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Abstract

The infant immune response to respiratory syncytial virus (RSV) remains

incompletely understood. A neonatal mouse model of RSV infection mimics severe

infection in human infants and have shed light on key immunological distinctions that

explain disease severity and impaired immune responses in the youngest. Early

activation of innate immunity, type 1 interferon dominated pathways (e.g. IFN alpha),

followed by pathways involved in B cell proliferation and maturation that lead to

antibody production have gained interest in recent years. Here, we review the role for

age-specific immune responses and IgA production in mediating protection against RSV

infection and draw comparisons (when possible) to human infants.

ABBREVIATIONS

RSV: Respiratory Syncytial Virus; DC: Dendritic Cells; pDC:
plasmacitoyd Dendritic Cells; IgA: Immunoglobulin A; BAFF: B
Cell Activating Factor; BAFF-R: B Cell Activating Factor-Receptor;
IFN: Interferon

INTRODUCTION

Respiratory syncytial virus (RSV) is the leading viral
respiratory pathogen in infants [1]. The global burden of this
disease is estimated at 64 million cases and 160,000 deaths
annually [2]. Yearly in the USA, it is responsible for 85,000 to
144,000 infant hospitalizations [2]. The highest risk of RSV-
related hospitalization occurs in infants less than 3 months
of life, while the majority of RSV-related hospitalizations will
occur in the first year of life [3,4]. Healthcare costs are estimated
at US$365-585 million per year, and the economic impact, in
relation to days lost from work, is greater than that of influenza
[5]. Mortality rates from RSV in infants are 9 times higher than
influenza in this age group [6].

Risk factors associated with severe RSV disease include
preterm birth, immunodeficiency, and chronic lung or heart
disease [7]. However, the most powerful risk factor for severe

RSV is young chronological age [8]. Most severe RSV disease is in
infants (<1 year of age) [6,9]. Increased disease severity in young
infants could be due to: 1) structural immaturity of the lung and/
or smaller airway size of infants [10] and/or 2) immaturity of the
immune system in infants [11,12].

There are numerous differences in the immune responses of
infants and adults [13,14], including reduced numbers of innate
and adaptive immune cells capable of responding to pathogens.

Evidence suggests that early inflammatory and immune
events characteristic of the “innate” host response at the mucosal
level are crucial in determining the outcome ofacute RSV infection,
as well as, its long-term consequences (asthma and recurrent
wheezing) [15,16]. Approximately 60 RSV vaccine candidates
are currently in development [17]. Adult host response to
vaccination often appears to center on early activation of innate,
type 1 interferon dominated pathways (e.g. IFN-a), followed by
pathways involved in B cell proliferation and maturation that
leads to the production of protective antibodies [18]. For both
of these pathways, substantial age-dependent differences appear
to exist and very little is known about the mucosal immune
response capabilities at young ages [18]. Understanding these
key immunological pathways in the context of RSV natural
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infection in an age relevant manner can immediately translate in
vaccine design and future vaccination strategies by recognizing
key mediators of the immune response against RSV. Here, we
discuss the mucosal immune response against RSV infection and
propose a mechanism that could explain, in part, the role of age in
impaired mucosal immunity.

Ontogeny of mucosal immune system

The mucosal immune system functions as a first line of
physical and immunological defense against invading pathogens
[19]. Components of the mucosal asscociated lymphoid tissue
(MALT) include the gut associated lymphoid tissue (GALT; e.g.
Peyer’s patches), bronchus associated lymphoid tissue (BALT)
and nasal associated lymphoid tissue (NALT). These tissues serve
to protect mucosal epithelial surfaces from ingested or inhaled
pathogens/antigens mainly through the secretion of IgA directly
onto mucosal epithelial surfaces [19].

The structures of the mucosal immune system are fully
developed in utero by 28 weeks gestation, but in the absence
of intrauterine infection, activation does not occur until after
birth [20]. Maternal and perinatal environmental factors
have a profound influence on expression of local immunity at
mucosal sites [21]. At birth, the mucosal immune system of a
healthy neonate is naive, and is rapidly stimulated by bacterial
colonization of the gut and external surfaces [21]. Thus, the
predominant activities in MALT, and most likely but less studied
NALT and BALT, after birth involve proliferative responses to
environmental challenge rather than primary lymphopoiesis [20].
Maturation of the mucosal immune system and establishment of
protective immunity varies between individuals but is usually
fully developed in the first year of life, irrespective of gestational
age at birth [20]. However, mucosal compartments achieve
adult levels of effector activities more slowly than systemic
compartments [21].

The first 12 months of life is a critical period in which mucosal
immunity is required to ensure survival. It is paradoxical that
mucosal immune maturation is delayed relative to systemic
immunity. Although the cellular apparatus is in place at birth and
mucosal antibodies [22] are detected within 1 month in 97% of
the normal population [23], a functional deficit persists for some
time. Longitudinal studies in children indicate that the switch from
producing monomeric IgA to secretory IgA in saliva, an indicator
of maturation of mucosal secretory immunity, occurs at widely
varying times in the first 12 months [24]. Understanding the
different factors that influence the mucosal immune system early
in life and its response to infections is a critical step in moving
forward with designing and implementing mucosal vaccines
for pediatric patients. Animal models have proven valuable in
understanding RSV pathogenesis; however, the majority of these
studies have been performed using adult animal models and it is
unclear how accurately data derived from these models reflect
human disease [25]. A mouse model of neonatal RSV infection,
which recapitulates many of the pathologies associated with RSV
infection in infants, has gained interest. Mice infected as neonates
(aged < 7 days) develop long-term ‘asthma’ characterized by
increased airway hypersensitivity, mucus hyperproduction, Th2
cytokine and cellular responses and airway remodeling [25].
Although it is unclear what Th2-biased immunopathologies upon

RSV reinfection mean, these models strengthen the importance
of the age of initial infection of RSV, which is considered one of
the greatest risk factors for severe RSV infection and long-term
wheezing [26]. It is also important to take such comparisons
between human and mouse with caution given that infants
are defined by chronolical age rather than immunology
characteristics and that the mouse is not fully permissive for
RSV. However, evidence suggest that overall, the first year of life
can be considered a critical period where there is constant and
dynamic interaction between the mucosal immune system and
the environment that leads to a fully matured immune response.

