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Respiratory syncytial virus (RSV) is the leading cause of childhood hospitalizations
due to bronchiolitis in children under 5 years of age. Moreover, severe RSV disease
requiring hospitalization is associated with the subsequent development of
wheezing and asthma. Due to the young age in which viral protection is needed
and risk of vaccine enhanced disease following direct infant vaccination, current
approaches aim to protect young children through maternal immunization
strategies that boost neutralizing maternal antibody (matAb) levels. However, there
is a scarcity of studies investigating the influence of maternal immunization on
secondary immune responses to RSV in the offspring or whether the subsequent
development of wheezing and asthma is mitigated. Toward this goal, our lab
developed a murine model of maternal RSV vaccination and repeat RSV exposure
to evaluate the changes in immune response and development of exacerbated lung
inflammation on secondary RSV exposure in mice born to immunized dams. Despite
complete protection following primary RSV exposure, offspring born to pre-fusion F
(PreF)-vaccinated dams had exaggerated secondary ILC2 and Th2 responses,
characterized by enhanced production of IL-4, IL-5, and IL-13. These enhanced
type 2 cellular responses were associated with exaggerated airway eosinophilia and
mucus hyperproduction upon re-exposure to RSV. Importantly, depletion of CD4* T
cells led to complete amelioration of the observed type 2 pathology on secondary
RSV exposure. These unanticipated results highlight the need for additional studies
that look beyond primary protection to better understand how maternal
immunization shapes subsequent immune responses to repeat RSV exposure.
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1 Introduction

Respiratory syncytial virus (RSV) remains the leading cause of
childhood hospitalizations due to bronchiolitis in children under 5,
leading to nearly 3.2 million hospitalizations and 60,000 in-hospital
deaths each year (1). Furthermore, hospitalization as a result of
RSV-associated bronchiolitis is strongly associated with the
development of asthma and impaired lung function following
repeat RSV exposure (2-4). Despite the morbidity that can result
from severe infant RSV infection and subsequent disease sequelae,
there is no licensed vaccine currently available for the prevention of
RSV in young children. Because hospitalization for severe RSV-
mediated disease peaks between 6 weeks and 6 months of age, when
infants rely heavily on maternal antibody (matAb) for protection,
current RSV vaccination strategies are largely focused on boosting
maternally derived RSV-neutralizing antibody (5, 6). High levels of
RSV-specific matAbs have been correlated with protection from
severe early-life RSV disease and hospitalization (7-9). As such,
maternal RSV vaccination has emerged as a promising approach
and several maternal vaccine candidates have quickly progressed to
late-stage clinical trials (NTC04605159; NTC04424316) (10).

Previous work in our lab has demonstrated that offspring
challenged with RSV in the presence of highly neutralizing matAbs
are not only fully protected from viral infection but have significant
alterations in their immune response to RSV. Weanlings with high
levels of neutralizing matAb had reduced eosinophilic infiltrate in
their airways with a concomitant decrease in CD4" and CD8" T cell
responses, which jointly reduced airway inflammation (11). In a
similar model of maternal RSV immunization using cotton rats,
Blanco et al. demonstrated that high titers of neutralizing matAb
correlated with complete protection from viral challenge while also
reducing the expression of the inflammatory cytokines, IFNy and IL-
6, and associated lung pathology (12). Collectively, these studies
demonstrate that anti-RSV immunity in infants is influenced by the
presence of highly neutralizing matAb. Yet, the effect these altered
early-life immune responses have on long-lived immunity to RSV
remains largely unknown.

Prior research has shown that early-life immune responses to
RSV infection critically impacts airway responses in adulthood (13-
15). Results from these studies have demonstrated that mice first
exposed to RSV as neonates have increased airway inflammation,
characterized by eosinophilia, increased IL-13 production, and
associated mucus hyperproduction upon secondary RSV infection
or exposure to allergen in adulthood (14, 15). It is generally
assumed that if neonatal RSV infection can be avoided via matAb
neutralization, these maladaptive early-life immune responses will
be mitigated. However, the effect of matAb on the development of
immunity is well-appreciated in models of direct infant
immunization, and yet, there is a dearth of data regarding the
influence of matAb on active immunity following natural antigen
re-exposure (16, 17). Toward this goal, our lab developed a murine
model of maternal RSV vaccination and repeat RSV exposure to
evaluate the changes in immune response that influence the safety
and efficacy of maternal RSV immunization following RSV
re-exposure.
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2 Materials and methods

2.1 Maternal immunization, intranasal RSV
infections, and treatments

Animal studies were carried out in accordance with the
University of Pittsburgh’s IACUC guidelines for the use and care
of laboratory animals. Female Balb/c] mice (7-8 weeks of age; The
Jackson Laboratory, Bar Harbor, ME) were primed one week prior
to breeding via intramuscular (i.m.) hind-limb injection with 50uL
of PBS alone or DS-Cavl (10ug per mouse; a generous gift from
Jason McLellan and supplied by Calder Biosciences, Brooklyn, NY)
formulated with Alum (100ug per mouse; Alhydrogel, Invivogen).
One week later, mice were bred, as previously described (18) and in
the second week of gestation (3 weeks post-prime), mice were
boosted i.m. with their respective vaccine. Offspring born to PBS-
vaccinated dams are referred to as mVeh, while those born to DS-
Cavl+Alum-vaccinated dams are labeled as mAlum. It has been
previously demonstrated in a model of maternal formalin-
inactivated RSV immunization, that vaccine-mediated Th2-
skewing in dams is not transferred to offspring (19). Based on
this, an alum-only group (Th2-skewing) was not included in
these studies.

For primary RSV infections, mice were intranasally (i.n.)
infected with RSV L19 (provided by Dr. Martin Moore) at an
infectious dose of 5x10° plaque forming units (PFU) per gram of
body weight at post-natal day (PND) 5-6 under isoflurane
anesthesia, as previously described (18). For secondary RSV
infections, maternally vaccinated offspring were aged to
adulthood (~9 weeks of age) before i.n. infection with 5x10° PFU/
gm RSV L19 under isoflurane anesthesia. At 4- and 8-days post-
exposure, mice were culled using 100% isoflurance and cervical
dislocation. RSV L19 was propagated and viral titers quantified as
previously described (20).

For CD4" T cell depletion, mice were treated with 200ug of o.-
CD4 antibody (0.-CD4; clone GK1.5; BioLegend) via intraperitoneal
(i.p.) injection every 2 days starting at day -1 prior to RSV exposure
and through sacrifice at 4- or 8-days post-exposure, as previously
described (21). Control mice (IgG) were administered matching
doses of control IgG2b antibody (IgG; BioLegend).

2.2 RSV-neutralizing antibody — Renilla
Luciferase RSV reporter assay

Neutralizing antibody titers were determined by an assay
established in our laboratory and previously reported (11, 22-24).
In infants, pre-challenge blood was collected via terminal bleed
from non-exposed infants at PND5-6. In adult offspring, pre-
challenge blood was collected via submandibular bleed
immediately prior to RSV exposure and separated using Gel-Z
serum separator tubes (Sarstedt). Serum was stored at -80°C until
heat-inactivation (56°C for 30 minutes) and Renilla Luciferase RSV
Reporter Assay was performed (11, 22-24). Briefly, heat-inactivated
serum was serially diluted in phenol-free MEM supplemented with
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5% FBS and Pen/Strep before incubation in 96-well plate format
with 100 PFU/well RSV L19-Renilla Luciferase virus (a generous
gift from Martin Moore) for 2 hours at 37°C/5% CO,. After
incubation, HEp-2 cells were trypsinized and a total of 2.5x10*
cells were added to 25uL FBS+Pen/Strep-containing phenol-free
MEM and incubated for 64-66 hours at 37°C/5% CO,. After
incubation, luciferase readouts were obtained using the Renilla-
Glo Luciferase Assay system (Promega), according to
manufacturer’s instructions. After incubation, luciferase activity
was measured using a Novostar plate reader. The RSV luciferase
assay generates a sigmoidal luminescence readout from which the
midpoint (IC50) is calculated by nonlinear regression in a manner
previously described for fluorescence and luminescence-based
assays (25-27). Serum dilutions are used to generate a full
sigmoidal-shaped luminescence curve for the vaccinated animals
and control samples are diluted equivalently to allow for cross-
comparison. The limit of blank (cells only control) was previously
determined for this assay to be 1826 RLU and the average of the
virus-only control lanes included on each plate in the assay was
60,630 RLU. Since no Veh control samples achieved a signal less
than 80% of the virus-only control even at their highest
concentration, no IC50 could be determined for these samples
and the lowest serum dilution used in the assay is reported as the
neutralization titer, in this case 1:100 (marked by a dashed line). All
plates were run in duplicate and averaged.

2.3 RSV-specific IgG subtype assays

Co-star 96-well, high binding ELISA plates were coated with
DS-Cavl at a concentration of 5ug/mL overnight at 4°C. Each plate
included standards of either mouse IgG1 or IgG2a (Invitrogen) at
10pg/mL and 2ug/mL, respectively in a 2-fold dilution series. Plates
were then washed with PBS and blocked for 1 hour at 37°C with 1%
BSA in PBS. Heat-inactivated serum samples were diluted 1:500 in
1% BSA in PBS for the first well, and then 3-fold serially diluted a
total of 3 times. Serum was incubated on the plates for 1 hour at 25°
C, followed by 3 washes with PBS 0.05% Tween-20, and secondary
antibody incubation with anti-IgG1 or anti-IgG2a (isotype specific,
BD Pharmingen) at a 1:10,000 dilution for 30 minutes at 25°C in 1%
BSA. 1-step TMB (Thermo Scientific) was used to develop the plates
and the reaction was quenched by the addition of 4N H,SO,. Plates
were read at 450 nm using a Novostar plate reader. Data analysis
was performed in Excel and data points were interpolated from the
linear region of the standards on each individual plate.

