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ABSTRACT
Maternal anti-respiratory syncytial virus (RSV) antibodies protect neonates from RSV disease throughout 
first weeks of life. Previous studies of maternal immunization in cotton rats showed that a single 
immunization during pregnancy of RSV-primed dams with virus-like particles (VLPs) assembled with pre- 
fusion F protein and the wild type G protein boosted their RSV serum antibody concentration and 
protected pups early in life against RSV challenge. We extended these findings by evaluating responses 
to RSV infection in litters from two consecutive pregnancies of immunized dams. Using an RSV-primed 
population of VLP-vaccinated and unvaccinated dams, we defined correlations between dams’ and litters’ 
RSV neutralizing antibodies (NA); between litters’ NA and protection; and between litter’s NA and their 
lung expression of selected cytokines, of a first or of a second pregnancy. Lung pathology was also 
evaluated. We found positive correlation between the NA titers in the dams at delivery and the NA in their 
first and second litters and negative correlations between the litters’ NA and protection from RSV 
challenge. Vaccination of dams modulated the mRNA expression for IFNγ and IL-6 and lung pathology 
in the first and in the second litter at different times after birth, even in the absence of detectable NA. 
Maternal RSV vaccination enhanced the levels of antibodies transferred to offspring and their protection 
from challenge. Importantly, maternal vaccination also impacted the immunological and inflammatory 
response of the offspring’s lungs well into maturity, and after the antiviral effect of maternally transferred 
NA waned or was no longer detectable.
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Introduction

Respiratory syncytial virus (RSV) is a significant cause of mor
bidity and mortality in the very young and the very old human 
population.1,2 RSV infection in young children is a major cause 
of hospitalization and is associated with increased risk ofrecur
rent wheezing and asthma later in life.1–5 An antiviral mono
clonal antibody directed against RSV F protein, administered 
prophylactically, is the only preventative approved against RSV 
and is used in premature or high-risk infants.6 Other antibodies 
are awaiting FDA approval,7 with the hope of improved efficacy 
of this therapy. Vaccination has been the focus of RSV investiga
tion for the past 60 years. However, safety has been a paramount 
obstacle for vaccine development due to the failure of early 
vaccine trials in the 60s, where two infants died.8–11 Thus, 
indirect protection of the very young against RSV by maternal 
vaccination has been the focus of many vaccine developments in 
the last decade.12 Maternal vaccines are commonly used to 
protect infants from influenza, tetanus, and pertussis.13,14 It has 
been reported that RSV maternal antibody (matAb) acquired by 
the fetus through the placenta or lactation has a protective effect 
on neonates during the first few weeks of life.15–19 Thus, a goal of 
the maternal RSV immunization strategy is to increase protec
tive specific matAbs being transferred to neonates to levels that 
will extend the time of protection against RSV longer after birth. 
However, the effects of maternal immunization on the responses 

to RSV in offspring later in the life remain difficult to predict and 
thus are important to evaluate in animal models.

Our previous studies in the cotton rat model of maternal 
immunization using a novel virus-like particle (VLP) vaccine 
candidates assembled with different pre-fusion RSV F proteins 
along with the RSV G attachment protein showed that mater
nal vaccination improves protection in young animals (at 4  
weeks after birth).20 Here, we show that maternal vaccination 
also protects litters from lung pathology and cytokine gene 
expression early on, but not later in life as maternal antibodies 
in the litter wane. Importantly, we find that maternal vaccina
tion results in an increase in mRNA expression for IL-6 and 
IFNγ in the lung when RSV infection occurs later in the life of 
the litters, and when protection from RSV by matAbs wanes or 
cannot be detected, correlating with the modulation of the 
litter’s response to RSV in their lung.

Materials and methods

Preparation, characterization, and validation of VLP 
stocks

VLPs used as immunogens were based on the core M and NP 
proteins of Newcastle disease virus (NDV) M and NP proteins 
and contained the RSV F and G glycoproteins.21–23 The RSV 
proteins were assembled into the VLPs as chimera proteins 
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with the sequences of the ectodomain of RSV F and 
G glycoproteins fused to the transmembrane and cytoplasmic 
domains of the NDV F and HN proteins, respectively.

