from mother-to-infant by breast milk did offer a note of caution® that
the possibility that acquisition of CMV infection from human milk might produce serious
disease in premature infants was “very disturbing, and needs immediate resolution before
embarking on widespread milk-banking programs for premature infants”. This cautionary
note was prescient, and the ensuing 40 years have confirmed the concerns raised about the
risks of acquisition of pPCMV infection in the VLBW infant. In the following sections of this
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review, we summarize the findings from this body of work, with a particular emphasis on
recent research regarding the potential for long-term neurodevelopmental consequences of
pCMYV infections that might occur in VLBW infants.

BREAST MILK-ACQUIRED POST-NATAL CMV INFECTIONS

Epidemiology and pathogenesis

In contrast to cCMV, which is generally believed to occur due to maternal viremia with
subsequent transplacental spread to the fetus,2! pCMV acquisition from breast-feeding
probably occurs from a transmucosal route. What is unclear is where CMV transmission
occurs anatomically. Since most VLBW infants are not developmentally ready for full oral
feedings, administration of nutrition often requires use of gastric or jejunal routes of enteral
nutrition. This implies that some (or even most) breast-milk-associated pPCMV infections
may be transmitted trans-mucosally at the level of the small bowel mucosa. This route of
transmission is supported by studies demonstrating that polarized Caco-2 intestinal epithelial
cells are infected by CMV at the baso-lateral surface.22:23 On the other hand, pPCMV
infection may initiate at the level of the oropharyngeal or nasopharyngeal epithelium, with
subsequent infection of regional lymph nodes, viremic spread to the reticuloendothelial
system, and widespread end-organ infection?4; this transmucosal route in the nasopharynx/
oropharynx may be the most common route of infection in term babies. Although infection
has been postulated to begin in epithelial cells at the site of initial replication, another
potential route by which CMV might enter the susceptible host is by a trans-olfactory route
of infection. Studies using the murine CMV (MCMV) virus have demonstrated a nasal/
transolfactory (as opposed to oropharyngeal) route of infection is employed by the virus,
both after experimental virus uptake and during natural transmission in littermates.
Subsequent to this initial spread by the trans-olfactory route, long-term, transmissible
infection is then maintained in the salivary glands.?> Other studies of MCMV infection in
neonatal mice have demonstrated that intraperitoneal injection of MCMV-positive breast
milk is sufficient to initiate infection, indicating that transmission at a mucosal surface is not
strictly required for milk to be infectious, at least not in murine models.2® These potential
routes of entry of CMV via breast milk-mediated transmission are outlined in Figure 1.

Irrespective of the route of entry of the virus, it is intriguing that not all infants exposed to
CMV-positive breast milk become infected. Previous studies have shown that CMV
reactivation in breast milk occurs in ~90% of seropositive lactating women. Yet, not all
infants receiving CMV-positive breast milk become infected; indeed, published estimates
suggest that only ~20% of exposed infants will acquire infection in the newborn intensive
care unit (NICU) setting.2”+28 Studies have examined whether those infants that acquire
infection have specific deficits in adaptive immunity. One study investigated the relationship
of the magnitude of CMV-specific cellular and humoral immune responses in milk of 30
seropositive mothers of VLWB preterm infants to milk CMV load and symptomatic pCMV
transmission. Although IgG avidity was inversely correlated to milk CMV load (P = .009),
there were no avidity-dependent differences on the likelihood of symptomatic pCMV
infection.2% Another study in Ugandan infants of mothers with and without concurrent HIV
infection examined associations between CMV-specific 1g responses in mothers at the time
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of delivery and their infants” CMV status at 6 months of age, and found no associations
between antibody titer and breast milk transmission.3? However, in the Ugandan study, when
the 1gG titers specific for individual CMV proteins (in particular the major envelope protein
glycoprotein B [gB]) were examined, antibody levels to gB were higher in infants without
CMV infection and were associated with delayed CMV acquisition, although the results did
not achieve statistical significance. A similar lack of correlation between antibody titer and
breast milk-mediated transmission was reported in a study in The Netherlands.3! In this
study, the anti-CMV IgG levels of 79 CMV seropositive mothers and their 94 infants were
examined in the context of postnatal CMV infection, which was detected in 39/94 (41%)
infants in the perinatal period. Maternal and/or infant anti-CMV IgG levels were not
significantly different between infants with and without pCMV infection.

