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Abstract: Human Respiratory Syncytial Virus (RSV) is a common cause of respiratory tract infections.
Usually associated with infants and children, an increasing amount of evidence suggests that RSV can
cause substantial morbidity and mortality in immunocompromised individuals, including recipients
of bone marrow transplantation (BMT). The present systematic review was therefore designed in
accordance with the PRISMA guidelines to collect available evidence about RSV infections in BMT
recipients. Three medical databases (PubMed, Embase, and MedRxiv) were therefore searched for
eligible observational studies published up to 30 September 2023 and collected cases were pooled
in a random-effects model. Heterogeneity was assessed using I? statistics. Reporting bias was
assessed by means of funnel plots and regression analysis. Overall, 30 studies were retrieved,
including 20,067 BMT cases and 821 RSV infection episodes. Of them, 351 were lower respiratory
tract infections, and a total of 78 RSV-related deaths were collected. A pooled attack rate of 5.40%
(95% confidence interval [95%CI] 3.81 to 7.60) was identified, with a corresponding incidence rate
of 14.77 cases per 1000 person-years (95%CI 9.43 to 20.11), and a case fatality ratio (CFR) of 7.28%
(95%CI 4.94 to 10.60). Attack rates were higher in adults (8.49%, 95%CI 5.16 to 13.67) than in children
(4.79%, 95%ClI 3.05 to 7.45), with similar CFR (5.99%, 95%CI 2.31 to 14.63 vs. 5.85%, 95%CI 3.35
to 10.02). By assuming RSV attack rates as a reference group, influenza (RR 0.518; 95%CI 0.446
to 0.601), adenovirus (RR 0.679, 95%CI 0.553 to 0.830), and human metapneumovirus (RR 0.536,
95%CI 0.438 to 0.655) were associated with a substantially reduced risk for developing corresponding
respiratory infection. Despite the heterogeneous settings and the uneven proportion of adult and
pediatric cases, our study has identified high attack rates and a substantial CFR of RSV in recipients of
BMT, stressing the importance of specifically tailored preventive strategies and the need for effective
treatment options.

Keywords: RSV; viral pneumonia; differential diagnosis; bone marrow transplantation

1. Introduction

Respiratory Syncytial Virus (RSV) is a medium-sized (120-300 nm diameter), pleomor-
phic, enveloped virus with a negative sense, single stranded RNA genome (15 to 16 kb) that
belongs to the genus orthopneumovirus (family Prneumoviridae) [1,2]. RSV is a quite contagious
pathogen: at community-level, it has a geographically defined seasonal trend [3-5] that, in the
Northern hemisphere, extensively overlaps with other respiratory viruses such as influenza,
adenovirus (HAdV), and SARS-CoV-2 [6,7]. Before the SARS-CoV-2 pandemic, RSV circu-
lated in countries with temperate climates throughout the winter season, peaking between
December and January [5,8], while in tropical countries RSV outbreaks were clustered during
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hot, humid, and rainy days of the summer season [2,9,10]. RSV has been acknowledged
as the single most common viral cause of lower respiratory tract infections (LRTI), and is
considered a common cause of morbidity among young children (around 33 million cases by
year) [11]. Nonetheless, these figures are reasonably underestimated. On the one hand, RSV
mostly causes upper respiratory tract infections (URTI) [2,4], characterized by mild respiratory
symptoms [4,8,11,12], that only in a reduced proportion of cases evolve to LRTI [13]. On the
other hand, nearly all children will be infected with RSV before the 24th month of age [4,14-17],
and most of them are usually managed as outpatients [11], even in the case of LRTL

RSV has often been regarded as a pediatric pathogen, as it causes high hospitalization
rates in infants [18-22], even in healthy ones [8,23,24], but respiratory RSV infections are
not limited to pediatric-age subjects [23,25-27], and RSV is increasingly acknowledged as a
common cause of respiratory illnesses in adults [2]. RSV can cause a substantial burden
of disease in all immunocompromised subjects [26,28], irrespective of their actual age:
as a consequence, it has been associated with high morbidity and mortality in elderly
populations [27,29,30], particularly among institutionalized subjects [8,31-33], but also
among subjects affected by solid tumors [34-36], hematologic malignancies [37], and
HIV/AIDS [38], with a significant public health impact [36-41].

