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Abstract: Respiratory Syncytial Virus (RSV) poses a severe threat to infants, particularly preterm
infants. Palivizumab, the standard preventive prophylaxis, is primarily utilized in high-risk new-
borns due to its cost. This study assessed palivizumab’s effectiveness in preventing RSV infections in
predominantly very preterm infants during their first year of life. Serum samples from a prospective
multicentre cohort study in the Netherlands were analyzed to assess RSV infection rates by measuring
IgG levels against three RSV proteins: nucleoprotein, pre-fusion, and post-fusion protein. Infants
were stratified based on gestational age (GA), distinguishing very preterm (<32 weeks GA) from
moderate/late preterm (>32 to <36 weeks GA). In very preterm infants, palivizumab prophylaxis
significantly reduced infection rates (18.9% vs. 48.3% in the prophylaxis vs. non-prophylaxis group.
Accounting for GA, sex, birth season, and birth weight, the prophylaxis group showed significantly
lower infection odds. In infants with >32 to <36 weeks GA, the non-prophylaxis group (55.4%)
showed infection rates similar to the non-prophylaxis <32-week GA group, despite higher maternal
antibody levels in the moderate/late preterm infants. In conclusion, palivizumab prophylaxis signifi-
cantly reduces RSV infection rates in very premature infants. Future research should explore clinical
implications and reasons for non-compliance, and compare palivizumab with emerging prophylactics
like nirsevimab aiming to optimize RSV prophylaxis and improve preterm infant outcomes.

Keywords: RSV prophylaxis; palivizumab effectiveness; very preterm infants; RSV infection rates;
gestational age

1. Introduction

The Respiratory Syncytial Virus (RSV) is highly contagious and commonly infects
children before the age of 2 years [1,2]. Severe RSV infections, particularly among infants
under 6 months old, can lead to serious lower respiratory tract infections such as bronchi-
olitis and pneumonia, resulting in significant hospitalization rates and mortality in young
children [3,4]. In low- and middle-income countries, RSV infections cause approximately
101,400 deaths in children under five annually, with the highest rates in those aged 28 days
to 6 months [5]. This burden is not limited to low-income countries, as a high incidence
of RSV-associated hospitalizations was observed also in high-income European countries.
Remarkably, one in every fifty-six healthy term-born infants in these countries is affected,
with the highest risk observed in infants younger than 3 months. Such infections necessitate
prolonged hospital stays and are associated with a higher likelihood of intensive care unit
admissions compared to non-RSV lower respiratory tract infections [6].
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While the majority of RSV hospitalizations are among otherwise healthy children,
premature infants born before 37 weeks of gestational age face an even higher risk of
complications, long-term morbidities, and hospitalization due to physiological, metabolic,
and immunological differences, irrespective of underlying diseases [7-9]. Furthermore,
maternal transfer of IgG antibodies reaches the highest levels in the final trimester [10,11],
impacting protection against RSV infection in the first 6 months of life.

Until recently, the only available intervention to protect newborns in the first months
of life against severe RSV infection was passive immunization with palivizumab (Synagis),
a humanized IgG1k monoclonal antibody directed at the RSV fusion (F) protein. The RSV
F protein plays a crucial role in viral infection by mediating fusion between the viral and
targeting cell membranes through a conformational change. Of particular importance
is the pre-fusion (Pre-F) form of the fusion protein, which initiates fusion in the cellu-
lar membrane and elicits more efficient and potent neutralizing antibodies compared to
the post-fusion (Post-F) form [12]. Palivizumab targets an epitope present on both Pre-F
and Post-F forms of the fusion protein [13,14]. Administered once a month at a dose of
15 mg/kg intramuscularly, palivizumab has a half-life of 17-27 days. However, its high
costs and uncertainty regarding cost-effectiveness have limited its use to high-risk groups,
such as infants with prematurity <32 weeks of gestation and/or bronchopulmonary dys-
plasia [15,16]. Palivizumab prophylaxis has demonstrated significant reductions (up to
80%) in hospitalizations, depending on the presence of co-morbidities and/or the degree
of prematurity [14,17-19]. Premature infants, particularly those born at <32 weeks of ges-
tational age, face a higher risk of complications, including respiratory distress syndrome,
bronchopulmonary dysplasia, and intraventricular hemorrhage [8,20,21]. To address these
risks, effective postnatal prevention of RSV infection is crucial. In the Netherlands, pro-
phylaxis with the monoclonal antibody palivizumab is offered to preterm infants with
a gestational age <32 weeks who are under six months old at the beginning of the RSV
season, in accordance with healthcare insurance provisions [22,23]. Typically, palivizumab
administration aligns with the discharge of infants from the neonatal intensive care unit,
usually occurring at around 1 to 2 months of age.

The primary objective of this study was to assess the effectiveness of palivizumab
prophylaxis in preventing RSV-related infections among very preterm infants during their
first year of life. The presence of natural RSV infection was determined through measure-
ments of IgG levels specific to three RSV proteins: nucleoprotein (N), Post-F, and Pre-F.
We compared the infection rates between premature infants who received palivizumab
prophylaxis and those who did not, with assessments conducted at approximately 5 and
12 months post-birth.

This study provides valuable insights into the prevalence of RSV infection among very
preterm infants during their first year of life and assesses the effectiveness of palivizumab
prophylaxis within this vulnerable demographic. It is especially noteworthy since studies
concerning a recently approved alternative to palivizumab, nirsevimab, in very/extremely
premature infants are currently lacking. The reduction in RSV infections not only logically
forbodes decreased hospitalization but also holds promise for substantial health benefits,
especially given that mild RSV infections are implicated in recurrent wheezing and asthma,
even among healthy (pre)term infants [24].