More information is needed about what benefit, if any, maternal 1gG provides against pPCMV
transmission. At present, it is unclear if any putative benefit of maternal antibody is due to
partitioning of 1gG into the breast milk, where it could serve to directly inactivate virus
infectivity, or if it potentially functions in the infant compartment to block infection of the
neonate. In a study of functional anti-CMV antibody in a group of 18 CMV-seropositive
women who had milk and serum available for assessment post-partum, anti-gB 1gG-
antibodies were variably expressed in whey, but continuously in plasma, and at higher levels.
Virus neutralization assays demonstrated substantially higher values in plasma compared to
whey at 2 months postpartum. No newborn transmission correlates were provided, but the
authors concluded that, during reactivation in the post-partum period, CMV-specific-1gG
reactivities and neutralizing capacities are much lower in whey than in plasma.32 These
findings suggest that any beneficial effect of maternal antibody on modulating breast milk-
associated transmission may be mediated by protection against infection in the systemic, not
mucosal, compartment.

Other studies have examined innate immune responses and their potential capacity to
prevent pCMV transmission in some infants. One innate antiviral factor of interest in breast
milk is lactoferrin. Lactoferrin is well recognized to have activity against CMV in cell
culture models,33 and in vivo, in a MCMV challenge model, lactoferrin was found to protect
against disease in virally challenged mice.3* However, in VLBW infants in the NICU
setting, although lactoferrin is known to neutralize HCMV in vitro, no correlation between
levels of lactoferrin in breast milk and the likelihood of mother-to-infant pCMV
transmission has been demonstrated.35:36

In addition to examining correlates of transmission and protection in the newborn, it is of
interest to explore the factors that modulate reactivation and cessation of viral shedding in
the maternal compartment. Reactivation of HCMYV in post-partum women has been mostly
found to be restricted to the lactating breast, although the sites of latency and virus
production, as well as the mechanism of reactivation, remain unclear.3” Most of the virus in
the breast milk has been found to be free virus in the whey fraction, rather than cell-
associated virus.38 CMV shedding seems to follow a defined pattern, with peak levels noted
in breast milk at around 1 month post-delivery.3940 The phenotype of T cells resident in the
mammary gland during lactation was examined in HIV-positive and HIV-negative women.*1
This study demonstrated that specific CD8(+) T cells, as measured by the interferon-gamma
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2.2

(IFN-v) ELISPOT and MHC class | tetramer staining, were all present at greater frequencies
in breast milk than they were in blood. The phenotype of the extra-lymphoid CD8(+) T cells
in the breast milk was CD45RO(+)/HLADR(+), and cells expressed CD45RA, CD62L, and
CCRY, consistent with an effector memory population (and different from those in
peripheral blood). The local cellular immunological milieu in lactating CMV-seropositive
mothers was further investigated in a study of CMV T-cell responses specific for the
tegument phosphoprotein pp65 (ppUL83).42 The frequency of pp65-specific CD8(+) T cells
IFN-vy alone or dual IFN-y/granzyme B producers was increased in breast milk compared
with PBMCs. Intriguingly, there was a positive correlation between breast milk CMV viral
load and the CD8(+) pp65-specific T-cell response, suggesting that local virus replication
drives antigen-specific CD8(+) T cells into the breast. The authors suggested that the
presence of these CD8(+) T cells may be of benefit to the breast-feeding infant, and this
question deserves further experimental scrutiny. Finally, another recent study has examined
the impact of CMV reactivation on the cytokine profile in breast milk.43 This study reported
that reactivating mothers demonstrated higher levels of both CC-chemokines (MCP-2,
CCL19, and CCL20), as well as CXC-chemokines (IL-8, CXCL9, CXCL10, and CXCL11).
The proinflammatory cytokine IL-17C, glycoprotein CD5, and TNFSF14 were also
upregulated. Further exploration of how cytokines modulate the kinetics of reactivation and
(possibly) transmission are warranted.

Short-term complications of pCMV infection

Although breast-milk pCMV transmission was first proposed in 1972,% little attention was
paid to this route of CMV infection until the late 1990s, when a series of groundbreaking
studies in Tlbingen, Germany, examined in depth the clinical impact of breast milk-acquired
pCMV infection in premature infants.> These studies demonstrated that VLBW (<1500 g;
<32 weeks gestational age at birth) infants were at high risk of acquiring CMV from breast
milk. CMV status in mothers and infants was examined by serology, virus culture, and PCR
of milk. Among CMV-seropositive, lactating mothers, 73 of 76 (93%; corresponding to 87
premature infants) reactivated the virus in breast milk, as assessed by PCR. Early appearance
of virus in milk whey and the presence of infectious virus (by culture) in milk whey were
predictive of transmission. The overall rate of transmission was 37% (27 of the 73 mothers
with reactivation of CMV in milk, corresponding to 33 infants), and the mean time to
infection of the infant was 42 days. Of the 33 preterm infants who acquired CMV infection,
16 (48%) were symptomatic, as determined by clinical and/or laboratory abnormalities.
Clinical manifestations included hepatopathy, neutropenia, thrombocytopenia, and sepsis
syndrome. No infants were treated with antiviral therapy in this report, and no CMV-related
mortality was observed. Subsequent studies have confirmed the clinical importance of
pCMYV transmission in the NICU setting, although transmission rates have been lower (in
the ~20% range) in most studies.2”-28 The reported range for breast milk associated pCMV
transmission is variable: one analysis of the literature found, after review of 26 studies, that
the reported percentage of transmission to infants ranged from 5.7% to 58.6%.46 This review
also noted that symptomatic CMV disease occurred in 0% to 34.5% (median 3.7%) and
severe sepsis-like syndrome in 0% to 13.8% (median 0.7%). The variability and wide ranges
in rates of transmission and disease may reflect some heterogeneity in the definition of
“prematurity” in the studies reviewed. Notably, the authors commented that published
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recommendations for prevention, therapy, and follow-up varied “markedly” among experts
(discussed below). Another meta-analysis predicted that, among 299 infants fed untreated
breast milk, there would be an estimated 19% (11%-32%) of VLBW infants that would