The VLPs were prepared by transfecting avian cells (ELL-0) 
with cDNAs encoding the NDV M and NP proteins, the 
G protein chimera, and one of the mutant F chimera proteins, 
either in the stabilized pre-fusion conformation (DS Cav1),24 

with alternative mutations to improve immunogenicity (UC-3 
F),25,26 or the with F protein in the post-fusion conformation 
(post F). VLPs released into the cell supernatant were purified 
as previously described27 and the F and G protein contents of 
purified VLPs was quantified by Western blots and by mono
clonal antibody binding to the VLPs as previously described. 
VLP stocks were adjusted for equivalent levels of F protein.26,28 

The pre-fusion or post-fusion conformations of the F protein 
in the VLPs were validated by assessing the binding of mAbs 
specific to the pre-fusion form of the F protein to the VLPs as 
previously reported.28,29

RSV neutralization

RSV was grown in HEp-2 cells, and RSV plaque assays were 
accomplished on HEp-2 cells as previously described 28. 
Antibody neutralization assays by a plaque reduction method 
have been previously described.30 Neutralization titer was 
defined as log2 of the reciprocal of the dilution of serum that 
reduced virus titer by 60%.

Animals

Sigmodon hispidus cotton rats were obtained from the inbred 
colony maintained at Sigmovir Biosystems, Inc. (Rockville, 
MD). All studies were conducted under applicable laws and 
guideline and after approval from the Sigmovir Biosystems, 
Inc.’s Institutional Animal Care and Use Committee. Animals 
were housed in large polycarbonate cages and fed a standard 
diet of rodent chow and water ad libitum. The colony was 
monitored for antibodies to paramyxoviruses and rodent 
viruses and no such antibodies were found. Female cotton 
rats were pre-bled before inclusion in the study to rule out 
the possibility of preexisting antibodies against RSV. All cotton 
rats born because of breeding during these studies were used 
for RSV challenge as indicated, and the results used for the 
litter are geometric means of each parameter obtained from 
each of its pups.

Real time PCR

Total RNA was extracted from homogenized lung tissue using 
the RNeasy purification kit (QIAGEN). One µg of total RNA was 
used to prepare cDNA using QuantiTect Reverse Transcription 
Kit (Qiagen). For the real-time PCR reactions, the QuantiFast 
SYBR Green PCR Kit (Qiagen) was used in a final volume of 25  
µl, with final primer concentrations of 0.5 µM. Reactions were 
set up in 96-well trays. Amplifications were performed on a Bio- 
Rad iCycler for 1 cycle of 95ºC for 3 min, followed by 40 cycles of 
95ºC for 10 sec, 60ºC for 10 sec, and 72ºC for 15 sec. The baseline 
cycles and cycle threshold (Ct) were calculated by the iQ5 soft
ware in the PCR Base Line Subtracted Curve Fit mode. Relative 

quantification of DNA was applied to all samples. The standard 
curves were developed using serially diluted cDNA sample most 
enriched in the transcript of interest (e.g., lungs from day 4 post- 
primary RSV infection for viral transcripts qPCR). The relative 
expression units were then normalized to the level of β-actin 
mRNA (“housekeeping gene”) to obtain a ΔCt value for the 
corresponding sample. The relative 2−ΔΔCt values were plotted. 
For animal studies, mRNA levels were expressed as the mean ±  
SEM for all animals in a group. Primer sequences for NS1, 
forward CACAACAAT 
GCCAGTGCTACAA, reverse TTAGACCATTAGGTT GAG 
AGCAATGT; IL-6, forward ATGAAGTTCCTCTCCG 
CAAGACACT, reverse GACCAGAGGTGATTTTCAGT 
AGGC; IFNγ, forward CAGATGTCGGGGATCAAAAG, 
reverse GTTGATGCTTTCCTGGATGG.

Lung histopathology

Lungs were dissected and inflated with 10% neutral buffered 
formalin to their normal volume, and then immersed in the 
same fixative solution. Following fixation, the lungs were 
embedded in paraffin, sectioned, and stained with hematoxylin 
and eosin (H&E). Four parameters of pulmonary inflammation 
were evaluated: peribronchiolitis (inflammatory cell infiltra
tion around the bronchioles), perivasculitis (inflammatory 
cell infiltration around the small blood vessels), interstitial 
pneumonia (inflammatory cell infiltration and thickening of 
alveolar walls), and alveolitis (cells within the alveolar spaces). 
Slides were scored blindly on a 0–4 severity scale. The scores 
were subsequently converted to a 0–100% histopathology 
scale.31

Statistical analysis

Statistical analyses (ANOVA) of data were accomplished using 
Graph Pad Prism 9 software to compare results from litters of 
vaccinated vs. unvaccinated animals. Pearson correlation coef
ficients were generated from a total of 60 to 64 pairs of values 
for the first litters and from 57 to 59 pairs of values of 
the second litters. Comparisons between litters generated 
from VLP-vaccinated vs unvaccinated dams were performed 
using unpaired t-test.

