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A B S T R A C T

Human milk (HM) is considered the best source of nutrition for infant growth and health. This nourishment is unique and changes
constantly during lactation to adapt to the physiological needs of the developing infant. It is also recognized as a potential route of
transmission of some viral pathogens although the presence of a virus in HM rarely leads to a disease in an infant. This intriguing paradox
can be explained by considering the intrinsic antiviral properties of HM. In this comprehensive and schematically presented review, we have
described what viruses have been detected in HM so far and what their potential transmission risk through breastfeeding is. We have
provided a description of all the antiviral compounds of HM, along with an analysis of their demonstrated and hypothesized mechanisms of
action. Finally, we have also analyzed the impact of HM pasteurization and storage methods on the detection and transmission of viruses,
and on the antiviral compounds of HM. We have highlighted that there is currently a deep knowledge on the potential transmission of viral
pathogens through breastfeeding and on the antiviral properties of HM. The current evidence suggests that, in most cases, it is unnecessarily
to deprive an infant of this high-quality nourishment and that the continuation of breastfeeding is in the best interest of the infant and the
mother.
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Statement of Significance
In this review, we provide a comprehensive overview of numerous aspects related to a wide range of viral pathogens and human milk,

including viral detection in human milk and viral transmission through breastfeeding, the antiviral properties of human milk, and the impact of
milk processing on the humanmilk value. Through well-structured and informative tables, the reader will be guided toward a quick and easy road
to understand this subject.
Abbreviations used: 25OHC, 25-hydroxycholesterol; 27OHC, 27-hydroxycholesterol; ANDV, Andes virus; CVB3, coxsackievirus B3; DC, dendritic cell; DENV, dengue
virus; EBOV, Ebola virus; Env, envelope protein; EBV, Epstein–Barr virus; HAV, hepatitis A virus; HBV, hepatitis B virus; HCMV, human cytomegalovirus; HCV,
hepatitis C virus; HEV, hepatitis E virus; HM, human milk; HM-GAG, HM-glycosaminoglycan; HMO, human milk oligosaccharide; HoP, Holder pasteurization; HPP,
high-pressure pasteurization; HPV, human papillomaviruses; VSTLT, very short-term low temperature; HSPG, heparan sulfate proteoglycan; HSV-1, herpes simplex
virus type 1; HSV-2, herpes simplex virus type 2; HTLV-1, human T lymphotrophic virus type 1; HTST, high-temperature short time; Lf, lactoferrin; MFGM, milk fat
globule membrane; MTCT, mother-to-child transmission; MUC, mucins; RuV, Rubella virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; sgRNA,
subgenomic RNA; TTV, Torque teno virus; VZV, varicella-zoster virus; VLBWi, very low birth weight infants; WNV, West Nile virus; YFV, Yellow Fever virus; ZIKV,
Zika virus.
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Introduction

Human milk (HM) is considered the ideal nutrition for
newborn children and infants: it is a dynamic species-specific
biological fluid that varies to a great extent from one woman to
another, and during lactation by adapting to the physiological
needs of the infant [1–3]. The World Health Organization rec-
ommends exclusive breastfeeding until 6 mo of age as the best
form of nutrition for the growth and development of infants
[4–6]. These recommendations also consider the beneficial ef-
fects of breastfeeding on the short- and long-term health out-
comes of the mother and infant [1,7]. HM plays the most critical
role in the protection against infections for both term and preterm
newborns [8,9]. However, an intriguing paradox has been
described regarding the protective activity of HM against viral
infections: several viral pathogens have been detected in HM (see
Table 1) [10–13], but the content of these pathogens rarely leads
to an infection or disease in infants [14–16]. This evidence can be
explained by considering the unique universe of bioactive com-
ponents of HM: not only immunological factors, but also aspecific
anti-infective components, which provide the first line of defense
against pathogens, have been found in this biofluid [17]. How-
ever, this complex system is still partially unknown, probably due
TABLE 1
Viruses detected in HM

Virus family Virus Genome
detection

Retroviridae HIV þ
HTLV-I/HTLV-II þ
HMTV þ

Herpesviridae HCMV þ
HSV-1/ HSV-2 þ
VZV þ
HHV-6
HHV-7 þ
HHV-8 þ
EBV þ

Coronaviridae SARS-CoV-2 þ
Flaviviridae YFV þ

DENV þ
WNV þ
ZIKV þ
HCV þ

Hepadnaviridae HBV þ
Picornaviridae HAV þ

CVB3 þ
Echovirus 18 þ

Hepeviridae HEV þ
Papillomaviridae HPV þ
Filoviridae EBOV þ
Togaviridae CHIKV þ
Hantaviridae ANDV þ
Anelloviridae TTV þ
Matonaviridae RuV

Bacteriophages þ
ADNV, Andes virus; CHIKV, chikungunya virus; CVB3, coxsackievirus B3; D
hepatitis A virus; HAVHHV-6, human herpes virus 6; HBV, hepatitis B virus;
E virus; HHV-7, human herpes virus 7; HHV-8, human herpes virus 8; H
papilloma virus; HSV-1/HSV-2, herpes simplex virus types 1 and 2; HTLV-I/
severe acute respiratory syndrome coronavirus 2; TTV, TT virus; VZV, varic
Zika virus.
Notes: References include English articles with full-text available. Clinical
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to the extremely variable nature of HM. To the best of our
knowledge, no comprehensive review of the literature on this
topic, including a comparison of the related results, is currently
available. In this study, we describe which viruses have been
detected in HM so far (Figure 1) and what the potential trans-
mission risk of these viruses through breastfeeding is (Figure 2).
We have provided a description of all the known antiviral com-
pounds of HM, along with an analysis of their demonstrated or
hypothesized mechanisms of action. Finally, because donor milk
is considered the best choice when a mother’s own milk is un-
available, we have also analyzed the impact of pasteurization and
storage methods on the detection and transmission of viruses, and
on the antiviral compounds of HM.

Methods

This is a narrative review. The literature review was per-
formed by conducting electronic searches in PUBMED (National
Library of Medicine (United States), National Center for
Biotechnology Information, available from https://pubmed.
ncbi.nlm.nih.gov) and EMBASE (Elsevier Ltd., available from
https://www.embase.com). The main strings used for the elec-
tronic search are reported in the Supplementary Materials.
Infectious
particle detection

References

þ [10,18–31]
[11,12,32–38,39]
[40]

þ [41–57]
[58,59]
[42,58,60]

þ [61]
[62]
[63,64]

þ [65–71]
[72,73]
[74]

þ [75,76]
[77,78]

þ [79–84]
[85,86]
[88–448]
[87]

þ [88]
þ [89]

[90]
[13,67,91]

þ [92–95]
[96]
[97]
[98]

þ [99]
[100–102]

ENV, dengue virus; EBOV, Ebola virus; EBV, Epstein–Barr virus; HAV,
HCMV, human cytomegalovirus; HCV, hepatitis C virus; HEV, hepatitis
M, human milk; HMTV, human mammary tumor virus; HPV, human
HTLV-II, human T-lymphotropic virus; RuV, Rubella virus SARS-CoV-2,
ella-zoster virus; WNV, West Nile virus; YFV, Yellow fever virus; ZIKV,

studies, observational studies, and in vitro studies were considered.

https://pubmed.ncbi.nlm.nih.gov
https://pubmed.ncbi.nlm.nih.gov
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FIGURE 1. The detection of viruses in human milk.

FIGURE 2. Viruses transmitted through human milk.
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Viruses Detected in HM
Cell-associated viruses, or cell-free virions, can be detected in

the HM of infected mothers by evaluating the presence of its
components, such as the genome and antigens, or directly from
the infectious viral particles. As shown in Table 1 and Figure 1, a
long list of viruses has been detected in HM.
3

Retroviridae family
Human immunodeficiency virus type 1 (HIV-1) is one of the

most studied viruses transmitted by human breastfeeding, and
in-depth knowledge of its milk reservoirs has been achieved.
HIV-1 can be found inHMas both cell-free and cell-associated vir-
ions, and both have been associated with postnatal transmission
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[18–20]. The virus can be present in cells in 2 potential forms: as
proviral DNA in latent, nonproductive, HIV-infected cells, and as
an infectious particle in productive infected cells.

The virus can enter HM by transudation from the vascular
compartment, and cell-associated or cell-free virions may
continually traffic from blood to milk [18]. Furthermore, it has
been widely evidenced that the virus can also replicate locally in
mammary gland tissues, and the breast has been considered a
retroviral reservoir that contributes to infectious inoculum in
milk [21,22].