Role of maternal antibodies

RSV infections and hospitalization in children occur mainly
during the first year of life in the presence of maternal antibodies.
It is clear that maternal vaccination during pregnancy is a safe
and effective strategy to protect infants against numerous
infections including tetanus, diphtheria, and influenza [27].
However, recent data suggest that they may also interfere with
the development of a systemic and humoral immune response to
natural infections or even vaccination responses in the offspring
[28-30]. Though the effect of maternal antibodies on mucosal
immune responses to RSV has not been fully explored, we do
know that maternal RSV-neutralizing antibodies are efficiently
transferred transplacentally to the newborn [31,32]. Beyond this
fact, the data appear to disagree. For example, there is evidence
that higher cord blood RSV antibody titers protect against
serologic infection [33] and other evidence that the presence
of maternal IgG antibodies to RSV suppresses the infant serum
IgA antibody response to RSV [28]. Since maternal vaccination
to protect the infant against RSV is a realistic intervention that is
currently being developed, it is clear that our understanding of
the role of maternal antibodies on the infant immune response to
RSV needs further exploration [34].

Dendritic cell maturation and Type 1 interferon

Dendritic cells (DCs) represent a family of professional
antigen presenting cells that have the capacity to induce antigen-
specific T- and B-cell responses [35]. Efficient priming of T and
B cell responses is dependent on full maturation of DCs, which
is evoked by the recognition of specific pathogen-associated
molecular patterns by pathogen recognition receptors including
TLRs [36].

Two broad groups of DC subtypes can be distinguished:
conventional DCs (cDCs) and plasmacytoid DCs (pDCs) [25,37].
The latter employ TLR7 and TLR9 to recognize single-stranded
viral RNA, such as RSV [38]. Neonatal cDCs are approximately
50% as efficient as adult cDCs at producing TNF- in response LPS;
and pDCs produce insufficient type I interferon (IFN) responses
compared to adult pDCs [13,39]. The latter is critical, since type |
IFN has antiviral activity and stimulates the innate and adaptive
immune system by participating in antibody production at
multiple stages, including modulation of plasma cell formation
[40,41] and development of germinal centers during viral
infection [42].

Two nonstructural proteins of RSV, NS1 and NS2, are known
to suppress IFN production [43, 44]. On the other hand RSV
induces high level expression of IFN-f in cultures of various
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human respiratory epithelial cells and fibroblasts [45,46]. RSV
also induces high levels of IFN-« in different subsets of dendritic
cells [47-49]. Interestingly, adult mice produce significantly
higher amount of IFN- upon RSV infection when compared to
neonates [50] suggesting that while RSV can suppress type |
IFNs, there is something different in the IFN response between
neonates/infants and adults.

IFNa treatment or adoptive transfer of adult pDCs, capable
of inducing IFNa, prior to neonatal RSV infection decreases
Th2-biased immunopathogenesis, reduces viral load and down
regulates IL4Ra on Th2 cells during RSV reinfection, highlighting
an age dependent key role on mucosal immunity against RSV
[50]. Remot et al., described two major deficiencies in neonatal
lung innate responses of mouse infected with RSV: poor DC
mobilization and weak engagement of the type I IFN pathway
[51]. Administration of FIt3 ligand (FIt3-L), a growth factor that
stimulates the proliferation of hematopoietic cells, to neonates
before RSV-infection, resulted in increased lung DC number,
and reconditioned the type I IFN pathway in neonates upon
infection with RSV. Furthermore, these mice were protected
from exacerbated airway disease upon adult reexposure to RSV
by reorientation of RSV-specific responses toward Th1-mediated
immunity [51].

RSV and IgA class switching: T cell dependent IgA
class switching (CD40/CD40L) and T cell independent
(BAFF/APRIL)

IgA class-switch recombination (CSR) is induced by both T
cell-dependent (TD) and independent (TI) pathways. DC-primed
Th cells upregulate CD40L and differentiate to Th effector cells
producing cytokines that define their Th subset (Th1, Th2, Th17,
etc). In the TD pathway, CD40 ligand on Th cells stimulates CD40
on B cells. B-cell class switching to IgA also requires IL- 10 and
transformer growth factor beta (TGF-a). In the TI pathway, B
cells are activated through B cell-activating factor of the TNF
family (BAFF), a proliferation-inducing ligand (APRIL), and
cytokines such as IL-10 and cytokines such as IL-10 and TGF-a.

Differences in T cells between neonates and adults may
contribute to defects in TD pathways of IgA production. T
cells from infant umbilical cord blood express lower levels of
CD40L than adult peripheral blood [52]. Reduced CD40/CD40L
interactions in RSV infection of infants could contribute to poor
antibody responses. In fact, an RSV vaccine achieved higher IgA
titers in serum and increased frequency of antibody-producing
cells when CD40L was added [53]. There is evidence that infants
can mount TI responses to RSV. Human airway epithelial cells
(AEC) produce BAFF in response to RSV infection in vitro,
suggesting arole for TI antibody responses to RSV in the lung [54].
Additionally, BAFF localize to infected respiratory epithelium
of lungs from infants with fatal bronchiolitis [55]. However,
this may not be enough to induce long lasting mucosal immune
response, because when compared to adults the BAFF/BAFF-R
systems is severely impaired. BAFF-R is expressed at reduced
levels in the very young and reduced expression of BAFF-R is
associated with decreased B cell survival [56]. B cells from human
preterm neonates expressed less BAFF-R compared with adult B
cells and had significantly less proliferation compared with adult

B cells after stimulation with human recombinant BAFF [57].
Furthermore, BAFF or APRIL was unable to induce IgA/IgG/IgM
secretion from newborn B lymphocytes in vitro [56].