Results

Experimental design

Three-week-old female cotton rats (dams) were tagged, bled, 
and primed with RSV A/Long intranasally (i.n.) using a dose of 
105 PFU/animal in 50 µl. Eight weeks later (d56), females were 
bled and subsequently paired with RSV naive males 2 weeks 
older than the females for mating to start the 1st Pregnancy 
(Figure 1). At day 70 (two weeks into pregnancy, cotton rats 
have a length of gestation of 28 days) different groups of dams 
were immunized with UC-3 F VLPs with 25, 75, 100, or 150 µg 
total VLP protein/animal (5, 15, 20, or 30 µg F protein), DS- 
Cav1 F VLPs or post-F VLPs with 100 µg total VLP protein/ 
animal (20 µg F protein), intramuscularly (i.m.). In our pre
vious publication, we showed that UC-3 F VLPs at a dose of 
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100 µg total VLP protein/animal achieve the best levels of NA 
in dams and their litters, compared with other doses of the 
same vaccine or with DS-Cav1 F VLPs or post-F VLPs of the 
same concentration.20 All dams-litters pairs or litters of vacci
nated groups were symbolized by red dots in all the graphs. 
Control groups were primed females re-exposed to RSV (black 
dots), or PBS-(mock) vaccinated i.n. during pregnancy (blue 
dots). All females were bled for serum collection at days 70 and 
84 (just before delivery). For analysis and comparison in this 
study, dams primed, vaccinated with VLPs and their litters 
were combined in a single cluster (vaccinated), whereas the 
dams primed and then exposed to RSV, or mock vaccinated 
during pregnancy were combined in another cluster (unvacci
nated) (Figure 1). Otherwise, animals were treated as a unique 
population to generate correlations with maternal neutralizing 
antibodies (NA). Dams delivered pups at approximately day 
84. Dams were set again for breeding at day 158 without 
additional immunization to initiate the 2nd pregnancy. Pups 
of the 2nd litter were delivered on or about day 185. No 
vaccination was performed during the second pregnancy. 
Each litter from a dam with more than one pup was divided 
in two balanced sex groups, otherwise the pup was randomly 
assigned to a subgroup. The two subgroups of pups from the 1st 

litter were bled and challenged with RSV A/Long (105 PFU/ 
animal) at 4 or 6 weeks of age. The two subgroups of pups from 
the 2nd litter were bled and challenged with the same amount of 
RSV at 4 and 8 weeks after birth. All pups were sacrificed 
on day 4 post challenge to measure RSV load (nose and lung 
viral titers, and lung NS1 gene expression), lung mRNA expres
sion of interferon gamma (IFNγ) and interleukin 6 (IL-6), and 
lung histopathology. Individual measurements for each para
meter for each rat within a litter were performed and their 
mean was used as the final value for the litter.

First litter

Correlations were first drawn between the dams’ NA and the 
litter’s NA determined prior to RSV challenge. Log2 Dam NA 
measured prior to delivery in primed mock vaccinated, primed, 
and RSV exposed, or in primed and VLP-vaccinated cotton rat 

dams positively correlated with the Log2 Litter NA measured at 
4 weeks of age (r = 0.55, p < .0001, Figure 2(a) and Table 1), and 
at 6 weeks of age (r = 0.51, p < .0001, Figure 2(b)), indicating 
that the levels of maternal antibodies in the dams before deliv
ery could predict the antibody titers in their litter. However, it 
was also evident that there was a decrease in the overall titer of 
the litter NA population at 6 weeks of age, reflecting the decay 
of their maternal antibodies with time.

After challenging the animals in each litters with RSV when 
they were 4 (half) or 6 weeks of age (the other half), significant 
negative correlations were found between the titers of litter NA 
before RSV challenge and RSV titers in their lungs (r = −0.28, 
p = .027 for both 4 and 6 weeks at challenge, Figure 2(c,d)) and 
in their nasal tissue (r = −0.41, p = .0007 for 4 weeks chal
lenged; r = −0.35, p = .0055 for 6 weeks at challenge, Figure 2 
(e,f)). The correlation coefficients between the litter NA and 
protection were higher in the nose than in the lung at both time 
points. In addition, as indicated by the detection of mRNA 
NS1, protection of the lung was significantly higher in litters 
from dams vaccinated with VLPs or re-infected with RSV 
during pregnancy (Figure 3(a,b)).