2.4 Cell preparation, stimulation, and
flow cytometry

Bronchoalveolar lavage (BAL) and right lung lobes were
collected, processed, and enumerated, as previously described
(28). For innate immune cell stimulation, BAL cells were
incubated for 3 hours in 10% RPMI supplemented with Brefeldin
A (1:1000, eBioscience). For ILC2 stimulation, lung homogenate
was stimulated with PMA (30 ng/mL, Sigma Aldrich), ionomycin
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(500 ng/mL, Sigma Aldrich), and Brefeldin A (1:1000) in 10% RPMI
at 37°C for 3 hours. For T cell stimulation, BAL cells were
stimulated with plate-bound CD3 (5ug/mL, Biolegend) in 10%
RPMI supplemented with CD28 (2uug/mL) and incubated at 37°C
overnight. After overnight stimulation with CD3/CD28, lung
homogenate underwent a secondary stimulation with PMA
(10ng/mL), ionomycin (1pg/mL), and Brefeldin A (1:1000) for 2
hours. Following stimulation, BAL and lung cells were surface
stained, then fixed and permeabilized using BD Cytofix/
CytopermTM kit (BD Biosciences) prior to intracellular cytokine
staining. For innate cell identification (Supplementary Figure 1),
BAL was surface stained with CD16/32 (Fc block; 2.4G2), LIVE/
DEAD"™ Fixable Blue Dead Cell Stain Kit, CD11c (N418), CD11b
(M1/70), SiglecF (E50-2440), F4/80 (T45-2342), CD200R (OX-
110), and Ly6G (1A8) and intracellularly stained for CD206
(C0698C2), TNFo. (MP6-XT22), and IL-10 (JES5-16E3). For
identification of ILC2s (Supplementary Figure 2), lung cells were
surface stained with CD16/32 (Fc block; 2.4G2), LIVE/DEAD™
Fixable Blue Dead Cell Stain Kit, Lineage Cocktail (CD3 (17A2),
Ly6G/Ly6C (RB6-8C5), CD11b (M1/70), CD45R (RA3-6B2), TER-
119 (Ter-119)), CD49b (DX5), CD45 (30-F11), ST2 (DIH9), ICOS,
(C398.4A), IL-25R (6B7) and CD25 (PC61) and intracellularly
stained for IL-5 (TRFK5) and IL-13 (ebiol3A). For T cell
identification (Supplementary Figure 3), BAL was surface stained
with CD16/32 (Fc block; 2.4G2), LIVE/DEAD ' Fixable Blue Dead
Cell Stain Kit, TCRB (H57-597), CD8 (53-6.7), CD4 (GK1.5), CD44
(IM7), and CD25 (PC61) and intracellularly stained with TCRP
(H57-597), CD4 (54-6.7), IFNy (XMG1.2), IL-4 (11B11), IL-5
(TRFKS5), IL-13 (ebiol3A), and Granzyme B (QA16A02). Samples
were run on a BD Fortessa or Cytek Aurora managed by the United
Flow Core of the University of Pittsburgh. Data was analyzed using
FlowJo V10 software (FLOW]JO, LLC, OR).

2.5 Histology

Left lungs were gravity-filled with 10% formalin at 4- and 8-
days post RSV exposure, as previously described (29). Lungs were
paraffin-embedded, processed and stained with hematoxylin and
eosin or Periodic Acid-Schiff (PAS) at the McGowan Institute for
Regenerative Medicine (University of Pittsburgh, PA). Lung
inflammation and mucus hypersecretion were quantified by
pathologists blinded to treatment groups, as previously described
(18, 30). To assess lung inflammation histologically, H&E stained
lung sections were blinded and then semi-quantitatively scored. For
each specimen, all broncho-vascular bundles were given a score
indicating the relative intensity of inflammation (i.e. number of
inflammatory cells) in the affected area. For scoring, 0 = no
inflammation, 1 = mild inflammation, 2 = moderate
inflammation, and 3 = severe inflammation. Scores were then
averaged to give an overall score for each specimen. For PAS
staining of mucus, all airways were scored for the percentage of
airway staining PAS+ (bright pink) in each tissue section according
to the following scale: 0 =no PAS+ cells; 1 = 1-25% PAS+ cells; 2 =
26-50% PAS+ cells; 3 = 51-75% PAS+ cells; 4 = 76-100% PAS+ cells.
PAS severity is reported as: none (percentage of airways with a score
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of 0), mild (percentage of airways with a score of 1 and 2) or severe
(percentage of airways with a score of 3 and 4).

2.6 Statistical analysis

Statistical analyses were performed with GraphPad Prism 9
software (GraphPad Software, La Jolla, CA). Results are displayed
as the mean + SEM. For most analyses, data are compared using an
unpaired t-test. Neutralizing antibody data was analyzed by nonlinear
regression to obtain IC50 values, which were compared between
groups using an unpaired t-test. For nonparametric ratio data, a
Wilcoxon signed rank test was performed to compare the median of
each group to a theoretical median of 1. For multiple comparisons, a
one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test was performed to evaluate statistical significance
between groups. For experiments where multiple groups were
compared over multiple timepoints, treatments, or RSV exposures,
a two-way ANOVA with Sidak’s multiple comparisons test was used
to evaluate statistical significance between groups. p values <0.05
were considered significant.

3 Results

3.1 Offspring born to PreF+Alum-
immunized dams are protected following
primary and secondary RSV exposure

To evaluate the effect of high levels of RSV-neutralizing maternal
antibody (matAb) on the immune response to secondary RSV
exposure, our previously established model of maternal vaccination
and infant RSV infection was adapted to include a second RSV
exposure in adulthood (11). Pups born to dams immunized with PBS
(mVeh) or PreF+Alum (mAlum) remained unchallenged or received
an intranasal RSV L19 challenge at post-natal day (PND) 6, as
previously described (18). Serum was collected from unchallenged
offspring at PND6 to measure RSV-neutralizing antibody levels. RSV
viral lung titers were measured in a cohort of RSV-challenged pups at
4 days post-exposure (dpe); the remaining cohort of RSV challenged
pups were aged to adulthood. At 9 weeks old, an age at which RSV-
neutralizing matAb is markedly reduced (Supplementary Figure 4A),
mVeh and mAlum offspring were then re-challenged with RSV L19
and lung histology and immune cell analysis were performed at 4-
and 8-days post-secondary exposure (dpse) (Figure 1A). As expected,
mVeh pups had undetectable levels of RSV-neutralizing antibody at
time of primary intranasal RSV L19 challenge (Figure 1B). In
comparison, mAlum pups had high levels of RSV-neutralizing
antibody (Figure 1B), which was associated with undetectable levels
of RSV replication at 4dpe (Figure 1C). Unlike mVeh offspring,
mAlum offspring were also protected from detectable replicating RSV
following secondary challenge (Figure 1D). mAlum offspring
receiving a primary RSV infection at 9 weeks of age (PND63) have
detectable titers of RSV-neutralizing matAb, but levels were
insufficient to completely protect from replicating virus
(Supplementary Figures 4A, B). Analysis of the RSV-specific IgG1/
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IgG2a ratio prior to primary RSV exposure was above 1 in the
mAlum pups and remained elevated through PND63 (prior to
secondary RSV exposure), suggesting a Th2-skewed response in the
dams (Supplementary Figure 4C). These data confirm that offspring
born to maternally immunized dams are completely protected against
replicating RSV following primary and secondary challenge.

3.2 mAlum offspring have a Th2-skewed
CD4" T cell profile with reduced cytotoxic
CD8™* T cell activity

Several studies have shown that primary RSV exposure during
infancy, but not in adulthood, leads to exaggerated Th2 responses
upon RSV re-infection (13-15). To assess whether presence of
matAb during primary infant RSV challenge alters the CD4" Th2
bias that occurs on repeat RSV exposure, cells of the
bronchioalveolar lavage (BAL) fluid were stained for flow
cytometric analysis at 4dpse. Total CD4" T cells were significantly
reduced in mAlum compared to mVeh offspring (Figure 2A). No
significant differences were observed in IFNy" (Figure 2B) or IL-13"
(Figure 2C) CD4" T cells between groups. However, IL-4"
(Figure 2D) and IL-5" (Figure 2E) CD4" T cells were increased in
mAlum offspring, resulting in a significantly higher IL-5":IFNy"
CD4" T cell ratio compared to mVeh offspring (Figure 2F).
Together, these data identify a heavily Th2-skewed CD4" T cell
phenotype in mAlum versus mVeh offspring following secondary
RSV exposure. It also suggests that the presence of RSV-
neutralizing matAb and protection against RSV replication at
primary infant challenge does not mitigate the establishment and
activation of Th2 CD4" T cells upon RSV re-challenge.

Activation of CD8" T cells, which is critical for RSV immunity
(31, 32), was also assessed in mVeh and mAlum offspring following
RSV re-challenge. At 4dpse, total CD8" T cells (Figure 2G), along
with those producing IFNy (Figure 2H) and GranzymeB (Figure 21)
were significantly reduced in mAlum vs. mVeh offspring, which is
consistent with previous work demonstrating the matAb reduces
secondary CD8" T cell responses (33). These data collectively show
that mAlum offspring have a heavily Th2-skewed CD4" T cell
phenotype in combination with reduced cytotoxic CD8" T cells
upon secondary RSV exposure.

3.3 IL-5- and IL-13-producing ILC2s are
significantly elevated in the lungs of
mAlum offspring

There is a growing body of evidence implicating ILC2s as a
significant and potent source of type-2 cytokines capable of driving
RSV-mediated immunopathology (34, 35). Importantly, neonatally
primed ILC2s are associated with exacerbated airway inflammation
following RSV re-infection (36). Therefore, to determine if the
presence of matAb during primary neonatal RSV exposure
attenuates secondary ILC2 responses, lung ILC2s from mVeh and
mAlum offspring were assessed via flow cytometry following
secondary RSV exposure. Total ILC2s (Figure 3A) and those
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FIGURE 1

Offspring born to PreF+Alum-vaccinated dams are protected from primary and secondary RSV exposure. Pregnant Balb/c mice completed a 2-dose
vaccination series of PBS (mVeh) or preF+Alum 1 week prior to parturition. At PND5-6, a cohort of mVeh and mAlum pups were culled for pre-
challenge serum antibody analysis while a second cohort of pups were intranasally exposed to 5x10° PFU/gm RSV L19 and culled a 4-days post-
exposure for viral titer analysis. A third cohort of mVeh and mAlum offspring were aged to adulthood, re-exposed to RSV L19 at 9 weeks old
(PND63) and culled for sample collection at 4- and 8-days post-exposure (A). Pre-challenge serum from mVeh and mAlum pups was analyzed for
RSV neutralizing antibody as described in the methods; since no dilution of Veh control samples achieved a signal less than 80% of the limit of
blank-corrected virus-only control, no IC50 could be determined for these samples and the lowest serum dilution used in the assay is reported as
the neutralization titer, in this case 1:100 (marked by a dashed line) (B). Left lungs were harvested from pups (C) and aged adults for viral titer analysis
(D). Data are represented as mean + SEM (n=4-9 mice per group). Statistical significance was calculated using an unpaired t-test between mVeh and

mAlum offspring. *p < 0.05, **p < 0.01 and ****p < 0.0001.

producing IL-5 (Figure 3B) and IL-13 (Figure 3C) were significantly
increased in the lungs of mAlum compared to mVeh oftspring at
4dpse, despite no detectable viral replication at the same timepoint
(Figure 1D). Together, these data suggest that the presence of
matAb during primary RSV exposure is associated with
exaggerated secondary ILC2 responses.