2. Methods
2.1. Study Design and Participants

This study utilized serum samples from a large prospective, observational, multicenter,
cohort study conducted in the Netherlands, involving preterm infants during their first
year of life. Infants were recruited from 8 hospitals across the Netherlands between October
2015 and October 2017 with a follow-up until 12 months of age (November 2018) [25].
Written informed consent was obtained from both parents or guardians of the infants before
enrolment. This study received ethical approval from the Medical Ethical Committee of the
University Medical Centre Utrecht and adhered to Good Clinical Practice guidelines and the
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Declaration of Helsinki. It was registered with the Netherlands Trial Register (NL7142) [26].
The cohort study followed standard practices of the Dutch immunization program for
administering vaccinations and RSV prophylaxis. Capillary blood samples were collected
at three time points: before the start of the primary vaccinations (approximately 6 weeks
after birth), one month after the last dose of the primary series (at approximately 5 months
of age), and one month after the booster vaccination (at approximately 12 months of age)
(Figure 1).
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Figure 1. Study design and participant flowchart. Flow diagram of participants throughout the study,
starting with the total number of infants initially included. It shows the stratification of participants
based on gestational age (GA) and the administration of palivizumab prophylaxis.

A total of 276 preterm infants, with a gestational age (GA) of <36 weeks, participated in
the study. Seven infants were excluded due to a lack of remaining serum samples (Figure 1).
For this analysis, the remaining 269 infants were categorized into two distinct groups based
on gestational age: those born at <32 weeks and those born at >32 to <36 weeks. This
stratification allowed for the examination of the effect of palivizumab prophylaxis on RSV
infection while accounting for the physiological and clinical differences between these
two populations. Very premature infants born at <32 weeks GA face significantly higher
risks when compared to their moderate/late preterm (GA > 32 to <36 weeks) counterparts.
Furthermore, in the Netherlands, palivizumab prophylaxis is only indicated for infants with
a GA of less than 32 weeks. It is prescribed for those with a GA greater than 32 weeks solely
when they have severe cardiovascular comorbidities or are afflicted by bronchopulmonary
dysplasia. Within both GA groups, we identified three palivizumab prophylaxis categories:
“Palivizumab (Pal+)”, “No Palivizumab (Pal—)”, or “Unknown”.

2.2. Assay

The assay involved the concurrent examination of serum samples for the presence of
immunoglobulin G (IgG) antibodies targeting the RSV prefusion F protein (Pre-F), post-
fusion F protein (Post-F), and nucleoprotein (N) through an RSV multiplex immunoassay
(MIA) [27]. In brief, each of the three RSV antigens was coupled to distinct color-coded
activated carboxylated beads. Serum samples were diluted 1/200 and 1/8000 in a solution
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containing phosphate-buffered saline with 1% bovine serum albumin and 0.1% Tween 20.
These diluted samples were then incubated with the conjugated beads, followed by incu-
bation with R-phycoerythrin-labeled goat anti-human IgG antibody (Jackson Immunore-
search). Data acquisition for the samples was executed utilizing a Flexmap 3D (Luminex
Corp.) in conjunction with xXPONENT 4.3 software (DiaSorin/Luminex). The quantification
of serum IgG antibody concentrations was carried out in arbitrary units/mL (AU/mL)
by interpolation from a five-parameter logistic curve derived from an in-house reference
serum, using Bio-Plex Manager software version 6.2 (Bio-Rad Laboratories, Hercules, CA,
USA).

2.3. Outcomes

The primary outcome of this study was to assess the impact of palivizumab prophy-
laxis on the rate of RSV infection in preterm infants during the first year of life. Infection
status was determined at the 12-month mark by measuring the concentrations of Pre-F and
N-specific IgGs. It is important to note that palivizumab, as a humanized IgG antibody,
binds to Post-F and Pre-F, which interferes with the accurate quantification of endoge-
nous Post-F and Pre-F IgG antibodies. To address this, we exclusively examined antibody
levels specific to the RSV N protein in infants who received palivizumab. Conversely, in
infants without palivizumab prophylaxis, we assessed both Pre-F and N antibodies to
detect infection.

Interpretation of infection status could be influenced by the presence of maternal IgGs.
Maternal IgG levels wane completely within 10-12 months, with an estimated half-life of
approximately 42 days [1], consequently resulting in roughly 10- and 100-fold lower IgG
concentration at 5 and 12 months, respectively, compared to those at 6 weeks. As RSV
antibodies elicited by natural infection wane at a slower rate [28], we defined a primary RSV
infection based on two criteria: (1) IgG levels equaled or exceeded previously established
cut-offs for at least one of the two IgGs (2 AU/mL for Pre-F and 8 AU/mL for N; [29]) and
(2) the concentration equaled or exceeded the previous time point’s level. Both criteria
were required to classify an infection.

Secondary outcomes included assessing the infection rate in infants in the GA
group > 32 to <36 weeks at 12 months. Additionally, we examined maternal IgG lev-
els before any RSV prophylaxis was administered (at 6 weeks) to evaluate the rate of
maternal IgG transfer across different gestational ages. For this analysis, we included all
premature infants with antibody status determined at 6 weeks, including those >32 to
<36 weeks and irrespective of palivizumab prophylaxis. We also compared IgG antibody
trajectories over 3 time points (6 weeks, 5 months, and 12 months) for RSV proteins (N,
Pre-F, and Post-F) in infected and uninfected children within the GA < 32 weeks subgroup.

2.4. Statistical Analysis

We conducted statistical analyses using R version 4.3.0 (stats package) and GraphPad
Prism (version 9.5.1) for figure construction. To compare the differences in geometric mean
antibody concentrations between groups, we employed the Wilcoxon sum-rank test. We
calculated the proportions of infants with natural infection and those without infection
separately for two groups: those who received palivizumab and those who did not. The
Chi-squared test with Yates’s continuity correction was used to compare proportions at
each sampling point.

