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Abstract

Maternal immunization directed to control RSV infection in newborns and infants is an appealing 

vaccination strategy currently under development. In this work we have modeled maternal 

vaccination against RSV in cotton rats (CR) to answer two fundamental questions on maternal 

vaccine safety. We tested (i), whether a known, unsafe RSV vaccine (i.e., FI-RSV Lot 100 

vaccine) induces vaccine enhanced disease in the presence of passively transferred, RSV maternal 

immunity, and (ii) whether the same FI-RSV vaccine could induce vaccine enhanced disease in 

CR litters when used to immunize to their RSV-primed mothers. Our data show that FI-RSV 

immunization of pups with subsequent RSV infection results in vaccine-enhanced disease 

independent of whether the pups were born to RSV-seropositive or RSV-seronegative mothers, and 

that FI-RSV immunization of RSV-seropositive mothers does not present a health risk to either the 

mother or the infant. Our study also raises a novel concern regarding infant immunization, namely 

that “safe” RSV vaccines (e.g., live RSV administered intramuscularly) may induce vaccine-

enhanced disease in RSV-infected pups born to seropositive mothers. Finally, we describe for the 

first time a sharp decrease in RSV neutralizing antibody titers in immunized seropositive CR at the 

time of delivery. This decline may reflect maternal immune suppression, potentially pinpointing a 

window of increased vulnerability to RSV infection that could be alleviated by effective 

immunization of expectant mothers.
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1. Introduction

Since there is no safe and effective RSV vaccine for infants, maternal vaccination has been 

considered as an alternative for controlling early RSV-induced severe disease early in life 

[1–3]. It is during this time that infants are unlikely to benefit from active immunization, due 

to the fact that passively transferred maternal immunity strongly inhibits the efficacy of 

many vaccination protocols [4–6].

Although the reduction in the incidence of RSV acute lower respiratory infection (ALRI) 

during the first months of life has been correlated with higher levels of RSV-specific 

maternal antibodies [7, 8], the peak incidence of RSV disease is observed between 2 and 8 

months [8–12], when maternal IgG levels are waning [1–3]. This suggests that increasing 

levels of maternal antibodies against RSV could potentially benefit infants during this 

critical window of susceptibility to severe RSV infection.

Approval for maternal vaccination requires vaccination trials in one group (mothers), but 

further testing for the ultimate outcome in another group (infants). These studies tend to take 

long periods of time and significant resources. Moreover, efficacy surrogates are still under 

discussion. Formalin-inactivated RSV (FI-RSV Lot 100) vaccine used in early clinical trials 

led to “vaccine-enhanced disease” after infants and young children contracted naturally 

occurring RSV infection [13–16]. This effect has been studied extensively in preclinical 

animal models, but the majority of these studies have utilized naïve animals that were not 

exposed to RSV prior to FI-RSV vaccination [17–20].

We demonstrated that the cotton rat (CR) model of RSV infection can be used to test the 

efficacy of maternal vaccination against RSV [21]. However, many issues regarding the 

immunology of RSV maternal vaccination still remain unknown. Among the most important 

is the fact that maternal RSV vaccine studies in preclinical models have been performed 

using naïve animals, rather than the target vaccine population, i.e., RSV-seropositive adult 

females [11, 22–24]. In addition, the safety of FI-RSV vaccine has never been tested in 

pregnant females or infants. Yet, in the context of regulatory process towards the approval of 

maternal vaccines, it is important to demonstrate that both the mother and the child benefit 

from vaccination and that no adverse effects are seen in either population.

Our study shows that vaccine-enhanced disease develops in pups when they were vaccinated 

with an unsafe RSV vaccine (i.e., FI-RSV) at the time of waning maternal immunity. 

Importantly, the studies reported here raise a novel concern regarding infant immunization, 

namely that “safe” RSV vaccines (e.g., live RSV administered intramuscularly) may 

facilitate vaccine-enhanced disease in RSV-infected pups of seropositive mothers. 