Expression of mRNA for IFNγ and IL-6 was measured 
in litters from these three clusters. At 4 weeks of age, litters 
from VLP-vaccinated dams showed significantly reduced 
expression of IFNγ and IL-6 compared to the cluster of 
litters from unvaccinated-primed dams (Figure 3(c,e)), 
whereas at 6 weeks, the expression was reversed (more 
IFNγ mRNA in litters from VLP-vaccinated dams, 
Figure 3(d)), or equalized (for IL-6 mRNA, Figure 3(f)). 
These data indicate that VLP vaccination or RSV re- 
exposure during pregnancy directly affects the immunolo
gical response to RSV in the litter, not only by reducing 
viral load but also by modulating the lung cytokine 
response in a time-dependent fashion for 4 and 6 weeks.

We then drew correlative analysis between the litter NA 
before challenge either at 4 and 6 weeks of age and the expres
sion levels of mRNA for lung IFNγ and IL-6 at 4 days after 
their challenge (Figure 4). We found that there was significant 
negative correlation between the litter NA and the levels of 
expression of lung mRNA for IFNγ (r = −0.43, p = .0008) and 

Figure 1. Experimental design: Diagram of the protocol to assess correlations and compare lung cytokine mRNA expression and pathology. Groups of 3-week-old female 
cotton rats (CRs) were primed with RSV (i.n. 105 PFU/animal) (day 0). These animals were then bred twice, once at day 56, and a second time at day 158. Groups of 
animals (vaccinated) were immunized on day 70 (first pregnancy) only, with UC-3 F VLPs with 25, 75, 100, or 150 µg total VLP protein/animal (5, 15, 20, or 30 µg 
F protein), DS-Cav1 F VLPs or post-F VLPs with 100 µg total VLP protein/animal (20 µg F protein). Days post-prime (d.p.p.). Control group (unvaccinated) were treated i. 
m. with PBS, or re-infected intranasally with RSV (RSV re-infected). Offspring of dams were challenged with RSV (i.n. 105 PFU/animal, blue arrow) at 4 or 6 weeks after 
birth (first pregnancy) or at 4 or 8 weeks after birth (second pregnancy). Asterisks represent serum acquisition to measure RSV neutralizing antibodies.
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IL-6 (r = -0.34, p = .0058) only in animals challenged at 4 
(Figure 4(a,c)), but not at 6 weeks of age (Figure 4(b,d)). All 
together, these data indicate that the dams’ NA define the 
litters’ NA titers and the expression of the lung mRNA for 
IFNγ and IL-6 and that enhancing maternal antibodies by VLP 
vaccination will impact the levels of the RSV-specific lung 
cytokine response to RSV in a time-dependent fashion.

We then compared the lung pathology between the cluster 
of litters born from VLP-vaccinated dams and the cluster of 
litters born from primed, mock-vaccinated, or RSV-exposed 

dams after RSV challenge. VLP-vaccinated dams generated 
litters that showed significant reduction of lung pathology 
(peribronchiolitis, perivasculitis, and interstitial pneumonia) 
at 4 weeks of age (Figure 5, top) when compared to unvacci
nated control, but not at 6 weeks of age (Figure 5, bottom), 
indicating a time dependent waning of the protective effect 
against RSV-induced pathology in the lung of offspring of 
VLP-vaccinated dams. RSV- re-exposed dams generated litters 
that showed lower but still significant reduction in interstitial 
pneumonia, when compared to unvaccinated animals.

Figure 2. Pearson correlations for NA and viral titers in the first pregnancy. Correlation coefficients (r), p (two tail) value, and number of litters used (n) between the NA 
titers in dams’ serum before delivering and the mean NA titer of their first pregnancy litter measured at 4 (a) and 6 weeks (b) after birth; or between the mean NA titer of 
each litter and lung (c and d) or nose (e and f) viral titer measured at 4 and 6 weeks after birth, respectively. Blue, red, and black symbols represent pairs from litters of 
unvaccinated, VLP-vaccinated dams, and RSV re-infected dams, respectively.
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Second litter

The same groups of primed, VLP-vaccinated dams and primed, 
unvaccinated or RSV exposed control dams were set for a 2nd 