3.4 ILC2s with a hyperresponsive
phenotype are enriched in lungs
of mAlum offspring

A hyperresponsive, memory-like ILC2 population, characterized
by IL-25R and ICOS expression, has been described in multiple models
of allergic lung inflammation (37, 38). After initial activation and
expansion, a subset of ILC2s undergo contraction and remain long-
lived in the lungs (37). These hyperresponsive ILC2s (hILC2s) produce
exaggerated amounts of IL-5 and IL-13 in response to subthreshold
levels of the initial, sensitizing signal or unrelated antigens, akin to the
trained immunity described in other innate immune cells (38). Given
the exaggerated ILC2 responses observed following RSV re-challenge

Frontiers in Immunology

(Figures 3A-C), we hypothesized that the hyperresponsive ICOS" IL-
25R" ILC2 population was increased following secondary RSV
exposure in the lungs of mAlum vs mVeh offspring. Prior to
secondary RSV exposure, a significantly higher frequency of ILC2s
resident in the lungs of mAlum offspring had dual expression of ICOS
and IL-25R compared to mVeh offspring (Figure 4A). This suggests
that mAlum offspring have higher frequencies of hILC2s present in
their lungs poised for re-activation.

Upon secondary RSV exposure, hILC2s were significantly
increased in mAlum offspring compared to mVeh offspring
(Figure 4B; Secondary RSV). To confirm that this hILC2 response
on secondary challenge could not be attributed to a primary adult
ILC2 response or lingering matAb in the offspring, adult mVeh and
mAlum oftspring were exposed to RSV for the first time at 9 weeks
of age, the same age as offspring receiving a secondary exposure.
Primary ILC2 responses in mVeh and mAlum offspring were 5-10x
lower than that observed following secondary RSV exposure
(Figure 4B; Primary RSV). Moreover, mAlum compared to mVeh
offspring had significantly more hILC2s on secondary RSV
exposure, suggesting that the presence of matAb on primary
infection does not mitigate the exaggerated ILC2 response on
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FIGURE 2

mAlum offspring have a dominant Th2 phenotype with reduced cytotoxic CD8" T cell activity. mVeh and mAlum offspring were treated as described
in Figure 1A. At 4dpse, total BAL CD4™ T cells (A), as well as intracellular production of IFNy, (B), IL-13 (C), IL-4 (D), and IL-5 (E) by CD4™ T cells were
quantified. From these totals, the ratio of IL-5:IFNy CD4" T cells was calculated (F). At the same timepoint, total BAL CD8" T cells (G), as well as
those producing IFNy (H), and GranzymeB (I) were quantified. Data are represented as mean + SEM (n=5-6 mice per group). Statistical significance
was calculated using an unpaired t-test (A-E, G-1) or Wilcoxon signed-rank test (F). ns — non-significant, *p < 0.05, **p < 0.01 and ***p < 0.001

repeat challenge. Though no significant difference was observed in
IL-13-producing hILC2s between mVeh vs. mAlum offspring
during primary adult RSV infection (Figure 4C), both mVeh and
mAlum offspring had significantly more IL-13" hILC2s upon RSV
re-exposure (Figure 4C). Nearly all ILC2s expressed IL-13 in both
groups at primary and secondary RSV challenge (Figure 4C),
however, RSV re-challenge resulted in significantly more IL-13"
hILC2s in mAlum offspring compared to mVeh offspring
(Figure 4D). Taken together, these results suggest that the
presence of preF-neutralizing matAb during primary RSV
infection increases the number of lung-resident ICOS" IL-25R*
hILC2s, allowing for rapid and exaggerated type-2 responses to RSV

re-exposure.
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3.5 mVeh and mAlum offspring have
severe airway mucus metaplasia
following RSV re-exposure

Several studies have shown that neonatal RSV infection
predisposes adult mice to IL-13-dependent mucus hyperproduction
and enhanced airway hyperresponsiveness following RSV re-infection
(14, 15). Enhanced airway responses observed on secondary infection
were shown to require active lung infection during initial RSV exposure
(14). Although mAlum offspring were completely protected from
active primary and secondary RSV lung infection (Figures 1C, D),
the heavily skewed Th2 phenotype (Figure 2) combined with the
hyperactivation of ILC2s (Figures 3, 4) suggests that mAlum offspring
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FIGURE 3

Enhanced ILC2 activity in mAlum offspring following secondary RSV exposure. mVeh and mAlum offspring were generated and exposed to RSV as
described in Figure 1. Total lung ILC2s (A), along with those producing IL-5 (B) and IL-13 (C) were quantified at 4dpse. Data are represented as mean
+ SEM (n=5-6 mice per group). Statistical significance was calculated using an unpaired t-test. ***p < 0.001 and ****p < 0.0001.

may not be protected from the immunopathology associated with
secondary RSV challenge. To this end, airway inflammation and mucus
metaplasia were assessed in the lungs of mVeh and mAlum offspring at
4dpse. Airways were first lavaged and inflammatory cells were
quantified by flow cytometry. Analysis of innate cells in the BAL
revealed that mAlum offspring had significantly more monocytes
(Supplementary Figure 5A) and eosinophils (Supplementary
Figure 5D) in their airways compared to mVeh offspring. The
number of alveolar macrophages (Supplementary Figure 5E) and
neutrophils (Supplementary Figure 5H) were similar between groups.
Interestingly, the alveolar macrophage and monocyte populations had
a predominant pro-inflammatory phenotype in mAlum offspring,
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FIGURE 4

ICOS* IL-25R* ILC2s

evidenced by their increase in TNFo production and a parallel
decrease in IL-10 (Supplementary Figures 5B, C, F-G), a phenotype
implicated in orchestrating and exacerbating pulmonary inflammation
(15). After the lungs were lavaged they were harvested for
histopathology to further assess inflammation of the bronchovascular
bundles. mVeh and mAlum offspring had similar frequencies of
bronchovascular bundles with inflammation (Supplementary
Figures 6A-C), with each having a similar distribution of severity
(Supplementary Figures 6D). Together, these data indicate that mAlum
compared to mVeh offspring had an increase in inflammatory cells in
the alveolar space, but no differences in inflammation were observed
within the bronchovascular bundles.

4 Days Post-RSV Expsoure
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ILC2s with hyperresponsive phenotype are enriched in lungs of mAlum offspring. The frequency of hyperresponsive ILC2s, characterized by surface
expression of ICOS and IL-25R, was assessed in the lungs of mVeh and mAlum offspring prior to secondary RSV exposure (A). Total ICOS™ IL-25R*
ILC2s (B), the frequency of IL-13-producing ICOS™ IL-25R* ILC2s (C) and IL-13* ICOS™ IL-25R™ ILC2s (D) were quantified at 4 days post-exposure in
the lungs of adult mVeh and mAlum offspring following primary (1°) and secondary (2°) RSV exposure. Data are represented as mean + SEM (n=5-7
mice per group). Statistical significance was calculated using an unpaired t-test (A) or two-way ANOVA with Sidak's multiple comparison test (B-D)
between groups. ns — nonsignificant, *p < 0.05 **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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To assess mucus metaplasia, a hallmark of RSV-mediated disease,
formalin-fixed lungs were quantified for PAS staining (39). In our
model, 67.5% of airways in mVeh offspring stained positively for
mucin production, with 36.4% of those airways classified as severe
after secondary RSV exposure (Figures 5A, B). Comparatively, 74.3%
of airways in mAlum offspring displayed mucus hyperproduction,
with 52.2% of those scored as severe (Figures 5C, D). Collectively,
these results demonstrate the mAlum offspring have enhanced mucus
metaplasia with an increased, albeit non-significant, severity of mucus
production following RSV re-challenge. It is important to note that
this increase in mucus occurred despite undetectable RSV replication
during primary (Figure 1C) and secondary (Figure 1D) exposure.

3.6 Th2 responses are sustained while
cytotoxic CD8* T cells increase in
mAlum offspring during late secondary
RSV responses

To test if the robust T cell activation observed in mAlum offspring at
4dpse was an early, but quickly resolving anti-RSV response, we
performed the same T cell analysis at 8dpse. Total CD4™ T cells were
significantly higher in mAlum offspring compared to mVeh at 8dpsi
(Figure 6A). While both IFNy- and IL-13-producing CD4" T cells

] None
(0% PAS+)

I Mild
(1-50% PAS+)

10.3389/fimmu.2023.1206026

increased 2-fold relative to the 4dpse timepoint (Figures 2B, C), there
remained no significant difference in the number of IFNY" (Figure 6B)
and IL-13" (Figure 6C) CD4" T cells between mVeh and mAlum
offspring at 8dpse. Despite an increase in IL-4" CD4" T cells in mVeh
offspring from 4 to 8 dpse and a corresponding decrease in
mAlum offspring, IL-4" CD4" T cells remained significantly higher in
mAlum compared to mVeh offspring at 8dpse (Figure 6D). IL-5" CD4"*
T cells increased dramatically in the airways of mVeh and mAlum
offspring but remained significantly higher in mAlum compared to
mVeh offspring (Figure 6E), maintaining the significantly higher IL-5":
IFNY" CD4" T cell ratio in these offspring at 8dpse (Figure 6F).