Among immunocompromised subjects, a high-risk subgroup has previously been
identified in recipients of bone marrow transplantation (BMT), as their clinical course
tends to be particularly aggressive [42-45]. On the one hand, up to two thirds of RSV
infections in BMT develop as LRTIs [18,46]. In turn, RSV-related LRTIs occurring in BMT
recipients have been characterized by very high lethality, which in some studies ranged
between 10% and 20% of all cases [47-51], but which could reach 70% or even 100% when
antiviral therapy started after the onset of respiratory failure [18]. On the other hand,
both preventive and treatment options are limited. Although in 2023 two preventive
vaccines were licensed for human use (Abrysvo from Pfizer Inc. (Pfizer Europe MA EEIG,
Brussels, Belgium) and Arexvy from GlaxoSmithKline LLC (GlaxoSmithKline Biologicals
SA, Rixensart, Belgium)) [52,53], their overall efficacy has only been well documented in
older adults [54,55], with a subsequent recommendation for individuals aged >60 years,
and no specific assessment on recipients of BMT or SOT has been provided. Monoclonal
antibodies (mAb) such as palivizumab and nirsevimab have been proven to be quite
effective in preventing severe cases of RSV, particularly when dealing with RSV-related
LRTT [23,56-60], but again no specific recommendations for BMT recipients have been
issued. To date, the only available treatment option is represented by ribavirin [45,61-70];
however, it should be stressed that neither the United States Food and Drug Administration
(FDA) nor the European Medicine Agency (EMA) has approved the use of ribavirin for
conditions other than hepatitis C [18,44,61,67,69].

Even though several high-quality narrative reviews have specifically addressed the
topic of RSV infections in BMT recipients [18,44], to the best of our knowledge no systematic
review has been performed to date to summarize the available evidence on this specific
topic. As an updated definition of the actual RSV burden of disease among BMT recipients
is needed to inform health policies and for both preventive and treatment guidelines, a
synthesis of the available literature was performed to ascertain (1) whether RSV infection
may be acknowledged as a rare occurrence in BMT recipients or not, and (2) whether
available evidence confirms that RSV infections in BMT recipients are associated with high
lethality or not.

2. Materials and Methods
2.1. Research Concept

The present systematic review and meta-analysis of the literature was performed in
accordance with the “Preferred Reporting Items for Systematic Reviews and Meta-Analysis”
(PRISMA) guidelines and registered in the international database of prospectively registered
systematic reviews in health and social care, welfare, public health, education, crime, justice,
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and international development (PROSPERO) with the progressive registration number
CRD42023468469 [71,72] (PRISMA Checklist is available as Supplementary Table S1).

The preliminary step was the definition of research concepts by means of the “PECO”
strategy (i.e., Patient/Population/Problem; Exposure; Control/Comparator; Outcome) [71,72],
as summarized in Table 1. More precisely, the systematic review was designed to assess the
occurrence of Respiratory Syncytial Virus infections (E) among individuals (children and
adults) having received bone marrow transplantation (P), in order to properly define the
occurrence of RSV infections, LRTI, and corresponding lethality (O). As a comparator (C),
where available, data on the occurrence of other respiratory tract infections were retrieved
(and particularly on Influenza, HAdV, human Metapneumovirus [nMPV], and SARS-CoV-2).

Table 1. PECO worksheet [71,72].

Item Definition
Population of interest Individuals having received bone marrow transplant
Exposure The occurrence of Resplratgry Syncytial Virus (RSV)
infection
in children and adults
Control/comparator Comparison to other respiratory pathogens (influenza,

adenovirus, and human metapneumovirus)
Occurrence of RSV infections, RSV-related lower

Outcome respiratory tract infections and RSV-related deaths

2.2. Research Strategy
The search strategy resulted from the combination of the following search strings:

(a) PubMed (through Medical Subject Heading [MeSH] terms): (“RSV” OR “respiratory
syncytial virus, human [Mesh]” OR “bronchiolitis [Mesh]”) AND (“bone marrow
transplantation [Mesh]” OR “hematopoietic stem cell transplantation [Mesh]” OR
“mesenchymal stem cell transplantation [Mesh]”).