Additionally, we investigated whether a FI-RSV vaccine, when used for maternal 

vaccination of RSV-seropositive females, can trigger RSV-induced vaccine-enhanced disease 

in the litter. Our data suggest that FI-RSV immunization of RSV-seropositive mothers does 

not present a health risk to either mother or infant. We also describe for the first time a sharp 

decrease in RSV neutralizing antibody titers in immunized, seropositive pregnant CR at the 

time of delivery. This decline may reflect a state of maternal immune suppression, 
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potentially indicating a window of increased vulnerability to RSV infection that could be 

alleviated by effective immunization of expectant mothers.

2. Materials and Methods

2.1. Animals

Inbred Sigmodon hispidus cotton rats (CR) were obtained from an inbred colony maintained 

at Sigmovir Biosystems, Inc. (Rockville, MD). Three to 5-week-old female CR were used. 

At ≥9 weeks, females were paired with males for mating. Animals were pre-bled before 

inclusion in the study to rule out the possibility of pre-existent anti-RSV antibodies. 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 none were detected. All studies were conducted after approval from the Institutional 

Animal Care and Use Committee. All CR born as a result of breeding during these studies 

are referred to as “pups,” irrespective of whether they were used for RSV infection at 1 or 4 

weeks of age.

2.2. Viruses and viral assays

The prototype Long strain of RSV was obtained from American Type Culture Collection 

(ATCC VR-26, Manassas, VA). Virus was propagated in HEp-2 cells and serially plaque-

purified to reduce defective-interfering particles. A single virus pool (107.6 PFU/ml) was 

used for all experiments. Stock aliquots were diluted with PBS for intranasal (i.n.) 

infections. Viral titers in the lungs and in the noses of RSV-infected pups were determined as 

described [21] and normalized for the weight of the lung portion or expressed per nose.

2.3. RSV neutralizing antibody (NA) assay

RSV NA titers were measured by 60% plaque reduction assay as described [25]. Plaques 

were quantified and reciprocal NA titers were determined as previously described (the limit 

of detection of this assay is 4.32 Log2) [21].

2.4 Cytokine gene expression by real-time RT-PCR

Total RNA was extracted from lung tissue using the RNeasy purification kit (QIAGEN). 

qRT-PCR was carried out as previously described [26]. Reactions were set up in 96-well 

plates and amplifications performed on a Bio-Rad iCycler (MyiQ Single Color). Delta-delta 

Ct method was used to calculate relative gene expression after normalization to β-actin as a 

housekeeping gene [26].

2.5. Lung Histopathology

Lungs were dissected and inflated with 10% neutral buffered formalin to their normal 

volume, and then immersed in the same fixative solution. After fixation, lungs were paraffin-

embedded, sectioned, and stained with hematoxylin and eosin (H&E). An average pathology 

score was determined based on four parameters of pulmonary inflammation: 

peribronchiolitis (inflammatory cell infiltration around the bronchioles), perivasculitis 

(inflammatory cell infiltration around the small blood vessels), interstitial pneumonia 
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(inflammatory cell infiltration and thickening of alveolar walls), and alveolitis (cells within 

the alveolar spaces). Slides were scored blindly from 0–4 (severity scale) as previously 

described [27].

2.6. Experimental design

Experiment 1—In the experiment of FI-RSV vaccination in the presence of maternal 

immunity (outlined in Figure 1A), one group of female CR was primed by RSV infection 

with 105 PFU RSV/animal (100 µl per animal intranasally (i.n.), whereas another group was 

left unprimed. Five weeks later, females were mated with RSV-seronegative males. Females 

started delivering pups at week 9. Pups born to primed or unprimed mothers were 

subsequently segregated at 4 weeks into 3 groups of balanced sexes: One group was 

vaccinated with FI-RSV Lot 100 vaccine (produced in the mid 1950s by Pfizer, Inc. for the 

National Institutes of Health under contract PH43-63-582, 1:125 dilution in PBS) [13], a 

second was vaccinated with live RSV i.m. (105 PFU RSV A/Long), and a third remained 

unvaccinated. At week 8, all sera from pups were analyzed for RSV NA, the pups 

challenged with RSV i.n (105 PFU RSV/animal), and sacrificed on day 4 p.i. for lung and 

nose viral titers, lung histopathology, and lung cytokine mRNA expression.