Detectable HIV-1 ribonucleic acid (RNA) in whey has been
reported in most untreated lactating women. Elevated levels of
HIV-1 RNA in breast milk have generally been associated with
higher maternal plasma virus loads, lower maternal CD4þ T-cell
counts, the detection of viral DNA in maternal genital secretions,
and breast inflammation [23].

The cell-free viral loads in HM, measured by means of quan-
titative reverse transcriptase-polymerase chain reaction (RT-
PCR), are usually much lower than in the plasma of mothers [24,
25]. Lewis et al. [26] reported that, if no antiretroviral drugs are
used, the plasma of most HIV-1 infected people contains 104–106

copies of HIV-1/mL, whereas tested HM samples were found to
contain 240–8100 copies/mL. Fluctuations over time in the RNA
virus level in breast milk have been detected. Rousseau et al.
[23] found that HIV-1 levels were higher in colostrum than those
in mature breast milk. Several studies have reported that the
prevalence of cell-free HIV-1 is generally higher in mature milk
than that in earlier milk samples [20,26].

HM contains 104–106 cells/mL, including cellular types that
are susceptible to HIV-1 infection: productively infected lym-
phocytes, macrophages, and luminal epithelial cells have been
detected in both early and mature milk samples [26–28]. It has
been estimated that the ingestion of 100 mL of colostrum or 800
mL of mature milk from an infected woman may expose a
newborn to an average of 25,000 infected cells [20]. HIV repli-
cation occurs in activated CD4þ cells, despite the presence of a
maternal antiretroviral treatment [20,29]. An important cellular
reservoir in breast milk, which even persists during an efficient
antiretroviral therapy, is composed of latently infected CD4þ T
lymphocytes, which harbor HIV-1 DNA [30,31]. Interestingly,
certain findings have evidenced that multiple independent lin-
eages of HIV-1 persist in HM and plasma [28].

Human T lymphotrophic virus type 1 (HTLV-1) is a highly
oncogenic retrovirus. Unlike HIV, cell-free HTLV-1 virions have
not been detected in HM. The first studies showed the expression
of viral antigens in infected mononuclear cells from seropositive
mothers [32–35]. Subsequently, the presence of both HTLV-1
and HTLV-2 genomes was detected in HM cell pellets by means
of PCR [36–38]. Regarding what milk cells can transmit the
virus, macrophages are considered the most frequent carriers in
colostrum, and 0.1%–1% cells in early milk have been estimated
to be positive to HTLV-1 capsid protein expression [22,103].
Moreover, a prominent role may also be attributed to lympho-
cytes and epithelial cells in mature milk; however, the infection
of lymphocytes in HM has still to be determined.

In a similar way as for HIV, the glandular epithelium of the
breast can act as a viral reservoir of in vivo productively infected
cells: infected alveolar luminal epithelial cells and transformed T
cells have been detected in breasts, and basal mammary epithelial
cells have been found to be susceptible to infection [103,39].
4

The Retroviridae family also includes the human mammary
tumor virus (HMTV), whose genome has been detected in breast
cancers. Nartey et al. [40] detected viral env sequences, by
means of PCR, in milk samples from lactating women with an
increased risk of breast cancer.

Herpesviridae family
Human cytomegalovirus (HCMV), a beta-herpesvirus, was

first isolated from HM in human fibroblast tissue cultures in the
early 1970s [41]. These initial studies evidenced a prevalence of
virolactia, that is, the presence of an infectious virus in unsepa-
rated milk specimens. An increased percentage of viral shedding
was then demonstrated among HCMV-seropositive mothers,
which depended on the time of detection and the used method
[42–48]. Today, HCMV secretion into HM is monitored, using
the PCR technology, by evaluating the rate of HCMV DNAlactia,
that is, the presence of viral DNA in samples. It is now well
established that nearly all HCMV-seropositive women will
reactivate and shed HCMV during lactation. A predominant role
of cell-free virus transmission via HM has been evidenced by
studying the kinetics of maternal HCMV reactivation during
lactation by PCR and viral cultures; indeed, maternal risk factors
for HCMV transmission to breastfed preterm infants were early
onset of viral DNA in milk whey (median 3.5 d postpartum in
transmitters) and infectious virus in milk whey (median 10
d postpartum in transmitters) [49].

Studies performed on milk samples from seropositive breast-
feeding mothers of preterm infants evidenced that HCMV reac-
tivation, based on virolactia and viral DNAlactia, was a self-
limiting process that exhibits unimodal kinetics characterized by
a longitudinal increase, a peak level, and a decrease during
lactation [45,46,48,50,51]. This process of reactivation occurs in
all lactating women, but the peak level of viral DNA copy numbers
and viral load, as well as the time scale of viral shedding in milk
show a great interindividual heterogeneity [44,47,51–53]. The
viral shedding may start during the first week postpartum in
colostrum as early as on day 3 [52]. The highest viral load is
reached at ~4–8 wk and the HCMV secretion into milk usually
ends from 9 to 12 wk after delivery. However, several studies
detected the HCMV shedding until 9mo after birth [44,51]. In this
contest, a longitudinal cell-free and cell-associated HCMV moni-
toring was performed detecting virolactia in both compartments
during early lactation. This study confirmed that the active viral
replication appeared to be a self-limited process during lactation:
virolactia ended on day 44 inmilk cells and on day 58 in the whey
[50]. It should be pointed out that there is a great consensus about
the fact that HCMV reactivation may occur locally in the breast
during lactation [45,46,49]. Regarding the infected cellular
compartment, HCMV DNA as well as viral pp67 mRNA has been
detected in CD14-positive breast milk cells [50]. Interestingly, a
metagenomic sequencing conducted to characterize the DNA
virome of HM samples evidenced that 60.1% of the virome was
represented by Herpesviridae, and that HCMV was the dominant
one. Moreover, different HCMV isolates have been demonstrated
by means of phylogenetic analysis [54–57].

The presence of beta-herpesviruses human herpesvirus 6 and
7 (HHV-6 and HHV-7) has rarely been described in HM. Their
DNA has been detected, by means of PCR, in milk cells, and the
activated virus might be present in the milk whey of HIV-infected
mothers [61,62].
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Herpes simplex virus types 1 and 2 (HSV-1, HSV-2) postnatal
infections are rare and are mainly related to maternal HSV-
positive breast lesions [58,59]. HSV DNA has been localized in
mononuclear cells and, albeit to a lesser extent, in epithelial
cells. Furthermore, a single study has reported the detection of
varicella-zoster virus (VZV) DNA, by means of PCR, in the HM of
a mother affected by herpes zoster, although it was not possible
to exclude contamination from skin lesions [58,104,60].

Regarding gamma-herpesviruses, the presence of the Eps-
tein–Barr virus (EBV) in HM has been demonstrated by evalu-
ating both the viral DNA and infectious particles [65–70]. The
shedding of EBV in HM has been associated with EBV DNA in
maternal plasma [71]. Several studies have examined the asso-
ciation of EBV in milk with HIV-1 shedding and mastitis. The
presence of EBV in milk may impact HIV shedding, but discor-
dant data have emerged about the association of coinfections
with clinical or subclinical mastitis [66,69]. Daud et al. [68]
demonstrated, by exposing peripheral blood mononuclear cells
to breast milk, that the virus was infectious in HM.

The detection of HHV-8, also known as Kaposi sarcoma-
associated herpesvirus, in HM has been documented in 2 pa-
pers [63,64]. However, the very low detected DNA load suggests
that contact with HM is not a likely source of transmission to
infants.

SARS-CoV-2
The detection of severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2) RNA in breastmilk is the most commonly
used way of establishing the potential transmission of the virus
via breastmilk, but its significance, related to infectivity, is not
yet clearly understood. Chambers et al. [72] evaluated the
replication competency of SARS-CoV-2 in breastmilk using viral
culture methods. Of all the tested samples, including one that
was positive to RT-PCR testing, none showed evidence of a
cytopathic effect in the cell culture, thus suggesting that RNA
may not represent a replication-competent virus in breastmilk. In
a recent paper [73], HM from 110 lactating women was
analyzed, by means of RT-PCR (285 samples), and by viral cul-
ture (160 samples). Those containing SARS-CoV-2 viral RNA
(vRNA) were examined for the presence of subgenomic RNA
(sgRNA), a putative marker of infectivity. SARS-CoV-2 vRNAwas
detected in the milk of 7 (6%) women with either a confirmed
infection or a symptomatic illness, including 6 out of 65 (9%)
women who had resulted positive to a SARS-CoV-2 diagnostic
test. No infectious virus was detected in any of the cultures and
none of them had detectable sgRNA. This study is the first ever to
have used viral cultures to examine a large number of breast milk
specimens [105].