(b) EMBASE: (“bone marrow transplantation”/exp OR “bone marrow transplantation”
OR “hematopoietic stem cell transplantation”) AND (“human respiratory syncytial
virus” OR “respiratory syncytial virus infection” OR “respiratory syncytial virus
pneumonia”).

(c) medRxiv: (“RSV” OR “respiratory syncytial virus, human” OR “bronchiolitis”) AND
(“bone marrow transplantation” OR “hematopoietic stem cell transplantation” OR
“mesenchymal stem cell transplantation”).

All databases were searched from inception up to 30 October 2023, without applying
any reverse-chronological restrictions, in the following languages: English, Italian, German,
French, Spanish, Portuguese.

2.3. Screening

Documents eligible for being included in the present review were original studies with
a prospective or retrospective design (i.e., cohort, case—control and cross-sectional studies)
on subjects having previously received BMT, irrespective of the baseline status. Case series
and case reports, as well as reports on clusters of RSV infections, were not included in the
pooled analyses.

Exclusion criteria were as follows:

(1) Full text not available through online repositories or through inter-library loan;

(2) Reports lacking appropriate or only vaguely defined geographical settings and corre-
sponding timeframes;

(3) Diagnosis for RSV infection provided by means of diagnostic tests other than Real
Time quantitative Polymerase Chain Reaction (RT-qPCR) or by means of clinical
features of the patient(s);
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(4) Reports lacking the total number of RSV infections and only providing the amount of
either URTI or LRTI;

(5) Studies not including the total number (i.e., the denominator) of BMT cases from the
parent institution(s) for that timeframe.

As recommended by the PRISMA statement [71,72], items were initially title-screened
for their relevance to the subject, and their abstracts were subsequently analyzed. All
the entries that were considered consistent with the aims of the present review were
then screened by their full text in order to ascertain their consistency with the inclusion
criteria. All retrieved items were independently rated by two investigators (AB, FM), and
their disagreements were either resolved by consensus or through input from the chief
investigator (MR) when a preliminary consensus between investigators was not reached.

2.4. Summary of Retrieved Data
Data abstracted included:

(@) Setting of the study: country, region, year (timeframe);

(b) Amount of BMT included in the estimates (autologous vs. allogenic);

() Number of cases with patients aged <18 y.o. at the time of the study (i.e., chil-
dren/adolescents) vs. cases > 18 y.o. (adults);

(d) Characteristics of RSV cases: total cases, number of LRTI, number of URTI, and
number of RSV-related deaths;

(e) Where available, other respiratory tract viral infections (i.e., influenza, HAdV, hMPYV,
and SARS-CoV-2) and total number of reported cases;

(f) Total number of cases treated with palivizumab (if available).

2.5. Risk of Bias Analysis

The risk of bias (ROB) of retrieved studies was performed by means of the ROB tool
from the National Toxicology Program (NTP)’s Office of Health Assessment and Translation
(OHAT) [73-75]. OHAT ROB focuses on the internal validity of a given study by weighting
six possible sources of bias (i.e., participant selection, confounding, attrition/exclusion,
detection, selective reporting, and other sources). Rather than aiming to identify articles to
be removed from the analyses, the ROB tool assesses the likelihood of any of its dimensions
compromising (or not) the likelihood between exposure and outcome, with potential
answers ranging from “definitely low”, “probably low”, and “probably high”, to “definitely
high”. In fact, the OHAT ROB tool neither applies an overall rating for each study nor
requires that studies affected by potential risk of bias (i.e., those rated with “probably
high” or “definitely high” bias assessment in any of its 6 dimensions) are removed from
the pooled analyses. As for the screening procedures, retrieved items were preliminarily
and independently rated by two investigators (AB, FM), and disagreements were either
resolved by consensus or through input from the chief investigator (MR).