While total CD8" T cells and those producing IFNy and
GranzymeB were reduced in mAlum vs mVeh offspring at 4dpse
(Figures 2G-I), they were markedly increased in mAlum vs. mVeh
offspring by 8dpse (Figures 6G-1). Despite an increase in total CD8"
T cells in both mVeh and mAlum offspring between 4 and 8dpse,
CD8" T cells increased 6.4-fold in mAlum offspring vs 1.3-fold in
mVeh offspring (Table 1). Similarly, IFNy" CD8" T cells also
increased in mVeh and mAlum offspring between 4 and 8 dpse
(Table 1). Importantly, IFNy-producing CD8" T cells increased 6-
fold vs 1.4-fold in mAlum vs. mVeh offspring, respectively, which led
to significantly higher IFNy" CD8" T cells in mAlum offspring at
8dpse (Table 1). Notably, CD8" T cells producing GranzymeB
increased 5.6-fold between 4 and 8dpse in mAlum offspring

[l Severe
(51-100% PAS+)

4 Days Post-Secondary RSV Expsoure

FIGURE 5

Mucus metaplasia increased in mAlum offspring following secondary RSV exposure. At 4dpse, lungs were formalin-fixed, paraffin-embedded, and
processed for PAS staining. Each panel represents an individual mouse from each offspring group (A, C). Lung sections were scored as described in
the methods and represented as a proportion of airways scored as having no PAS staining (none), airways with 1-50% PAS staining (mild), and

airways with 51-100% PAS staining (severe) (B, D). n=3 mice per group.
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FIGURE 6

Th2 responses are sustained as cytotoxic CD8" T cells increase in mAlum offspring. At 8dpse, total BAL CD4" T cells (A), as well as intracellular
production of IFNy, (B), IL-13 (C), IL-4 (D), and IL-5 (E) by CD4" T cells were quantified in mVeh and mAlum offspring, generated as described in
Figure 1. From these totals, the ratio of IL-5:IFNy CD4"* T cells was calculated (F). Total BAL CD8" T cells (G), as well as those producing IFNy (H),
and GranzymeB () were quantified. Data are represented as mean + SEM (n=5-7 mice per group). Statistical significance was calculated using an
unpaired t-test (A-E, G-1) or Wilcoxon signed-rank test (F). ns — nonsignificant, *p < 0.05 and **p < 0.01.

(Table 1). This increase, in combination with the concurrent decrease
in GranzymeB* CD8" T cells in mVeh offspring between the same
timepoints, led to significantly more GranzymeB" CD8" T cells in the
mAlum offspring at 8dpse (Figure 61). Taken together, these results
demonstrate that, in mAlum offspring, the Th2-skewed response is
sustained through 8dpse while the cytotoxic CD8" T cell response
increases, despite the absence of replicating RSV (Figure 1D).

3.7 Severity of mucus metaplasia increases
in mAlum offspring during late secondary
RSV responses

To assess the impact of sustained Th2 responses in combination with
increased cytotoxic activity of CD8" T cells on immunopathology,

Frontiers in Immunology

bronchovascular inflammation and mucus metaplasia were assessed in
mVeh and mAlum offspring at 8dpse. We showed that total CD4"
(Figure 6A) and CD8" T cells (Figure 6G) were increased in the lavage
fluid harvested at 8dpse. However, no significant difference was observed
in the frequency of bronchovascular bundles with inflammation in lungs
harvested after lavage (Supplementary Figures 6E-G) and both groups
displayed similar distributions in the severity of inflammation
(Supplementary Figure 6H). In mVeh offspring, the percentage of
airways staining positive for mucin modestly increased to 70.3% at
8dpse (from 67.5% at 4dpse), with those airways classified as severe
increasing slightly to 42.8% at 8dpse (Figures 7A, B). Importantly, the
percentage of airways scored as severe in mAlum offspring increased
nearly 20% by 8dpse (52.2% at 4dpse vs. 71.2% at 8dpse). This marked
increase in airway mucus severity resulted in over 90% of airways
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TABLE 1 Fold change in cytotoxic CD8* T cell populations between
mVeh and mAlum offspring from 4 to 8 days post-secondary exposure.

CD8 T cell changes over time mVeh mAlum
CD8" T cells +1.3 +6.4
IFNy" CD8" T cells +1.4 +6
GranzymeB" CD8" T cells -1.7 +5.6

staining positive for mucin in mAlum offspring at 8dpse (Figures 7C, D).
Collectively, these results demonstrate that both mVeh and mAlum
offspring have persistent immunopathology, with the severity of mucus
production increasing in mAlum offspring at 8 days post-secondary RSV
exposure. Furthermore, the increased mucus production in mAlum
offspring suggests that, in our model, maternal immunization with
PreF+Alum does not mitigate mucus metaplasia following secondary
RSV exposure.

3.8 CD4" T cell depletion during
secondary RSV exposure reduces
lung pathology

The contribution of CD4" T cells to lung pathology during
secondary RSV challenge in mice primarily exposed as infants is

10.3389/fimmu.2023.1206026

well-documented (31, 40). To assess their contribution in our model
of maternal RSV immunization, temporal, antibody-mediated
depletion of CD4" T cells was employed to eliminate CD4" T cells
immediately prior to secondary RSV challenge and through 4dpse.
Briefly, mVeh and mAlum offspring were exposed to RSV as neonates
and aged to adulthood, as described in Figure 1. One day prior to
secondary RSV challenge and every other day through sacrifice at
4dpse, offspring were treated with isotype (IgG) or 0-CD4 depleting
antibodies (Figure 8A, red x). Treatment with o-CD4, but not IgG
isotype, resulted in a significant and near-complete elimination of
airway CD4" T cells among live cells in the airway (Supplementary
Figure 7A). Of note, while overall cell recovery in this experiment was
low, it did not impact the statistical significance between o-CD4-
treated and IgG isotype controls. Unlike mVeh offspring, mAlum
offspring treated with o-CD4 had undetectable levels of replicating
virus (Figure 8B), suggesting that CD4" T cells were dispensable for the
control of viral replication in these offspring at 4dpse. This finding
prompted the investigation of IFNY" CD8" T cells. Consistent with our
earlier findings, [FNy-producing CD8" T cells trended lower in the IgG
isotype-treated mAlum vs. mVeh offspring (Figure 8C). Though no
difference was observed in total IFNY" CD8" T cells between IgG
isotype- and o-CD4-treated mVeh offspring, there were significantly
more IFNy-producing CD8" T cells in a-CD4-treated compared to
IgG isotype-treated mAlum offspring that likely contributed to the
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FIGURE 7

Worsening mucus production in mAlum offspring over course of secondary RSV exposure. At 8dpse, lungs were formalin-fixed, paraffin-embedded,
and processed for PAS staining. Each panel represents an individual mouse from each offspring group (A, C). Lung sections were scored, and the
proportion of airways scored as having no PAS staining (none), airways with 1-50% PAS staining (mild), and airways with 51-100% PAS staining

(severe) was calculated (B, D). n=3 mice per group.
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FIGURE 8

CD4* T cells contribute to mucus production, but not viral control in mAlum offspring. Pregnant dams were vaccinated, and pups were primarily
challenged with RSV and aged to adulthood as described in Figure 1. Adult mVeh and mAlum offspring were administered isotype (IgG) or CD4-
depleting (a-CD4) antibody starting 1 day prior to secondary RSV challenge and every 2 days through sacrifice (A). Left lungs were harvested for viral
titer analysis (B) while IFNy* CD8" T cells were quantified from the BAL (C). The proportion of airways scored with no, mild, and severe PAS staining
was calculated in IgG-treated mVeh (D) and mAlum (E) offspring, as well as CD4-depleted mVeh (F) and mAlum (G) offspring. Data are represented
as mean + SEM (n=5-8 mice per group). Statistical significance was calculated using an unpaired t-test (B) or two-way ANOVA with Sidak’'s multiple

comparison test (C). *p < 0.05 and **p < 0.01.

control of viral replication in 0-CD4-treated mAlum offspring
(Figure 8B). Consistent with our earlier findings (Figure 5), 67.9% of
airways stained positively for mucin in IgG isotype-treated mVeh
offspring at 4dpse, with 28.5% of those airways considered severe
(Figure 8Dy Supplementary Figure 7B). In IgG isotype-treated mAlum
offspring, 70% of airways stained positively for mucin at 4dpse
(Figure 8E, Supplementary Figure 7C). Importantly, 39.5% of airways
were scored as severe (Figure 8E), which is consistent with the trend
toward increased severity in mAlum oftspring at 4dpse shown earlier
(Figure 5). Conversely, airway mucus production was reduced ~8-fold
in both mVeh and mAlum offspring after treatment with o-CD4,
resulting in a near complete amelioration of airway mucus metaplasia
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following secondary RSV exposure (Figures 8F, G, Supplementary
Figures 7D, E). Collectively, these results demonstrate a central role for
CD4" T cells in the development of airway pathology following
secondary RSV exposure in both mVeh and mAlum offspring.

3.9 hILC2s are reduced in the absence
of CD4™ T cells following secondary
RSV exposure

Previous work has demonstrated that crosstalk between CD4" T
cells and ILC2s leads to their mutual maintenance, expansion, and
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cytokine production and plays an important role in the etiology of
several lung diseases (41, 42). Specifically, depletion of CD4" T cells
during RSV infection leads to reduced ILC2 totals, indicating that
CD4" T cells contribute to RSV-mediated ILC2 activation, with
their collective interaction exacerbating disease (42). We
hypothesized that with CD4" T cell depletion, the ILC2
population measured following secondary RSV challenge would
also be reduced. ILC2s were assessed in mVeh and mAlum offspring
following CD4" T cell depletion at 4dpse, as described in Figure 8A.
As expected, depletion of CD4s (0-CD4) significantly reduced
ILC2s in both mVeh and mAlum offspring (Figure 9A). Similar
to mice with CD4" T cells (Figure 3), mAlum offspring had
significantly more ILC2s compared to mVeh in the absence of
CD4" T cells (Figure 9A). When the ILC2 population was further
characterized for expression of hyperresponsive markers - ICOS
and IL-25R - we observed a slight increase in the frequency of
ICOS" IL-25R* hILC2s in IgG isotype-treated mAlum offspring
compared to mVeh offspring (Figure 9B, IgG). Importantly, while
the frequency of ICOS* IL-25R" hILC2s was significantly reduced
in mVeh offspring following CD4" T cell depletion, there was no
reduction in the frequency of hILC2s in mAlum offspring
(Figure 9B). IL-13" ICOS™ IL-25R" hILC2s were significantly
increased in IgG isotype-treated mAlum offspring compared to
mVeh offspring (Figure 9C). While depletion of CD4" T cells
significantly reduced the number of IL-13-producing ICOS* IL-
25R" hILC2s in both offspring groups, mAlum offspring had
significantly more IL-13" ICOS" IL-25R" hILC2s relative to
mVeh offspring following secondary RSV exposure in the absence
of CD4" T cells (Figure 9C) and in the absence of replicating virus
(Figure 8B). Taken together, this data confirms that depletion of
CD4" T cells significantly alters the ILC2 population following
secondary RSV exposure, but the enhanced ILC2 response in
mAlum vs. mVeh offspring persists.