Flaviviridae family
Among the arthropod-transmitted flaviviruses, the presence

of the Yellow Fever virus (YFV) and the West Nile virus (WNV)
genome has rarely been detected in HM [74,77,78]. The viral
genome and infectious viral particles have both been detected
regarding the dengue virus (DENV). Breast milk DENV-1 loads
have been found to be in the same range as the ones found in the
motherʼs blood and breast milk culture, thus confirming the
ability of the virus to replicate in cells [75,76].

The literature is more extensive regarding the shedding of the
Zika virus (ZIKV) in HM. It has clearly been demonstrated, by
5

means of RT-qPCR, that HM is positive to ZIKV, with a high viral
load, and the virus has been detected in both colostrum and
mature milk [79–82]. Both cell-free and cell-associated viruses
are excreted into this biofluid [83]. Evidence of a cytopathic
effect in infected milk cells has confirmed the presence of
infective viral particles in HM [81,82,84].

Hepatitis viruses
The presence of the hepatitis B virus (HBV) in HM has clearly

been demonstrated by detecting viral proteins [106–109].
HBsAg and HBeAg titers in HM samples have been found to be
lower than those in the sera, although positively correlated [107,
110]. Since the advent of molecular biology techniques, viral
DNA has been detected in both colostral whey and colostral cells.
However, a high level of viral DNA in HM does not seem to rule
out breastfeeding for fully vaccinated children [111]. Breast-
feeding from hepatitis C virus (HCV) mothers is considered safe
for infants, because only a few somewhat older papers reported
vRNA in colostral samples, albeit in significantly low levels [85,
86].

Finally, the detection of the hepatitis A virus (HAV) and
hepatitis E virus (HEV) genome in HM from women with acute
viral infections has only been documented once [87,90].

Other known or emerging viruses
Other viruses have been detected in HM, but the debate is still

open for many of them. Among the Picornaviridae members,
coxsackievirus B3 (CVB3) and echovirus 18 have been evidenced
in mothers’ milk by detecting both RNA and the infectious virus
[88,89].

Human papillomaviruses (HPV) have been searched for in
HM by means of PCR, hybridization, and sequencing. A direct
role of HPV in breast carcinogenesis is unlikely because the milk
positivity for cutaneous and mucosal HPV types is generally low
[67,112,113]. The attenuated live Rubella virus (RuV) has been
detected in breast milk from mothers after postpartum immu-
nization, but there are no studies that demonstrate the shedding
of the wild-type virus in milk [99].

Among the emerging viruses, the presence of the Ebola virus
(EBOV) in HM has been documented by detecting the vRNA and
infectious particles in cell cultures [92–94]. The viral load was
found to be lower in HM than in blood when they were tested
concomitantly, but the virus was found to persist in milk for at
least 26 d after the onset of the symptoms [95].

Among the Hantaviridae members, the Andes virus (ANDV) is
the only one that is transmitted between humans through close
contact. Ferres et al. detected the ANDV genome and proteins in
HM cells [97]. One paper has reported the detection of the chi-
kungunya virus (CHIKV), a mosquito-borne virus, in HM, by
means of RT-PCR, thus raising clinical questions [96].

The most abundant eukaryotic viruses in the human virome
belong to the Anelloviridae family, and they have been detected
in a variety of biological fluids. Among these viruses, the Torque
teno virus (TTV) has been found in breast milk [98]. Most of
abovementioned viruses are human pathogens that can be
detected in HM during an acute or latent infection of a mother.
However, the most ubiquitous and abundant viruses present in
HM are bacteriophages, which that infect the bacteria that
compose the HMmicrobioma [100]. According to Pannaraj, who
conducted a sequencing study, the dominant phage families in
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HM are Myoviridae, Siphoviridae, and Podoviridae, but the
virome pattern of HM is variable and depends on the mode of
delivery, the birth weight, and the lactational stage [101,102].

Virus Transmission through Breastfeeding
In most cases, the presence of an infectious disease in a

mother does not rule out breastfeeding. However, there are a few
specific viruses that require special consideration (Figure 2). The
data in Table 2 [14,15,50,69,114–270] indicate the viruses that
could be transmitted through breastfeeding, and the current
recommendations in force.

Retroviridae family
HIV

Mother-to-child transmission (MTCT) of HIV can occur during
pregnancy and during delivery, but also in the postpartum period
through breastfeeding. In 2015, ~150,000 new HIV infections
and 110,000 HIV-related deaths occurred globally among chil-
dren <15 y of age, with MTCT being the leading cause of new
HIV infections. Breastfeeding by an HIV-1 positive mother in-
creases the transmission risk from 4% to 22%, in addition to risk
of prenatal and perinatal transmission.

In resource-poor situations, where the complete lack of HM
can increase morbidity and mortality, there are other potential
interventions that can be adopted to limit HIV-1 MTCT. The
avoidance of breastfeeding by HIV-positive mothers should
continue in countries where an alternative source of nutrition
can easily be provided [271,272].

HIV-2 causes a clinical disease that is similar to HIV-1 infec-
tion, but which has a significantly slower progression to immune
suppression. HIV-2 transmission through HM is less common
than HIV-1 transmission, but risk of and possible factors
contributing to transmission have not yet been fully quantified.
Unless additional data become available concerning HIV-2 and
HM, it is appropriate to follow the current guidelines (reported in
Table 2) for breastfeeding related to HIV-1 infection [271,272].

HTLV
HTLV-I causes adult T-cell leukemia/lymphoma and HTLV-I

associated myelopathy or tropical spastic paraparesis related to
various other chronic conditions. HTLV-II causes at least 2 forms
of chronic ataxia. Transmission occurs through sexual contact,
from blood and blood products, and from HM. HTLV-I and -II
transmission is more frequent in breastfed infants than in
formula-fed ones. A longer period of breastfeeding is correlated
with a greater risk of HTLV-I transmission to the infant. The
complete avoidance of breastfeeding is an effective intervention
to prevent MTCT (see the current recommendations in Table 2).
Given the nature of HTLV-I and II (that is, early infection, late
onset, progressive disease, and no available therapy), it is
appropriate to emphasize prevention [273,274,292].

Herpesviridae family
HCMV

HCMV is the most common cause of congenital infections.
However, infection through HM rarely results in a significant
disease in full-term infants. The acquisition of transplacental
maternal anti-HCMV antibodies protects the full-term infants of
HCMV-positive mothers. A primary HCMV infection rarely oc-
curs in the mother during delivery and lactation, but there is an
6

increasing risk of illness in the infant due to a lack of anti-HCMV
antibodies. Susceptible infants (that is, premature infants, infants
from HCMV-seronegative mothers, and immunodeficient in-
fants) may be at a higher risk of developing a symptomatic
postnatal HCMV disease. Short-term consequences of acquired
HCMV infection in preterm infants include fever, pneumonitis,
thrombocytopenia, lymphocytosis, hepatosplenomegaly, hepa-
titis, encephalitis, and an acute sepsis-like illness. Furthermore,
infants born at a gestational age of <30 wk and of <1500 g who
acquire HCMV from HMmay be at risk of developing a late-onset
sepsis-like syndrome and may have long-term pulmonary and
neurodevelopmental morbidity, especially those with symp-
tomatic infection [302]. Two meta-analyses have examined the
rate of breast milk-acquired HCMV infections in preterm or very
low birth weight infants (VLBWi) with HCMV-seropositive
mothers. The obtained results suggest that there is a higher
HCMV infection rate in VLBWi or premature infants fed fresh HM
than in other feeding groups [275,276].

Of note, risk of HCMV infection, acquired by exposure to raw
maternal milk, was most prominent in extremely premature
newborns, born at � 25 wk’ gestation, regardless of maternally
acquired neutralizing antibody levels. Indeed, risk of acquired
viral infection for infants born at 23–24wkwas evaluated 8 times
higher compared with risk of those born at 29–30 wk [277]. The
postnatal acquisition of HCMV in VLBW premature infants may
occur from different routes that are not mutually exclusive. In
detail, possible routes of entry include transmucosal in the
oropharynx and/or nasopharynx, transjejunal via intestinal
epithelial cells, Peyer’s patches, or M-cells and transolfactory.
Among these, the transolfactory route has not been validated in
human infants but identified in murine models [303].

Summarizing, HCMV-seropositive mothers can breastfeed
full-term infants safely. However, the potential benefits of HM
versus risk of HCMV transmission should be considered carefully
when deciding whether to breastfeed very premature babies
born from mothers known to be HCMV-seropositive.