2.6. Data Analysis

All estimates from the included studies were initially summarized through a descrip-
tive analysis, with the subsequent calculation of attack rate estimates for RSV. Attack rates
were defined as the number of people who developed viral infection out of the number
of people at risk for the illness and reported as cases per 100 population. If a study did
not include raw data, either as prevalent cases or a referent population, such figures were
reverse-calculated from the available data. Incidence rates were calculated by a cumulative
calculation of person-years observation time provided by each study. The Case Fatality
Ratio (CFR) for RSV was calculated as the percentage rate of RSV-related deaths.

Risk Ratios (RR) for RSV-positive status and RSV-related deaths and their correspond-
ing 95% Confidence Intervals (95%CI) were calculated using bivariate analysis by assuming
the following arbitrary reference groups: country, USA; timeframe, 2015 onwards; group of
patients, adults and pediatrics; study design, single center.
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Pooled estimates were calculated through a meta-analysis of retrieved studies. A
random effect model (REM) was preferred over a fixed effect model (FEM) because of
the presumptive heterogeneity of retrieved studies in terms of sample size, design, and
eventual identification of reported outcome [76,77]. The inconsistency in the effect between
included studies was defined as the percentage of total variation across studies likely
due to heterogeneity rather than chance [75], and was quantified by the calculation of
the I? statistic and corresponding 95% confidence intervals (95%CI). I? estimates were
classified as follows: 0 to 25%, low heterogeneity; 26% to 40%, moderate heterogeneity;
>40%, substantial heterogeneity. Confidence intervals of I? estimates were provided in
order to cope with the potential small size of the meta-analyses [75].

A sensitivity analysis was performed to evaluate the effect of each study on the pooled
estimates by the exclusion of one study at a time. Any significant change in pooled estimates
was reported. Potential publication bias was ascertained through the calculation of contour-
enhanced funnel plots, and their asymmetry was eventually assessed by means of the
Egger test statistic. Small study bias was eventually assessed by generating corresponding
radial plots.

All calculations were performed in R (version 4.3.1) [78] and Rstudio (version 2023.06.0
Build 421; Rstudio, PBC; Boston, MA, USA) software by means of the packages meta
(version 6.5-0) and fmsb (version 0.7.5). The package meta provides standard methods for
meta-analysis, while the package fmsb provides functions for medical statistics and the
handling of demographic data. The Prisma2020 flow diagram was designed by means of
the PRISMA2020 package [79].

3. Results
3.1. Descriptive Analysis

As shown in Figure 1, a total of 1529 entries were pooled from database searches,
including 852 entries from PubMed (55.72%), 683 from Embase (44.67%), and 39 from
MedRxiv (2.55%). After the removal of duplicated records (34.60% of the original sample),
a total of 1000 records were title- and abstract-screened; of them, 906 records were removed
because they were not consistent with the aims and inclusion/exclusion criteria of the study
(59.25% of the original sample). The remaining 94 entries were sought for retrieval (6.15%
of the original sample), and then assessed for their eligibility. Of them, 44 were removed
from the analyses because of the lack of estimates on RSV-negative cases (2.88%), while
21 studies were removed due to not reporting the total number of BMT cases included in
the analyses (1.37%). Finally, four studies (0.26%) were not included in the qualitative and
quantitative analyses as they only reported estimates on RSV-related LRTI, with no data on
the total number of RSV infections.

Citation searching from the eventual sample of 25 papers obtained through database
searches (1.64% of the initial sample) identified 16 potential additional records. Of them, one
was not retrieved, while nine out of the remaining fourteen studies assessed for eligibility
were excluded as not reporting the overall number of negative cases, or the total number of
BMT (six and three entries, respectively).

Qualitative and quantitative analyses were therefore performed on a final pool of
30 papers, whose content is summarized in Table 2 [46,51,61,68,70,80-104], all of them
published from 1999 to 2022, and including series from 1989 to 2021. More precisely,
seven studies were published before 2005 [51,70,84,86,91,94,101], thirteen between 2005
and 2014 [46,68,80,82,88-90,92,93,95,97,100,104], and seven between 2015 and 2019 [61,81,
83,87,98,102,103], while only three studies had been published since 2020 [85,96,99]. The
pooled sample encompassed a total of 20,067 BMT cases (130,622.81 person-years), 821
cases of RSV infections (crude incidence rate 4.09%, and 6.285 per 1000 person-years), and
78 RSV-related deaths (crude mortality, 3.887 deaths per 1000 BMT cases and 0.597 deaths
per 1000 person-years; crude CFR 9.50%) [46,51,61,68,70,80-104].
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Figure 1. Flowchart of included studies.