acquire pCMV infection, and that 4% (2%-7%) would develop CMV sepsis-like syndrome.
47

Potential long-term neurodevelopmental complications of pCMV infection

Although some VLBW infants have significant short-term disease manifestations due to
pCMV infection, the risks associated with pCMV acquisition remain largely unknown. As
noted above, for full-term infants, the risk for impaired development is not any higher than
children without CMV infection. Transmission of protective maternal antibodies, starting
about the 29th week of gestation, may help explain why full-term infants rarely develop
symptomatic CMV disease without some alternate reason for immune compromise.*® There
are few existing studies that address the long-term outcomes of preterm infants who acquire
CMV during the newborn period. Of the studies available, there remain conflicting results,
thus highlighting several unresolved questions about long-term neurodevelopmental
outcome after acquired pCMV infection.

Early studies of outcome in preterm children with post-natal CMV infection in the late
1970s and early 1980s suggested that these infants may have increased risk for
developmental problems including hearing loss,#%:59 but these studies included infants that
acquired pCMV infection from nonbreast milk sources, including transfusion-acquired
CMV, a problem which has essentially been solved by leukofiltration of blood products.>!
Similarly, nosocomial CMV transmission, though described in the pediatric hospital setting,
52 probably plays at best a minimal role in acquisition of pCMYV infection. More recent
work, focusing on breast milk-acquired pPCMV infection, has yielded mixed findings about
the impact of infection on neurodevelopmental outcomes in the VLBW premature infant. A
systematic literature review published in 2010 provided an overview of neurodevelopmental
outcomes associated with pCMV acquisition.#® The authors reported an analysis of 26
studies of post-natally acquired CMV via breast milk. Of those trials, five reported on long-
term outcomes of acquired CMV infection in the preterm infant.5%:53-57 There was no
association with SNHL documented in any trial. Moreover, there were no differences in
motor or speech development in the CMV-infected infants and controls. In one of these
studies,5322 preterm infants with a median gestational age of 27.6 weeks and median birth
weight of 1020 g, with early pCMV infections, were compared to 22 CMV-negative matched
controls. Controls were matched for gestational age, birth weight, gender, intracranial
hemorrhage, and duration of mechanical ventilation. At 2 to 4.5 years of age, follow-up
assessments including neurologic examination, neurodevelopmental assessment based on the
concept of essential developmental milestones, and detailed audiologic evaluations were
completed. This study, although consisting of a relatively small sample size, showed no
differences between the groups with regard to neurologic, speech and language, or motor
development. Therefore, these authors concluded that in preterm infants with symptomatic
CMV disease, even severe sepsis-like syndrome, that there was a low risk of neurologic and
cognitive sequelae and no increased risk for hearing impairment.
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These reassuring findings notwithstanding, recently the question of long-term
neurodevelopment after acquired CMV infection in preterm infants has been examined with
respect to a heightened detection of more subtle adverse neurologic outcomes. Additional
analyses by the Tibingen research group have highlighted more subtle adverse neurologic
outcomes associated with the acquisition of CMV. Additional longitudinal analyses of their
study cohorts over time demonstrated significant differences between the CMV-positive and
CMV-negative groups.>8 Forty-one from the original cohort of 44 children were examined at
school age to investigate neurodevelopmental outcome. Assessments included neurologic
examination by skilled examiners, assessment of motor function using the Movement
Assessment Battery for Children (M-ABC), cognitive function using the Kaufman
Assessment Battery for Children (K-ABC), and audiologic tests. In both groups, irrespective
of CMV status, performance in motor and cognitive assessments fell within the normal
range. Significant differences, however, were seen between the CMV-positive and CMV-
negative group in both motor and cognitive function, with poorer performance in the CMV-
positive group. All had normal hearing function. Further analysis of these patients again
noted no difference in the prevalence of cerebral palsy, but following pCMV infection,
infants had significantly lower results in the simultaneous processing scales of the K-ABC.
Since simultaneous processing tasks represent more complex cognitive function, these
findings could be of major concern. The authors concluded that in this study, cognitive and
motor function in preterm children with pCMV infection transmitted via breast milk was
within the normal range, but their outcomes were poorer than those in preterm children
without CMV infection.>® Another follow-up study of 42 VLBW infants from this group
examined long-term cognitive outcome and prevalence of cerebral palsy (CP), as well as
neurological and neurocognitive assessment using the K-ABC at the age of >4 years.>® The
study was performed in blinded fashion, using a controlled matched-pairs design with
gestational age, gender, and date of birth as matching criteria. The prevalence of cerebral
palsy was the same in cases and controls. Infants with pPCMV infection were found to have
significantly lower results in the simultaneous processing scale of the K-ABC (£ =.029)
after correction for additional risk factors like socioeconomic status (SES). However, results
for the sequential and achievement scales of the K-ABC were only slightly reduced (P