To evaluate the effect of palivizumab prophylaxis on the odds of experiencing RSV
infection, we employed a binomial multivariate logistic regression model. The model
included the following predictors: sex, birthweight, gestational age, birth season, and
presence of palivizumab prophylaxis, without interactions. The model was constructed
using the stats package and visualized using the sjPlot package (v. 2.8.14) in R.

Bonferroni-adjusted p values < 0.05 were considered statistically significant.



Vaccines 2023, 11, 1807 50f 13

3. Results
3.1. Baseline Characteristics

A total of 269 infants were included in the study, consisting of 152 males and 117 females
(Figure 1, Table 1). The infants were classified into two gestational age (GA) groups:
GA < 32 weeks (n = 188) and GA > 32 to <36 weeks (n = 81). In the GA < 32 weeks group,
135 infants (66.2%) received palivizumab at least once, while 31 infants (21.7%) did not.
Among the GA > 32 to <36 weeks group, the majority of premature infants did not receive
palivizumab (72 infants, 88.9%), except for two infants with a GA of 32 weeks and 1 day
who received the prophylaxis. Additionally, twenty-nine infants (22 in the GA < 32 weeks
group and seven in the GA > 32 to <36 weeks group) had an unknown RSV prophylaxis
status and were excluded from further analysis.

Table 1. Characteristics of infants included in the study.

Total GA <32w GA <32w GA>32w-<36 w GA>32w-<36w Unknown
(n =269) PAL+ (n=135) PAL— (n=31) PAL+ (n=2) PAL— (n=72) (n=29)
Sex, n (%)
Male 152 (56.5%) 78 (57.8%) 19 (61.3%) 2 (100%) 36 [50.0%] 17 (59.6%)
Female 117 (43.5%) 57 (42.2%) 12 (38.7%) 0 (0.0%) 36 [50.0%] 12 (41.4%)
Gestational age 302 301
(weeks) mean ) 0T 283[240-320]  294[253-320]  32.1[321-321] 34.0 [32.1-36.0] [26.6-35.3]
[range]
Birth weight (g), 1427 1110.0 1338.0 . g 1438
mean [range] [530-3355] [530-2142] ** [595-2034] ** 16975 [1680-1715]  2048.6 [1205-3355] [800-2775]
Born “Summer”
April- 157 (58.4%) 86 (63.7%) * 12 (38.75) 0 (0.0%) 44 (66.1%) 15 (48.3%)
September
Born “Winter 112 (41.6%) 49 (36.3%) * 19 (61.35) 2 (100%) 28 (38.9%) 14 (51.7%)

October—-March

Data are means with range or number with proportions (%). * Significant difference p = 0.0014 chi-squared test,
** Significant difference p = 0.0032 Wilcoxon sum rank test. Note: PAL+ = received palivizumab, PAL— = did not
receive palivizumab.

In the GA < 32 weeks group, the infants who received palivizumab (n = 135) had
a mean GA of 28.3 weeks (range: 24.0-32.0) and a mean birth weight of 1110.0 g (range:
530-2142). Infants who did not receive palivizumab (n = 31) had a mean GA of 29.4 weeks
(range: 25.3-32.0). The mean birth weight was significantly higher than in the infants who
received prophylaxis, with a mean of 1338.0 g (range: 595-2034; Wilcoxon test, p = 0.0032).
The proportion of infants receiving palivizumab was significantly higher among those
born in the spring/summer months compared to the fall/winter months (Chi-squared test,
p = 0.0014; Table 1). Conversely, the distribution of infants who did not receive Palivizumab
was approximately equal between the fall/winter and spring/summer months of 2015 to
2017 (p = 0.21).

In the GA > 32 to <36 weeks group, infants who did not receive palivizumab (n = 72)
had a mean GA of 34.0 weeks (range: 32.1-36.0) and a mean birth weight of 2048.6 g (range:
1205-3355) (Table 1). Notably, the only two infants (male twins) within this group who
were administered prophylaxis had a GA of 32.1 weeks and birth weights of 1680 g and
1715 g, respectively. Due to the limited number of infants receiving palivizumab in this GA
group, these two were excluded from further analysis.

3.2. Antibody Concentrations

The levels of nucleoprotein-specific serum IgG (N IgG) and pre-fusion protein-specific
serum IgG (Pre-F IgG) were measured at three time points (6 weeks, 5 months, and
12 months after birth) in both GA groups. Among infants with GA < 32 weeks, in the
palivizumab prophylaxis (Pal+) subgroup and the non-prophylaxis subgroup (Pal—), the
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N IgG concentrations were similar at 6 weeks (Pal+: 32.0 AU/mL [95% CI: 28.0-40.2]; Pal—:
36.5 AU/mL [95% CI: 25.9-51.4], p = 0.5477) and at 5 months (Pal+: 3.62 AU/mL [95% CI:
2.94-4.46]; Pal—: 4.51 AU/mL [95% CI: 2.82-7.21], p = 03103), but significantly lower at
12 months in the Pal+ subgroup (Pal+: 1.82 AU/mL [95% CI: 1.2-2.76]; Pal—: 13.1 AU/mL
[95% CI: 3.59-47.9]; p = 0.0031) (Figure 2A: right panel). The Pal+ and Pal— subgroups
exhibited comparable Pre-F antibody geometric mean concentrations (GMC) at 6 weeks
(Pal+: GMC 33.5 AU/mL [95% CI: 28.0-40.2]; Pal—: GMC 47.5 AU/mL [95% CI: 32.0-70.7];
Wilcoxon test, p = 0.0591). However, the Pal+ subgroup had significantly higher Pre-F IgG
concentrations at 5 months (Pal+: 633 AU/mL [95% CI: 418-958]; Pal—: 9.1 AU/mL [95%
CI: 4.4-19.1]; p < 0.0001) and at 12 months (Pal+: 267 AU/mL [95% CI: 184-388]; Pal—:
2.88 AU/mL [95% CI: 0.86-9.59]; p < 0.0001) due to palivizumab interference (Figure 2A:
left panel).