HSV
HSV-1 and HSV-2 cause severe perinatal infections and, albeit

less frequently, prenatal and postnatal infections. Certain case
reports have demonstrated the presence of HSV infections in
infants related to maternal HSV breast lesions and direct inocu-
lation of the virus from primary gingivostomatitis during
breastfeeding. Mothers with active lesions on the breast should
therefore temporarily stop breastfeeding from the affected breast
[284,285].

Breastfeeding or the use of expressed HM in the absence of
breast lesions in a mother with other signs of active HSV infec-
tion is considered appropriate, albeit with careful contact
precautions.

VZV
VZV infection causes chickenpox, as the primary infection,

and zoster or shingles as a recurrent or reactivating infection.
Only one case of suspected transmission of VZV through
breastfeeding has been reported, although there was not
adequate proof to exclude other more common modes of trans-
mission. If a mother develops varicella, breastfed and formula-
fed infants are equally at risk from close contact with her. As
there is a lack of evidence on this topic, expressed HM can be



TABLE 2
Viruses transmitted through breastfeeding

Virus family Virus Demonstrated transmission
through breastfeeding

Uncertain/ low risk of
transmission through
breastfeeding

Current recommendations References

Retroviridae HIV X High-income settings with
access to clean water and
affordable replacement
feeding (infant formula): to
not breastfeed, regardless of
ART and maternal viral load.
Resource-limited settings: to
breastfeed exclusively for the
first 6 mo of life and continue
breastfeeding for at least 12
mo, with the addition of
complementary food. These
mothers should be given ART
to reduce risk of transmission
through breastfeeding. (CDC)

[103,69,114–169,
271,272]

HTLV X Mothers should NOT
breastfeed or only feed
expressed breast milk to their
infants. (CDC)

[11,12,33,37,103,
170–190,273,274,
275,405]

Herpesviridae HCMV X There are no
recommendations against
breastfeeding by mothers
who are HCMV-seropositive.
However, infants born at a
gestational age of <30 wk
and <1500 g who acquire
HCMV from breast milk may
be at risk of developing a late-
onset sepsis-like syndrome.
The potential benefits of
human milk versus risk of
HCMV transmission should
be considered when deciding
about the breastfeeding of
very premature babies by
mothers known to be HCMV-
seropositive. (CDC)

[14,15,43–45,49,50,
52,191–221,276,277,
278–281,282,283]

HSV-1/HSV-2 X (Through
breast lesions)

Mothers with active lesions
on the breast should
temporarily stop
breastfeeding from the
affected breast (CDC)

[222–224,284,285]

VZV X Continue to breastfeed. In the
case of a potential risk of
perinatal VZV, expressed
breast milk can be given to a
newborn, if there are no skin
lesions on the breasts during
the period of the mother's
infectivity. (CDC)

[286]

Coronaviridae SARS-CoV-2 X Continue to breastfeed (CDC,
WHO, UNICEF, AMB, EMBA,
UENPS, SIN)

[73,225–230,
287–289,290,291]

Flaviviridae YFV X Vaccination is recommended,
if vaccination is indicated as
suitable for a breastfeeding
woman, and travel cannot be
avoided or postponed (WHO)

[231,232,292,293]

DENGUE X Continue to breastfeed (CDC) [75,76,233,234]
WNV X Continue to breastfeed (CDC) [235,294]
ZIKV X Continue to breastfeed

(WHO)
[79–82,236–247,295,
296]

HCV There is no documented
evidence that breastfeeding

[85,86,248–257,297]

(continued on next page)
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TABLE 2 (continued )

Virus family Virus Demonstrated transmission
through breastfeeding

Uncertain/ low risk of
transmission through
breastfeeding

Current recommendations References

X if the nipples and/or
surrounding areola are
cracked and bleeding

spreads HCV. However, HCV
is spread by infected blood.
Therefore, if the HCV-positive
mother’s nipples and/or
surrounding areola are
cracked and bleeding, she
should stop nursing
temporarily. (CDC)

Hepadnaviridae HBV X All infants born to HBV-
infected mothers should
receive hepatitis B immune
globulin and the first dose of
hepatitis B vaccine within 12
h of birth. There is no need to
delay breastfeeding until the
infant is fully immunized.
(CDC)

[107,258–264,298]

Hepeviridae HEV X Continue to breastfeed.
Women with a symptomatic
HEV infection, especially
with high viral loads of
viremia, should not
breastfeed. (Chibber, 2004)

[299]

Picornavirus HAV X Continue to breastfeed [87,265]
CBV3 X Continue to breastfeed [88]

Papillomaviridae HPV X Continue to breastfeed
(LactMed® þ Biblio)

[112,266,91]

Filoviridae EBOLA X Suspend breastfeeding
(WHO)

[92,93,95,267–269]

Hantaviridae ANDV X Continue to breastfeed [97]
Matonaviridae RuV X Continue to breastfeed

(LactMed® þ Biblio)
[99,270,300,301]

ADNV, Andes virus; CVB3, coxsackievirus B3; DENV, dengue virus; EBOV, Ebola virus; HAV, hepatitis A virus; HBV, hepatitis B virus; HCMV, human
cytomegalovirus;
HCV, hepatitis C virus; HEV, hepatitis E virus; HPV, human papilloma virus; HSV-1/HSV-2, herpes simplex virus types 1 and 2; HTLV-I/HTLV-II,
human T-lymphotropic virus; RuV, Rubella virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TTV, TT virus; VZV, varicella-
zoster virus; WNV, West Nile virus; YFV, Yellow fever virus; ZIKV, Zika virus.
Notes: references include English articles with full-text available. Clinical studies, observational studies and in vitro studies were considered.
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given to a newborn in the case of potential risk of perinatal VZV,
if there are no skin lesions on the mother’s breasts [286].

SARS-CoV-2
One of the main concerns during the current pandemic has

been connected to the safety of both asymptomatic and pauci-
symptomatic COVID19þ breastfeeding women. To date, all the
reports suggest that the vertical transmission of SARS-CoV-2 is
unlikely [287–289,304–306]. However, the possible trans-
mission of the virus, via breastfeeding, is still under debate. In a
systematic review [290], 12 out of 183 women from 48 studies
were found to be positive to the SARS-CoV-2 genome in their
breastmilk, and 6 infants from these 12 mothers tested positive
(50%) for SARS-CoV-2, although only 1 required respiratory
support.

Flaviviridae family
YFV

YFV and its protective vaccine can be transmitted through
breastmilk, although the frequency of transmission is still
unclear. YFV vaccine-associated neurologic disease is rare, but
potentially severe adverse effects have been observed following
8

immunization. The clinical manifestations of YFV infection
ranges from asymptomatic to severe, and they include jaundice
and hemorrhaging. The administration of the YFV vaccine to
breastfeeding women should be avoided, except in situations
where exposure to YFV cannot be avoided or postponed [292,
293].

DENV
DENV causes dengue fever, dengue haemorrhagic fever, and

dengue shock syndrome in infants of <1 y of age, but rarely in
neonates below 3 mo of age. There is no evidence of the trans-
mission of DENV through HM, or of a more severe form of the
disease in breastfed infants than in formula-fed infants. No
person-to-person transmission of DENVwithout amosquito vector
has been documented. Therefore, a mother with dengue disease
should continue breastfeeding as long as they are able to [75].

WNV
WNV infection leads to ~1 case of severe neurologic disease

for every 20 cases of nonspecific febrile illness and every
150–300 cases of seroconversion. Children and infants of less
than 1 y of age with an infection and clinical illness have rarely
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been reported. Transmission mainly occurs through mosquito
bites, and only 1 case of possible WNV transmission through
breastfeeding has been reported. Although this may constitute a
particular case, the absence of illness in that infant, the transient
nature of maternal viremia with WNV, and the rarity of such a
transmission event all suggest that there is no reason for a
mother to avoid breastfeeding when she is infected with WNV
[294].

ZIKV
ZIKV is generally transmitted by daytime active Aedes

mosquitoes, sexual contact, blood transfusions, and vertical
transmission. In most cases, ZIKV infection is asymptomatic. Even
though ZIKV has been detected in some HM samples, the data are
not sufficient to conclude that ZIKV is transmitted via breast-
feeding. More evidence is needed to distinguish breastfeeding
transmission from other perinatal transmission routes [295].

Hepatitis viruses
HCV

The natural course of pediatric HCV infection is characterized
by a high rate of spontaneous clearance, an asymptomatic clin-
ical course, and normal or mild histologic changes. Transmission
occurs through blood and blood products. However, the trans-
mission of HCV infection through breast milk has not yet been
proved, and the transmission rates seem similar in formula-fed
and breastfed infants. Additional controlled trials are needed to
delineate the importance of the different factors that contribute
to or limit MTCT. The CDC guidelines do not currently consider
maternal HCV infection a contraindication to breastfeeding,
although they suggest that cracked or bleeding nipples may in-
crease risk of transmission [297].