Experiment 2—For maternal vaccine safety experiment, female CR were first primed by 

RSV infection (105 PFU RSV/animal i.n.) to induce anti-RSV antibodies (outlined in Figure 

2A). Eight weeks later animals were separated into two groups (5 per group), with one group 

vaccinated with the original FI-RSV Lot 100 vaccine. The other group remained 

unvaccinated. Two weeks later (week 10), all females were mated with RSV-seronegative 

males. Two weeks later (the time generally corresponding to the middle of pregnancy), 

females were re-immunized with FI-RSV. Females started delivering pups after week 14. 

Pups of both sexes were challenged with RSV i.n. at either 1 or 4 weeks of age (105 PFU 

RSV/animal). On day 4 post-infection (p.i), all pups were sacrificed for analysis of nose and 

lung viral titers, lung histopathology, and expression of mRNA corresponding to select Th1 

and Th2 cytokines as described [26]. An additional group of 5 females remained unprimed 

and unvaccinated. This group was used as a source of pups that remained uninfected, and 

provided basal levels of lung gene expression for comparison. Serum samples were obtained 

from pups before RSV challenge. Mothers were kept on the study for additional 2 months 

after delivery of pups. At week 22 from the start of the experiment, pups were bled and 

challenged with RSV (105 PFU RSV/animal) to evaluate pulmonary response to infection.

Experiment 3—For experiments evaluating dynamics of RSV NA in pregnant mothers 

(Figure 3, Table 1), groups of female CR (3 weeks of age, 5 rats/group) were primed by 

infection with live RSV (105 PFU/animal i.n.). At different times post post-priming, females 

were immunized i.m. with various vaccines described in previous studies: 105 PFU of RSV 

A/Long [21] (“RSV i.m.”); a formulation with RSV Fusion (F) protein [28] with MPL 

(Avanti Polar Lipids) (10 µg of F and 15 µg of MPL) (“RSV-F + MPL”); or one with RSV F 

protein alone (“RSV-F”) [29], and were subsequently bred to naïve, male CR. Blood 

samples were obtained during early pregnancy (6 weeks after priming in for animals 

vaccinated with RSV and 12 weeks after priming for animals vaccinated with preparations 

containing RSV F), and again before the time of delivery (≤7 days), and serum samples were 
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tested for RSV NA. As control, RSV NA was measured in serum samples from RSV-primed 

(105 PFU RSV/animal) female CR that were never pregnant (Control).

3. Results

3.1 FI-RSV and RSV immunization of pups born to RSV-primed or naïve mothers: effect of 
pups’ immunization on pups’ response to RSV. Experiment 1 (Figure 1)

Infants and older babies were vaccinated in 1965–67 with the FI-RSV Lot 100 in four 

different clinical trials [13–16]. The most profound adverse effects of FI-RSV vaccination 

were described in the trial that took place in the Washington, D.C. [13]. What differentiated 

this study from the others was that the population in the Kim et al. trial was composed 

exclusively of infants between 2 and 7 months [13], the youngest group used for the overall 

FI-RSV Lot 100 trials. This study showed the highest rates of hospitalizations: 80% of FI-

RSV Lot 100 vaccinees were hospitalized vs. only 5% of the infants vaccinated with the 

control vaccine. In addition, it was reported that all infant vaccinees possessed detectable 

levels of pre-vaccination anti-RSV antibodies, most likely reflecting maternally transferred 

immunity [13].