> .05). The authors concluded from this study that pCMYV infection from breast milk might
have a detrimental effect on long-term cognitive development.

More data linking pCMV infection from a breast milk source to sequelae was reported in
another follow-up study from the Tiibingen group.®? In this study, adolescents born very
preterm (n = 42), with and without a history of pCMV infection, were compared to full-term
controls using both the German version of the Wechsler Intelligence Scale and the
Developmental Test for Visual Perception. Consistent with other studies of
neurodevelopmental outcome in VLBW infants, adolescents born preterm had significantly
lower scores than term-born controls on 1Q and visual perception testing. Notably, the
adolescents born preterm with pCMYV infection scored significantly lower than those without
the infection regarding overall cognitive abilities (P=.03), although visuoperceptive abilities
were not significantly impaired. These studies were then extended to functional magnetic
resonance imaging (fMRI) evaluation of these subjects. Premature infants with (15
adolescents) and without (19 adolescents) a history of pPCMV acquisition were compared to
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healthy controls (37 subjects). A “dual use” fMRI investigated language and visuospatial
functions. The investigators found significant activation differences in the left hippocampus
and the right anterior cingulate cortex while performing the language task and a small region
of the occipital cortex while performing the visuospatial task.51 There were also differences
in gray matter volume in several brain regions. The authors suggest that early postnatal
CMV infection in former preterm infants may have long-term neurological consequences
that can be detected via fMRI in older children when performing higher-level cognitive
tasks, and that intervention strategies aimed at preventing pCMV infection may be
warranted.

Another important recent study that may have major implications for our understanding of
the neurodevelopmental consequences of pPCMV infection was recently reported by Weimer
and colleagues.52 As noted, cCMV infection is well recognized to be a major cause of
SNHL,7 but this association had not been noted in the context of pCMV infection.?3 This
group examined the prevalence of failed hearing screens, the calculated postnatal age, and
somatic growth parameters at discharge in VLBW infants with pCMYV infections (and
uninfected controls) at the time of NICU discharge. A compelling aspect of this study was
the size of the database that was examined: it spanned 302 NICUs managed by the Pediatrix
Medical Group (https://www.mednax.com/hospitals/solutions/neonatal/) from years 2002 to
2016, and over 75 000 infants met the inclusion criteria and had data available for analysis.
A total of 304 infants with pCMV infection were identified, and 273 (90%) of these infants
were matched to controls without pCMV. Notably, newborn hearing screen (NHS) failure
occurred in 45/273 (16%) infants with pCMV compared to 25/273 (9%) infants without
pCMV (P=.01). Although a failed NHS does not establish with certainty that an infant has
SNHL, there are strong correlations between a failed hearing screen, subsequent
confirmation of SNHL, and the presence of CMV infection. Hence, these data from this
large VLBW infant database support the need for comprehensive audiological and
neurodevelopmental follow-up in infants with pCMV infection, and this should help resolve
the question of risk of long-term CMV-related disability in this population. Table 1
summarizes the reported studies to date that have assessed for potential adverse long-term
neurodevelopmental and hearing outcomes in VLBW infants acquiring pCMV from breast
milk.

2.4| Other long-term complications associated with pCMV infection

In addition to the evolving body of knowledge about potential neurodevelopmental sequelae
(including SNHL) associated with pCMV infection, there are other emerging concepts about
complications of prematurity that are likely impacted by this infection. Bronchopulmonary
dysplasia (BPD) is a common complication of prematurity, and studies of pCMV suggest a
role for CMV infection as a risk factor. In a retrospective study of >100 000 VLBW infants,
pCMYV infection was associated with an increased risk for BPD (risk ratio, 1.33; 95% ClI,
1.19-1.50), and other changes in cardiorespiratory status were associated with pPCMV
infection, including a requirement for vasopressor medications, intubation for mechanical
ventilation, a new oxygen requirement, and death.53 In another single-center, retrospective
study of 2132 VLBW infants pCMV-infected infants were noted to have significantly more
exposure to mechanical ventilation and longer duration of hospitalization than controls. BPD
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was significantly more common in the pCMV group (odds ratio, 4.0 [95% confidence
interval, 1.3-12.4); £=.02).%4 In addition to BPD, it has been suggested that another
complication of premature birth, necrotizing enterocolitis (NEC) may be associated with
pCMV infection.5> However, in the Weimer study, NEC did not stand out as a complication
of pCMV infection, although an association between pCMV infection and BPD was
confirmed. Weimer et al. also observed that viral infection was associated with an increased
postnatal age at discharge of nearly 12 days and a lower weight-for-age z-score, suggesting
that CMV infection prolonged hospitalization and had a negative impact on infant growth.62
An impact of delayed hospital discharge on the overall cost of care was not investigated, but
this issue should be examined in future cost-benefit analyses.%6