IgG concentration in very preterm infants (GA <32weeks)
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Figure 2. Antibody concentrations (AU/mL) in preterm infants. (A) Serum IgG levels specific to
pre-fusion protein (Pre-F IgG) and nucleoprotein (N IgG) in infants with GA <32 weeks at 6 weeks,
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5 months, and 12 months. Comparisons between palivizumab prophylaxis (Pal+) and non-
prophylaxis (Pal—) groups were evaluated using the Wilcoxon test. (B) Pre-F IgG and N IgG con-
centrations in infants with GA > 32 to <36 weeks at corresponding time points. Maternal antibody
transfer was examined between non-prophylaxis GA subgroups at 6 weeks using the Wilcoxon test.
(** p-value < 0.01, **** p-value < 0.0001).

At 6 weeks, significantly lower maternal antibody concentrations were observed in
the very preterm infants (GA < 32 weeks) compared to the moderate/late preterm infants
(GA > 32 to <36 weeks) for both Pre-F IgG (p = 0.0017) and N IgG (p < 0.0001) (Figure 2B)
in line with lower rates of maternal IgG transfer at younger GA. The results for Post-F
were consistent with those of Pre-F (Supplemental Figure S1). In the GA group > 32 to
<36 weeks, the GMCs for Pre-F IgG were 84.3 AU/mL [95% CI 70.4-101], 9.01 AU/mL
[95% CI: 6.95-11.7], and 5.48 AU/mL [95% CI: 2.64-11.4] at 6 weeks, 5 months, and
12 months, respectively. As for N protein IgG, the GMCs were 113 AU/mL [95% CI
93.1-137],16.3 AU/mL [95% CI: 11.6-23.1], and 14.3 AU/mL [95% CI: 7.39-27.5] at 6 weeks,
5 months, and 12 months, respectively (Figure 2B).

3.3. Incidence of RSV Infection

The primary objective of this study was to compare RSV infection rates in very preterm
infants receiving palivizumab prophylaxis with those who did not, during their initial
12 months of life. In the group with GA < 32 weeks, 18.9% of prophylaxis-receiving infants
exhibited indications of natural RSV infection within the first year of life (Table 2). In
contrast, the non-prophylaxis group had a significantly higher percentage of RSV infections
with 48.3% of infants affected (Chi-squared test, p = 0.00203).

Table 2. Infection status between groups.

Without Prophylaxis GA > 32w

With Prophylaxis GA <32 w Without Prophylaxis GA < 32w <
Infection <36w
Yes No n Yes No n Yes No n
<5 Months 4 (2.3%) 125 (97.7%) 129 3 (10.0%) 27 (90.0%) 30 8 (11.3%) 63 (88.7%) 71
6—12 Months 20 (15.7%) 107 (84.3%) 127 11 (37.9%) 18 (62.1%) 29 28 (43.1%) 37 (56.9%) 65
TOtal at [») * o, o, * 0, o, O,
12 Months 24 (18.9%) 103 (81.1%) 127 14 (48.3%) 15 (51.7%) 29 36 (55.4%) 29 (44.6%) 65

Data are number with proportions (%).* Significant difference p = 0.00203 chi-squared test. Note: GA—Gestational age.

In the subgroup of infants with a GA >32 to <36 weeks, we observed a 55.4% in-
fection rate in the non-prophylaxis group. Within this GA group, only two infants were
palivizumab recipients (GA of 32 weeks and 1 day), and both contracted an RSV infection.

To address potential confounders when quantifying the effectiveness of the palivizumab
prophylaxis within the GA < 32 group, we constructed a binomial logistic multivariate
model, which considered the presence of infection as a response variable and included,
besides the presence of prophylaxis, the following variables: sex, birthweight, gestational
age, and birth season. Pal+ infants had significantly lower odds of getting infected (odds
ratio = 0.25 [95%CI = 0.099-0.621], p-value = 0.0029) than Pal— infants. There was no
significant effect of sex, birth season, gestational age, and birth weight on infection status
(Supplemental Figure S2).

3.4. Antibody Level Trajectories

To gain insights into antibody level trajectories in infected and non-infected children,
we examined IgG concentrations across three time points post-birth: 6 weeks, 5 months,
and 12 months. We analyzed three groups: palivizumab-receiving infants with GA < 32
(Figure 3), non-palivizumab infants with GA < 32 (Supplemental Figure S3), and non-
palivizumab infants with GA > 32 (Supplemental Figure S4).
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Figure 3. IgG concentrations in children from GA < 32 weeks subgroup who received palivizumab
stratified by the infection status. IgG specific to (A) nucleoprotein, (B) Pre-E, (C) Post-F. The horizontal
dashed line represents the cutoff of the assay.

As anticipated, nucleoprotein levels gradually declined in uninfected infants across all
three subgroups as maternal antibodies diminished over time (Figure 3A, Supplemental
Figures S3A and S4A). We observed a similar pattern in Pre-F and Post-F specific IgG levels
in uninfected children without prophylaxis, both in the GA < 32 and GA > 32 to <36 weeks
groups (Supplemental Figures S3B,C and 54B,C).

Among palivizumab-receiving children, Pre-F (Figure 3B) and Post-F (Figure 3C)
levels increased compared to the previous time point at either 5 months (78 children,
66 uninfected), 12 months (16 children, 12 uninfected), or both time points (11 children,
9 uninfected). One uninfected palivizumab recipient exhibited no increase in Pre-F or Post-
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F levels compared to the previous time point but had a notably high Pre-F concentration
(1752 Au/mL) at the 6-week mark, suggesting probable palivizumab administration around
that period.