HBV
Chronic HBV infection develops in 90% of the infants who are

infected before or during birth. Transmission is primarily
through blood or body fluids. The transmission of HBV may
occur through HM, but there is no difference in the serocon-
version rates of formula-fed and breastfed infants. An appro-
priate administration of hepatitis B immunoglobulin and HBV
vaccine at birth for infants born to hepatitis B surface antigen-
positive mothers prevents transmission in more than 95% of
the cases, regardless of the mode of feeding [298].

HEV
HEV infection causes self-limiting acute hepatitis. The trans-

mission of HEV occurs primarily through the fecal–oral route.
Vertically transmitted HEV infection, via the intrauterine and
perinatal routes, is known to cause acute hepatitis in newborn
babies. Only 1 study present in the literature has demonstrated
the presence of HEV in colostrum, but the authors concluded that
there are no data to support withholding breast milk from infants
born to HEV-infected mothers [299].

HAV
The infection in infants is usually mild, and there is no evi-

dence of chronic HAV infection in infants. An infant has usually
been exposed to HAV before the mother is diagnosed. The
transmission of HAV through breast milk has only been
9

implicated in 1 case report [87]. The infant of a mother with
recently diagnosed HAV infection should receive immunoglob-
ulin and an HAV vaccine.

Other known or emerging viruses
CVB3

CVB3 can cause severe neonatal disease, and it has a high
mortality rate. Clinical manifestations of the severe forms are
generally nonspecific and sepsis-like. The infection often pro-
gresses into organ-localized syndromes, such as acute hepatitis
and myocarditis. The transmission of CVB3 from mothers to
neonates is relatively common and it can occur in the intra-
uterine, peripartum, and postpartum periods. Only in 1 case
report was CVB3 found in the mother’s milk of 2 severely
infected neonates [88].

HPV
HPV infections are common and are associated with a wide

spectrum of benign mucosal and cutaneous lesions, cancer pre-
cursors, and cancer. The MTCT of HPV is known to occur during
labor, delivery, and during breastfeeding. Although HPV infec-
tion can occur through HM, the likelihood of this happening is
very low. Moreover, maternal vaccination with the HPV vaccine
does not rule out breastfeeding [91].

EBOV
The mortality rate of EBOV infection is high in all age

groups, but it is particularly high in fetuses and neonates.
Although it is not contagious until the symptoms appear, the
transmission of EBOV occurs via contact with the body fluids,
including, but not limited to, urine, semen, saliva, sweat, and
breast milk, of people who are infected. Transmission is likely
to occur in the utero, because samples from amniotic fluid,
placentas, and fetuses have all tested positive to EBOV, with the
possibility of transmission also during delivery and breastfeed-
ing [93].

ANDV
The main route of infection in humans is through the inha-

lation of aerosolized viral particles present in contaminated ro-
dent excreta, but the virus can also be transmitted from person to
person. One case report proved the presence of ANDV in HM. A
newborn infant developed the main clinical manifestation of the
presence of ANDV, the hantavirus cardiopulmonary syndrome,
and subsequently died. The conclusion of this report was that
breastfeeding could be considered as an additional transmission
mechanism [97].

RuV
One case of neonatal rubella has been reported after post-

partum infection with a wild-type virus in a breastfed infant.
However, the infection was not proved to result from breast milk
transmission, and other routes of infection were considered to be
more likely [300]. In 1 small study on the transmission of the
RuV vaccine after maternal immunization, an infectious vaccine
virus was isolated from the nasopharynx and throat of breastfed
infants with transient seroconversion, but not from the non-
breastfed controls. None of the infants infected with the vaccine
strain developed a clinical disease [301].



TABLE 3
Antiviral compounds in HM

HM
Antiviral compound

In vitro activity In vivo
activity

Mechanism of action References

Oligosaccharides (HMOs) Norovirus, HRoV, FluV,
HIV, Calicivirus

FluV, HRoV,
Norovirus, HIV

Decoy receptor; binding
inhibition;

[307–323,360]

Glycosaminoglycans
(HM-GAGs)

HIV, RSV, HCMV, ZIKV,
USUV

/ Binding inhibition [324–327,361]

Lactoferrin (Lf) HRoV, HIV, HCMV, RSV,
HSV-1, HSV-2, HBV, HCV,
HGV, Poliovirus, ADV,
EV71, Echovirus 6, SARS-
CoV-2

HCV Inhibition of viral
adsorption and entry;
inhibitory activity toward
HIV-1 RT; binding of HCV
envelop protein;

[325,328–343,362,363]

Lactadherine HRoV HRoV Inhibition of HRV binding
to cells

[344–346,364]

Mucins HIV, poxvirus, Norwalk
virus, HRoV, SARS-CoV-2

/ MUC1 binds the DC-SIGN
receptor, blocking HIV-1
DCs infection—binding
inhibition, entry
inhibition

[343,347–351,365]

Oxysterols HRoV, HRV / / [366]
Tenascin-C (TNC) HIV-1 / Interaction with the HIV-

1 Envelope (Env) variable
3 (V3) loop

[367–369]

Lipid compounds ZIKV, HCV, VSV, HSV,
DENV, JEV

/ Virucidal activity;
alteration of the viral
envelope

[83,352–354,370]

Extracellular vesicles
(HM-EVs)

HIV, HCMV, RSV, HRoV,
ZIKV, USUV

/ Competition with HIV-1
for binding to DC-SIGN on
MDDCs; inhibition of
HCMV attachment;
inhibition of RSV and
HRoV entry

[327,355,356,371]

Secretory leucocyte
protease inhibitor
(SLPI)

HIV / / [357]

Lewis X HIV / Binding inhibition [358]
β-Lactoglobulin HIV / Partial inhibition of HIV

integrase and reverse
transcriptase activity

[339,359]

α-Lactalbumin SARS-CoV-2 / Inhibition of viral
attachment and entry

[291]

ADNV, Andes virus; ADV, Adenovirus; EV71, enterovirus 71; CVB3, coxsackievirus B3; DENV, dengue virus; EBOV, Ebola virus; FluV, influenza
virus; HAV, hepatitis A virus; HBV, hepatitis B virus; HCMW, Human cytomegalovirus; HCV, hepatitis C virus; HEV, hepatitis E virus; HGV, hepatitis
G virus; HM, human milk; HPV, human papilloma virus; HRoV, human rotavirus; HSV-1/HSV-2, Herpes simplex virus types 1 and 2; HTLV-I/HTLV-
II, human T-lymphotropic virus; JEV, Japanese encephalitis virus; RSV, respiratory syncytial virus; RuV, Rubella virus; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; TTV, TT virus; USUV, Usutu virus; VZV, Varicella-zoster virus; WNV, West Nile virus; YFV, Yellow fever virus;
ZIKV, Zika virus.
Notes: References include English articles with full-text available. In vitro and in vivo studies were considered. Only articles that have analyzed the
antiviral activity of native compounds, that is, directly extracted from HM, have been included in this study. Articles that analyzed the antiviral
properties of synthetic HM compounds or compounds modified by medicinal chemistry techniques have been excluded.
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HM Antiviral Activity
A multitude of antiviral components mediates the protective

activity of HM and others will likely be discovered in the future.
Table 3 [307–359] and Figure 3 summarize the major antiviral
compounds that have been detected in HM so far, and their
demonstrated or hypothesized mechanisms of action.