The largest share of reports (11 out of 30, 36.67%) was obtained from the United
States [61,81,83,84,86,89,92,98,100,101,104], and included more than half of total BMT cases
(12,777; 63.67%). Three further studies reported on BMT cases from the UK [51,94,97]
(7.32% of total BMT cases), and there were two studies each from Canada [46,87] (6.50%
of total BMT cases), Germany [68,70], South Korea [82,90], and Switzerland [88,96] (1.81%,
0.87%, and 2.78% of total BMT cases, respectively). The remaining reports were from
mainland China [99,103], India [79], Italy [95], Mexico [85], Singapore [102], Spain [93], and
Sweden [80], with a multi-country study [91] on 37 BMT centers and 1972 cases (9.83% of
total cases) across Europe.

Most available reports were based on a single center with a retrospective design,
with only three multicenter reports (for a total of 5055 BMT cases, 25.19% of the total
sample) [83,91,98] and five prospective studies (660 BMT cases, 3.29%) [85,89,95,96,99].
Among the collected studies, 24 provided the proportion of allogenic BMT (65.21% of the
total sample), while this information was not included in 6 studies for a total of 7047 BMT
cases [84,89,92,97-99] (Table 3). Similarly, the proportion of pediatric cases was provided
by 22 studies [46,51,61,68,81-83,85-87,90,92-96,98,99,101-104], for a total of 5936 subjects
(29.58% of the total sample).
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Table 2. Summary of included studies.