Given that 24 out of 135 children still experienced an infection despite prophylaxis,
we conducted a post hoc analysis to compare antibody concentrations at month 5 between
children who experienced an infection between the 5th and 12th month after birth and
those who did not. Children who experienced an infection by 12 months tended to have
significantly lower Pre-F (p = 0.028) and Post-F (p = 0.028) levels (at 5 months) than the
ones with no evidence of infection. However, there were eighteen Pal+ children (four
with infections at 12 months) who had lower Pre-F and Post-F concentrations at month 5
than at week 6 (likely due to prophylaxis initiation after 5 months). After excluding these
18 individuals, the Pre-F concentrations in the uninfected remained marginally significantly
higher than in the infected (p = 0.046), while the significance was lost (p = 0.071) for Post-F.

4. Discussion

The main objective of this study was to assess the effectiveness of palivizumab prophy-
laxis in preventing RSV-related infections among very preterm infants (GA < 32 weeks),
born in the Netherlands, during their first year of life. Additionally, we investigated differ-
ences in IgG antibody levels against nucleoprotein (N) and pre-fusion (Pre-F) protein across
different gestational age groups. These findings are of particular importance considering
the paucity of data available for this vulnerable population of very premature infants. It
is also noteworthy that existing studies on nirsevimab, an alternative prophylactic agent,
have primarily focused on healthy late-preterm and term infants [30,31].

Our study revealed a significant reduction in RSV infection rates among infants receiv-
ing palivizumab prophylaxis compared to those without prophylaxis. Specifically, in infants
born at <32 weeks of gestational age, the palivizumab prophylaxis group demonstrated a
substantially lower infection rate (18.9%) compared to the non-prophylaxis group (48.3%).
Similarly, for infants born at >32 to <36 weeks of gestational age, the non-prophylaxis
group exhibited a comparable infection rate (55.4%) to the non-prophylaxis <32 weeks GA
group. These infection rates align with recent population studies in term-born infants [2,25],
emphasizing the relevance of our findings to the broader context of RSV infections.

The 2.6-fold lower incidence and 4-fold lower odds of RSV infection in very preterm
infants receiving palivizumab provide robust evidence for the effectiveness of this prophy-
laxis, particularly during the first year of life. Furthermore, our comprehensive analysis
within this very preterm group, including variables such as gestational age, birth weight,
birth date, and gender, did not reveal any significant impact on infection rates. These re-
sults are consistent with previous studies reporting the efficacy of palivizumab in reducing
hospitalizations and RSV-associated infections [17,32].

Despite lower maternal antibody transfer in very preterm infants, evidenced by sig-
nificantly lower IgG concentrations against Pre-F and N protein at 6 weeks of age when
compared to late preterm infants, infection rates were similar in both groups over the initial
12 months of life when no palivizumab was administered. Moreover, infants who experi-
enced an infection between 5 and 12 months despite palivizumab administration showed
marginally significantly lower Pre-F IgG concentration at 5 months of age (p = 0.046) com-
pared to those that did not experience an infection. This observation highlights the potential
importance of maintaining an optimal level of exogenous prophylactic monoclonal anti-
bodies for effective protection throughout the first year of life.

However, our study has limitations. The original study was designed to evaluate
the immunogenicity of routine vaccinations in the first year of life in preterm infants and
did not focus on RSV disease and prophylaxis. This resulted in the absence of critical
data on disease severity, morbidities, and hospitalization outcomes. Incomplete data
on palivizumab administration frequency and specific administration hindered certain
analyses related to seasonality and the efficacy of multidose palivizumab administration.
Approximately 21% of very preterm infants did not receive palivizumab despite the RSV
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intervention guidelines. Further exploration of the reasons behind this non-compliance,
such as parental decision-making or concerns about side effects, is warranted to improve
adherence rates and optimize the benefits of prophylactic interventions. Birthweight may
have influenced the clinicians’ choice to withhold palivizumab since the birthweight was
significantly higher in the non-prophylaxis subgroup within the GA < 32 weeks group.
However, our multivariate analysis suggests that its impact on infection rates over the
entire 12 months is likely minimal.

The strength of this study lies in the substantial number of preterm infants, particu-
larly in the vulnerable very preterm group (n = 188). This enabled a robust comparison of
infection rates, providing new insights into palivizumab’s real-world effectiveness. Our
findings add valuable data specific to this high-risk population, which are crucial given
the healthcare burden of RSV infections in preterm infants. Palivizumab’s ability to lower
infection rates can alleviate this healthcare burden, thereby reducing the need for costly hos-
pitalizations and intensive medical interventions. Moreover, by preventing RSV infections
and their associated complications, palivizumab has the potential to improve long-term
health outcomes in this vulnerable population.

The emergence of novel prophylactic agents, such as the monoclonal antibody nirse-
vimab (2023), has introduced new possibilities for RSV prevention. Nirsevimab’s extended
half-life and single-dose administration offer potential advantages over palivizumab, in-
cluding improved compliance and reduced costs associated with multi-dose adminis-
tration. Furthermore, nirsevimab demonstrated promising efficacy in both preterm and
healthy term infants [30,31], making it a compelling cost-effective choice for RSV pro-
phylaxis in late preterm infants or even healthy term infants, where palivizumab lacks
cost-effectiveness [33].

While maternal vaccination for RSV prevention is still in the early stages of develop-
ment, its effectiveness among preterm infants is anticipated to be notably reduced due to
the extended vaccination window (up to 36 weeks GA) and the imperative need for a timely
vaccine response and subsequent efficient transfer of RSV-specific antibodies to the devel-
oping fetus. Recent phase 3 trials have yielded mixed results, with some demonstrating
limited efficacy [34,35] and others raising safety concerns [36].