The enhanced pathology associated with FI-RSV Lot 100 vaccination has been recapitulated 

in many animal models [19, 20, 31], including CR [17, 26]. However, no studies used young 

animals born to RSV-seropositive mothers. To recapitulate the conditions of Kim’s study and 

to validate this model of infant vaccination, CR born to RSV-seropositive or naïve mothers 

were subsequently vaccinated with FI-RSV Lot 100. This experiment was carried out as 

follows (Figure 1A) as described in the Experimental Design section.

RSV NA were measured in serum samples of all pups before vaccination (Figure 1B). Four-

week-old pups born to RSV-primed mothers had low to undetectable levels of maternally-

derived anti-RSV NA, consistent with our previous results that show that by four weeks of 

age, only trace maternal NA remain in the pups [21], confirming maternal transfer (maternal 

NA levels shown in Figure 1B, inset panel). After vaccination, but before challenge (8 wks), 

pups vaccinated with FI-RSV showed no detectable NA, independent of the maternal 

immunological status (Fig. 1C, “FI-RSV”). In pups vaccinated at 4 weeks with live RSV 

i.m., only those born to immunologically naive mothers showed an increased RSV NA at 8 

weeks (Fig. 1C “RSV i.m.”). Thus, in spite of almost undetectable maternal RSV NA in 4-

week-old pups born to RSV-primed mothers (Fig. 1B), we observed a strong inhibitory 

effect of the maternally transferred immunity on the efficacy of RSV i.m. vaccination of the 

pups.

As expected, vaccination of pups with live RSV i.m. induced the strongest protection of the 

lung and nose (Fig. 1D). Only weak protection (~ 1 log10 PFU/g tissue reduction) was 

detected in the lungs of animals vaccinated with FI-RSV (Fig. 1D). In support of the 

inhibitory effect of passively transferred maternal immunity to RSV, pups derived from 

primed mothers and vaccinated with live RSV i.m. showed strong, but incomplete, 

protection against virus challenge in the lung, in contrast to pups derived from RSV-naïve 

mothers (Fig. 1D, Lungs) where full protection was achieved. The same trend was seen 

when the nose was examined (Fig. 1D, Nose). Despite the differences in protection between 
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pups from primed vs. unprimed mothers, it is clear that measurement of vaccine-induced NA 

in the pups was not a good correlate of protection since protection in these animals was 

significant (Figure 1D, Lung and Nose, p<0.01), despite the lack of NA in pups from primed 

mothers at 4 weeks post-vaccination (Fig. 1C, RSV i.m., red dots).

Pups vaccinated with FI-RSV Lot 100 showed the strongest lung histopathology (Fig. 1E 

and F), including high scores for alveolitis, the hallmark of vaccine-enhanced disease in the 

CR model, regardless of whether their mothers were RSV-primed or not. Furthermore, 

animals born to RSV-primed mothers and vaccinated with live RSV i.m. at 4 weeks of age 

also showed enhanced lung pathology upon RSV challenge. The level of alveolitis in RSV 

i.m.-immunized animals born to RSV-primed mothers was comparable to that detected in FI-

RSV-immunized animals born to RSV-primed mothers (Figure 1E and F).

The enhanced expression of lung mRNA for the cytokines IL-4 and IFN-γ has been 

correlated with the level of vaccine enhanced disease found after infection in CR [26, 29]. 

Increased expression of mRNA for IL-4 was detected in FI-RSV-immunized pups born to 

either naïve or RSV-primed mothers. Significant increase IL-4 expression was also detected 

in RSV i.m.-immunized pups born to RSV-primed mothers (Fig. 1G). No changes in the 

expression of IFN-γ was seen in pups vaccinated with FI-RSV or RSV i.m. irrespective of 

their maternal priming history (Fig. 1G). Interestingly, while alveolitis was increased in RSV 

i.m.-immunized animals born to RSV-primed mother, peribronchiolitis was not (Figure 1E 

and F), potentially suggesting different mechanisms of disease enhancement in the presence 

of passive immunity.