MANAGEMENT STRATEGIES

Prevention efforts

As summarized above, there is a rapidly evolving body of information that suggests that
pCMV has both significant short-term and long-term consequences. There is currently no
consensus about what measures, if any, should be undertaken in an attempt to prevent pCMV
infections. Some experts have expressed uncertainty about the importance of preventing
these infections.87:68 However, with the accumulating evidence that pPCMV poses short-term
and (probably) long-term health risks to the VLBW infant, some systematic efforts toward
prevention seem warranted. The Red Book Committee of the American Academy of
Pediatrics recommends that, for premature infants born at <32 weeks estimated gestational
age (EGA), consideration should be given to serological screening of mothers and, for
CMV-seropositive women, short-term pasteurization of breast milk.%° Pasteurization is
highly effective at inactivating CMV and is recommended in France for VLBW infants born
at <32 weeks EGA and < 1500 birth weight,’® but pasteurization may carry a negative
impact by inactivating many of the salutary components of breast milk, including lactoferrin,
lysozyme, immunoglobulins, erythropoietin, cytokines, and growth factors.”~73 Short-term
pasteurization seems to minimize the impact on the salutary components of breast milk,
while still retaining the ability to inactivate virus.”* The impact of short-term pasteurization
was studied in a NICU population in which an intervention group of infants (receiving
pasteurized milk) was compared to historical controls administered unpasteurized milk.”®
Two of 87 (2.3%) study infants had a pCMV transmission, in contrast to 17 of 83 (20.5%)
historical controls. The risk ratio of controls compared to study infants was 8.3 (95% ClI,
2.4-52.4) by Cox proportional hazard model (P =.0003). Thus, short-term pasteurization
does appear to be a viable option for prevention of pPCMV transmission.

An alternative to pasteurization is freezing milk at —20°C for 24 to 72 hours. The Red Book
committee notes that this intervention can decrease, but not eliminate, the risk of infectivity.
69 However, it should be noted that a recent controlled study failed to demonstrate any
benefit of freezing breast milk on pCMV transmission in the NICU setting.”® In this study,
the CMV transmission rate in infants fed with CMV-DNA positive milk was 8% (3 of 37) in
the intervention (freezing) group and 6% (2 of 33) in controls. Thus, there is insufficient data
to warrant freezing of breast milk as a means to prevent CMV transmission in the NICU.
Other innovative modalities to inactivate CMV in breast milk have been proposed, such as
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microwave irradiation,’”+’8 but this intervention has not yet been evaluated in a clinical
study. Bedside, point-of-care CMV testing of breast milk might identify, in real-time, high-
risk situations where pasteurization is warranted. Application of other strategies to render
milk noninfectious is also worth considering, including treatment with anti-CMV
immunoglobulins and/or leukofiltration of milk. Consideration might be given to monitoring
VLBW infants for CMV infection while receiving breast milk. It has been proposed that
routine monitoring for DNAemia in this setting may herald the onset of symptomatic
disease,®° and identify infants who might benefit from “pre-emptive” therapy that could be
administered, much as it is to an immunocompromised patient,’® to prevent development of
CMV end-organ disease. Such surveillance PCR testing could become a part of routine
laboratory testing protocols for VLBW infants in the NICU. Preemptive screening for
pCMV acquisition could also be considered through assays such as weekly saliva-based
PCR for at-risk infants in the NICU setting. The recent licensure of point-of-care diagnostic
assays for saliva-based screening could be useful in identifying VLBW infants that acquire
CMV infection in this setting, and such infants could be managed and monitored expectantly
for emergence of CMV disease and/or sequelae.80 Other strategies for management, such as
ensuring exclusion of cCMV by newborn dried blood spot analysis and monitoring infants
with clearcut pCMV acquisition for end-organ complications, deserve future evaluation.81