The exclusion of women with high-risk pregnancies and those predisposed to prematu-
rity from these trials accentuates potential limitations and associated risks of maternal RSV
vaccinations. In essence, even after maternal RSV vaccination becomes available, its effec-
tiveness among preterm infants is anticipated to be notably reduced, thereby underscoring
the continued importance of RSV prophylaxis. While the influence of gestational age and
birth date on RSV infection remains debatable, our analyses indicate that gestational age
and birth date of preterm infants do not significantly impact RSV infection risk, as the
infection rates between the non-prophylaxis age groups are comparable to those in healthy
term-born infants. However, it is likely that gestational age does influence the severity of
the disease [7-9], but this study lacks specific data on disease severity.

5. Conclusions

Our study demonstrates that palivizumab prophylaxis significantly reduces the in-
fection rate in very premature infants (<32 weeks gestational age). Despite variations in
palivizumab frequency and timing, our findings clearly demonstrate its efficacy in lowering
infection rates, which logically translates into a reduction in hospitalizations. The substan-
tial reduction in RSV infections observed in the palivizumab prophylaxis group highlights
the effectiveness of this intervention in preventing RSV-related morbidity in this vulnerable
population. Further research should delve into the clinical implications of palivizumab
prophylaxis, explore the underlying reasons for non-compliance, and compare its efficacy
against emerging prophylactic options such as nirsevimab. Addressing these aspects will
contribute to the optimization of RSV prophylaxis strategies, thereby enhancing outcomes
for preterm infants.
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specific to (A) nucleoprotein, (B) Pre-F, (C) Post-F. The horizontal dashed line represents the cutoff of
the assay.

Author Contributions: Conceptualization, RM.S. and G.A.M.B.; Methodology, R.M.S.; Formal
analysis, ].K.; Investigation, RM.S.; Resources, PG.M.v.G. and E.D.M.R.; Data curation, RM.S.;
Writing—original draft, RM.S.; Writing—review and editing, ] K., PGM.v.G., ED.M.R,, EAM.S,,
P.C.J.B.-V. and G.A.M.B.; Supervision, G.A.M.B.; Project administration, E.D.M.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study received ethical approval from the Medical
Ethical Committee of the University Medical Centre Utrecht and adhered to Good Clinical Practice
guidelines and the Declaration of Helsinki. It was registered with the Netherlands Trial Register
(NL7142).

Informed Consent Statement: Written informed consent was obtained from both parents or guardians
of infants before enrolment.

Data Availability Statement: The data presented in this paper are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Berbers, G.; Mollema, L.; van der Klis, F.; den Hartog, G.; Schepp, R. Antibody Responses to Respiratory Syncytial Virus: A
Cross-Sectional Serosurveillance Study in the Dutch Population Focusing on Infants Younger Than 2 Years. J. Infect. Dis. 2021,
224, 269-278. [CrossRef]

Zylbersztejn, A.; Pembrey, L.; Goldstein, H.; Berbers, G.; Schepp, R.; van der Klis, F; Sande, C.; Mason, D.; Wright, J.; Smyth, R.;
et al. Respiratory syncytial virus in young children: Community cohort study integrating serological surveys, questionnaire and
electronic health records, Born in Bradford cohort, England, 2008 to 2013. Eurosurveillance 2021, 26, 2000023. [CrossRef] [PubMed]
Nair, H.; Nokes, D.J.; Gessner, B.D.; Dherani, M.; Madhi, S.A.; Singleton, R.J.; O’Brien, K.L.; Roca, A.; Wright, P.F.; Bruce, N.; et al.
Global burden of acute lower respiratory infections due to respiratory syncytial virus in young children: A systematic review and
meta-analysis. Lancet 2010, 375, 1545-1555. [CrossRef] [PubMed]

Haddadin, Z.; Rankin, D.A.; Lipworth, L.; Suh, M.; McHenry, R.; Blozinski, A.; George, S.S.; Fernandez, K.N.; Varjabedian, R.;
Spieker, A].; et al. Respiratory Virus Surveillance in Infants across Different Clinical Settings. J. Pediatr. 2021, 234, 164-171.e162.
[CrossRef] [PubMed]

Li, Y.; Wang, X.; Blau, D.M.; Caballero, M.T.; Feikin, D.R.; Gill, C.J.; Madhi, S.A.; Omer, S.B.; Simoes, E.A.F.; Campbell, H.; et al.
Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus in
children younger than 5 years in 2019: A systematic analysis. Lancet 2022, 399, 2047-2064. [CrossRef]

Wildenbeest, J.G.; Billard, M.N.; Zuurbier, R.P.; Korsten, K.; Langedijk, A.C.; van de Ven, PM.; Snape, M.D.; Drysdale, S.B.;
Pollard, A.J.; Robinson, H.; et al. The burden of respiratory syncytial virus in healthy term-born infants in Europe: A prospective
birth cohort study. Lancet Respir. Med. 2022, 11, 341-353. [CrossRef]

Pramana, I.A.; Latzin, P; Schlapbach, L.].; Hafen, G.; Kuehni, C.E.; Nelle, M.; Riedel, T.; Frey, U. Respiratory symptoms in preterm
infants: Burden of disease in the first year of life. Eur. ]. Med. Res. 2011, 16, 223-230. [CrossRef]

Mauskopf, J.; Margulis, A.V.; Samuel, M.; Lohr, K.N. Respiratory Syncytial Virus Hospitalizations in Healthy Preterm Infants:
Systematic Review. Pediatr. Infect. Dis. J. 2016, 35, €229-238. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines11121807/s1
https://www.mdpi.com/article/10.3390/vaccines11121807/s1
https://doi.org/10.1093/infdis/jiaa483
https://doi.org/10.2807/1560-7917.ES.2021.26.6.2000023
https://www.ncbi.nlm.nih.gov/pubmed/33573711
https://doi.org/10.1016/S0140-6736(10)60206-1
https://www.ncbi.nlm.nih.gov/pubmed/20399493
https://doi.org/10.1016/j.jpeds.2021.03.036
https://www.ncbi.nlm.nih.gov/pubmed/33774057
https://doi.org/10.1016/S0140-6736(22)00478-0
https://doi.org/10.1016/S2213-2600(22)00414-3
https://doi.org/10.1186/2047-783X-16-5-223
https://doi.org/10.1097/INF.0000000000001163