10.3389/fimmu.2023.1206026

4 Discussion

Maternal RSV vaccination has emerged as a promising
approach to provide much-needed, early-life protection from
severe RSV infection and associated hospitalization (10). While
maternal RSV vaccination has demonstrated efficacy in reducing
medically significant RSV lower respiratory tract infections during
infancy, the subsequent changes in immune response to repeated
RSV exposure are largely unknown (9). Furthermore, the WHO
Working Group on Respiratory Syncytial Virus Vaccination During
Pregnancy has concluded that current clinical efficacy trials of
maternal RSV vaccine candidates are unlikely to demonstrate a
significant effect on preventing RSV-associated disease sequelae due
to limited sample sizes, highlighting the need for alternative study
designs to estimate the impact of maternal RSV vaccine programs
on disease sequelae (43). Toward this goal, our lab has established a
clinically relevant murine model of maternal RSV vaccination and
repeated RSV exposure. Using this novel model, we have
demonstrated that the presence of highly neutralizing preF-
specific matAb during infant RSV exposure protects from active
RSV infection but facilitates the enhancement of type-2 immunity
on secondary RSV challenge and is associated with exacerbated
RSV-mediated airway disease.

Previous work has shown that IL-33, an alarmin released
following tissue damage, is a potent sensitizing signal that leads to
the establishment of a long-lived, lung-resident ILC2 population
capable of exaggerated responses following exposure to the same
and unrelated antigens (37). RSV infection is known to elicit IL-33,
along with associated ILC2 expansion and activation following virus-
induced airway epithelial damage, a response that is more potent in
neonates compared to adults (34). Thus, it was expected that mVeh
offspring, which had replicating RSV in their lungs during primary
neonatal infection, would establish a hILC2 population capable of
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FIGURE 9

Hyperresponsive ILC2s are reduced in the absence of CD4" T cells. Adult mVeh and mAlum offspring were treated as described in Figure 8. Total
lung ILC2s (A), frequency of lung ILC2s dual positive for ICOS and IL-25 (B), and IL-13* ICOS™ IL-25R* ILC2s (C) were quantified from IgG- and o.-
CD4-treated mVeh and mAlum offspring. Data are represented as mean + SEM (n=7-8 mice per group). Statistical significance was calculated using
two-way ANOVA with Sidak’s multiple comparison test (C). *p < 0.05 **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Frontiers in Immunology

12

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1206026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kosanovich et al.

contributing to severe RSV immunopathogenesis upon re-exposure.
This hypothesis was consistent with data from several studies
showing that early-life infection with several respiratory pathogens
leads to exaggerated ILC2 responses upon re-exposure to the same
pathogen (36, 44). In a neonatal mouse model of intranasal
rhinovirus (RV) infection, exaggerated ILC2 expansion and mucus
metaplasia was observed following heterologous RV infection (44). In
a model of secondary RSV infection, mice infected with RSV for the
first time as neonates had exaggerated ILC2 cytokine responses
combined with enhanced airway inflammation upon secondary
adult RSV infection (36). Collectively, these results demonstrate
that viral-mediated activation of ILC2s during infancy leads to the
establishment of hILC2s capable of contributing to the
immunopathogenesis associated with secondary RSV infection.

Unexpectedly, mAlum offspring, which were completely
protected from replicating virus during primary neonatal RSV
exposure, established a robust, activated hILC2 population that
exceeded the hILC2 population in mVeh oftspring upon RSV re-
exposure. Though the mechanism has not been fully elucidated, the
presence of hILC2s in mAlum offspring suggests that ILC2s were
activated during primary neonatal RSV exposure when virus was
completely neutralized in the presence of matAb : RSV immune
complexes (ICs). As the neonatal lungs mature, ILC2s increase (45),
resident alveolar macrophages adopt an alternatively activated
phenotype (18, 46), and CD11b* DCs, known for promoting Th2
responses (45) are enriched, altogether fostering a predominant
type-2 immune cells bias within the lungs of neonates (47).
Moreover, binding of ICs comprised of IgGl, the predominant
immunoglobulin subclass generated following vaccination with
alum adjuvant (48), polarize M2 macrophages, that subsequently
activate ILC2s and Th2 CD4™ T cells to further promote type-2
immune responses (49-52). Therefore, it is plausible that mAlum
pups, who have a high IgG1/IgG2a ratio (Supplementary Figure C),
are exposed to high levels of IgGl ICs during early-life RSV
exposure, leading to M2 macrophage polarization and activation
of type-2 immune cell populations that are re-activated following
subsequent exposure to RSV. Another possible mechanism of early-
life ILC2 activation in the presence of neutralizing matAb : RSV ICs
is through activation of C3aR-expressing ILC2s. Gour and
colleagues demonstrated that ILC2s can respond directly to C3a
via C3aR ligation, inducing IL-13 expression and enhancing ILC2-
mediated Th2 polarization (53). The unexpected results in mAlum
offspring following secondary RSV exposure highlight our
incomplete understanding of early-life ILC2 activation and
necessitate additional studies that elucidate the mechanism of
neonatal ILC2 activation in the context of maternal RSV
immunization at both primary RSV challenge and subsequent
viral exposures.

Early life RSV infection is associated with the subsequent
development of wheezing and asthma (2, 3, 54). Though no causal
link has been reported, ILC2s are potent contributors to allergic
asthma so it is intriguing to consider that hILC2s may play a role in
RSV-associated allergic asthma and wheezing. Despite a persistent
elevation of IL-13" hILC2s in mAlum versus mVeh groups, IL-13*
hILC2s were reduced in both groups following CD4" T cell depletion
and was associated with a marked reduction in mucus metaplasia in
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both groups. These findings are consistent with previously published
results showing that depletion of Th2 cells during RSV infection
inhibits ILC2 activation and secretion of type 2 cytokines, leading to a
reduction in disease severity (42, 55). However, the parallel decrease
in ILC2s in the absence of CD4" T cells confounds the direct
contribution of CD4" T cells versus their maintenance, expansion,
and activation of ILC2s to the observed immunopathology in our
model. Untangling the distinct contribution of these cells to the
enhanced immunopathology in our model is the focus of future work.
A possible explanation for the reduction in mucus in the mAlum
group is the parallel increase in IFNy-producing CD8" T cells in the
mAlum group (Figure 8C). Mitchell et al. and others have shown that
IFNY can counteract the mucus-driving potential of IL-13 and may
explain the reduced mucus metaplasia in the mAlum group despite
persistent IL-13" hILC2s (56-60). Furthermore, the comparative
persistence and activation of hILC2s in CD4-depleted mAlum vs.
mVeh offspring (Figure 9C) suggests the hILC2 populations in these
offspring possess cell-intrinsic differences that alter their survival,
responsiveness, and/or activity upon secondary activation; an
observation that must be confirmed through epigenetic analysis.
Steer and colleagues have demonstrated that IL-33-mediated
activation of ILC2s during the neonatal period leads to a more
functionally competent ILC2 population in adulthood (61). This
work, however, did not assess whether neonatal ILC2s activated
under different conditions leads to the development of functionally
distinct hILC2s. Ultimately, our unexpected findings suggest that
ILC2s activated during primary RSV infection in the presence of
matAb may develop into an hILC2 population capable of
contributing to enhanced airway disease following secondary RSV
exposure, a mechanism that warrants further investigation.
Maternal antibody, though largely protective against most
pathogens, remains controversial in the context of early-life RSV
infection. While high levels of matAbs have been correlated with
protection from severe early-life RSV disease and hospitalization,
most cases of severe disease occur in infants less than 6 months of
age, when matAbs are highest (1, 7-9). This led some to suggest that
matAbs derived from natural RSV infection, which sub-optimally
neutralize RSV, may worsen disease (62). This concern was largely
mitigated by the discovery and subsequent stabilization of the RSV
pre-fusion F protein (preF). When used as a vaccine antigen, preF
elicits high levels of RSV-neutralizing antibodies, making it an ideal
vaccine antigen for maternal RSV vaccination approaches (27, 63).
Though the prevailing assumption is that transfer of highly
neutralizing RSV-specific matAbs will provide immediate and
complete protection from severe early-life RSV infection, few
studies directly assess their influence on how it may alter long-
term infant immunity. Furthermore, studies investigating the effects
of RSV-neutralizing monoclonal antibodies (mAb) and matAbs on
secondary RSV infection and associated disease sequelae are also
sparse and have reported mixed results (64-68). While prevention
of early-life RSV infection by palivizumab, an RSV-neutralizing
monoclonal antibody, was shown to have a protective role against
recurrent wheeze, use of the high-affinity anti-RSV monoclonal
antibody, motavizumab, had no effects on rates of medically
attended wheeze, despite prevention of severe early-life RSV
infection (64-67). Intriguingly, one study utilizing data from the
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Danish National Birth Cohort concluded that high levels of RSV-
neutralizing matAbs, resulting from natural infection, in the first 6
months of life was associated with an increased risk of developing
recurrent wheeze in later childhood (68).

While our results align with the latter studies and suggest that
RSV-neutralizing matAb may enhance type-2 immune responses
following secondary RSV exposure, the diverse function and
complex biology of IgGs and their cognate receptors (FcyRs) leave
room for vaccine modifications that may improve outcomes (69).
High levels of IgG, such as those elicited following vaccination with
preF+Alum, results in the generation of smaller ICs, leading to
suboptimal crosslinking of FcyRs and alteration of downstream
effector function (70, 71). Thus, careful consideration must be given
to the amount of RSV-neutralizing matAb transferred to offspring.
Another important consideration is the glycosylation pattern of the
Fc region of IgGs, which can profoundly alter their affinity and
stability (72-74). Specifically, the presence, extent, and type of Fc
glycosylation alters the affinity of IgGs for activating vs. inhibitory
FcyRs, shifting the combinatorial engagement of activating vs.
inhibitory FcyRs and impacting downstream cellular responses to
ICs (69, 75-77). It would therefore be sensible to leverage the
various matAb IgG modifications to optimally crosslink FcyRs and
fine-tune infant immune responses. Lastly, previous work in our lab
has demonstrated that pre-existing immunity to RSV in PreF
+Alum-vaccinated dams alters the subclass of IgG in favor of
higher IgG2a levels (23). The studies presented herein used RSV-
naive dams, which resulted in the predominant transfer of IgG1 to
resulting mAlum offspring (Supplementary Figure 4C). It remains
unknown if use of RSV pre-immune dams, and by extension,
passive transfer of more IgG2a, would shift the Th1/Th2 balance
in resulting offspring and improve secondary RSV outcomes
associated with maternal RSV vaccination. Additionally, use of
different vaccine adjuvants could be leveraged to alter the
resulting IgG subclass to further improve secondary RSV
outcomes (78). Viral neutralization is considered the gold
standard for vaccine efficacy, leading most studies, including ours,
to prioritize neutralizing antibody titers. However, focus must also
be given to IgG subtype, Fc modifications, and quantity of matAb
transferred to offspring.