Antiviral therapy

Another aspect of control of pCMV that remains even less clear is the role of antiviral
therapy with ganciclovir or immune globulin for the prevention or therapy of breast milk-
acquired infection. Although there is limited experience with antivirals targeting CMV with
the nucleoside analog, ganciclovir, there may be a role for its use (by parenteral
administration, or by oral administration of the prodrug, valganciclovir) in selected infants
with CMV end-organ disease or severe sepsis-like syndrome following CMV acquisition.
Most experience with cytomegalovirus antivirals has come from the study of congenital
infection.1:15 Since recent reports have emerged in cCMV that long-term oral nucleoside
therapy improves neurodevelopmental outcomes, the use of these agents may be of
considerable therapeutic importance for pCMV infection, if the impact on
neurodevelopmental outcomes can be confirmed in future prospective studies. In breast
milk-acquired pCMYV, antiviral therapy in symptomatic infants may be useful in reduction of
the severity of symptoms and the duration of illness.81 Other potential interventions that
could be conceived of would include administration of high-titer anti-CMV immune
globulin to high-risk infants, or therapeutic vaccination of lactating mothers of VLBW
premature infants, toward the goal of augmenting CMV immunity in milk. This approach
would require licensure of a CMV vaccine, and elucidation of the aspects of protective
immunity that prevent pCMV transmission to VLBW infants. Potential preventative and/or
therapeutic interventions are summarized in Table 2.

PRIORITIES FOR FUTURE RESEARCH

As there remains no consensus among neonatologists or pediatric infectious disease
specialists on whether efforts should be made to prevent or treat breast milk-acquired CMV
infections, there are some clear knowledge deficits requiring future research that may
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provide insight into advancing clinical care. First, better understanding of the incidence,
immunological, and virological correlates of maternal infection and infant disease should be
explored. Unresolved questions, not only of short-term risks but also potentially of the long-
term neurodevelopmental sequelae of post-natal acquisition of CMV need additional
answers. These studies assessing the magnitude of impact of CMV on neurodevelopment
will help lay the groundwork for future research to clarify whether preventative or
therapeutic antivirals for CMV are warranted in VLBW infants at risk for CMV. Finally,
elucidation of the basic science and cellular biology of pCMV breast milk-mediated
transmission is a high priority. Of particular importance are the questions of how CMV
infects the infant (portal of entry and pathways of dissemination); is the infection mediated
by cell-associated or cell free virus; what are the immunological correlates and/or deficits
associated with infection; and how does pCMV exacerbate processes such as BPD and
contribute to the pathogenesis of SNHL and neurodevelopmental injury? These critical areas
of knowledge deficit are summarized in Table 3. As future research finds answers to these
questions, a more consistent and cogent approach to the prevention and management of
breast milk-acquired pCMV infections should emerge, and the risks of long-term sequelae
for this fragile group of newborns should be minimized in the future.
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BPD bronchopulmonary dysplasia

cCMV congenital cytomegalovirus infection
CID cytomegalic inclusion disease

CMV cytomegalovirus

EGA estimated gestational age

ELISPOT enzyme-linked immune absorbent spot
fMRI functional magnetic resonance imaging
oB glycoprotein B

HCMV human cytomegalovirus
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HIV human immunodeficiency virus

IFN-y interferon gamma

19G immunoglobulin G

K-ABC Kaufman assessment battery for children

M-ABC movement assessment battery for children

MCMV murine cytomegalovirus

MHC major histocompatibility complex

NEC necrotizing enterocolitis

NHS newborn hearing screening

NICU newborn intensive care unit

ppUL 83 phosphoprotein unique long 83

SNHL sensorineural hearing loss

VLBW very-low birthweight
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FIGURE 1.
Potential and postulated routes of entry for CMV infection in the VLBW premature infant.

Possible routes of entry include trans-olfactory (Panel A), trans-mucosal in the oropharynx
and/or nasopharynx (Panel B), and trans-jejunal via intestinal epithelial cells, Peyer’s
patches, or M-cells (Panel C). These routes of entry are not mutually exclusive. The trans-
olfactory route has been identified in murine models?® but not validated in human infants.
Unresolved questions include whether cell-free or cell-associated virus in milk is infectious.
It is presumed that viremia ensues irrespective of the route(s) involved, followed by salivary
gland seeding and establishment of latent/persistent infection

Rev Med Virol. Author manuscript; available in PMC 2021 June 03.



Page 18

Osterholm and Schleiss

a9

09

69

89

LS

0S

S

€9

80Us B JoY

(10°0 = d) AWDd InoYNM swesul (%6) £22/S 0% patedwod
AW ynm (%9T) £22/Gt Ul In|iey SHN ‘8seq ejep Xujelpad

(s1eak 9'9T—¢ TT) SIUSISB|OPR. Ul Passasse uoldadlad
[ensiA 10} 1581 [eyuswidolanag pue a1eas aduabijjau] J8|SUdIspA

sIeak y<
10 abe ay1 18 (DgW-M) UaIp|IyD 10} Alslleg JUSWISSaSSY Uelune]

uaIp[IYD Joy Alsneg JUBWISSaSSY UBLUINEY ‘UBIPIYD
104 Alaneg JUBLUSSASSY JUSLUBAOIA ‘UOITRUILIEXS [20160]0INSN

Ol UeSW Ul 82UJIBHHIP OU ‘UOIIEN[end

abenbue|/yosads ‘ourawoipne ‘0160joinau ‘[eioineyaq ‘enniubod
933 ‘uojeulwexa [eaisAyd