3.2 Effect of FI-RSV immunization of RSV-primed mothers on pups’ response to RSV. 
Experiment 2 (Figure 2)

Vaccine safety in offspring should be explored for all RSV vaccine candidates used during 

pregnancy. Thus, we tested the effects of maternal FI-RSV vaccination of RSV-primed 

mothers in the response of their pups to RSV challenge. One-week old pups born to RSV-

primed mothers that had been vaccinated/boosted with FI-RSV (scheme on Figure 2A) 

showed slightly higher mean NA titers than pups born to RSV-primed, unvaccinated mothers 

(Figure 2B), although this increase was not statistically significant. The minor increase in 

RSV NA titer detected in 1-week old pups born to RSV-primed, FI-RSV-immunized mothers 

correlated with significantly increased protection of the lungs in this group (Fig. 2C, Lung). 

In the nose, there was a similar trend for improved protection in pups born to primed, FI-

RSV-immunized mothers; however, statistical significance was not achieved (Figure 2C, 

Nose). No RSV NA titers (Fig 2B) and no protection were detected in pups born to either 

group of mothers and challenged at 4 weeks of age (data not shown). This result was 

expected since we previously reported that by four weeks of age, only trace maternal NA 

remain in the pups [21].

Lung histopathology was evaluated in pups born to RSV-primed mothers vaccinated with FI-

RSV or unvaccinated and challenged with RSV at 1 or 4 weeks of age (Figure 2D). No 

increase in lung pathology and no evidence of alveolitis, the histopathologic hallmark of 

vaccine-enhanced disease in CR [26, 27], were detected in RSV-infected pups born to FI-

RSV-vaccinated mothers. The lack of enhanced pathology in RSV-challenged pups born to 
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RSV-primed FI-RSV-vaccinated mothers correlated with low levels of the expression of IL-4 

mRNA and moderate expression of IFN-γ mRNA in both 1- and 4-week-old animals (Fig. 

2,E and F, respectively). Higher expression of IFN-γ was noted in all RSV-infected pups 

born to RSV-primed mothers, independent of whether the mother was FI-RSV-immunized or 

not (Fig. 2E). Expression of IL-4 mRNA was low and comparable between pups born to FI-

RSV-immunized or unvaccinated mothers (Fig. 2F), further ruling out the possibility of 

vaccine enhancement of disease in animals born to FI-RSV-immunized mothers.

FI-RSV vaccination of RSV-primed mothers failed to increase RSV NA titers in mothers 

(Figure 2G, left panel). As previously shown in the mouse [30], vaccination of RSV-

seropositive CR with FI-RSV did not induce enhance lung pathology after challenge with 

RSV (Figure 2H, right panel). These data reinforce the concept that pre-existent immunity to 

RSV as a consequence of prior infection prevents vaccine-enhanced disease.

In the experiment just presented, RSV-primed females were vaccinated with FI-RSV twice: 

the first time before pregnancy and the second time 2 weeks after mating. However, similar 

results were obtained in parallel studies where only one FI-RSV-vaccination was performed 

during pregnancy (data not shown).

3.3 The level of RSV neutralizing antibodies in mothers drops shortly before delivery. 
Experiments 3, (Figure 3, Table 1)

Groups of naïve female CR were infected i.n. with RSV A/Long (105 PFU/animal) to elicit 

circulating anti-RSV NA (Table I). At different times p.i. (2 weeks for the “RSV i.m.” and 8 

weeks for animals vaccinated with preparations of “RSV-F+MPL” or “RSV-F alone”), all 

females were vaccinated [29]. Females were mated to seronegative male CR. Serum samples 

were obtained from each female early during pregnancy and then close to the time of 

delivery (≤7 days “Before Delivery” samples) (Table 1, Figure 3)). Mean serum NA were 

quantified. All animals in both vaccination experiments showed a strong reduction in serum 

NA at the bleeding taken closest to the time of delivery. Figure 4 shows the percent change 

in RSV NA as the time of delivery approaches. Control infected, non-pregnant or vaccinated 

females CR exhibited a gradual decrease in the total amount of NA (solid black line) over 

time, with mean decreases of 10, 25, and 30% at 49, 63, and 91 days p.i., respectively. 