RSV Cases
Study Country (h—l,}i;l::}flr_a;::r) Design li%l”)l“ Peclil:et;lc Al%iolgle"lr"nc Cases AI:[atcek LRTI Deaths CFR (lillu) H(AN(.i)V hi\{{]l.’)V
(N., %) (N., %) (N.) o (N., %) (N.) %)
Avetysian et al., 2009 [S0] Sweden 01/2000-12/2007 SR 275 NA 275,100% 32 11.64% 14, 43.75% 5 15.63% - ] ]
Campbell et al., 2015 [81] USA 12/2005-02/2010 SR 451 52,1153%  451,100% 9 2.00% 0,- 1 11.11% 10 5 4
Chakrabarti et al., 2002 [51] UK 06/1997-08/2001 S, R 83 0,- 83, 100% 13 15.66% 6,46.15% 0 ; 5 ; ;
Choi etal,, 2013 [82] Korea 01/2007-03/2010 SR 175 175,100% 96, 54.86% 23 13.14% 12,52.17% 2 8.70% 4 12 1
El-Bietar et al., 2016 [61] USA 06/2008-12/2014 S, R 450 450, 100% 450, 100% 32 7.11% 6,18.75% 1 3.13% ; ] -
Fisher et al., 2018 [83] USA 01/2010-06/2013 M, R 1560 1560,100% 1144, 73.33% 40 2.56% 13,32.50% 4 10.00% 29 ; 17
Garrett Nichols et al., 2001 [84] USA 1989-1999 SR 3897 NA NA 171 439% 68, 39.77% 30 17.54% ; ; ;
Gaytan Morales et al., 2021 [85] Mexico 01/2017-12/2019 S, P 54 54,100% 11,20.37% 5 9.26% 5,100% 1 20.00% 7 4 4
Ghosh et al., 2001 [86] USA 11/1992-11/2000 S, R 249 0,- 249,100% 9 3.61% 5, 55.56% 0 ; - ] ]
Gueller et al., 2013 [68] Germany 10/2011-04/2012 SR 29 0,- 29, 100% 10 34.48% 5, 50.00% 3 30.00% ; ; }
Hutspardol et al., 2015 [87] Canada 01/2000-12/2012 SR 844 844,100%  491,58.18% 15 1.78% 8, 53.33% 1 6.67% 12 4 2
Khanna et al., 2008 [85] Switzerland 02/2002-04/2007 S, R 402 NA 283, 70.40% 27 6.72% 7,25.93% 3 11.11% ; ; ;
Kuypers et al., 2009 [89] USA 12/2000-06,/2004 S, P 157 NA NA 6 3.82% NA 0 0.00% 3 0 8
Lavergne et al., 2011 [46] Canada 07/1999-06/2003 SR 161 0,- 293, 63.56% 30 6.51% 16, 53.33% 4 13.33% ] - ]
Lee et al., 2012 [90] Korea 01,/2007-08/2009 SR 176 176,100%  82,46.59% 9 5.11% NA 1 11.11% ; 1 ;
Ljungman et al., 2001 [91] Various 10/1997-10/1998 M, R 1973 NA 819, 41.51% 20 1.01% 14, 70.00% 3 15.00% 16 ; -
Lo etal,, 2013 [92] USA 01/1993-03/2006 S, R 557 557, 100% NA 34 6.10% 14, 41.18% 1 2.94% 6 24 ;
Martino et al., 2005 [93] Spain 09/1999-10/2003 SR 386 0,- 172, 44.56% 19 4.92% 11, 57.89% 2 10.53% 39 11 16
McCarthy et al., 1999 [94] UK 09/1987-08/1998 SR 572 381,66.61% 474, 82.87% 26 4.55% 15, 57.69% 5 19.23% } ; ;
McCoy et al., 2011 [104] USA 09,/2006-04/2009 SR 539 0,- 196, 36.36% 2 4.82% 13, 50.00% 0 - ; - -
Mikulska et al., 2014 [95] Ttaly 01/2011-03/2011 S, P 193 0,- 127, 65.80% 21 10.88% 2,9.52% 0 ; 20 3 ;
Moret et al., 2021 [96] Switzerland ﬂ ggig:gi ; ggig S, P 156 0, - 0, - 4 2.56% 0,- 0 - 3 1 1
Peck et al., 2007 [97] UK 12/2000-06/2004 SR 814 NA NA 6 0.74% 1,16.67% 0 } 4 } 6
Rowan et al., 2018 [95] USA 01/2010-12/2014 M, R 1522 1522, 100% NA 47 3.09% 9,19.15% 1 2.13% - - -
Samad et al., 2022 [99] India 01/2017-08/2021 S, P 100 0,- NA 11 11.00% 2,18.18% 0 ; ; ; ;
Schiffer et al., 2009 [100] USA 12/1997-03/2005 SR 2453 NA 1620, 66.04% 4 1.79% 12,27.27% 0 ; 30 ; ]
Schleuning et al., 2004 [70] Germany 07/1998-06/2001 SR 334 NA 334, 100% 8 2.40% 4,50.00% 2 25.00% ; 16 ]
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RSV Cases
. Pediatric Allogenic
Study Country (ﬁlﬁf}fl{a“{’e‘:ﬂ Design ‘i%‘)T Cases BMT Cases AI:‘:tcek LRTI Deaths CFR (F;I“) H(ANd)V h?{f}’)v

: (N., %) (N., %) (N.) (%) (N., %) (N.) (%) i ’ ’

Small et al., 2002 [101] USA 01/1994-12/1999 S,R 942 154, 16.35% 548, 58.17% 54 5.73% 25, 46.30% 3 5.56% - - -

Wang et al., 2017 [102] Singapore 12/2010-10/2012 S,R 195 11, 5.64% 195, 100% 43 22.05% 12,27.91% 4 9.30% 25 21 46

Yue et al., 2016 [103] China 03/2011-02/2013 S,R 68 0 68, 100% 27 39.71% 16, 59.26% 1 3.70% - - -
Note: S = single center; M = multi-center; P = prospective; R = retrospective; NA = not available/not provided; BMT = bone marrow transplantation; CFR = case fatality ratio;
LRTI = lower respiratory tract infections; Flu = influenza virus infection; RSV = respiratory syncytial virus infection; HAdV = adenovirus infection; hMPV = human metapneumovirus

infection.
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Table 3. Summary of the collected studies on Respiratory Syncytial Virus (RSV) infections in recipients
of bone marrow transplants (BMT).