pregnancy to analyze the second litter. No vaccination was per
formed during the 2nd pregnancy, so that all the measurements are 
the consequence of the vaccination during the 1st pregnancy. 
Before delivery, dams were bled for quantification of the dams’ 
NA. Pups in each litter were also bled to determine litters’s NA 
and challenged at 4 and 8 weeks of age. For the group of the 
4-week-old pups, correlations were drawn between dams NA and 
the 2nd litter NA obtained prior to RSV challenge. Dams’ NA 
measured prior to delivery in primed and mock-vaccinated, 
primed, and RSV-exposed, or in primed and VLP vaccinated 
dams also positively correlated with their litters’ NA measured 
at 4 weeks of age, (r = 0.66, p < .0001, Figure 6(a)). Furthermore, 
significant negative correlations were found between the 2nd litter 
NA at 4 weeks of age and the titers of RSV in the lung 
(Figure 6(b)), nose (Figure 6(c)), and the expression of mRNA 
for IFNγ (Figure 6(d)), and IL-6 (Figure 6(e)) in the lung 
(Table 2). The correlations for IFNγ and IL-6 were weaker than 
what was seen for the 1st litter at the same age (compare results in 
Tables 1 and 2). Significant protection of the lung was still found 
in the population of litters from dams primed and vaccinated with 
VLPs, and in litters from dams RSV-exposed during pregnancy, 
when compared to those primed but mock-vaccinated (RSV NS1 
mRNA, Figure 7(a)). In contrast to what was seen with offspring 
of the first pregnancy, no differences were found when the second 
pregnancy offspring were challenged at 4 weeks of age and were 
compared for the expression of IFNγ   or IL-6 (Figure 7(a)) or 
lung pathology (Figure 8(a) and Figure S1). However, when the 
same litter was challenged with RSV at 8 weeks of age, despite the 
lack of protection, animals born from dams vaccinated with VLPs 
showed a significant increase in IFNγ and IL-6 compare to 
whenchallenged at 4 weeks of age and were compared for the 
expression of and IL-6 mRNA expression (Figure 7(b)), and an 
increase (albeit not statistically significant) in interstitial pneumo
nia and alveolitis in many litters (Figure 8(b) and Figure S2). 
Overall, our data indicate that RSV vaccination during pregnancy 
influences the overall response to RSV in the litters not only by 
modulating RSV protection but also the lung immunological 
response to RSV for two consecutive pregnancies, even at the 
time when the neutralizing maternal antibodies or protection of 
the lung are no longer detectable.

Discussion

Passive transfer of antibodies can enhance protection in the 
first 2–6 months of the infant’s life.13,14 High efficacy maternal 
RSV vaccines are projected to have significant benefit for the 
infant population under 6 months. Several prototype vaccines 
are currently in phase III clinical trials.12 Protection is espe
cially needed for infants born two months before the peak 
season of the annual RSV cycle32 and for infants in under
developed countries were the burden of RSV disease in 
higher.33

In clinical trials, the results of maternal vaccination are 
mostly evaluated with primary and secondary clinical, serolo
gical, and safety endpoints early in life (6 month). However, the 
effects of maternal vaccines later after this period or in subse
quent pregnancies are difficult to investigate or premature to 
predict.

We have performed large studies of maternal RSV vaccina
tion using the cotton rat model.20,26,28,34,35 measuring antibo
dies in the dams prior to delivery and antibodies in their litters, 
with subsequent nasal and lung protection upon challenge. 
Using the cotton rat model of maternal immunization, we 
first described differences in protection by maternal RSV expo
sure in two consecutive pregnancies.35 We subsequently 
showed that vaccination of RSV-primed dams with FI-RSV 
Lot 100 vaccine does not contribute to vaccine enhanced dis
ease in their pups.34 However, we also showed that pups that 
received RSV maternal antibodies and were vaccinated with 
the FI-RSV Lot 100, still developed vaccine enhanced disease,34 

replicating previous observations in humans.8–11 By focusing 
on how to improve vaccine efficacy, we have also followed the 
decay of maternal antibodies and protection in two consecutive 
litters after dams were vaccinated with UC-3 FVLP.20 We 
showed that the UC-3 F VLP vaccine was significantly more 
efficacious than DS-Cav1 F VLPs or post-F VLPs at the same 
dose.20 In this study, we extended those results by evaluating 
the entire population of vaccinated dams that were all primed 
to mimic RSV seropositivity in the human population and 
compared to an unvaccinated but primed population of dams 
or dams re-exposed to RSV during pregnancy, to evaluate the 
effect of maternal vaccination in their populations of litters 
during 2 consecutive pregnancies.

We first found that the titers of NA of dams prior to their 1st 

and 2nd deliveries correlate with the titer of NA found in their 
litters late in life (at least until 6 weeks of age) and also with the 
level of protection of litters from RSV replication. However, by 
comparing these correlations at 4 weeks of age between the two 
consecutive pregnancies (e.g., comparing Figures 2(a) and 6 
(a)), it became evident that either the efficiency of transfer of 
NA was higher in the first litter than in the second litter 
(maternal antibodies at delivery were not significantly differ
ent), or that the decay of NA activity was faster in the second 
litter (e.g., greater number of litters with detectable anti RSV 
NA from dams having RSV NA < 8 Log2 in the first litter). In 
addition, although correlation coefficient between litter NA 
and protection (viral titers in the nose and lung) went up 
during the second pregnancy, less vaccinated pups achieved 
measurable levels of NA when compared to the first pregnancy 
(Figure 6(b,c) vs Figure 2(c,e)). Our previous observations 

Table 1. Correlation Coefficients for the 1st litter.