Ultimately, the studies presented here demonstrate that
highly neutralizing preF-specific matAbs contribute to active
anti-RSV immunity in far greater ways than simply neutralizing
virus and have a marked influence on primary and secondary
RSV immune responses. The knowledge gap in this area
underscores the need for additional studies that determine the
optimal matAb quantity and qualities that balance protection vs.
pathogenesis to better inform the rationale design of maternal
RSV vaccine candidates.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Immunology

14

10.3389/fimmu.2023.1206026

Ethics statement

The animal study was reviewed and approved by University of
Pittsburgh Institutional Animal Care and Use Committee.

Author contributions

JK, KEm, and KEi contributed to the overall study design,
execution, and interpretation of data and writing of the paper. ML,
MY, SG, and DB contributed to data generation and analysis. TP
contributed to the analysis and interpretation of data. All authors
contributed to the article and approved the submitted version.

Funding

Financial support was provided by: 1R43AI1140941-01 (PI:
Yondola/Empey), David and Betty Brenneman Fund (Empey),
5T32A1089443-07 (K. Eichinger/PI: Shlomchik), 1TL1ITR001858 (K.
Eichinger/PI: Kapoor), R03-RHD080874A (PI: Empey), and the
Center for Clinical Pharmaceutical Sciences, University of
Pittsburgh School of Pharmacy. This work benefited from SPECIAL
BD LSRFORTESSATM funded by NIH 1S100D011925-01 (PI:
Borghesi). This publication’s contents are solely the responsibility of
the authors and do not necessarily represent the official views of the
National Institutes of Health, National Institute of Allergy and
Infectious Diseases.

Conflict of interest

SG, DB, and MY are employed by Calder Biosciences.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1206026/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1206026/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1206026/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1206026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kosanovich et al.

References

1. Shi T, McAllister DA, O’Brien KL, Simoes EAF, Madhi SA, Gessner BD, et al.
Global, regional, and national disease burden estimates of acute lower respiratory
infections due to respiratory syncytial virus in young children in 2015: a systematic
review and modelling study. Lancet (2017) 390(10098):946-58. doi: 10.1016/S0140-
6736(17)30938-8

2. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al.
Respiratory syncytial virus in early life and risk of wheeze and allergy by age 13 years.
Lancet (9178) 1999:541-5:354. doi: 10.1016/S0140-6736(98)10321-5

3. Zomer-Kooijker K, van der Ent CK, Ermers M]J, Uiterwaal CS, Rovers MM, Bont
LJ, et al. Increased risk of wheeze and decreased lung function after respiratory syncytial
virus infection. PloS One (2014) 9(1):¢87162. doi: 10.1371/journal.pone.0087162

4. Glezen WP, Taber LH, Frank AL, Kasel JA. Risk of primary infection and
reinfection with respiratory syncytial virus. Am J Dis Child. (1986) 140(6):543-6. doi:
10.1001/archpedi.1986.02140200053026

5. 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(6):588-98. doi: 10.1056/NEJM0a0804877

6. Geoghegan S, Erviti A, Caballero MT, Vallone F, Zanone SM, Losada JV, et al.
Mortality due to respiratory syncytial virus. Burden and risk factors. Am J Respir Crit
Care Med (2017) 195(1):96-103. doi: 10.1164/rccm.201603-06580C

7. Glezen WP, Paredes A, Allison JE, Taber LH, Frank AL. Risk of respiratory
syncytial virus infection for infants from low-income families in relationship to age, sex,
ethnic group, and maternal antibody level. ] Pediatr (1981) 98(5):708-15. doi: 10.1016/
S0022-3476(81)80829-3

8. Munoz FM, Swamy GK, Hickman SP, Agrawal S, Piedra PA, Glenn GM, et al.
Safety and immunogenicity of a respiratory syncytial virus fusion (F) protein
nanoparticle vaccine in healthy third-trimester pregnant women and their infants. J
Infect Dis (2019) 220(11):1802-15. doi: 10.1093/infdis/jiz390

9. Madhi SA, Polack FP, Piedra PA, Munoz FM, Trenholme AA, Simoes EAF, et al.
Respiratory syncytial virus vaccination during pregnancy and effects in infants. N Engl ]
Med (2020) 383(5):426-39. doi: 10.1056/NEJMoal908380

10. Abbasi J. RSV vaccines, finally within reach, could prevent tens of thousands of
yearly deaths. JAMA (2022) 327(3):204-6. doi: 10.1001/jama.2021.23772

11. Eichinger KM, Kosanovich JL, Lipp MA, Perkins TN, Petrovsky N, Marshall C,
et al. Maternal immunization with adjuvanted RSV prefusion F protein effectively
protects offspring from RSV challenge and alters innate and T cell immunity. Vaccine
(2020) 38(50):7885-91. doi: 10.1016/j.vaccine.2020.10.065

12. Blanco JCG, Cullen LM, KaMali A, Sylla FYD, Chinmoun Z, Boukhvalova MS,
et al. Correlative outcomes of maternal immunization against RSV in cotton rats. Hum
Vaccin Immunother. (2022) 18(7):2148499. doi: 10.1080/21645515.2022.2148499

13. Culley FJ, Pollott J, Openshaw PJ. Age at first viral infection determines the
pattern of T cell-mediated disease during reinfection in adulthood. ] Exp Med (2002)
196(10):1381-6. doi: 10.1084/jem.20020943

14. Dakhama A, Park JW, Taube C, Joetham A, Balhorn A, Miyahara N, et al. The
enhancement or prevention of airway hyperresponsiveness during reinfection with
respiratory syncytial virus is critically dependent on the age at first infection and IL-13
production. J Immunol (2005) 175(3):1876-83. doi: 10.4049/jimmunol.175.3.1876

15. You D, Becnel D, Wang K, Ripple M, Daly M, Cormier SA. Exposure of
neonates to respiratory syncytial virus is critical in determining subsequent airway
response in adults. Respir Res (2006) 7(1):107. doi: 10.1186/1465-9921-7-107

16. Siegrist CA. Mechanisms by which maternal antibodies influence infant vaccine
responses: review of hypotheses and definition of main determinants. Vaccine (2003)
21(24):3406-12. doi: 10.1016/50264-410X(03)00342-6

17. Vono M, Eberhardt CS, Auderset F, Mastelic-Gavillet B, Lemeille S, Christensen
D, et al. Maternal antibodies inhibit neonatal and infant responses to vaccination by
shaping the early-life B cell repertoire within germinal centers. Cell Rep (2019) 28
(7):1773-84 e5. doi: 10.1016/j.celrep.2019.07.047

18. Empey KM, Orend ]G, Peebles RSJr., Egana L, Norris KA, Oury TD, et al.
Stimulation of immature lung macrophages with intranasal interferon gamma in a
novel neonatal mouse model of respiratory syncytial virus infection. PloS One (2012) 7
(7):€40499. doi: 10.1371/journal.pone.0040499

19. Kwon YM, Hwang HS, Lee JS, Ko EJ, Yoo SE, Kim MC, et al. Maternal
antibodies by passive immunization with forMalin inactivated respiratory syncytial
virus confer protection without vaccine-enhanced disease. Antiviral Res (2014) 104:1-
6. doi: 10.1016/j.antiviral.2014.01.008

20. Graham BS, Perkins MD, Wright PF, Karzon DT. Primary respiratory syncytial
virus infection in mice. ] Med Virol (1988) 26(2):153-62. doi: 10.1002/jmv.1890260207

21. Knudson CJ, Hartwig SM, Meyerholz DK, Varga SM. RSV vaccine-enhanced
disease is orchestrated by the combined actions of distinct CD4 T cell subsets. PloS
Pathog (2015) 11(3):¢1004757. doi: 10.1371/journal.ppat.1004757

22. Eichinger KM, Kosanovich JL, Gidwani SV, Zomback A, Lipp MA, Perkins TN,
et al. Prefusion RSV F immunization elicits th2-mediated lung pathology in mice when
formulated with a th2 (but not a th1/th2-balanced) adjuvant despite complete viral
protection. Front Immunol (2020) 11:1673. doi: 10.3389/fimmu.2020.01673

Frontiers in Immunology

15

10.3389/fimmu.2023.1206026

23. Eichinger KM, Kosanovich JL, Perkins TN, Oury TD, Petrovsky N, Marshall CP,
et al. Prior respiratory syncytial virus infection reduces vaccine-mediated Th2-skewed
immunity, but retains enhanced RSV F-specific CD8 T cell responses elicited by a Th1-
skewing vaccine formulation. Front Immunol (2022) 13:1025341. doi: 10.3389/
fimmu.2022.1025341

24. Kosanovich JL, Eichinger KM, Lipp MA, Yondola MA, Perkins TN, Empey KM.
Formulation of the prefusion RSV F protein with a Th1/Th2-balanced adjuvant
provides complete protection without Th2-skewed immunity in RSV-experienced
young mice. Vaccine (2020) 38(41):6357-62. doi: 10.1016/j.vaccine.2020.08.023

25. Sarzotti-Kelsoe M, Daniell X, Todd CA, Bilska M, Martelli A, LaBranche C, et al.
Optimization and validation of a neutralizing antibody assay for HIV-1 in A3R5 cells. J
Immunol Methods (2014) 409:147-60. doi: 10.1016/j.jim.2014.02.013