Vaccines 2023, 11, 1807 12 of 13

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Townsi, N.; Laing, I.A.; Hall, G.L.; Simpson, S.J. The impact of respiratory viruses on lung health after preterm birth. Eur. Clin.
Respir. ]. 2018, 5, 1487214. [CrossRef]

Simister, N.E. Placental transport of immunoglobulin G. Vaccine 2003, 21, 3365-3369. [CrossRef]

Pereira, R.A.; de Almeida, V.O.; Vidori, L.; Colvero, M.O.; Amantéa, S.L. Inmunoglobulin G and subclasses placental transfer in
fetuses and preterm newborns: A systematic review. J. Perinatol. 2023, 43, 3-9. [CrossRef]

McLellan, J.S.; Ray, W.C.; Peeples, M.E. Structure and function of respiratory syncytial virus surface glycoproteins. Curr. Top.
Microbiol. Immunol. 2013, 372, 83-104.

Johnson, S.; Oliver, C.; Prince, G.A.; Hemming, V.G.; Pfarr, D.S.; Wang, S.C.; Dormitzer, M.; O’Grady, J.; Koenig, S.; Tamura, ] K.;
et al. Development of a humanized monoclonal antibody (MEDI-493) with potent in vitro and in vivo activity against respiratory
syncytial virus. J. Infect. Dis. 1997, 176, 1215-1224. [CrossRef]

Resch, B. Product review on the monoclonal antibody palivizumab for prevention of respiratory syncytial virus infection. Hum.
Vaccin. Immunother. 2017, 13, 2138-2149. [CrossRef]

Farber, H.J.; Buckwold, EJ.; Lachman, B.; Simpson, ].S.; Buck, E.; Arun, M.; Valadez, A.M.; Ruiz, T.; Alonzo, J.; Henry, A.; et al.
Observed Effectiveness of Palivizumab for 29-36-Week Gestation Infants. Pediatrics 2016, 138, €20160627. [CrossRef] [PubMed]
Mac, S.; Sumner, A.; Duchesne-Belanger, S.; Stirling, R.; Tunis, M.; Sander, B. Cost-effectiveness of Palivizumab for Respiratory
Syncytial Virus: A Systematic Review. Pediatrics 2019, 143, €20184064. [CrossRef] [PubMed]

The IMpact-RSV Study Group. Palivizumab, a humanized respiratory syncytial virus monoclonal antibody, reduces hospitaliza-
tion from respiratory syncytial virus infection in high-risk infants. Pediatrics 1998, 102, 531-535. [CrossRef]

Checchia, P.A.; Nalysnyk, L.; Fernandes, A.W.; Mahadevia, PJ.; Xu, Y.; Fahrbach, K.; Welliver Sr, R.C. Mortality and morbidity
among infants at high risk for severe respiratory syncytial virus infection receiving prophylaxis with palivizumab: A systematic
literature review and meta-analysis. Pediatr. Crit. Care Med. 2011, 12, 580-588. [CrossRef]

Viguria, N.; Navascués, A.; Juanbeltz, R.; Echeverria, A.; Ezpeleta, C.; Castilla, ]. Effectiveness of palivizumab in preventing
respiratory syncytial virus infection in high-risk children. Hum. Vaccin. Immunother. 2021, 17, 1867-1872. [CrossRef]

Stoll, B.J.; Hansen, N.I; Bell, E.F.; Shankaran, S.; Laptook, A.R.; Walsh, M.C.; Hale, E.C.; Newman, N.S.; Schibler, K.; Carlo, W.A;
et al. Neonatal outcomes of extremely preterm infants from the NICHD Neonatal Research Network. Pediatrics 2010, 126, 443-456.
[CrossRef]

Jobe, A.H.; Bancalari, E. Bronchopulmonary dysplasia. Am. ]. Respir. Crit. Care Med. 2001, 163, 1723-1729. [CrossRef]

NFKE. Stichting Nederlands Kenniscentrum Farmacotherapie bij Kinderen. Kinderformularium-Palivizumab. 2014. Available
online: https://kinderformularium.nl/geneesmiddel /573 /palivizumab (accessed on 24 July 2023).

Ministerie van Volksgezondheid, W.e.S. Regeling van de Minister van Volksgezondheid, Welzijn en Sport van 1 September 2005,
nr. Z/VV-2611957, hHoudende Regels ter Zake van de Uitvoering van de Zorgverzekeringswet (Regeling zorgverzekering). 2005.
Available online: https:/ /wetten.overheid.nl/BWBR0018715/2019-12-04/ (accessed on 18 September 2023).