1st Litter
Litter NA Litter NA
4 weeks 6 weeks

Dam NA 1st Breed 0.55; <0.0001 0.51; <0.0001
Lung VT Wk 4 − 0.28; 0.027
Nose VT Wk 4 −0.41; 0.0007
IFN-γ Wk 4 −0.43; 0.0008
IL-6 Wk 4 −0.34; 0.0058
Lung VT Wk 6 −0.28; 0.027
Nose VT Wk 6 −0.35; 0.0055
IFN-γ 1 Wk 6 NS
IL-6 Wk 6 NS

Pearson correlation coefficient, r; P value (two tails).
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showed an evolution in the species of maternal antibodies 
transferred occurring between the first and the second litter, 
when dams were only vaccinated once in the first pregnancy.20 

In a recent study on two cohorts of pregnant women from two 
cities in Kenya, it was shown that the efficiency of maternal 
transfer of antibodies, measured as cord to maternal titer ratio 
(CMTR) was reduced when the number of pregnancies was >6, 

indicating that some mechanisms of antibody transfer become 
less efficient as the number of viable pregnancies increased.36 

Although our results reflect only two pregnancies in cotton 
rats, our data might reflect a gradual reduction in the efficiency 
of transfer of antibodies from dams to pups that should be 
considered for further mechanistic studies, especially due to 
the impact that this can have on efficacy of human vaccinees.

Figure 3. Viral quantification and cytokine mRNA expression in lungs of the first pregnancy offspring born from dams unvaccinated or vaccinated during the first 
pregnancy. qPCR was used for quantification of the lung mRNA expression for the RSV NS1 gene (a and b), and mRNA for cytokines IFNγ (c and d), and IL-6 (e and f) in 4- 
and 6-week-old offspring sacrificed on day 4 after challenge. Each symbol represents the mean value of the expression of the mRNA in one litter. Significance of 
differences between the groups was evaluated by one-way ANOVA followed by Tukey post hoc test. ****, p < .0001; *, p < .05. ns, not significant.

e2148499-6 J. C.G. BLANCO ET AL.



Importantly, our data showed a stronger association 
between the litter’s NA and protection of the nose than protec
tion of the lung. This result most likely indicates that the 
methodology for measuring NA by 60% plaque reduction 
assay adapts better to correlations in the upper respiratory 
tract that in the lung since previous analysis using microneu
tralization assay showed stronger correlations with lung pro
tection (data not shown). Since microneutralization assay has 
a different range of detection, this observation would suggest 
that the methodology of NA assay could be adjusted to become 
more efficient for performing certain correlative analyses.

Our focus in this study was the analysis of the mRNA 
expression of IFNγ and IL-6 in lungs of pups born from 
vaccinated dams or dams re-exposed to RSV during pregnancy 
and subsequently challenged with RSV at different times after 
birth. We show that the titers of NA in the litter early after birth 
correlated with protection, with the reduction of the expression 
of inflammatory cytokines in the lung and decrease in lung 
pathology, consistent with previous data.26 However, as anti
bodies wane in the litters and the protection is reduced, those 
correlations are weaker or no longer can be measured (e.g., at 6  
weeks in the first litter and 8 weeks in the second litter). The 
regulation of cytokine mRNA expression by vaccination, 

however persists, even with low or undetectable NA in the 
litter (Figures 3 and 7). These data indicate that the maternal 
vaccination dictates litters’ responses to late RSV infection even 
when vaccine protective responses (viral titers or lung histo
pathology) are no longer measurable. Our preliminary analysis 
of the effect of serum from pups in an RSV-macrophage 
activation assay, indicates that even in the absence of detectable 
NA antibodies against RSV, serum from pups receiving mater
nal antibodies can modulate viral and inflammatory gene 
expression (data not shown).