Mucosal IgA antibodies and RSV protection

Human IgA (IgA1 and IgA2) is found predominantly in blood
and mucosal secretions. At birth, the frequency of IgA1- and IgA2-
bearing B cells is equivalent [13]. Subsequently, a preferential
expansion of the IgA1-bearing cell population occurs [13]. Serum
concentrations remain <35 % of those in adults for the first two
years of life [13]. Despite relative antigenic stability, infections
with RSV occur throughout life. Substantial effort has focused
on determining correlates and/or mediators of protection
against RSV disease. Current vaccine candidates seek to induce
high levels of RSV-specific serum neutralizing antibodies, which
are associated with reduced RSV-related hospitalization rates.
However, these may not actually prevent infection. In fact, both
mucosal IgA and IgG have been shown to correlate better with
RSV protection than serum antibodies in both infants and adults
implying that mucosal and serum antibodies are independent
co-correlates of protection against RSV infection [58,59] and
highlighting the importance of mucosal humoral response
against RSV. In the adult human challenge model, the level of
virus replication and the magnitude of the subsequent antibody
response are inversely correlated with the level of nasal secretory
neutralizing antibody prior to infection [60]. RSV-specific nasal
IgA correlates significantly more strongly with protection from
polymerase chain reaction-confirmed infection than serum
neutralizing antibody [61] and higher nasal immunoglobulin
(Ig) A predicts lower infectivity and lower measures of viral
replication [58]. Furthermore, low RSV-specific nasal IgA is an
independently significant risk factor for RSV infection [62].

Age-related differences in mucosal IgA concentrations have
not been extensively measured, butitis likely critical as a firstline
of defense against RSV at its point-of-entry in the human nasal
respiratory epithelial tissues [63-65]. McIntosh et al showed a
role of age in the capacity to develop antibody in secretions while
studying the the immunologic response to infection with RSV
in infants [66]. They noticed a significant difference in the IgA
antibody response to RSV between infants younger or older than
twomonths.Scottetal found thatIgA wasthe onlyimmunoglobulin
consistently present at a detectable concentration in respiratory
secretions of infants after RSV primary infection and that the
neutralizing activity against RSV was shown to be due to specific
IgA antibody [67]. Murphy et al analyzed the serum and secretory
immune responses of 18 infants and children, 4 to 21 months of
age, who underwent primary infection with RSV [68] and found
that younger infants failed to develop a rise in serum or nasal-
wash neutralizing antibody. This failure to achieve high titers of
antibodies following primary infection likely plays some role in
their subsequent susceptibility to reinfection.

DISCUSSION & CONCLUSION

Although there is comprehensive data on the role of age
and immune responses against RSV, many questions remain
unanswered: First, what are the mechanisms responsible for
protection against RSV? Are mucosal antibodies, specifically
IgA, protective? Are mucosal IgA antibody responses affected
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by the infant’s inability to induce pDCs and/or produce type
I IFNs? If so, is there role for the BAFF/BAFF-R pathway? Age
relevant mouse models have provided a significant amount
of mechanistic data about the longitudinal development of
immune responses to RSV; however, caution needs to be taken
when extrapolating data from mouse models to the human due
to the semi-permissive nature of hRSV in mice, the differences
in immunological responses between mice and humans, and
the differences in lung anatomy. Thus, human studies remain
essential to validate/confirm mouse studies. Based on the
limitations of the existing data, we propose an overall model
of how age influences the mucosal immune humoral response
to RSV infection (Figure 1). In this model, RSV is recognized by
TLRs in pDC. Primary early viral infection in infants, but not
adults, results in insufficient production of type I IFN (e.g o/f)
which results in less mature DCs and lack of direct stimulation of
B cells. Evidence from age relevant mouse models confirms that
DC maturation and type [ IFN pathways are impaired in neonates
and yet are critical for an appropriate local immune response
against RSV. From the literature, we extrapolate that immature
DCs fail to secrete sufficient quantities of BAFF (B-cell activating
factor) a key mediator on B cell activation and class switching
immunoglobulin expression, responsible for stimulating B cells
via its receptor BAFF-R (B-cell activating factor-receptor). This,
leads to decreased production of IgA resulting in a hampered
humoral mucosal immune response. In addition, differences
in T cells between neonates and adults with reduced of CD40/
CD40L interactions in RSV infection of infants may contribute to
defects in TD pathways of IgA production and contribute to poor
antibody responses. Finally, low levels of nasal IgA correlate with
higher viral replication and poor protection against RSV. These
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Figure 1 Proposed model for the effect of age on mucosal IgA production
upon RSV infection. Primary early viral infection in infants (red), but not adults

BAFF

(green), results in insufficient production of type I IFN (i.e IFN /f), which results
in less mature DCs and lack of direct stimulation of B cells. In addition, immature
DCs fail to secrete sufficient quantities of BAFF (B-cell activating factor), which
is responsible for stimulating B cells via its receptor BAFF-R (BAFF -receptor)
leading to impaired production of IgA. In addition, differences in T cells between
neonates and adults may contribute to defects in TD pathways of IgA production.
These contribute to poor antibody responses resulting in a hampered humoral
mucosal immune response. Solid lines represent what is known. Dashed lines
represent hypothetical/extrapolated connections based on literature.

differences may account, in part, for the age dependent immune
response against RSV and the increased susceptibility of the
youngest to severe infection.

FUNDING INFORMATION

This work was supported by grants from The Institute for
Research, Innovation, Synergy and Health Equity at University
of Tennessee (iRISE) to DRH and from NIH (R01AI090059,
RO1ES015050, and P42ES013648) to SAC.

ACKNOWLEDGEMENTS

We apologize to those whose work could not be cited here
due to length restrictions.

REFERENCES

1. Hall CB, Simées EA, Anderson LJ. Clinical and epidemiologic features
of respiratory syncytial virus. Curr Top Microbiol Immunol. 2013;
372:39-57.

2. Hall CB, Weinberg GA, Iwane MK, Blumkin AK, Edwards KM, Staat
MA, et al. The burden of respiratory syncytial virus infection in young
children. N Engl ] Med. 2009; 360: 588-598.

3. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA, Singleton R], et al.
Global burden of acute lower respiratory infections due to respiratory
syncytial virus in young children: a systematic review and meta-
analysis. Lancet. 2010; 375: 1545-1555.

4. Stein RT, Bont L], Zar H, Polack FP, Park C, Claxton A, et al. Respiratory
syncytial virus hospitalization and mortality: Systematic review and
meta-analysis. Pediatr Pulmonol. 2016.