Collected Studies N. 30
Collected cases of BMT N. 20,067
Cases < 18 years of age 5936 (29.58%)
Cases > 18 years of age N. (% of total cases) 3826 (19.07%)

Undefined 9762 (48.65%)
Cases of allogenic transplantation 8490 (42.31%)
Cases of autologous transplantation N. (% of total cases) 4530 (22.57%)
Undefined 7047 (35.12%)
Observation person-years 130,622.81
Collected RSV cases N. (% of total cases) 821 (4.09%)
LRTI cases N. (% of RSV cases) 351 (42.75%)
RSV-related deaths N. (% of RSV cases) 78 (9.5%)
Treatment with Palivizumab N. (% of RSV cases) 30 (3.65%)
Cases sampled for Influenza N. 10,051
Collected Influenza cases N. (% of sampled cases) 213 (2.12%)
Cases sampled for Adenovirus N. 3678
Collected Adenovirus cases N. (%of sampled cases) 102 (2.77%)
Cases sampled for h\MPV N. 4792
Collected hMPYV cases N. (%of sampled cases) 105 (2.19%)

Note: hMPV = human metapneumovirus; LRTI = lower respiratory tract infection.

Overall, 22 samples included either children or adults and children/adolescents [61,70,
80-83,85,87,89-92,94,97,98,100-102], for a total of 14,729 cases, but 6 studies did not provide
the actual number of pediatric cases [70,80,89,91,97,100]. The median observation time
was 51.2 months [76,93], ranging from around 3 months [68] to over 161 [92]. A total of
130,622.81 person-years was therefore collected, with a median value of 1878.32 person-
years [46,81] (range from 16.83 person-years [68] to 42,838.33 person-years [84]). By
considering studies performed on children alone as the reference group (4640 person-
years + 4120), the average observation time was similar in children and adults (4101 person-
years £ 5265; Kruskal-Wallis test for multiple comparisons p = 0.999) and adults alone
(4374 person-years & 12,143; p = 0.078).

A total of 821 cases of RSV infections were collected, with each study including
between 4 [96] and 171 cases [84], and corresponding attack rates ranging from 0.74% [97] to
39.71% [103]. The crude estimate for the whole of the sample was 8.31% =+ 9.19; the estimate
for children alone was not significantly different from that in adults alone (12.11% =+ 12.31;
Kruskal-Wallis test for multiple comparisons p = 0.664), or in adults and children as well
(5.57% +£ 6.62; p = 0.649). Overall, 15 studies (10,015 BMT cases) provided estimates for
influenza virus detection rate (i.e., 213 cases; crude attack rate of 2.13%) [51,81-83,85,
87,89,91-93,95-97,100,102], 12 studies reported on 102 episodes of HAdV infection from
3678 BMT cases (crude attack rate of 2.77%) [70,81,82,85,87,89,90,92,93,95,96,102], and 10 on
hMPYV infections, for a total of 105 episodes over 4792 BMT cases (2.19%) [81-83,85,87,89,
93,96,97,102]. Unfortunately, the studies retrieved did not report data on the occurrence of
SARS-CoV-2 infections in BMT cases.

In studies providing estimates for other respiratory pathogens, attack rates ranged
from 0.49% [97] to 12.96% [85] for influenza, from 0.0% [89] to 10.77% [85] for HAdV,
and from 0.24% [87] to 23.59% [102] for hMPV. Individual attack rates for RSV were well
correlated with those for influenza (Spearman’s rho = 0.790, p < 0.001) and HAdV infection
(rho = 0.650, p = 0.026), while no correlation was found with hMPV (rho = 0.559, p = 0.098)
(Appendix A, Figure Al). Individual attack rates were similar in RSV compared to influenza
(Mann-Whitney [M-W] U = 84, p = 0.245), AdV (M-W U = 39, p = 0.060), and hMPV (M-W
U =32.50, p = 0.197). On the other hand, by assuming RSV attack rates as a reference group,
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flu (RR 0.518; 95%CI 0.446 to 0.601), HAAV (RR 0.679, 95%CI 0.553 to 0.830), and hMTP
(RR 0.536, 95%CI 0.438 to 0.655) were characterized by a substantially reduced risk for
developing corresponding respiratory infection.