In the lung of young naïve cotton rats, IL-6 mRNA expres
sion is induced early (day 1–2) and decreased by day 4–6 post 
challenge, whereas mRNA for IFNγ is strongly induced by RSV 
infection, peaking on day 4 post infection.37 In the context of 
passive antibody prophylaxis, naïve mice treated with mono
clonal antibodies against RSV (motavizumab) show protection 
from viral replication and reduction of the expression of many 
inflammatory cytokines, including IL-6 and IFNγ.38 In cotton 
rat pups from RSV unvaccinated primed dams, an age- 
dependent expression of mRNA for these two cytokines was 
found, where the expression was strongly repressed at 1 week 
of age but was reestablished as the animals became older and 
their maternal antibodies waned.35 This agrees with our 

Figure 4. Pearson correlations for the first pregnancy between NA and the expression of mRNA for IFNγ and IL-6 in the lung. Correlation coefficients (r), p (two tail) value, 
and number of litters used (n) between the mean NA titer of each litter and the mean expression level of lung mRNA for IFNγ (a and b) and IL-6 (c and d) measured at 4 
and 6 weeks after birth, respectively, are shown. Blue, red, and black symbols represent pairs from litters of unvaccinated, VLP-vaccinated dams, and RSV re-infected 
dams, respectively.
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previous results where VLP vaccination extends the inhibition 
of IL-6 and IFNγ.28 Thus, in cotton rats, the reduction of 
inflammatory lung cytokine expression during RSV challenge 
in young animals is seen even in the absence of maternal 
neutralizing antibodies suggesting that a broader antibody 
types or specificities are modulating the mechanisms leading 
to lung pathology.

Overall, our data indicate that the expression of these 
cytokines is associated with levels of maternal antibodies 
that are present in the litter at the time of infection 
(Figure 4(a,c)) and that these correlations are valid also 
for a second litter from the same pool of dams (Figure 6 
(d,e)). Importantly, we show that VLP vaccine-induced 
protection in litters from primed females is significantly 
stronger than that in litters from unvaccinated primed 
females (Figure 3(a,b) and 7a). However, in the first litter, 
the significant inhibition of IFNγ and IL-6 mRNA expres
sion by VLP-vaccination in the lung of RSV infected ani
mals and reduction of lung pathology was only evident in 
4-week-old animals (Figure 3(c,e) and 5, 4 weeks) and not 
in 6-week-old animals (Figure 3(d,f) and 5, 6 weeks). In 
addition, the first litter from VLP-vaccinated dams chal
lenged at 6 weeks of age showed a reversion in the expres
sion for IFNγ (Figure 3(d)) that was also found for both, 
IFNγ and IL-6 in the 2nd litter from VLP-vaccinated dams 
challenged at 8 weeks of age (Figure 7(b)). This difference 
in the profile of the lung cytokine expression could be 
related to differences of the age in the second challenge 
used for the 1st and 2nd pregnancy (6 vs 8 weeks), or could 
be related to differences in immunity transferred to off
spring during consecutive pregnancies.

IL-6 concentration is enhanced in BAL of infants infected 
with RSV.39 Children requiring mechanical ventilation for RSV 
disease had higher levels IL-640 suggesting a correlation with 
RSV-induced pathology and clinical severity of disease. 
However, other studies show an inverse correlation between 
the concentration of some cytokines (including IL-6 and IFNγ) 
in nasal washes and the duration of supplemental oxygen 
therapy, a marker of improvement for RSV-related 
hospitalizations.41 The immunomodulatory roles of IL-6 and 
IFNγ in new infections are widely recognized. IL-6 plays 
a pivotal role in the development of the anti-RSV immune 
response by stimulating B cells for antibody production and 
T cell activation, growth, and differentiation. IFNγ is a master 
modulator for the activation of T cells and T cell proliferation. 
Mice infected with RSV modified to express IFNγ produce 
higher titers of antibodies that those infected with wtRSV.42 

In the context of the first RSV infection, early IL-6 production 
regulated the expression of IL-27 by macrophages, which in 
turn promote the local maturation of regulatory T-cells.43 

Recently, a patient with deficient CD14 expression, showed 
reduced IL-6 production and was prone to recurrent RSV 
infections.44 Thus, we hypothesize that a reduction of cytokine 
expression resulting from protection by maternal vaccination 
early in life, might have a direct impact on the development of 
newly-formed RSV immune responses.

Furthermore, our results showing increases in the expres
sion of mRNA in the lung for the cytokines IFNγ or IFNγ and 
IL-6 later in life (for 6-week-old and 8-week-old litters from the 
1st and the 2nd pregnancy, respectively) indicates that maternal 
vaccination has an effect in the litters even when protection has 
waned. Increases in cytokine expression was strong in animals 

Figure 5. Quantification of four lung histological parameters in the first litters from unvaccinated and vaccinated dams during the first pregnancy. Peribronchiolitis, 
perivasculitis, interstitial pneumonia, and alveolitis were scored blindly on H&E-stained lung slides from pups challenged with RSV and sacrificed on day 4 p.i. Each 
symbol represents a mean pathology score for each litter. Offspring of the first pregnancy were challenged with RSV i.n. at 4 (top) or 6 (bottom) weeks of age. 
Significance of differences between the groups was evaluated by one-way ANOVA followed by Tukey post hoc test. ****, p < .0001; *, p < .05; ns, not significant.
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in the second litter and was paralleled by an increase in lung 
pathology (alveolitis and interstitial pneumonia) in many of 
the litters from vaccinated mothers.