5. Fleming DM, Elliot AJ], Cross KW. Morbidity profiles of patients
consulting during influenza and respiratory syncytial virus active
periods. Epidemiol Infect. 2007; 135: 1099-1108.

6. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Anderson
L], et al. Mortality associated with influenza and respiratory syncytial
virus in the United States. JAMA. 2003; 289: 179-186.

7. Groothuis JR, Gutierrez KM, Lauer BA. Respiratory syncytial virus
infection in children with bronchopulmonary dysplasia. Pediatrics.
1988; 82: 199-203.

8. Wang EE, Law BJ, Stephens D. Pediatric Investigators Collaborative
Network on Infections in Canada (PICNIC) prospective study of
risk factors and outcomes in patients hospitalized with respiratory
syncytial viral lower respiratory tract infection. ] Pediatr. 1995; 126:
212-219.

9. Boyce TG, Mellen BG, Mitchel EF Jr, Wright PF, Griffin MR. Rates of
hospitalization for respiratory syncytial virus infection among
children in medicaid. ] Pediatr. 2000; 137: 865-870.

10.Hislop AA, Haworth SG. Airway size and structure in the normal fetal
and infant lung and the effect of premature delivery and artificial
ventilation. Am Rev Respir Dis. 1989; 140: 1717-1726.

11.Forster ], Streckert HJ, Werchau H. The humoral immune response of
children and infants to an RSV infection: its maturation and association
with illness. Klin Padiatr. 1995; 207: 313-316.

12.Wilczynski ], Lukasik B, Torbicka E, Tranda I, Brzozowska-Binda A.
The immune response of small children by antibodies of different
classes to respiratory syncytial virus (RSV) proteins. Acta Microbiol
Pol. 1994; 43: 369-379.

13.Lewis D, Wilson C. Developmental Immunology and role of host
defenses and neonatal susceptibility to Infection, in Infectious
Diseases of the Fetus and Newborn Infant. Elsevier Inc.

JSM Allergy Asthma 2(1): 1006 (2017)

4/6


http://www.ncbi.nlm.nih.gov/pubmed/24362683
http://www.ncbi.nlm.nih.gov/pubmed/24362683
http://www.ncbi.nlm.nih.gov/pubmed/24362683
http://www.ncbi.nlm.nih.gov/pubmed/19196675
http://www.ncbi.nlm.nih.gov/pubmed/19196675
http://www.ncbi.nlm.nih.gov/pubmed/19196675
https://www.ncbi.nlm.nih.gov/pubmed/20399493
https://www.ncbi.nlm.nih.gov/pubmed/20399493
https://www.ncbi.nlm.nih.gov/pubmed/20399493
https://www.ncbi.nlm.nih.gov/pubmed/20399493
https://www.ncbi.nlm.nih.gov/pubmed/27740723
https://www.ncbi.nlm.nih.gov/pubmed/27740723
https://www.ncbi.nlm.nih.gov/pubmed/27740723
https://www.ncbi.nlm.nih.gov/pubmed/17291381
https://www.ncbi.nlm.nih.gov/pubmed/17291381
https://www.ncbi.nlm.nih.gov/pubmed/17291381
http://www.ncbi.nlm.nih.gov/pubmed/12517228
http://www.ncbi.nlm.nih.gov/pubmed/12517228
http://www.ncbi.nlm.nih.gov/pubmed/12517228
https://www.ncbi.nlm.nih.gov/pubmed/3399292
https://www.ncbi.nlm.nih.gov/pubmed/3399292
https://www.ncbi.nlm.nih.gov/pubmed/3399292
https://www.ncbi.nlm.nih.gov/pubmed/7844667
https://www.ncbi.nlm.nih.gov/pubmed/7844667
https://www.ncbi.nlm.nih.gov/pubmed/7844667
https://www.ncbi.nlm.nih.gov/pubmed/7844667
https://www.ncbi.nlm.nih.gov/pubmed/7844667
http://www.ncbi.nlm.nih.gov/pubmed/11113845
http://www.ncbi.nlm.nih.gov/pubmed/11113845
http://www.ncbi.nlm.nih.gov/pubmed/11113845
http://www.ncbi.nlm.nih.gov/pubmed/2604298
http://www.ncbi.nlm.nih.gov/pubmed/2604298
http://www.ncbi.nlm.nih.gov/pubmed/2604298
http://www.ncbi.nlm.nih.gov/pubmed/8569131
http://www.ncbi.nlm.nih.gov/pubmed/8569131
http://www.ncbi.nlm.nih.gov/pubmed/8569131
http://www.ncbi.nlm.nih.gov/pubmed/7740987
http://www.ncbi.nlm.nih.gov/pubmed/7740987
http://www.ncbi.nlm.nih.gov/pubmed/7740987
http://www.ncbi.nlm.nih.gov/pubmed/7740987

Cormier et al. (2017)
Email: scormier@uthsc.edu

@SCil\/ledCentrai

14.Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive immunity
comes of age. Nat Rev Immunol. 2004; 4: 553-564.

15.Régnier SA, Huels J. Association between respiratory syncytial virus
hospitalizations in infants and respiratory sequelae: systematic
review and meta-analysis. Pediatr Infect Dis ]. 2013; 32: 820-826.

16.El Saleeby CM, Li R, Somes GW, Dahmer MK, Quasney MW, DeVincenzo
JP. Surfactant protein A2 polymorphisms and disease severity in a
respiratory syncytial virus-infected population. ] Pediatr. 2010; 156:
409-414.

17.Roberts N, Graham BS, Karron RA, Munoz FM, Falsey AR, Anderson
LJ, et al. Challenges and opportunities in RSV vaccine development:
Meeting report from FDA/NIH workshop. Vaccine. 2016; 34: 4843-
4849.

18.Kollmann TR, Marchant A. Towards Predicting Protective Vaccine
Responses in the Very Young. Trends Immunol. 2016; 37: 523-534.

19.Kiyono H, Fukuyama S. NALT- versus Peyer’s-patch-mediated mucosal
immunity. Nat Rev Immunol. 2004; 4: 699-710.

20.Husband A], Gleeson M. Ontogeny of mucosal immunity--
environmental and behavioral influences. Brain Behav Immun. 1996;
10: 188-204.