‘Juawssasse Bulieay ‘abe Jo sieak ¢ e pawloyiad uoirenjeAs [ealulD

syuow g pue g1 e ‘Aisneg [euoneussiu|
JueyU| JUanoNb Jojow ssolb ‘s1sal 9160joIpNe :SBW0IINO WiS)-Buo

ABojoipne pue Juawissasse [ejuaudojanspoinau
‘uoireuIWexd 2160]01NaU ‘SIeak G 01 Z Je SaIpnlS

SIUBWIWOD

sjuejul ainrewsald ul uonosjul ANOd Buimoljo) sawodino [eluswdojanspolnau pue Bulieay Bunenjeas saipnis Jo Arewwns

Author Manuscript

Author Manuscript

pauodal 10N

(50" <o) samliqe

anndaaladonsia jou Inq ‘(£0° =) anmubod
ul Jamo| Apueaiyiubis syslgns ANDd (SeA
(6200 =d)

29V-M ay Jo a[eas Buissaooid snosuelnwis
3} Ul S}NSaJ JaMO] Y3IM Sjuejul AN (SBA

uonodUNy 8ANIUB0/I0J0W Ul S|0JIU0D pue
AWDd U8BMIBQ S8OUBIBLIP JUBDIIUBIS ‘SBA

ON
$1011U0D 62/Z ‘A

AWDd 62/% Ul sdealpuey a1aAss ‘S|01U0D £2/T
‘A AINO €2/ Ul 933 [ewlouge ‘A|qissod

(ayeas AsjAeg) oN
ON

S11019Q aA111Ubo20 INBN

T3149vL

(SHN) uaaias
Burreay ulogmau

Aq pasiajul ‘SaA

pauiodal 10N

pauiodal 10N

ON

(01/0) AINOd 10U
(LT/¥7) AINDD Ul SBA

(sj01u09 gz
pue AWOd €v/) ON

ON
ON

THNS
10 ¥S1J peses.ou |

Author Manuscript

S]0JU0D /2

pue AIND Yum $0g ‘siuejul Ma1A

(€2 = u) sj013u09 (ANDd INoYIM
€2 'UNM 6T ‘g = U) Siuejul MaIA

$1041U02 payaIEwW

pue siuegul AIND Z ‘siuegul \AGTA

$10.Ju0d TZ ‘AINDd 02 ‘siuejul META

$]0JJU0d T¢

'ANOd 0T ‘AND? LT ‘siuejul META

$]0U02 pue SsluBUl

AWOd G5 ‘6 0002 > yBram yuig

AN 1noyum 1 ‘AINOd
Uum $T (GG = u) suejur MaIA

§]0Jjuod

pue ANDd spuejul MGTIA 22 40 Apmis

Apnis

Author Manuscript

Rev Med Virol. Author manuscript; available in PMC 2021 June 03.



Page 19

Osterholm and Schleiss

uoraayul
[eanyeu u1 asoy} Uey} Jaybiy sasuodsal sunwwi aiinbal pjnom
3|1W 1S4 Ul UOITBAIIOB-31 JUaASId 0} UOITRUIDIBA ‘paulyap aq
0} Spaau (pasuadi| SI 8UIDILA 3JUO) UOIRUIIJRA [euldlew 40 Bulwi]

o/APNIS [edtulo [enusjod Joy pasodoid
udaq sey ‘sjuesul onewoidwAse jo Buuoyuow Yo d ewseld
uo paseq ‘sapisoajonu yum  Adesayr aandws-aid,, Jo 1dasuo)

PaJeJISUOLUSP U3aQ Sey UOISSISUERI} AND PUE 7¢Il ISeaI]
Ul gggcULLIBJ01IE] JO APOQIIUE JO S[9A3] USBMISQ UOIR[S1I09 ON

o2[BLII [EDIUI[D UT Y{[1W 1Sealq WO UOISSIUSUe.)
AWDU JO Ysu a1euIWId 10U PIp Ing ‘paonpal Ajfenuelsgng

snyels |eo1bojouss
AND [eusdrew uo Buipuadap ‘soLeIpad 40 AWapesy uedLswy
4O 991IWWOD 00gpay AQ UOIEISPISUOD 0} POPUSILIOIDY

SsouIRIPad JO AWspeoy
UBDLIBWY 4O 331IWIWOYD Y00gpay Aq papuawiwiodal Ajiawio

SIUBIWOD

M|IW 1sealq wod) palinbae suonosjul ANDd Bunuansid/Bulssaippe Joj suollusAIaiul d1Inadelay] pue aAllRIuUaAaId [elIUSI0d