It should be pointed out that only articles that have analyzed
the antiviral activity of native compounds, i.e., directly extracted
from HM, have been included in this study. Articles that
analyzed the antiviral properties of synthetic HM compounds or
compounds modified by medicinal chemistry techniques have
been excluded.
10
Immunoglobulins and immunological factors
The direct antimicrobial action of HM is expressed through

all the different types of immunoglobulins, including secretory
IgA (SIgA) and SIgG. IgG and IgM antibodies are derived from
the maternal immune response, and an infant will therefore be
passively immunized during the period its own immune sys-
tem matures. The antibody levels reflect the infant’s needs,
and their concentrations therefore decrease within lactation. A
set of innate, multifunctional molecules also provide signifi-
cant protection against infections. Factors such as Toll-like
receptors (TLR-2 and TLR-4) provide efficient microbial
recognition, and work in synergy with the CD14 co-receptor



FIGURE 3. Mechanism of action of the antiviral components of human milk.
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and soluble CD14. Cytokines and chemokines, as well as a
variety of cells, including macrophages, T cells, stem cells, and
lymphocytes, can also be included in the list of immunologic
factors detected in HM. For a detailed discussion of HM
immunological components, the readers can refer to some
previously published and highly cited works [17,372–374]. In
the current review, we decided to focus on the less investi-
gated HM aspecific antiviral components. Nevertheless,
considering the most recent literature, special attention should
be paid to the anti-SARS-CoV-2 immune components in HM.
Sixty-one out of 89 women from 10 studies showed
anti-SARS-CoV-2 antibodies in their milk, predominantly IgA
[290], and a second systematic review [291] that summarized
data from 161 lactating mothers with COVID-19 infection re-
ported that, despite a mild or asymptomatic form of the dis-
ease, most mothers produced detectable SARS-CoV-2 specific
antibodies in their milk, thus suggesting that breastmilk has
the ability to neutralize SARS-CoV-2 activity. In addition, it
has been reported that SARS-CoV-2 antibodies in HM remain
detectable for at least 10 mo after infection [375]. Finally,
only a few studies have investigated the antibody response of
HM following mRNA vaccination [375–379]. Mothers who
received SARS-CoV-2 mRNA vaccines [377,378] showed a
robust secretion of IgA, IgM, and IgG in their milk against this
virus for up to 6 wk after the vaccination. However, the
composition and neutralization activity of the HM antibody
differ between COVIDþ lactating mothers and vaccinated
ones. Infection is associated with a highly variable
IgA-dominant response, whereas vaccination is associated with
an IgG-dominant response [379].
11
Nonimmunological components of HM endowed
with antiviral properties
Oligosaccharides and polysaccharides

Human milk oligosaccharides (HMOs) are multifunctional
and complex carbohydrates (3–15 units), and they represent the
third largest class of HM components, after lactose and lipids.
Their concentrations vary between 5–20 g/L. More than 200
HMO structures have been identified, with some maternal fac-
tors, such as genetics and the stage of lactation, determining the
amount and composition of HMO. Each oligosaccharide is built
on a lactose backbone, is expanded by the addition of galactose,
N-acetylglucosamine, fucose, or sialic acid, and is branched and
elongated in different ways to generate ~200 different structures
[380,381]. HM-glycosaminoglycans (HM-GAGs) are another
major class of complex carbohydrates in HM. They are highly
sulfated, complex, linear polysaccharides constituted by
repeating disaccharidic units, which are present in HM as a
complex mixture made up of chondroitin sulfate/dermatan sul-
fate, heparan sulfate/heparin, and a minor percentage of hyal-
uronic acid [382]. Quantitative analyses have shown that their
concentrations vary between term and preterm mothers and
decrease with lactation. HM collected at 30–45 d postpartum
from healthy full-termmothers has been found to contain 0.4 g/L
of total GAGs [382,383].

Both HMOs and HM-GAGs have been shown to exert antiviral
activity against numerous viruses of pediatric clinical relevance,
and the antiviral efficacy of HMOs has also been demonstrated in
in vivo models (see Table 3). Despite HMOs having been studied
more than HM-GAGs, it has emerged that both components share
certain characteristics regarding their antiviral mechanism of
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action: they act as soluble decoy receptors or as competitive in-
hibitors to inhibit the attachment of viruses to cells. This
mechanism has mostly been attributed to their complex chemical
structure and their glycan moieties, which are similar to the
glycans on the host cell surface.

Because HMOs have a similar structure to the mucin (MUC)
glycans found on the mucosal layer, they can act as soluble de-
coys, that is, by binding to viruses and preventing their early
attachment to cells, or they can exert an indirect action, that is,
binding and masking the receptors on the epithelial cell surface,
thus avoiding the initiation of viral infection [381]. Similar
mechanisms have been proposed for HM-GAGs. Indeed, heparan
sulfate proteoglycans (HSPGs), common attachment receptors
for different viral pathogens [4–6], are composed of a core
protein that is covalently linked to heavily sulfated GAG chains,
which can result in competition with HM-GAGs for binding to
viral particles. Weichert et al. [360] demonstrated, through
X-ray crystallography, that 2 HMOs, that is, 20-fucosyllactose and
3-fucosyllactose, bound the receptor pockets onto the norovirus
capsid, through the structural mimicry of histo-blood group an-
tigens, which are essential binding factors for norovirus in-
fections. Similarly, our group previously demonstrated in vitro,
that HM-GAGs are endowed with significant anti-HCMV and
anti-respiratory syncytial virus (RSV) activities, and that they are
able to alter the binding of a virus to a cell. We showed that the
fast-moving heparin is the most active GAG, and that viral in-
hibition by individual HM-GAGs depends on a specific structural
configuration of the GAG [361]. Interestingly, both HMOs and
HM-GAGs can reach the intestinal lumen undigested, thus indi-
cating that they are not part of the nutritive components of HM
and underlying their role as essential bioactive factors [384,
385].

The potential antiviral action of HM-GAGs against SARS-CoV-
2 has recently been hypothesized, but an in vitro and/or in vivo
demonstration is still lacking [386,387].

Lactoferrin
Lactoferrin (Lf) is a highly conserved glycoprotein that be-

longs to the transferrin family, which is able to reversibly
chelate 2 Fe(III) per molecule with high affinity. It is secreted
by glandular epithelial cells and by neutrophils. The highest
levels (~8 mg/mL) are found in human colostrum, although it
is also present, albeit at lower levels, in mature milk (~3 mg/
mL) in most exocrine secretions, and in the secondary granules
of mature neutrophils. Lf is endowed with significant antimi-
crobial properties in vitro against bacterial, naked, and envel-
oped viruses (see Table 3). It has emerged that LF mainly acts
by binding to HSPGs on the surface of the host cell, thereby
reducing viral attachment and any subsequent viral entry, or by
binding directly to viral proteins to inhibit viral adsorption on
target cells or interfering with the intracellular transport of the
virus and intercepting the delivery of viral genomes to the
cytoplasm. In addition, Lf has shown the ability to inhibit viral
enzymes, such as HIV-1 RT. Despite the antiviral activity of Lf
having been well-characterized in vitro, very little evidence is
available from in vivo models or clinical trials. Interestingly,
Briana et al. [388], who considered the Lf concentration in HM
during SARS-CoV-2 infection, found that symptomatic mothers
displayed lower Lf concentrations than asymptomatic mothers
and healthy controls, thus suggesting that the concentration of
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this whey protein may be modulated by viral infections, and
underlying its potential role as an in vivo antiviral agent.
However, another recent study on HCMV has found no corre-
lation between the HCMV load in milk and the Lf concentration,
or no major difference in the Lf concentration in the milk of
transmitting and nontransmitting women. To the best of our
knowledge, only 1 report has suggested that HTLV-1 infection
may be able to induce the expression of Lf in a paracrine
manner in the lactic compartment, thus indicating that a mutual
interaction between HTLV-1 and Lf would benefit from the
milk-borne transmission of this virus [362]. Finally, lactoferri-
cin, a pepsin-digested Lf derivative, has also shown in vitro
antiviral activity against SARS-CoV-2, HIV, HSV-1, HSV-2, and
HCMV [363,389–393].

Extracellular vesicles (HM-EVs)
HM-EVs consist of lipid bilayer-enclosed vesicles that display

a heterogeneous size, ranging from 50 to 200 nm, and which are
secreted by breast epithelial cells, HM-macrophages, and lym-
phocytes. EVs can generally be taken up by other cells in which
they release their molecular cargo (for example, miRNA, mRNA,
RNAs, enzymes, and signaling proteins) and they play a role in
intercellular signaling, the immune response, stem cell differ-
entiation, the neuronal function, and tissue regeneration [394].
Recent publications have reported antiviral properties of
HM-EVs against both viruses of pediatric clinical relevance and
emerging viruses (see Table 3). These studies described a
mechanism of competition between HM-EVs and viruses for
cell-attachment and/or cell-entry. N€aslund et al. [371] reported
that HM-exosomes (a specific subclass of cell-derived EVs), bind
monocyte-derived dendritic cells (MDDCs) via DC-SIGN, thus
preventing HIV-1 infection and its subsequent transfer to CD4þ
T cells. In a previous work of ours, we demonstrated that HM-EVs
impair the attachment of HCMV to cells. In addition, the prote-
omic analysis of the EV surfaceome revealed a contribution of
immune components (IgA, C9, and C3 proteins) to antiviral ac-
tivity and identified several proteins which, with their glyco-
moieties, seem to play a crucial role in the interference
mechanism between HCMV and the host cells [395]. In a later
work, we also demonstrated that HM-EVs affect the entry of RSV
and HRoV into the host cell through a mechanism that remains
unclear from the molecular point of view. Some researchers have
shown that HM-exosomes are long-lasting in vivo and that they
accumulate in the intestinal mucosa, spleen, liver, heart, or brain
when administered orally or intravenously to mice and pigs, thus
also suggesting a potential antiviral action at distant body sites
[396,397].