21.Gleeson M, Cripps AW, Clancy RL. Modifiers of the human mucosal
immune system. Immunol Cell Biol. 1995; 73: 397-404.

22.Brandtzaeg P, Nilssen DE, Rognum TO, Thrane PS. Ontogeny of the
mucosal immune system and IgA deficiency. Gastroenterol Clin North
Am. 1991; 20: 397-439.

23.Gleeson M, Cripps AW, Clancy RL, Hensley M], Dobson A], Firman DW.
Breast feeding conditions a differential developmental pattern of
mucosal immunity. Clin Exp Immunol. 1986; 66: 216-222.

24.Cripps AW, Gleeson M, Clancy RL. Molecular characteristics of IgA in
infant saliva. Scand ] Immunol. 1989; 29: 317-324.

25.Cormier SA, You D, Honnegowda S. The use of a neonatal mouse model
to study respiratory syncytial virus infections. Expert Rev Anti Infect
Ther.2010; 8: 1371-1380.

26.You D, Saravia ], Siefker D, Shrestha B, Cormier SA. Crawling with
Virus: Translational Insights from a Neonatal Mouse Model on the
Pathogenesis of Respiratory Syncytial Virus in Infants. ] Virol. 2015;
90: 2-4.

27.Englund JA, Mbawuike IN, Hammill H, Holleman MC, Baxter BD, Glezen
WP. Maternal immunization with influenza or tetanus toxoid vaccine
for passive antibody protection in young infants. J Infect Dis. 1993;
168: 647-656.

28.Murphy BR, Alling DW, Snyder MH, Walsh EE, Prince GA, Chanock
RM, et al. Effect of age and preexisting antibody on serum antibody
response of infants and children to the F and G glycoproteins during
respiratory syncytial virul infection. J Clin Microbiol. 1986; 24: 894-
898.

29.Guzman-Bautista ER, Garcia-Ruiz CE, Gama-Espinosa Al, Ramirez-
Estudillo C, Rojas-Gomez OI, Vega-Lopez MA. Effect of age and
maternal antibodies on the systemic and mucosal immune response
after neonatal immunization in a porcine model. Immunology. 2014;
141: 609-616.

30.J6nsdottir 1. Maturation of mucosal immune responses and influence
of maternal antibodies. ] Comp Pathol. 2007; 137 Suppl 1: S20-26.

31.Munoz FM, Piedra PA, Glezen WP. Safety and immunogenicity of
respiratory syncytial virus purified fusion protein-2 vaccine in
pregnant women. Vaccine. 2003; 21: 3465-3467.

32.Englund J, Glezen WP, Piedra PA. Maternal immunization against viral

disease. Vaccine. 1998; 16: 1456-1463.

33.Chu HY, Steinhoff MC, Magaret A, Zaman K, Roy E, Langdon G, et al.
Respiratory syncytial virus transplacental antibody transfer and
kinetics in mother-infant pairs in Bangladesh. ] Infect Dis. 2014; 210:
1582-1589.

34.Munoz FM. Respiratory syncytial virus in infants: is maternal
vaccination a realistic strategy? Curr Opin Infect Dis. 2015; 28: 221-
224,

35.Guilliams M, Lambrecht BN, Hammad H. Division of labor between lung
dendritic cells and macrophages in the defense against pulmonary
infections. Mucosal Immunol. 2013; 6: 464-473.

36.Liu J. Dendritic Cell, Toll-Like Receptor, and The Immune System.
Cancer Mol. 2006; 2: 213-215.

37.Steinman RM. Decisions about dendritic cells: past, present, and
future. Annu Rev Immunol. 2012; 30: 1-22.

38.Tel ], van der Leun AM, Figdor CG, Torensma R, de Vries IJ. Harnessing
human plasmacytoid dendritic cells as professional APCs. Cancer
Immunol Immunother. 2012; 61: 1279-1288.

39.Lambrecht BN, Hammad H. Lung dendritic cells in respiratory viral
infection and asthma: from protection to immunopathology. Annu Rev
Immunol. 2012; 30: 243-270.

40.Coro ES, Chang WL, Baumgarth N. Type I IFN receptor signals directly
stimulate local B cells early following influenza virus infection. ]
Immunol. 2006; 176: 4343-4351.

41.Jego G, Palucka AK, Blanck JP, Chalouni C, Pascual V, Banchereau
J. Plasmacytoid dendritic cells induce plasma cell differentiation
through type I interferon and interleukin 6. Immunity. 2003; 19: 225-
234.

42.Zhu ], Huang X, Yang Y. Type I IFN signaling on both B and CD4 T cells
is required for protective antibody response to adenovirus. ] Immunol.
2007;178:3505-3510.

43.Bossert B, Marozin S, Conzelmann KK. Nonstructural proteins NS1 and
NS2 of bovine respiratory syncytial virus block activation of interferon
regulatory factor 3.] Virol. 2003; 77: 8661-8668.

44.Spann KM, Tran KC, Chi B, Rabin RL, Collins PL. Suppression of the
induction of alpha, beta, and lambda interferons by the NS1 and NS2
proteins of human respiratory syncytial virus in human epithelial cells
and macrophages [corrected]. ] Virol. 2004; 78: 4363-4369.

45.Garofalo R, Mei F, Espejo R, Ye G, Haeberle H, Baron S, et al. Respiratory
syncytial virus infection of human respiratory epithelial cells up-
regulates class I MHC expression through the induction of IFN-beta
and IL-1 alpha. ] Immunol. 1996; 157: 2506-2513.

46.Jamaluddin M, Wang S, Garofalo RP, Elliott T, Casola A, Baron S, et al.
IFN-beta mediates coordinate expression of antigen-processing genes
in RSV-infected pulmonary epithelial cells. Am ] Physiol Lung Cell Mol
Physiol. 2001; 280: L248-257.

47.Guerrero-Plata A, Casola A, Suarez G, Yu X, Spetch L, Peeples ME, et
al. Differential response of dendritic cells to human metapneumovirus
and respiratory syncytial virus. Am ] Respir Cell Mol Biol. 2006; 34:
320-329.