Our results show some similarities as well as differences 
with results published by Eichenger et al. performing maternal 
vaccination in the mice model of RSV using an RSV F protein 
in the prefusion conformation and adjuvanted with Advax-SM 
(a delta inulin-based adjuvant paired with the toll-like receptor 
9 agonist, CpG oligodeoxynucleotide)45. In cotton rats, as in 
the mice model, we found an inverse correlation between IFNγ 
mRNA expression and neutralizing maternal antibodies early 
in life of pups (4 weeks). However, later in life (6 or 8 weeks of 
age) the level of IFNγ mRNA was enhanced in VLP-vaccinated 
cotton rats. In the mouse model, reduced levels of NA in pups 
from vaccinated dams was followed by a strong reduction of 
CD4+ T cells expressing IFNγ in BAL after RSV challenge later 

Figure 6. Pearson correlations for the second pregnancy. Correlation coefficients (r), p (two tail) value, and number of litters used (n) or comparison between the NA 
titers in dams’ serum before delivering the second litter and the mean NA of their litter of the second pregnancy (a); between the mean NA titer of each litter and lung 
(b) or nose (c) viral titers; or between the mean NA titer of each litter and the mean expression of lung mRNA for IFNγ (d) and IL-6 (e). All correlations were performed 
with samples of animals challenged at 4 weeks of age. Blue, red, and black symbols represent pairs from litters of unvaccinated, VLP-vaccinated dams, and RSV re- 
infected dams, respectively.

Table 2. Correlation Coefficients for the 2nd litter.

2nd Litter
Litter NA Litter NA
4 weeks 8 weeks

Dam NA 2nd Breed 0.66; <0.0001 ND
Lung VT −0.38; <0.0001 ND
Nose VT −0.47; <0.0001 ND
IFN-γ −0.2; 0.015 ND
IL-6 −0.2; 0.025 ND

*Pearson correlation coefficient, r; P value (two tails); Undetected: ND.
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Figure 7. Viral quantification and cytokine mRNA expression in lungs of second pregnancy offspring born from dams unvaccinated, VLP-vaccinated, or RSV re-infected 
during the first pregnancy. qPCR was used for quantification of the lung mRNA expression for the RSV NS1 gene, and mRNA for cytokines IFNγ, and IL-6, as indicated in 
4- (a) and 8- (b) week-old offspring challenged with RSV i.n. and sacrificed on day 4 p.i. Each symbol represents the mean value of the expression of the mRNA in one 
litter. Significance differences between the groups was evaluated by one-way ANOVA followed by Tukey post hoc test. ****, p < .0001; ***, p < .0005; *, p < .05; ns, not 
significant.

Figure 8. Quantification of four lung histological parameters in the second pregnancy litter from dams unvaccinated or vaccinated during the first pregnancy. 
Peribronchiolitis, perivasculitis, interstitial pneumonia, and alveolitis were scored blindly on H&E-stained lung slides from pups challenged with RSV and sacrificed 
on day 4 p.i. Each symbol represents a mean pathology score for each litter. Offspring of the second pregnancy were challenged with RSV i.n. at 4 (top) or 8 (bottom) 
weeks of age. Significance of differences between the groups was evaluated by one-way ANOVA followed by Tukey post hoc test.
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in life (day 63 after birth).45 These differences at later times 
post infection could reflect differences in the setup of the 
model, vaccine preparation differences, or differences in the 
compartments analyzed for the expression of IFNγ.

It is well known that high titers of maternal antibodies 
might inhibit the infant humoral response during infection, 
as it was reviewed,46 and previously reproduced in our 
model.34 In addition, maternal antibodies might modulate 
Th1/Th2 cytokine balance influencing effector T cells.46 

Maternal antibody concentrations increased by vaccination 
have a protective effect early in the life of the infant. 
However, as the level declines later in infant’s life, the enhanced 
expression of IFNγ could potentially correlate with a stronger 
induction of Th1 responses in infants, resulting in more vigor
ous cellular responses against viral and intracellular pathogens, 
but potentially leading to an increased lung inflammation with 
undesirable consequences. Overall, our extended data on RSV 
maternal immunization in the cotton rat have revealed new 
results that raise important questions and can form the basis 
for introducing new endpoints in maternal vaccination clinical 
trials for RSV.
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