Mucins
MUC are large glycoproteins that consist of 50% of carbohy-

drates (most of which are O-linked) that are detected in a variety
of biofluids in which they confer viscosity proportionally to their
concentration. Among the various MUC subtypes, MUC1 and
MUC4 are abundant in HM (420 μg/mL, primarily within milk
fat globules) and have shown antiviral activity against HIV,
HRoV, poxvirus, and Norwalk virus (see Table 3) [364,398].
Their action is related to their sialylated residues, which are very
similar to those of the cell membrane and allow them to bind the
virus and trap it, thereby preventing cell infection. Their mech-
anism of action has been well-characterized against HIV. Saeland
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et al. [365] demonstrated that epithelial mucin MUC1 efficiently
binds to the DC-SIGN HIV receptor of dendritic cells (DCs), thus
blocking the interaction of the HIV-1 gp120 glycoprotein with
DC and preventing the DC-SIGN-mediated transmission of HIV-1
from DCs to CD4þ T cells. Indeed, the O-linked glycans within
the MUC domain are known to contain Lewis X structures that
are explicitly recognized by DC-SIGN, thereby allowing MUC1 to
act as a competitive inhibitor. In addition, it is possible to
speculate that MUC plays an indirect antiviral role in deter-
mining the increasing viscosity of HM that has been observed for
maternal infections by ZIKV [296]. Nevertheless, the antiviral
activity of MUC remains to be demonstrated through in vivo
models.

Lipids
HM lipids are the second largest class of HM components after

lactose. They are present in large vesicles and consist of tri-
acylglycerols surrounded by a phospholipid membrane. After
infant digestion, monoglycerides and free fatty acids are pro-
duced, and they have been suggested to be endowed with anti-
viral action, depending on their length, degree of saturation, and
presence of active radicals. To date, only a few studies have
focused on the antiviral activity of free fatty acids in HM
(Table 3), and they have shown, in vitro, that their action against
enveloped viruses is time and storage-condition dependent.
These studies generally indicated that the milk fat globule
membrane (MFGM) is altered upon refrigeration, thus exposing
the triglyceridic core to milk lipases and determining a time-
dependent production of free fatty acids. The latter would then
alter the integrity of the viral envelope, by destroying the viral
particle. Interestingly, recent studies have investigated the lipid
content in HM considering the mother’s infections. Gardner et al.
[399] showed that some changes take place in the fatty acid
composition of HM in response to cold-like symptoms, and
Mabaya et al. [400] reported deficiencies in breast milk omega-3
fatty acids in HIV-infected women. Overall, these studies clearly
suggested a potential involvement of HM lipid components in the
protection of infants against infection.

Other antiviral components
Oxysterols. Oxysterols are cholesterol oxidation derivatives

that can be detected in human blood circulation. 25-hydroxy-
cholesterol (25OHC) and 27-hydroxycholesterol (27OHC) are
known to be endowed with a broad spectrum of antiviral ac-
tivities [366]. However, only one report [366] has indicated
their presence in HM to date, and has shown that 25OHC,
27OHC, and 24S-hydroxycholesterol are detectable at all the
different stages of lactation, with a remarkable peak of 27OHC
in colostrum (126 μg/L for 27OHC, 11 μg/L for 24OHC, and 9
μg/L for 25OHC). Antiviral assays have revealed that colostrum
contains a concentration of 27OHC, which has been able to
inhibit HRoV and HRV in vitro, thus suggesting that a passive
transfer of this molecule to an infant via breastfeeding might be
protective.

Tenascin C. Tenascin C (TNC) is a large, hexameric, extra-
cellular matrix glycoprotein that is involved in fetal development
and wound healing, and which is found in HM and genital fluids.
HM-TNC has been associated with the anti-HIV activity of this
biofluid, and it is known to contribute to the previously
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described phenomenon. It has been found that more than 90% of
infants exposed to HIV-1 via breastfeeding remain uninfected.
Fouda et al. [367] demonstrated that TNC neutralizes HIV-1
variants by binding HIV-1 envelope protein (Env) to a site that
is induced upon engagement of its primary receptor, CD4. Sub-
sequently, Mangan et al. [368] showed that this anti-HIV activity
is dependent on the TNC fibrinogen-like globe and
fibronectin-type III domains, oligomerization, and the glycan
structure, and they also identified critical Env V3 residues.
Despite this in vitro evidence, Mansour et al. [369], in 2016,
found that that an endogenous TNC concentration in mucosal
fluids may be inadequate to block HIV-1 transmission in vivo.

Lactadherine. Few reports are available about the antiviral
activity of lactadherine, an MFGM glycoprotein that has been
detected in a concentration of ~70 μg/mL in an HM sample
[364]. In that work, its antiviral action against HRoV (Table 3),
through a mechanism that involves the inhibition of viral bind-
ing to cells, was demonstrated in vitro.

Secretory Leucocyte Protease Inhibitor (SLPI), Lewis X anti-
gen, α-Lactalbumin and β-Lactoglobulin have been included in
Table 3, despite the lack of information about their antiviral
activity. However, it should be underlined that numerous studies
have reported that the antiviral activity and the spectrum of
action of α-lactalbumin and β-lactoglobulin can be enhanced by
specific chemical modifications of the native compound.

HM Pasteurization and Storage Methods
The impact of pasteurization and storage methods on the viral
load and detectable live viruses in HM

Already back in 1979, Holder pasteurization (HoP) was
described as being able to reduce contamination in HM by
pathogenic bacteria and viruses, and that it decreased the con-
centration and activity of HM protective factors [401]. Later,
Goldblum et al. [402] demonstrated that heating HM at 72�C
for 5–15 s could eliminate HCMV, whereas many of the
immunological and nutritional components were preserved.
Deodhar et al. showed that freezing (5 d at �20�C) HM was not
sufficient to eradicate microorganisms. Hamprecht et al. [403]
have recently compared 3 different HM treatments for the
eradication of HCMV: 1) freezing (�20�C over a period of 18
h–10 d), 2) HoP (62.5�C for 30 min), and 3) a new
high-temperature short-time (HTST) pasteurization treatment
(72�C for 5–10 s). Both of the thermal treatments were able to
eliminate viral infectivity, whereas the freezing treatment pre-
served the vRNA.

Other studies have found that freezing HM reduces infec-
tivity, but it does not completely prevent viral transmission [110,
278–281,404–406]. Donalisio et al. [407] have recently
confirmed that HM freezing partially reduces the viral concen-
tration and that HoP also reduces the biological antiviral
component contents in the milk.

However, many studies [282,283,408–413] have demon-
strated that the storage of HM at �20�C for more than 3 d re-
duces the HCMV titer by 78%–99%, and that storage for more
than 7 d reduces HCMV infectivity by 90%–100%.

Microwave and UV-C radiation processing have also been
used successfully to prevent HCMV transmission. [414–417].

These contradicting results may depend on the different
viral loads in the HM before the treatment and on different



R. Francese et al. Advances in Nutrition xxx (xxxx) xxx
characteristics of the considered infants. A low viral load, a heavy
weight, and an advanced gestational age minimize the chances of
infection, thus even making frozen milk (from 3 to 7 d) safe.

It has recently been demonstrated that HTST pasteurization
(72�C for 10 s) is effective in eradicating bacteria- and lipid-
enveloped viruses [418]. Klotz et al. [419] showed that HTST
inactivated HCMV in HM samples, but it was not as effective as
standard HoP. Bapistella et al. [420] demonstrated that the
reduction in the transmission rate in very preterm infants is
similar for HoP and HTST pasteurization. Maschmann et al.
[421]. found that very short-term low-temperature (VSTLT)
pasteurization (62�C for 5 s) was effective in inactivating HCMV
[422]. It has also been found that a variant of HoP (30 min at
60�C) is able to eradicate HCMV [423].