48.Wang H, Peters N, Schwarze |. Plasmacytoid dendritic cells limit viral
replication, pulmonaryinflammation,and airway hyperresponsiveness
in respiratory syncytial virus infection. ] Immunol. 2006; 177: 6263-
6270.

49.Hornung V, Schlender ], Guenthner-Biller M, Rothenfusser S, Endres
S, Conzelmann KK, et al. Replication-dependent potent IFN-alpha
induction in human plasmacytoid dendritic cells by a single-stranded
RNA virus. ] Immunol. 2004; 173: 5935-5943.

JSM Allergy Asthma 2(1): 1006 (2017)

5/6


http://www.ncbi.nlm.nih.gov/pubmed/15229474
http://www.ncbi.nlm.nih.gov/pubmed/15229474
https://www.ncbi.nlm.nih.gov/pubmed/23518824
https://www.ncbi.nlm.nih.gov/pubmed/23518824
https://www.ncbi.nlm.nih.gov/pubmed/23518824
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/Psychiatry/V4/4.5/I/v
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/Psychiatry/V4/4.5/I/v
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/Psychiatry/V4/4.5/I/v
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/Psychiatry/V4/4.5/I/v
http://www.ncbi.nlm.nih.gov/pubmed/27566900
http://www.ncbi.nlm.nih.gov/pubmed/27566900
http://www.ncbi.nlm.nih.gov/pubmed/27566900
http://www.ncbi.nlm.nih.gov/pubmed/27566900
http://www.ncbi.nlm.nih.gov/pubmed/27344245
http://www.ncbi.nlm.nih.gov/pubmed/27344245
http://www.ncbi.nlm.nih.gov/pubmed/15343369
http://www.ncbi.nlm.nih.gov/pubmed/15343369
http://www.ncbi.nlm.nih.gov/pubmed/8954593
http://www.ncbi.nlm.nih.gov/pubmed/8954593
http://www.ncbi.nlm.nih.gov/pubmed/8954593
http://www.ncbi.nlm.nih.gov/pubmed/8595916
http://www.ncbi.nlm.nih.gov/pubmed/8595916
http://www.ncbi.nlm.nih.gov/pubmed/1917020
http://www.ncbi.nlm.nih.gov/pubmed/1917020
http://www.ncbi.nlm.nih.gov/pubmed/1917020
http://www.ncbi.nlm.nih.gov/pubmed/3802573
http://www.ncbi.nlm.nih.gov/pubmed/3802573
http://www.ncbi.nlm.nih.gov/pubmed/3802573
http://www.ncbi.nlm.nih.gov/pubmed/2717880
http://www.ncbi.nlm.nih.gov/pubmed/2717880
http://www.ncbi.nlm.nih.gov/pubmed/21133663
http://www.ncbi.nlm.nih.gov/pubmed/21133663
http://www.ncbi.nlm.nih.gov/pubmed/21133663
http://www.ncbi.nlm.nih.gov/pubmed/26446604
http://www.ncbi.nlm.nih.gov/pubmed/26446604
http://www.ncbi.nlm.nih.gov/pubmed/26446604
http://www.ncbi.nlm.nih.gov/pubmed/26446604
http://www.ncbi.nlm.nih.gov/pubmed/8354906
http://www.ncbi.nlm.nih.gov/pubmed/8354906
http://www.ncbi.nlm.nih.gov/pubmed/8354906
http://www.ncbi.nlm.nih.gov/pubmed/8354906
http://www.ncbi.nlm.nih.gov/pubmed/3771779
http://www.ncbi.nlm.nih.gov/pubmed/3771779
http://www.ncbi.nlm.nih.gov/pubmed/3771779
http://www.ncbi.nlm.nih.gov/pubmed/3771779
http://www.ncbi.nlm.nih.gov/pubmed/3771779
https://www.ncbi.nlm.nih.gov/pubmed/24754050
https://www.ncbi.nlm.nih.gov/pubmed/24754050
https://www.ncbi.nlm.nih.gov/pubmed/24754050
https://www.ncbi.nlm.nih.gov/pubmed/24754050
https://www.ncbi.nlm.nih.gov/pubmed/24754050
http://www.ncbi.nlm.nih.gov/pubmed/17559864
http://www.ncbi.nlm.nih.gov/pubmed/17559864
http://www.ncbi.nlm.nih.gov/pubmed/12850361
http://www.ncbi.nlm.nih.gov/pubmed/12850361
http://www.ncbi.nlm.nih.gov/pubmed/12850361
http://www.ncbi.nlm.nih.gov/pubmed/9711788
http://www.ncbi.nlm.nih.gov/pubmed/9711788
http://www.ncbi.nlm.nih.gov/pubmed/24903663
http://www.ncbi.nlm.nih.gov/pubmed/24903663
http://www.ncbi.nlm.nih.gov/pubmed/24903663
http://www.ncbi.nlm.nih.gov/pubmed/24903663
http://www.ncbi.nlm.nih.gov/pubmed/25918956
http://www.ncbi.nlm.nih.gov/pubmed/25918956
http://www.ncbi.nlm.nih.gov/pubmed/25918956
http://www.ncbi.nlm.nih.gov/pubmed/23549447
http://www.ncbi.nlm.nih.gov/pubmed/23549447
http://www.ncbi.nlm.nih.gov/pubmed/23549447
https://www.researchgate.net/publication/26552470_Dendritic_Cell_Toll-Like_Receptor_and_The_Immune_System
https://www.researchgate.net/publication/26552470_Dendritic_Cell_Toll-Like_Receptor_and_The_Immune_System
http://www.ncbi.nlm.nih.gov/pubmed/22294456
http://www.ncbi.nlm.nih.gov/pubmed/22294456
http://www.ncbi.nlm.nih.gov/pubmed/22294456
http://www.ncbi.nlm.nih.gov/pubmed/22224777
http://www.ncbi.nlm.nih.gov/pubmed/22224777
http://www.ncbi.nlm.nih.gov/pubmed/22224777
https://www.ncbi.nlm.nih.gov/pubmed/16547272
https://www.ncbi.nlm.nih.gov/pubmed/16547272
https://www.ncbi.nlm.nih.gov/pubmed/16547272
http://www.ncbi.nlm.nih.gov/pubmed/12932356
http://www.ncbi.nlm.nih.gov/pubmed/12932356
http://www.ncbi.nlm.nih.gov/pubmed/12932356
http://www.ncbi.nlm.nih.gov/pubmed/12932356
http://www.ncbi.nlm.nih.gov/pubmed/17339445
http://www.ncbi.nlm.nih.gov/pubmed/17339445
http://www.ncbi.nlm.nih.gov/pubmed/17339445
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/CardiothoracicSurgery/V2/2.1/I/v
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/CardiothoracicSurgery/V2/2.1/I/v
file:///H:/xampp/htdocs/JSCIMED/SciMed/Articles/CardiothoracicSurgery/V2/2.1/I/v
https://www.ncbi.nlm.nih.gov/pubmed/15047850
https://www.ncbi.nlm.nih.gov/pubmed/15047850
https://www.ncbi.nlm.nih.gov/pubmed/15047850
https://www.ncbi.nlm.nih.gov/pubmed/15047850
https://www.ncbi.nlm.nih.gov/pubmed/8805651
https://www.ncbi.nlm.nih.gov/pubmed/8805651
https://www.ncbi.nlm.nih.gov/pubmed/8805651
https://www.ncbi.nlm.nih.gov/pubmed/8805651
http://www.ncbi.nlm.nih.gov/pubmed/11159003
http://www.ncbi.nlm.nih.gov/pubmed/11159003
http://www.ncbi.nlm.nih.gov/pubmed/11159003
http://www.ncbi.nlm.nih.gov/pubmed/11159003
https://www.ncbi.nlm.nih.gov/pubmed/16284360
https://www.ncbi.nlm.nih.gov/pubmed/16284360
https://www.ncbi.nlm.nih.gov/pubmed/16284360
https://www.ncbi.nlm.nih.gov/pubmed/16284360
https://www.ncbi.nlm.nih.gov/pubmed/17056556
https://www.ncbi.nlm.nih.gov/pubmed/17056556
https://www.ncbi.nlm.nih.gov/pubmed/17056556
https://www.ncbi.nlm.nih.gov/pubmed/17056556