Author Manuscript

uo198104d UO BIEP OU ‘UMOUNUN
uonoa3o.d JO Sare[a4109 [ealBojounww|

sixe|Aydoud apisoajonu

10} o11el Jy8usq/ysi a|gerdasdeun ‘sardelay)
Apogiue 10} paulyap JoU UOIIIB4UI [BIRUOBU
10 uonuanaid Jo sa1e|a.i09 [ealbojounwiw|

A
10 syusuodwiod [ea1fojounwiwi aAIasald pINoA

A Jo
syuauodwod aunwwi 03 Buibewep ssa| aq Ae|

(urngojBounwiwi ‘sa1£90xna) ‘suisuajep
‘U11I3J0198]) X|IW Uewny Jo susuodwod
[ea1fojounuwiwl [BI91J3USQ SaTeAIIdRU|

AIAN84UI B1RUILIIS
10U S30P NG AIND JO 81313 S30NPaJ ‘aAId8YaU|

SuoD

¢ 3149vL

Author Manuscript

¢guolssiwisueny
3|1W 1se34q J0/pUE UOIBAIIOR

-1 Jeussyew Jusnald 0} [enusiod
:8u199eA Ag paonpul asuodsal sunwiw|

N[ aAmsod-AND Bulaigdal Juesul
ur AN jo uonisinbae anaid pjnod

A|iw 0}
(s)1uabe Jo uonippe Buimoj|oy 31w 1sealq
30 AlAnD3JUN AIND BYeUIWIS PIN0D

,/ANID Buiteanoeur 1e aAnaye sieaddy

AVAloRY
AAnoayul Buireuiwia e anndays AjubiH

Y11W 40 S)usuodwod [erolausg
JO UOIBAIIORUI [BLUIUIW ‘3OUBIUSAUCD

sold

Author Manuscript

UOITRUIDJBA [BUISIRIN

sjueyul 8|qndaosns
0} paJaisiuwpe saidesayy
paseq-[ediAnue Jo Apognuy

(u41830108]

snouaboxa ‘saIpogIiue [eUOjI0UOLL)
[IW Ul AIND 81eAndeul 03 sjuaby

(56 0.529)
1Se8.q J0 UoNezLNalSed WIsl-HoyS

(U1w 0g Jo wnwIuIW *0,5°29)
M|1W 1Sealq Jo uolezinalsed

(Y ¥z 30 wnwiuiw
‘0,02-)l1W 1sealq Buizesiy

UOIUBAJBIU |

Author Manuscript

PMC 2021 June 03.

in

available

Rev Med Virol. Author manuscript



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Osterholm and Schleiss

High priority areas for future research

Research Question

Correlates of protective immunity against
pCMV transmission

Virological correlates of transmission

How does CMV infect the nursing infant?

Can CMV be inactivated prior to breast
feeding?

Should women be screened for CMV
antibodies prior to administration of breast
milk?

Should breast milk be tested by PCR or rapid,
point-of-care assays prior to administration to
VLBW infant?

Should VLBW infants have periodic CMV
surveillance PCRs in course of clinical care to
monitor for DNAemia or viral shedding?

What is the long-term neurodevelopmental
impact of pPCMV infection in VLBW infants?
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TABLE 3

Rationale

Transmission by breast milk is common and ubiquitous but not inevitable - either in term
infants or VLBW premature infants. What are the maternal/infant immune responses that
block transmission in some (but not all) cases?

Are there differences in viral strains/genotypes that either augment or deter pPCMV
transmission? Is transmission more common in setting of maternal re-infection than
reactivation? What is the impact of magnitude and/or duration of viral load during lactation?

Where does virus enter the breast-fed baby (oropharyngeal epithelium, small bowel mucosal,
lymphoid vs epithelial cells)? Is CMV transmitted as free virus or cell-associated virus? What
are the relative roles of fusion vs endocytosis in virus access? Animal models should be
developed to assess.

Could eliminate CMV infectivity of breast milk following addition of agent(s) to milk.

Could identify “high-risk” situations in which pasteurization, immune based therapies, or
anti-virals would be warranted.

CMV-positive breast milk could be treated/pasteurized prior to feeding.

Identify babies at risk for CMV end-organ disease; inform and direct decision-making by
clinicians regarding other NICU therapies (eg, steroids for BPD). Identify infants that might
benefit from pre-emptive antiviral therapy that in turn could prevent CMV end-organ disease
(lung disease, CMV sepsis syndrome) and, possibly, neurodevelopmental sequelae.

Studies to date are inconclusive; data on increased numbers of newborn hearing screen
referrals in VLBW infants with pCMV infection do not necessarily translate to SNHL;
impact on neurodevelopmental outcomes still unresolved; controlled, prospective clinical
trials are needed.
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