Blanken, M.O.; Rovers, M.M.; Molenaar, ].M.; Winkler-Seinstra, P.L.; Meijer, A.; Kimpen, J.L.L.; Bont, L. Respiratory Syncytial
Virus and Recurrent Wheeze in Healthy Preterm Infants. N. Engl. |. Med. 2013, 368, 1791-1799. [CrossRef]

Rouers, E.D.M.; Berbers, G.A.M.; van Dongen, ].A.P.; Sanders, E.A.M.; Bruijning-Verhagen, P. Timeliness of immunisations in
preterm infants in the Netherlands. Vaccine 2019, 37, 5862-5867. [CrossRef]

Rouers, E.D.M.; Bruijning-Verhagen, P.C.J.; van Gageldonk, P.G.M.; van Dongen, J.A.P; Sanders, E.A.M.; Berbers, G.A.M.
Association of Routine Infant Vaccinations with Antibody Levels among Preterm Infants. JAMA 2020, 324, 1068-1077. [CrossRef]
Schepp, RM.; de Haan, C.A.M.; Wilkins, D.; Layman, H.; Graham, B.S.; Esser, M.T.; Berbers, G.A.M. Development and
Standardization of a High-Throughput Multiplex Inmunoassay for the Simultaneous Quantification of Specific Antibodies to
Five Respiratory Syncytial Virus Proteins. mSphere 2019, 4, €00236-19. [CrossRef]

den Hartog, G.; van Kasteren, P.B.; Schepp, R.M.; Teirlinck, A.C.; van der Klis, FER.M.; van Binnendijk, R.S. Decline of RSV-specific
antibodies during the COVID-19 pandemic. Lancet Infect. Dis. 2023, 23, 23-25. [CrossRef]

Andeweg, S.P; Schepp, R M.; van de Kassteele, J.; Mollema, L.; Berbers, G.A.M.; van Boven, M. Population-based serology reveals
risk factors for RSV infection in children younger than 5 years. Sci. Rep. 2021, 11, 8953. [CrossRef]

Hammitt, L.L.; Dagan, R.; Yuan, Y.; Baca Cots, M.; Bosheva, M.; Madhi, S.A.; Muller, W].; Zar, H.].; Brooks, D.; Grenham, A; et al.
Nirsevimab for Prevention of RSV in Healthy Late-Preterm and Term Infants. N. Engl. |. Med. 2022, 386, 837-846. [CrossRef]
Griffin, M.P; Yuan, Y.; Takas, T.; Domachowske, ].B.; Madhi, S.A.; Manzoni, P.; Simoes, E.A.F,; Esser, M.T.; Khan, A.A.; Dubovsky,
F.; et al. Single-Dose Nirsevimab for Prevention of RSV in Preterm Infants. N. Engl. J. Med. 2020, 383, 415-425. [CrossRef]
Garegnani, L.; Styrmisdottir, L.; Roson Rodriguez, P.; Escobar Liquitay, C.M.; Esteban, I.; Franco, ].V. Palivizumab for preventing
severe respiratory syncytial virus (RSV) infection in children. Cochrane Database Syst. Rev. 2021, 11, Cd013757.

Nourbakhsh, S.; Shoukat, A.; Zhang, K.; Poliquin, G.; Halperin, D.; Sheffield, H.; Halperin, S.A.; Langley, ].M.; Moghadas, S.M.
Effectiveness and cost-effectiveness of RSV infant and maternal immunization programs: A case study of Nunavik, Canada.
EClinicalMedicine 2021, 41, 101141. [CrossRef]

Madhi, S.A.; Polack, EP; Piedra, P.A.; Munoz, EM.; Trenholme, A.A.; Simdes, E.A.F.; Swamy, G.K.; Agrawal, S.; Ahmed, K,;
August, A.; et al. Respiratory Syncytial Virus Vaccination during Pregnancy and Effects in Infants. N. Engl. ]. Med. 2020, 383,
426-439. [CrossRef]


https://doi.org/10.1080/20018525.2018.1487214
https://doi.org/10.1016/S0264-410X(03)00334-7
https://doi.org/10.1038/s41372-022-01528-w
https://doi.org/10.1086/514115
https://doi.org/10.1080/21645515.2017.1337614
https://doi.org/10.1542/peds.2016-0627
https://www.ncbi.nlm.nih.gov/pubmed/27432850
https://doi.org/10.1542/peds.2018-4064
https://www.ncbi.nlm.nih.gov/pubmed/31040196
https://doi.org/10.1542/peds.102.3.531
https://doi.org/10.1097/PCC.0b013e3182070990
https://doi.org/10.1080/21645515.2020.1843336
https://doi.org/10.1542/peds.2009-2959
https://doi.org/10.1164/ajrccm.163.7.2011060
https://kinderformularium.nl/geneesmiddel/573/palivizumab
https://wetten.overheid.nl/BWBR0018715/2019-12-04/
https://doi.org/10.1056/NEJMoa1211917
https://doi.org/10.1016/j.vaccine.2019.08.006
https://doi.org/10.1001/jama.2020.12316
https://doi.org/10.1128/mSphere.00236-19
https://doi.org/10.1016/S1473-3099(22)00763-0
https://doi.org/10.1038/s41598-021-88524-w
https://doi.org/10.1056/NEJMoa2110275
https://doi.org/10.1056/NEJMoa1913556
https://doi.org/10.1016/j.eclinm.2021.101141
https://doi.org/10.1056/NEJMoa1908380

Vaccines 2023, 11, 1807 13 of 13

35. Kampmann, B.; Madhi, S.A.; Munjal, I.; Simoes, E.A F.,; Pahud, B.A.; Llapur, C.; Baker, J.; Pérez Marc, G.; Radley, D.; Shittu, E.;
et al. Bivalent Prefusion F Vaccine in Pregnancy to Prevent RSV Illness in Infants. N. Engl. J. Med. 2023, 388, 1451-1464. [CrossRef]

36. Wadman, M. FDA Advisers Agree Maternal RSV Vaccine Protects Infants, but Are Divided on Its Safety. 2023. Available online:
https:/ /www.science.org/content/article/fda-advisers-agree-maternal-rsv-vaccine-protects-infants-divided-safety (accessed
on 13 October 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1056/NEJMoa2216480
https://www.science.org/content/article/fda-advisers-agree-maternal-rsv-vaccine-protects-infants-divided-safety

	Introduction 
	Methods 
	Study Design and Participants 
	Assay 
	Outcomes 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Antibody Concentrations 
	Incidence of RSV Infection 
	Antibody Level Trajectories 

	Discussion 
	Conclusions 
	References