Cormier et al. (2017)
Email: scormier@uthsc.edu

@Scﬂ\/ledCentra‘i

50.Cormier SA, Shrestha B, Saravia ], Lee GI, Shen L, DeVincenzo
JP, et al. Limited type I interferons and plasmacytoid dendritic
cells during neonatal respiratory syncytial virus infection permit
immunopathogenesis upon reinfection. ] Virol. 2014; 88: 9350-9360.

51.Remot A, Descamps D, Jouneau L, Laubreton D, Dubuquoy C, Bouet S,
etal. Flt3 ligand improves the innate response to respiratory syncytial
virus and limits lung disease upon RSV reexposure in neonate mice.
Eur ] Immunol. 2016; 46: 874-884.

52.Nonoyama S, Penix LA, Edwards CP, Lewis DB, Ito S, Aruffo A, et al.
Diminished expression of CD40 ligand by activated neonatal T cells. ]
Clin Invest. 1995; 95: 66-75.

53.Harcourt JL, Brown MP, Anderson L], Tripp RA. CD40 ligand (CD154)
improves the durability of respiratory syncytial virus DNA vaccination
in BALB/c mice. Vaccine. 2003; 21: 2964-2979.

54.McNamara PS, Fonceca AM, Howarth D, Correia ]B, Slupsky JR, Trinick
RE, et al. Respiratory syncytial virus infection of airway epithelial
cells, in vivo and in vitro, supports pulmonary antibody responses by
inducing expression of the B cell differentiation factor BAFF. Thorax.
2013; 68: 76-81.

55.Reed JL, Welliver TP, Sims GP, McKinney L, Velozo L, Avendano L, et al.
Innate immune signals modulate antiviral and polyreactive antibody
responses during severe respiratory syncytial virus infection. J Infect
Dis. 2009; 199: 1128-1138.

56.Kanswal S, Katsenelson N, Selvapandiyan A, Bram R], Akkoyunlu M.
Deficient TACI expression on B lymphocytes of newborn mice leads to
defective Ig secretion in response to BAFF or APRIL. ] Immunol. 2008;
181:976-990.

57.Kaur K, Chowdhury S, Greenspan NS, Schreiber JR. Decreased
expression of tumor necrosis factor family receptors involved in
humoral immune responses in preterm neonates. Blood. 2007; 110:
2948-2954.

58.Bagga B, Cehelsky JE, Vaishnaw A, Wilkinson T, Meyers R, Harrison
LM, et al. Effect of Preexisting Serum and Mucosal Antibody on
Experimental Respiratory Syncytial Virus (RSV) Challenge and
Infection of Adults. ] Infect Dis. 2015; 212: 1719-1725.

Cite this article

59.Vissers M, Ahout IM, de Jonge MI, Ferwerda G. Mucosal IgG Levels
Correlate Better with Respiratory Syncytial Virus Load and
Inflammation than Plasma IgG Levels. Clin Vaccine Immunol. 2015;
23:243-245.

60.Mills ] 5th, Van Kirk JE, Wright PF, Chanock RM. Experimental
respiratory syncytial virus infection of adults. Possible mechanisms
of resistance to infection and illness. ] Immunol. 1971; 107: 123-130.

61.Habibi MS, Jozwik A, Makris S, Dunning ], Paras A, DeVincenzo ]P,
et al. Impaired Antibody-mediated Protection and Defective IgA
B-Cell Memory in Experimental Infection of Adults with Respiratory
Syncytial Virus. Am ] Respir Crit Care Med. 2015; 191: 1040-1049.

62.Walsh EE, Falsey AR. Humoral and mucosal immunity in protection
from natural respiratory syncytial virus infection in adults. ] Infect Dis.
2004; 190: 373-378.

63.Underdown BJ, Schiff JM. Immunoglobulin A: strategic defense
initiative at the mucosal surface. Annu Rev Immunol. 1986; 4: 389-
417.

64.DeVincenzo JP, Wilkinson T, Vaishnaw A, Cehelsky ], Meyers R, Nochur
S, et al. Viral load drives disease in humans experimentally infected
with respiratory syncytial virus. Am ] Respir Crit Care Med. 2010; 182:
1305-1314.