Consistent evidence on the heat instability of HIV-1 in culture
media and body fluids, including HM, has indicated that the
pasteurization of breastmilk inactivates HIV-1 [424]. In 2001,
Jeffery et al. [425] described pretoria pasteurization as a method
by which HIV-infected women could express and pasteurize their
breastmilk in a domestic setting. Flash heating, which involves
heating HM in a water bath up to 100 �C, and immediately
cooling it to 37.0�C [426], seems to be effective in reducing HIV
infectivity, although the domestic nature of these methods
makes it difficult to draw unambiguous conclusions (211).
Hoque et al. [427] have recently demonstrated that heating milk
at 65�C for 5 s (VSTLT) in a pan over a stove inhibits HIV
transmission and helps to retain the key nutritional elements of
the milk.

Ando et al. [428–430] demonstrated that HTLV transmission
was prevented by freezing HM overnight. Hamilton Spence et al.
[431] demonstrated that the HoP procedure eradicated EBOV
and MARV inoculated into donor HM [432]. Donalisio et al.
[433] verified that the HoP procedure eliminated both high-risk
and low-risk HPV from donor HM. de Oliveira et al. [434] proved
that HoP was not able to eliminate HBV infectious from HM, thus
TABLE 4
Impact of pasteurization and storage methods on the inactivation of viruse

Virus Inactivation method Effic

HCMV HoP (60–62.5�C for 30 min) þ
HTST (72�C for 5–15 s) þ
Freezing (�20�C, for 3–7 d) þ/¡
Microwave (500 W, 40–60 s) þ/¡
UV-C radiation þ
VSTLTP (62�C for 5 s) þ

HIV HoP (62.5�C for 30 min) þ
Domestic Pretoria Pastorization
(56-62.5�C for 10–15 min)

þ/�

Domestic flash heating (up to
100�C and immediate cooling at 37�C)

þ/¡

Domestic VSTLTP (62�C for 5 s) þ/�
HTLV Freezing (�20�C, overnight) þ
EBOV and MARV HoP (62.5�C for 30 min) þ
HPV HoP (62.5�C for 30 min) þ
HBV HoP (62.5�C for 30 min) �
SARS-CoV-2 HoP (62.5�C for 30 min) þ

þ, total inactivation; þ/�, partial inactivation; �, not active; nd, not deter
HBV, hepatitis B virus; HCMV, human cytomegalovirus; HM, human mil
MARV, Marburg virus; SARS-CoV-2, severe acute respiratory syndrome cor
Notes: References include English articles with full-text available. In vitro
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supporting the recommendation for serologic screening for HBV
in HM Banks.

In the last 2 y, many studies performed on SARS-CoV-2 have
revealed that when control samples that were spiked with the
replication-competent SARS-CoV-2 virus were treated with HoP,
no replication-competent virus or vRNA was detectable [72,
435–438]. Table 4 [439,440] and Figure 4 schematically sum-
marize the analyzed viral inactivation methods.

Impact of pasteurization and storage methods on the antiviral
action of HM

In 1993, Brüssow et al. [441] demonstrated that the anti-
rotavirus activity of HMwas maintained after heating at 80�C for
10min. Orloff et al. [423] suggested that the inactivating activity
of HIV-1 was not removed by the pasteurization process, whereas
Giles et al. [442] reported that both a heat treatment at 60 �C for
30 min and HoP significantly reduced the IgA, LF, lysozyme,
vitamin C and B6 contents. Chantry et al. [443], in 2012,
considering HIV-positive mothers in developing countries,
demonstrated that flash heating protocols could preserve most of
the IgA and IgG in HM, and suggested that this method could be
immunologically better than boiling milk or using breastmilk
substitutes. Verd et al. [444], demonstrated that the antibodies
against VZV in HM are stable, even after 12 mo at �20�C, and
that the oral administration of immunoglobulin can provide
passive immunity as it is resistant to proteolytic digestion.

Pfaender et al. [370] and Conzelmann et al. [445] showed
that pasteurized or stored HM, but not fresh HM, was able to
inactivate ZIKV, and that this effect seems to be dependent on the
free fatty acids released by milk lipases. Conzelmann et al. found
that the antiviral activity was in the fat-containing cream frac-
tion of HM and resulted in the destruction of the structural
integrity of viral particles.

In 2018, Donalisio et al. [407] showed that HM treated by
means of HTST preserved its antiviral activity against HCMV,
s in HM and on the milk value

acy Preservation of
the milk value

References on efficacy

þ/¡ [110,395,278–280,402,403,404,405,
282,283,408–412,418–420,422,439]þ/¡

þ
nd [414,415]
nd [416,417]
þ [421]
nd [423]
nd [424,440]

þ/� [425,426]

þ [427]
nd [428–430]
nd [431,432]
nd [433]
nd [434]
nd [72,435–438]

mined; EBOV, Ebola virus;
k; HPV, human papilloma virus; HTLV, human T-lymphotropic virus;
onavirus 2.
and in vivo studies were considered.



FIGURE 4. Overview of human milk pasteurization processes.
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RSV, HRoV, and HSV-2, whereas HTST and HoP both reduced
the antiviral activity against HRV and HSV-1 to a great extent
Unexpectedly, they found that HoP can even improve the
anti-HRoV activity in HM, but, overall, HTST was better at pre-
serving the biological properties of HM. The anti-HCMV activity
of colostrum has resulted to be reduced to a great extent by HoP
[395].

In 2021, Perez et al. [446] demonstrated that pasteurization
did not affect IgG or the neutralizing activity against SARS-CoV-2,
but it did affect the IgM and IgA levels). Moreover, donor milk
from vaccinated mothers seemed to retain IgG and its neutral-
izing activity. Francese et al. [361] with the aim of elucidating
different mechanisms, other than immunoglobulin-mediated one,
demonstrated that HM glycosaminoglycans could contribute to
the overall antiviral activity of HM by exerting a synergic action
with other antiviral agents, and that there was no reduction after
a HoP treatment

Van Keulen et al. [447] confirmed that, after HoP, the total
anti-SARS-CoV-2 IgA levels decreased, whereas HM maintained
its neutralization capacity after a high-pressure pasteurization
(HPP) treatment. Kothari et al. [448] observed that HPP-treated
milk maintained an anti-HCMV activity that was comparable
with that of raw milk and HoP milk.

Discussion and Conclusion

Considering the high frequency of the detection of viral
pathogens in HM and, at the same time, the plethora of antiviral
factors, what is reasonable to conclude? Is breast milk a biofluid
that transmits viruses or protects against their infection?
15
The following concepts can be highlighted from the consid-
ered literature:

- From a long list of viruses, only viral nucleic acids have been
detected in HM till now; among these, just a few viruses have
shown the ability to replicate in a cell culture (Table 1). The
detection of viral components and/or infected cells in HM
may be a consequence of an effective viral replication in this
biofluid in the mammary gland or, alternatively, may reflect
an origin from the vascular compartment with the spreading
of viruses/infected cells to the mammary gland or milk.

- HCMV, HIV, HTLV, and EBOV are the only viruses for which
an MTCT through breastfeeding has been demonstrated, but
the rate of transmission, especially for HIV and HCMV, is
generally lower than expected. Transmission through HM is
rare or still uncertain for most other viruses. Demonstrating
that HM is the route of transmission of clinically relevant viral
pathogens is in fact a challenging task in the neonatal period,
and it requires the exclusion of other potential and/or highly
effective routes of transmission.

- Several antiviral components, which are still partially undis-
covered, mediate the protective activity of HM. The most
frequent antiviral mechanism of action is the inhibition of the
early stages of viral replication. These HM components are
frequently endowed with the ability to bind viral or cellular
receptors, thus preventing virus binding and blocking entry
into the host cell. Most of the conducted studies have been
performed in vitro, and the specific in vivo antiviral action of
numerous compounds still remains to be validated. In addi-
tion, we have observed that the antiviral activity of the
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reported biofactors is usually partial, that is, they are not able
to completely inhibit a viral infection. This suggests that they
may cooperate in mediating an antiviral action in HM.

- Although it has clearly been stated that the antiviral proper-
ties of HM are inactivated by extreme heating, conflicting
evidence has emerged on the pasteurization effect (HoP and
HTST). Several studies on HIV and HCMV have shown that
freezing reduces the infectivity of HM, but it does not
completely prevent viral transmission. However, pasteuriza-
tion is able to inactivate these pathogens. Only a few studies
have been published on the other viruses.

Overall, the knowledge on the potential transmission of viral
pathogens though breastfeeding and on the antiviral properties
of HM is currently at an advanced stage. Nevertheless, further
studies are needed to clarify risk/benefit ratio of breastfeeding
for some known or emerging maternal infections and to analyze
how the bioactive components cooperate in mediating the anti-
viral action of HM. The current evidence suggests that, in most
cases, it is unnecessarily to deprive an infant of this high-quality
nourishment and that the continuation of breastfeeding is in the
best interest of the infant and the mother.
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