26. Bohning K, Sonnberg S, Chen HL, Zahralban-Steele M, Powell T, Hather G,
et al. A high throughput reporter virus particle microneutralization assay for
quantitation of Zika virus neutralizing antibodies in multiple species. PloS One
(2021) 16(4):¢0250516. doi: 10.1371/journal.pone.0250516

27. McLellan JS, Chen M, Joyce MG, Sastry M, Stewart-Jones GB, Yang Y, et al.
Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus.
Science (2013) 342(6158):592-8. doi: 10.1126/science.1243283

28. Eichinger KM, Kosanovich JL, Empey KM. Localization of the T-cell response to
RSV infection is altered in infant mice. Pediatr Pulmonol. (2018) 53(2):145-53. doi:
10.1002/ppul.23911

29. Eichinger KM, Egana L, Orend ]G, Resetar E, Anderson KB, Patel R, et al.
Alveolar macrophages support interferon gamma-mediated viral clearance in RSV-
infected neonatal mice. Respir Res (2015) 16:122. doi: 10.1186/s12931-015-0282-7

30. Perkins TN, Oczypok EA, Milutinovic PS, Dutz RE, Oury TD. RAGE-dependent
VCAM-1 expression in the lung endothelium mediates IL-33-induced allergic airway
inflammation. Allergy (2019) 74(1):89-99. doi: 10.1111/all.13500

31. Graham BS, Bunton LA, Wright PF, Karzon DT. Role of T lymphocyte subsets
in the pathogenesis of primary infection and rechallenge with respiratory syncytial
virus in mice. J Clin Invest. (1991) 88(3):1026-33. doi: 10.1172/JCI115362

32. Schmidt ME, Knudson CJ, Hartwig SM, Pewe LL, Meyerholz DK, Langlois RA,
et al. Memory CD8 T cells mediate severe immunopathology following respiratory
syncytial virus infection. PloS Pathog (2018) 14(1):e1006810. doi: 10.1371/
journal.ppat.1006810

33. Bangham CR. Passively acquired antibodies to respiratory syncytial virus impair
the secondary cytotoxic T-cell response in the neonatal mouse. Immunology (1986) 59
(1):37-41.

34. Saravia J, You D, Shrestha B, Jaligama S, Siefker D, Lee GI, et al. Respiratory
syncytial virus disease is mediated by age-variable IL-33. PloS Pathog (2015) 11(10):
€1005217. doi: 10.1371/journal.ppat.1005217

35. Stier MT, Bloodworth MH, Toki S, Newcomb DC, Goleniewska K, Boyd KL,
et al. Respiratory syncytial virus infection activates IL-13-producing group 2 innate
lymphoid cells through thymic stromal lymphopoietin. J Allergy Clin Immunol (2016)
138(3):814-24 el1. doi: 10.1016/j.jaci.2016.01.050

36. WuJ,HuH, Xu L, Qi F, Bai S, Cui Y, et al. Natural helper cells are associated
with the exacerbated airway inflammation seen during RSV reinfection of neonatally
primed mice. Int Immunopharmacol. (2017) 45:156-62. doi: 10.1016/
j.intimp.2017.02.011

37. Martinez-Gonzalez I, Matha L, Steer CA, Ghaedi M, Poon GF, Takei F.
Allergen-experienced group 2 innate lymphoid cells acquire memory-like properties
and enhance allergic lung inflammation. Immunity (2016) 45(1):198-208. doi: 10.1016/
j-immuni.2016.06.017

38. Verma M, Michalec L, Sripada A, McKay J, Sirohi K, Verma D, et al. The
molecular and epigenetic mechanisms of innate lymphoid cell (ILC) memory and its
relevance for asthma. J Exp Med (2021) 218(7):1-22. doi: 10.1084/jem.20201354

39. Aherne W, Bird T, Court SD, Gardner PS, McQuillin J. Pathological changes in
virus infections of the lower respiratory tract in children. J Clin Pathol (1970) 23(1):7-
18. doi: 10.1136/jcp.23.1.7

40. Tregoning JS, Yamaguchi Y, Harker J, Wang B, Openshaw PJ. The role of T cells
in the enhancement of respiratory syncytial virus infection severity during adult
reinfection of neonatally sensitized mice. J Virol (2008) 82(8):4115-24. doi: 10.1128/
JV1.02313-07

41. Oliphant CJ, Hwang YY, Walker JA, Salimi M, Wong SH, Brewer JM, et al.
MHCII-mediated dialog between group 2 innate lymphoid cells and CD4(+) T cells
potentiates type 2 immunity and promotes parasitic helminth expulsion. Immunity
(2014) 41(2):283-95. doi: 10.1016/j.immuni.2014.06.016

42. Han X, Bai S, Cui Y, Zhu W, Zhao N, Liu B. Essential role of CD4(+) T cells for
the activation of group 2 innate lymphoid cells during respiratory syncytial virus
infection in mice. Immunotherapy (2019) 11(15):1303-13. doi: 10.2217/imt-2019-0084

43. Riddell CA, Bhat N, Bont L], Dupont WD, Feikin DR, Fell DB, et al. Informing
randomized clinical trials of respiratory syncytial virus vaccination during pregnancy to
prevent recurrent childhood wheezing: A sample size analysis. Vaccine (2018) 36
(52):8100-9. doi: 10.1016/j.vaccine.2018.10.041

frontiersin.org


https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(98)10321-5
https://doi.org/10.1371/journal.pone.0087162
https://doi.org/10.1001/archpedi.1986.02140200053026
https://doi.org/10.1056/NEJMoa0804877
https://doi.org/10.1164/rccm.201603-0658OC
https://doi.org/10.1016/S0022-3476(81)80829-3
https://doi.org/10.1016/S0022-3476(81)80829-3
https://doi.org/10.1093/infdis/jiz390
https://doi.org/10.1056/NEJMoa1908380
https://doi.org/10.1001/jama.2021.23772
https://doi.org/10.1016/j.vaccine.2020.10.065
https://doi.org/10.1080/21645515.2022.2148499
https://doi.org/10.1084/jem.20020943
https://doi.org/10.4049/jimmunol.175.3.1876
https://doi.org/10.1186/1465-9921-7-107
https://doi.org/10.1016/S0264-410X(03)00342-6
https://doi.org/10.1016/j.celrep.2019.07.047
https://doi.org/10.1371/journal.pone.0040499
https://doi.org/10.1016/j.antiviral.2014.01.008
https://doi.org/10.1002/jmv.1890260207
https://doi.org/10.1371/journal.ppat.1004757
https://doi.org/10.3389/fimmu.2020.01673
https://doi.org/10.3389/fimmu.2022.1025341
https://doi.org/10.3389/fimmu.2022.1025341
https://doi.org/10.1016/j.vaccine.2020.08.023
https://doi.org/10.1016/j.jim.2014.02.013
https://doi.org/10.1371/journal.pone.0250516
https://doi.org/10.1126/science.1243283
https://doi.org/10.1002/ppul.23911
https://doi.org/10.1186/s12931-015-0282-7
https://doi.org/10.1111/all.13500
https://doi.org/10.1172/JCI115362
https://doi.org/10.1371/journal.ppat.1006810
https://doi.org/10.1371/journal.ppat.1006810
https://doi.org/10.1371/journal.ppat.1005217
https://doi.org/10.1016/j.jaci.2016.01.050
https://doi.org/10.1016/j.intimp.2017.02.011
https://doi.org/10.1016/j.intimp.2017.02.011
https://doi.org/10.1016/j.immuni.2016.06.017
https://doi.org/10.1016/j.immuni.2016.06.017
https://doi.org/10.1084/jem.20201354
https://doi.org/10.1136/jcp.23.1.7
https://doi.org/10.1128/JVI.02313-07
https://doi.org/10.1128/JVI.02313-07
https://doi.org/10.1016/j.immuni.2014.06.016
https://doi.org/10.2217/imt-2019-0084
https://doi.org/10.1016/j.vaccine.2018.10.041
https://doi.org/10.3389/fimmu.2023.1206026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kosanovich et al.

44. Rajput C, Han M, Ishikawa T, Lei J, Jazaeri S, Bentley JK, et al. Early-life
heterologous rhinovirus infections induce an exaggerated asthma-like phenotype. J
Allergy Clin Immunol (2020) 146(3):571-82 e3. doi: 10.1016/j.jaci.2020.03.039

45. de Kleer IM, Kool M, de Bruijn MJ, Willart M, van Moorleghem J, Schuijs MJ,
et al. Perinatal activation of the interleukin-33 pathway promotes type 2 immunity in
the developing lung. Immunity (2016) 45(6):1285-98. doi: 10.1016/
jimmuni.2016.10.031

46. Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al. Alveolar
macrophages develop from fetal monocytes that differentiate into long-lived cells in the
first week of life via GM-CSF. J Exp Med (2013) 210(10):1977-92. doi: 10.1084/
jem.20131199

47. Restori KH, Srinivasa BT, Ward BJ, Fixman ED. Neonatal immunity, respiratory
virus infections, and the development of asthma. Front Immunol (2018) 9:1249. doi:
10.3389/fimmu.2018.01249

48. Kool M, Soullie T, van Nimwegen M, Willart MA, Muskens F, Jung S, et al.
Alum adjuvant boosts adaptive immunity by inducing uric acid and activating
inflammatory dendritic cells. ] Exp Med (2008) 205(4):869-82. doi: 10.1084/
jem.20071087

49. Boekhoudt GH, Frazier-Jessen MR, Feldman GM. Immune complexes suppress
IFN-gamma signaling by activation of the FcgammaRI pathway. J Leukoc Biol (2007) 81
(4):1086-92. doi: 10.1189/j1b.0906543

50. Sutterwala FS, Noel GJ, Salgame P, Mosser DM. Reversal of proinflammatory
responses by ligating the macrophage Fcgamma receptor type I. J Exp Med (1998) 188
(1):217-22. doi: 10.1084/jem.188.1.217

51. Gerber JS, Mosser DM. Stimulatory and inhibitory signals originating from the
macrophage Fcgamma receptors. Microbes Infect (2001) 3(2):131-9. doi: 10.1016/
$1286-4579(00)01360-5

52. Anderson CF, Mosser DM. A novel phenotype for an activated macrophage: the
type 2 activated macrophage. J Leukoc Biol (2002) 72(1):101-6. doi: 10.1189/j1b.72.1.101

53. Gour N, Smole U, Yong HM, Lewkowich IP, Yao N, Singh A, et al. C3a is
required for ILC2 function in allergic airway inflammation. Mucosal Immunol (2018)
11(6):1653-62. doi: 10.1038/s41385-018-0064-x