65.Cerutti A, Chen K, Chorny A. Immunoglobulin responses at the mucosal
interface. Annu Rev Immunol. 2011; 29: 273-293.

66.McIntosh K, Masters HB, Orr I, Chao RK, Barkin RM. The immunologic
response to infection with respiratory syncytial virus in infants. |
Infect Dis. 1978; 138: 24-32.

67.Scott R, Gardner PS. The local antibody response to R.S. virus infection
in the respiratory tract. ] Hyg (Lond). 1974; 72: 111-120.

68.Murphy BR, Graham BS, Prince GA, Walsh EE, Chanock RM, Karzon
DT, et al. Serum and nasal-wash immunoglobulin G and A antibody
response of infants and children to respiratory syncytial virus F and G
glycoproteins following primary infection. J Clin Microbiol. 1986; 23:
1009-1014.

Hijano DR, Siefker D, You D, Cormier SA (2017) Understanding the Importance of Mucosal Immunity in Mediating Protection against RSV Infection: A Role for Age

and IgA Production. JSM Allergy Asthma 2(1): 1006.

JSM Allergy Asthma 2(1): 1006 (2017)

6/6


http://www.ncbi.nlm.nih.gov/pubmed/24920801
http://www.ncbi.nlm.nih.gov/pubmed/24920801
http://www.ncbi.nlm.nih.gov/pubmed/24920801
http://www.ncbi.nlm.nih.gov/pubmed/24920801
http://www.ncbi.nlm.nih.gov/pubmed/26681580
http://www.ncbi.nlm.nih.gov/pubmed/26681580
http://www.ncbi.nlm.nih.gov/pubmed/26681580
http://www.ncbi.nlm.nih.gov/pubmed/26681580
http://www.ncbi.nlm.nih.gov/pubmed/7814647
http://www.ncbi.nlm.nih.gov/pubmed/7814647
http://www.ncbi.nlm.nih.gov/pubmed/7814647
http://www.ncbi.nlm.nih.gov/pubmed/12798640
http://www.ncbi.nlm.nih.gov/pubmed/12798640
http://www.ncbi.nlm.nih.gov/pubmed/12798640
mailto:https://www.ncbi.nlm.nih.gov/pubmed/23002173
mailto:https://www.ncbi.nlm.nih.gov/pubmed/23002173
mailto:https://www.ncbi.nlm.nih.gov/pubmed/23002173
mailto:https://www.ncbi.nlm.nih.gov/pubmed/23002173
mailto:https://www.ncbi.nlm.nih.gov/pubmed/23002173
mailto:https://www.ncbi.nlm.nih.gov/pubmed/19278337
mailto:https://www.ncbi.nlm.nih.gov/pubmed/19278337
mailto:https://www.ncbi.nlm.nih.gov/pubmed/19278337
mailto:https://www.ncbi.nlm.nih.gov/pubmed/19278337
http://www.ncbi.nlm.nih.gov/pubmed/18606649
http://www.ncbi.nlm.nih.gov/pubmed/18606649
http://www.ncbi.nlm.nih.gov/pubmed/18606649
http://www.ncbi.nlm.nih.gov/pubmed/18606649
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17634409
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17634409
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17634409
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17634409
http://www.ncbi.nlm.nih.gov/pubmed/25977264
http://www.ncbi.nlm.nih.gov/pubmed/25977264
http://www.ncbi.nlm.nih.gov/pubmed/25977264
http://www.ncbi.nlm.nih.gov/pubmed/25977264
http://www.ncbi.nlm.nih.gov/pubmed/26656116
http://www.ncbi.nlm.nih.gov/pubmed/26656116
http://www.ncbi.nlm.nih.gov/pubmed/26656116
http://www.ncbi.nlm.nih.gov/pubmed/26656116
http://www.ncbi.nlm.nih.gov/pubmed/5091954
http://www.ncbi.nlm.nih.gov/pubmed/5091954
http://www.ncbi.nlm.nih.gov/pubmed/5091954
http://www.ncbi.nlm.nih.gov/pubmed/25730467
http://www.ncbi.nlm.nih.gov/pubmed/25730467
http://www.ncbi.nlm.nih.gov/pubmed/25730467
http://www.ncbi.nlm.nih.gov/pubmed/25730467
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15216475
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15216475
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15216475
http://www.ncbi.nlm.nih.gov/pubmed/3518747
http://www.ncbi.nlm.nih.gov/pubmed/3518747
http://www.ncbi.nlm.nih.gov/pubmed/3518747
http://www.ncbi.nlm.nih.gov/pubmed/20622030
http://www.ncbi.nlm.nih.gov/pubmed/20622030
http://www.ncbi.nlm.nih.gov/pubmed/20622030
http://www.ncbi.nlm.nih.gov/pubmed/20622030
http://www.ncbi.nlm.nih.gov/pubmed/21219173
http://www.ncbi.nlm.nih.gov/pubmed/21219173
http://www.ncbi.nlm.nih.gov/pubmed/355574
http://www.ncbi.nlm.nih.gov/pubmed/355574
http://www.ncbi.nlm.nih.gov/pubmed/355574
http://www.ncbi.nlm.nih.gov/pubmed/4206147
http://www.ncbi.nlm.nih.gov/pubmed/4206147
mailto:https://www.ncbi.nlm.nih.gov/pubmed/3754878
mailto:https://www.ncbi.nlm.nih.gov/pubmed/3754878
mailto:https://www.ncbi.nlm.nih.gov/pubmed/3754878
mailto:https://www.ncbi.nlm.nih.gov/pubmed/3754878
mailto:https://www.ncbi.nlm.nih.gov/pubmed/3754878

	Understanding the Importance of Mucosal Immunity in Mediating Protection against RSV Infection: A Ro
	Abstract
	Abbreviations
	Introduction
	Ontogeny of mucosal immune system 
	Role of maternal antibodies 
	Dendritic cell maturation and Type 1 interferon 
	RSV and IgA class switching: T cell dependent IgA class switching (CD40/CD40L) and T cell independen
	Mucosal IgA antibodies and RSV protection 

	Discussion & Conclusion 
	Acknowledgements
	References
	Figure 1