However, a much more precipitous decrease in NA titers against RSV was measured in 

pregnant females during the time preceding delivery, a result that was observed in two 

independent experiments (blue and red dashed lines). This set of data supports the 

conclusion that during the last week of pregnancy in CR, a strong reduction in RSV NA 

takes place that might deleteriously impact maternal defenses against RSV.

4. Discussion

Maternal immunity is a major form of protection against many infectious diseases early in 

life. IgG antibodies can be transferred from pregnant women to their fetuses through 

placental transfer, colostrum, and milk [4]. Thus, maternal immunization has emerged as an 

important strategy to protect both pregnant women and their newborn infants against several 

infectious diseases, including influenza, tetanus, and pertussis [1, 32]. In the case of RSV, it 

has been assumed that maternal vaccination could provide strong benefit for full-term 
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newborn babies by increasing their maternally-transferred NA titers during the early period 

of life associated with the greatest vulnerability [1, 3].

We showed that maternal vaccination against RSV in the CR can be used to define vaccine 

preparations that could improve preexistent immunity and induce subsequent transfer of 

efficient immunity to infants [21]. However, a set of premises related to safety of maternal 

vaccination against RSV have not been tested rigorously using preclinical RSV models of 

vaccination. In the late 1960s, the results of a clinical trial in infants and very young children 

using FI-RSV Lot 100 raised strong safety concerns that seriously affected development of 

RSV subunit vaccines [33]. Concerns over vaccination with non-replicative vaccines also 

extends to expectant mothers. FI-RSV vaccination in naïve female mice and the impact in 

their offspring was previously evaluated [22]. In our study, we investigated whether RSV-

seropositive CR mothers vaccinated with FI-RSV Lot 100 prior to pregnancy and boosted 

during their pregnancy, would predispose their litters to the enhanced vaccine disease 

(Figure 1A). Our data suggest that this unsafe RSV vaccine administered to RSV-

seropositive expectant mothers will not predispose offspring to a deleterious outcome upon 

RSV challenge. Our study extends previous findings to maternal immunity model by 

showing that FI17 RSV immunization of seropositive animals does not result in potentiation 

of disease in offspring [30].

Most humans are seropositive for RSV. Infants born prematurely (32 to 35 wks) and infants 

born during the spring, who are unlikely to encounter the virus prior to the following winter 

when they no longer have maternal antibodies, are at the highest risk of RSV ALRI and 

hospitalization. In the case of full-term infants, extension of their passive immunity through 

maternal vaccination has been postulated as a possible solution to reduce disease and 

hospitalization [1–3, 12]. Thus, the model presented here reproduces the immunological 

status of this population. Passive immunity from the mother to the baby could potentially 

delay onset of and decrease the severity of infection during early life, but even at low or 

undetectable levels, passive immunity can interfere with the active immune responses of the 

offspring [6]. Interestingly, we have shown that in addition to low or even undetectable 

levels of maternal NA in 4-week-old pups born to RSV-primed mothers, a strong inhibitory 

effect is detected in the pups immunized with live RSV i.m. (Figure 2C). We consider this 

observation to be particularly important since it implies that clinical trials in infants with low 

to undetectable RSV NA would likely fail to mount a robust NA response upon 

immunization. Furthermore, we show that despite the low induction of NA in these animals, 

vaccine-induced protection is induced, indicating that RSV NA and RSV protection do not 

tightly correlate in this population. An understanding of the mechanism underlying this 

phenomenon is strongly needed before a successful RSV vaccine for the infant population 

can be produced.