54. McNamara PS, Smyth RL. The pathogenesis of respiratory syncytial virus
disease in childhood. Br Med Bull (2002) 61:13-28. doi: 10.1093/bmb/61.1.13

55. Mi LL, Guo WW. Crosstalk between ILC2s and th2 CD4(+) T cells in lung
disease. ] Immunol Res (2022) 2022:8871037. doi: 10.1155/2022/8871037

56. Mitchell C, Provost K, Niu N, Homer R, Cohn L. IFN-gamma acts on the airway
epithelium to inhibit local and systemic pathology in allergic airway disease. ] Immunol
(2011) 187(7):3815-20. doi: 10.4049/jimmunol.1100436

57. Ford JG, Rennick D, Donaldson DD, Venkayya R, McArthur C, Hansell E, et al.
1-13 and IFN-gamma: interactions in lung inflammation. J Immunol (2001) 167
(3):1769-77. doi: 10.4049/jimmunol.167.3.1769

58. Cohn L, Whittaker L, Niu N, Homer R]. Cytokine regulation of mucus
production in a model of allergic asthma. Novartis Found Symp (2002) 248:201-13.
discussion 13-20, 77-82. doi: 10.1002/0470860790.ch13

59. Kuperman DA, Huang X, Koth LL, Chang GH, Dolganov GM, Zhu Z, et al.
Direct effects of interleukin-13 on epithelial cells cause airway hyperreactivity and
mucus overproduction in asthma. Nat Med (2002) 8(8):885-9. doi: 10.1038/nm734

60. Yu H, Li Q, Kolosov VP, Perelman JM, Zhou X. Interleukin-13 induces mucin
5AC production involving STAT6/SPDEF in human airway epithelial cells. Cell
Commun Adhes. (2010) 17(4-6):83-92. doi: 10.3109/15419061.2010.551682

Frontiers in Immunology

16

10.3389/fimmu.2023.1206026

61. Steer CA, Matha L, Shim H, Takei F. Lung group 2 innate lymphoid cells are
trained by endogenous IL-33 in the neonatal period. JCI Insight (2020) 5(14):1-12. doi:
10.1172/jci.insight.135961

62. Chanock RM, Kapikian AZ, Mills J, Kim HW, Parrott RH. Influence of
immunological factors in respiratory syncytial virus disease. Arch Environ Health
(1970) 21(3):347-55. doi: 10.1080/00039896.1970.10667249

63. McLellan JS, Chen M, Leung S, Graepel KW, Du X, Yang Y, et al. Structure of
RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing antibody.
Science (2013) 340(6136):1113-7. doi: 10.1126/science.1234914

64. O’Brien KL, Chandran A, Weatherholtz R, Jafri HS, Griffin MP, Bellamy T, et al.
Efficacy of motavizumab for the prevention of respiratory syncytial virus disease in healthy
Native American infants: a phase 3 randomised double-blind placebo-controlled trial.
Lancet Infect Dis (2015) 15(12):1398-408. doi: 10.1016/S1473-3099(15)00247-9

65. Carbonell-Estrany X, Simoes EA, Dagan R, Hall CB, Harris B, Hultquist M, et al.
Motavizumab for prophylaxis of respiratory syncytial virus in high-risk children: a
noninferiority trial. Pediatrics (2010) 125(1):e35-51. doi: 10.1542/peds.2008-1036

66. Yoshihara S, Kusuda S, Mochizuki H, Okada K, Nishima S, Simoes EA, et al.
Effect of palivizumab prophylaxis on subsequent recurrent wheezing in preterm
infants. Pediatrics (2013) 132(5):811-8. doi: 10.1542/peds.2013-0982

67. Mochizuki H, Kusuda S, Okada K, Yoshihara S, Furuya H, Simoes EAF, et al.
Palivizumab prophylaxis in preterm infants and subsequent recurrent wheezing. Six-
year follow-up study. Am ] Respir Crit Care Med (2017) 196(1):29-38. doi: 10.1164/
rcem.201609-18120C

68. Stensballe LG, Ravn H, Kristensen K, Agerskov K, Meakins T, Aaby P, et al.
Respiratory syncytial virus neutralizing antibodies in cord blood, respiratory syncytial
virus hospitalization, and recurrent wheeze. ] Allergy Clin Immunol (2009) 123(2):398-
403. doi: 10.1016/j.jaci.2008.10.043

69. Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: antibody effector functions
in infectious diseases. Nat Rev Immunol (2018) 18(1):46-61. doi: 10.1038/nri.2017.106

70. Pierson TC, Xu Q, Nelson S, Oliphant T, Nybakken GE, Fremont DH, et al. The
stoichiometry of antibody-mediated neutralization and enhancement of West Nile
virus infection. Cell Host Microbe (2007) 1(2):135-45. doi: 10.1016/j.chom.2007.03.002

71. Taborda CP, Rivera J, Zaragoza O, Casadevall A. More is not necessarily better:
prozone-like effects in passive immunization with IgG. ] Immunol (2003) 170(7):3621-
30. doi: 10.4049/jimmunol.170.7.3621

72. Reusch D, Tejada ML. Fc glycans of therapeutic antibodies as critical quality
attributes. Glycobiology (2015) 25(12):1325-34. doi: 10.1093/glycob/cwv065

73. Vattepu R, Sneed SL, Anthony RM. Sialylation as an important regulator of
antibody function. Front Immunol (2022) 13:818736. doi: 10.3389/fimmu.2022.818736

74. Archer EJ, Gonzalez JC, Ghosh D, Mellins ED, Wang TT. Harnessing IgG Fc
glycosylation for clinical benefit. Curr Opin Immunol (2022) 77:102231. doi: 10.1016/
j.c01.2022.102231

75. Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: from structure
to effector functions. Front Immunol (2014) 5:520. doi: 10.3389/fimmu.2014.00520

76. Kapur R, Einarsdottir HK, Vidarsson G. IgG-effector functions: “the good, the bad
and the ugly”. Immunol Lett (2014) 160(2):139-44. doi: 10.1016/j.imlet.2014.01.015

77. Bruhns P, Jonsson F. Mouse and human FcR effector functions. Immunol Rev
(2015) 268(1):25-51. doi: 10.1111/imr.12350

78. Sastry M, Zhang B, Chen M, Joyce MG, Kong WP, Chuang GY, et al. Adjuvants
and the vaccine response to the DS-Cavl-stabilized fusion glycoprotein of respiratory
syncytial virus. PloS One (2017) 12(10):¢0186854. doi: 10.1371/journal.pone.0186854

frontiersin.org


https://doi.org/10.1016/j.jaci.2020.03.039
https://doi.org/10.1016/j.immuni.2016.10.031
https://doi.org/10.1016/j.immuni.2016.10.031
https://doi.org/10.1084/jem.20131199
https://doi.org/10.1084/jem.20131199
https://doi.org/10.3389/fimmu.2018.01249
https://doi.org/10.1084/jem.20071087
https://doi.org/10.1084/jem.20071087
https://doi.org/10.1189/jlb.0906543
https://doi.org/10.1084/jem.188.1.217
https://doi.org/10.1016/S1286-4579(00)01360-5
https://doi.org/10.1016/S1286-4579(00)01360-5
https://doi.org/10.1189/jlb.72.1.101
https://doi.org/10.1038/s41385-018-0064-x
https://doi.org/10.1093/bmb/61.1.13
https://doi.org/10.1155/2022/8871037
https://doi.org/10.4049/jimmunol.1100436
https://doi.org/10.4049/jimmunol.167.3.1769
https://doi.org/10.1002/0470860790.ch13
https://doi.org/10.1038/nm734
https://doi.org/10.3109/15419061.2010.551682
https://doi.org/10.1172/jci.insight.135961
https://doi.org/10.1080/00039896.1970.10667249
https://doi.org/10.1126/science.1234914
https://doi.org/10.1016/S1473-3099(15)00247-9
https://doi.org/10.1542/peds.2008-1036
https://doi.org/10.1542/peds.2013-0982
https://doi.org/10.1164/rccm.201609-1812OC
https://doi.org/10.1164/rccm.201609-1812OC
https://doi.org/10.1016/j.jaci.2008.10.043
https://doi.org/10.1038/nri.2017.106
https://doi.org/10.1016/j.chom.2007.03.002
https://doi.org/10.4049/jimmunol.170.7.3621
https://doi.org/10.1093/glycob/cwv065
https://doi.org/10.3389/fimmu.2022.818736
https://doi.org/10.1016/j.coi.2022.102231
https://doi.org/10.1016/j.coi.2022.102231
https://doi.org/10.3389/fimmu.2014.00520
https://doi.org/10.1016/j.imlet.2014.01.015
https://doi.org/10.1111/imr.12350
https://doi.org/10.1371/journal.pone.0186854
https://doi.org/10.3389/fimmu.2023.1206026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exacerbated lung inflammation following secondary RSV exposure is CD4+ T cell-dependent and is not mitigated in infant BALB/c mice born to PreF-vaccinated dams
	1 Introduction
	2 Materials and methods
	2.1 Maternal immunization, intranasal RSV infections, and treatments
	2.2 RSV-neutralizing antibody – Renilla Luciferase RSV reporter assay
	2.3 RSV-specific IgG subtype assays
	2.4 Cell preparation, stimulation, and flow cytometry
	2.5 Histology
	2.6 Statistical analysis

	3 Results
	3.1 Offspring born to PreF+Alum-immunized dams are protected following primary and secondary RSV exposure
	3.2 mAlum offspring have a Th2-skewed CD4+ T cell profile with reduced cytotoxic CD8+ T cell activity
	3.3 IL-5- and IL-13-producing ILC2s are significantly elevated in the lungs of mAlum offspring
	3.4 ILC2s with a hyperresponsive phenotype are enriched in lungs of mAlum offspring
	3.5 mVeh and mAlum offspring have severe airway mucus metaplasia following RSV re-exposure
	3.6 Th2 responses are sustained while cytotoxic CD8+ T cells increase in mAlum offspring during late secondary RSV responses
	3.7 Severity of mucus metaplasia increases in mAlum offspring during late secondary RSV responses
	3.8 CD4+ T cell depletion during secondary RSV exposure reduces lung pathology
	3.9 hILC2s are reduced in the absence of CD4+ T cells following secondary RSV exposure

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