Our data also confirm that the deleterious effects of FI-RSV vaccination seen in the Kim 

trial can be modeled in the CR [6]. The strong pathology seen in FI-RSV-vaccinated animals 

was comparable between the groups, whether or not the vaccinees had passive antibody 

titers (Figure 3B). This indicates that (1) FI-RSV vaccine’s deleterious effect on pups is 

independent of the presence or absence of passive maternal NA; (2) parameters associated 

with RSV vaccine enhancement of lung pathology remain the same, i.e., enhanced alveolitis 
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and increased expression of the Th2 cytokine IL-4; and (3) vaccine-enhanced disease could 

be related to immunization of pups during the time when maternal immunity is waning and 

NA levels are low or undetectable. We consider that these studies generate important 

parameters with which to evaluate programs directed at the delineation of mechanisms 

involved in maternal transfer of immunity, with the goal of improving maternal and infant 

RSV vaccination. It is important to mention that studies using a model of bovine RSV 

(bRSV) infection and bovine FI-RSV vaccination has also demonstrated that the effects of 

FI-RSV are upheld in the presence of maternal antibodies against bRSV [34].

Our studies have revealed a consistent decrease in important mediators of immunity specific 

for RSV in pregnant CR, i.e., an abrupt reduction in RSV serum NA when delivery is 

imminent. An early study has suggested certain degree in immunosuppression for RSV 

during late pregnancy [35]. Although we did not evaluate the consequences that this 

reduction in NA has on the health of females during the perinatal period, this data would 

certainly support the argument that an RSV vaccine has to benefit vaccine recipients directly. 

Recently, three cases of maternal RSV infection and hospitalization have been reported, 

highlighting the under-recognized effects of maternal RSV infection in expecting mothers 

[36, 37]. Cases of severe RSV in pregnant women have also recently been presented (Dr. 

Pedro Piedra’s lab, 10th Internationals RSV Symposium, 2016, Argentina). They showed 

reduced RSV NA during the last trimester of pregnancy and a subsequent increase after 

birth. Reduction in total IgG(2) has been associated with increased frequency of influenza 

H1N1 infection during pregnancy [36]. Taken together, this data supports the value of RSV 

vaccination during pregnancy to overcome late-pregnancy reduction of RSV neutralizing 

antibodies and thereby increase resistance to RSV infection in the mothers.
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Figure 1. FI-RSV vaccination of animals with passively transferred maternal RSV immunity
(A) Diagram of the experiment. Female CR were primed by infection with RSV A/Long 

(105 PFU i.n.) or left unprimed. All females were set in breeding pairs at 5 weeks after RSV 

infection and on week 9 females began delivering pups. At the age of 4 weeks, pups were 

vaccinated with FI-RSV, live RSV i.m., or left unvaccinated (−). Four weeks later, serum 

was collected from each pup and animals were challenged with RSV i.n. Four days after 

infection pups were sacrificed for determination of lung and nose viral titers, analysis of the 

mRNA expression of lung cytokines, and lung histopathology. (B) NA titers of 4-week-old 

pups born to unprimed or primed mothers. Insert shows mothers’ NA titers in sera collected 

before delivery, indicating that all primed mothers produced NA. (C) NA titers in sera 

obtained from pups born to naïve or RSV-primed mothers after FI-RSV or live RSV i.m. 

vaccination (samples collected at week 8 prior to RSV challenge). (D) Lung and nose viral 

titers measured in samples obtained from pups born to naïve or RSV-primed mothers after 

vaccination of pups with FI-RSV, live RSV i.m, or left unvaccinated (−). All animals were 

challenged i.n. with RSV/A Long (105 PFU) and sacrificed 4 days later. Bars represent mean 

± SEM. Significant differences between mock vaccinated groups and the respective treated 

groups were assessed by Student t Test. * p<0.01. (E and F) Lung pathology scores in RSV-

infected pups born to naïve or RSV-primed mothers and vaccinated FI-RSV, live RSV i.m., 

or left unvaccinated (−). (F) Representative pictures of H&E-stained lung tissue obtained 

from animals in the indicated groups after challenge with RSV (magnification is 100X). (G) 

Expression of mRNA for IFN-γ and IL-4 in the lungs of RSV-infected pups born to naïve or 
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RSV-primed mothers vaccinated with FIRSV, RSV i.m., or left unvaccinated. Bars represent 

mean ± SEM. Significant differences between mock vaccinated groups and the respective 

treated groups were assessed by Student t Test. * p<0.01.
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Figure 2. FI-RSV immunization of RSV-primed mothers and its effect on RSV infection of pups
(A) Diagram of the experiment. Female CR were primed by infection with RSV A/Long 

(105 PFU i.n.). Eight weeks later primed females were divided into two groups and 

immunized with FI-RSV Lot 100 (100 µl i.m. of a 1:125 dilution of the original Lot 100 

vaccine) or left unvaccinated (−). All females were set in breeding pairs at 10 weeks after 

RSV-priming, females previously vaccinated with FI-RSV were boosted during pregnancy 

(12 weeks after RSV priming), and began delivering pups after week 14. Two sex-balanced 

groups were formed from the pups: pups challenged with RSV at 1 week of age and pups 
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challenged with RSV at 4 weeks of age (both groups were sacrificed 4 days p.i.). Mothers 

remaining on the experiment were bled at week 22 and challenged with RSV A/Long (105 

PFU i.n.) for sacrifice 4 days later. (B) Pups delivered by RSV-primed mothers vaccinated 

with FI-RSV or unvaccinated (−) were bled at 1 or 4 weeks of age and serum NA titers were 

determined. Bars represent mean ± SEM. (C) Lung and nose mean viral titers ± SEM in 

pups (1-week old) born to RSV-primed mothers that were vaccinated with FI-RSV or 

unvaccinated (−). A slight but significant increase in protection of the lung and the nose was 

detected in animals born to mothers vaccinated with FI-RSV (* p<0.01 by Student t Test) in 

1-week old pups. Neither lung nor nose of animals challenged at 4-weeks of age showed 

protection in the group born to FI-RSV-vaccinated mothers. (D) Lung pathology scored in 

animals (1- and 4-weeks old) born to RSV primed-mothers vaccinated with FI-RSV or 

unvaccinated. Numbers in parentheses above each bar represent the number of animals used 

for analysis. (E-F) Expression of mRNA for IFN-γ and IL-4 in RSV-infected (+) or 

uninfected (−) animals born to RSV-primed mothers that were vaccinated with FI-RSV or 

unvaccinated (−) during pregnancy. Unchallenged pups from naïve mothers were used as 

control for base-level gene expression (c). Bars represent mean ± SEM. (G) NA titers of 

RSV-primed mothers that were vaccinated with FI-RSV- or unvaccinated (−) before 

challenge on week 20 post-priming (left panel) and lung histopathology scores in the same 

animals determined at day 6 post-challenge (right panel). Transversal lines represent mean 

values in each group.
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Figure 3. Reduction of RSV NA activity in pregnant female cotton rats just before delivery
Female (3 week old) CR were primed i.n. by infection with 105 PFU of RSV/Long. After 

priming, females were vaccinated with either RSV Long i.m. (105 PFU, Group A), with a 

vaccine formulated with the RSV F protein in the presence of MPL (10 µg of F + 15 µg/rat 

of MPL"RSV-F + MPL”), or with the RSV F alone (“RSV-F) and set in breeding pairs at 

different time from priming (“RSV i.m.” at d35, RSV-F preparations at day 70). Animals 

were bled once during early pregnancy (first measurement, open arrowhead) and the second 

time just before the time of delivery (second measurement, filled arrowhead). Percentage of 

total NA was defined as 100% for all females after infection during early pregnancy. Black 

dots and line represent natural decay of RSV-induced NA in females that were not pregnant. 

Dots represent mean ± SEM.
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