As shown in Table 4, the risk for developing RSV infection was lower in multicen-
ter studies compared to single center ones (RR 0.445, 95%CI 0.364 to 0.544), in studies
performed in adults only (RR 1.846, 95%CI 1.580 to 2.162) and in pediatric patients only
(RR 1.264, 95%C1 1.054 to 1.517) than in studies including both children and adults.

Table 4. Characteristics of RSV cases by setting of the study.

Total Positive Crude Attack Rate 95% Confidence

(N0./20,067, %) (No./821, %) %) Risk Ratio Interval
Country
Canada 1305, 6.50% 45, 5.48% 3.45% 0.933 0.691; 1.261
China 68, 0.34% 27,3.29% 39.71% 10.784 7.915; 14.59
Germany 363, 1.81% 18,2.19% 4.96% 1.342 0.848; 2.124
India 100, 0.50% 11, 1.34% 11.00% 2.978 1.693; 5.236
Italy 193, 0.96% 21,2.56% 10.88% 2.945 1.948; 4.453
South Korea 175, 0.87% 23,2.80% 13.14% 3.558 2.406; 5.260
Mexico 54, 0.27% 5,0.61% 9.26% 2.506 1.082; 5.804
Singapore 195, 0.97% 43,5.24% 22.05% 5.969 4.520; 7.885
Spain 386, 1.92% 19,2.31% 4.92% 1332 0.852; 2.084
Sweden 275,1.37% 32, 3.90% 11.64% 3.150 2.248; 4.414
Switzerland 558, 2.78% 31,3.78% 5.56% 1.504 1.056; 2.141
United Kingdom 1469, 7.32% 45,5.48% 3.06% 0.829 0.614; 1.120
United States 12,777, 63.67% 472, 57.49% 3.69% 1.000 REFERENCE
Various (Europe) 1973, 9.78483% 20, 2.44% 1.01% 0.274 0.176; 0.428
Timeframe
Before 2005 8050, 40.12% 301, 36.66% 3.74% 0.867 0.733; 1.025
2005-2009 4487, 22.36% 134, 16.32% 2.99% 0.682 0.553; 0.841
2010-2014 2130, 10.61% 153, 18.64% 7.18% 1.665 1.366; 2.029
2015 onwards 5400, 26.91% 233, 28.38% 431% 1.000 REFERENCE
Patients
Adults and 8166, 40.69% 248, 30.21% 3.04% 1.000 REFERENCE
Pediatric
Adults only 6563, 32.71% 368, 44.82% 5.61% 1.846 1.580; 2.162
Pediatric only 5338, 26.60% 205, 24.97% 3.84% 1.264 1.054; 1.517
Study Design
Multi-center 5055, 25.19% 107, 13.03% 2.12% 0.445 0.364; 0.544
Single center 15,012, 74.81% 714, 86.97% 4.76% 1.000 REFERENCE

By considering studies performed from 2015 onwards as the reference group, the risk
for developing RSV infection was higher in the timeframe 2010-2014 (RR 1.665, 95%CI 1.366
to 2.029) and lower in the timeframe 2005-2009 (RR 0.682, 95%CI 0.553 to 0.841), with no
significant differences for the studies performed before 2005 (RR 0.867, 95%CI 0.733 to
1.025). The risk for RSV infection was highest in studies from China (RR 10.784, 95%CI 7.915
to 14.596), followed by Singapore (RR 5.959, 95%CI 4.520 to 7.885), South Korea (RR 3.558,
95%CI12.406 to 5.260), Sweden (RR 3.150, 95%CI 2.248 to 4.414), India (RR 2.978, 95%CI 1.693
to 5.236), Italy (RR 2.945, 95%CI 1.948 to 4.453), Mexico (RR 2.506, 95%CI 1.082 to 5.804),
and Switzerland (RR 1.504, 95%CI 1.056 to 2.141), while the single multi-center study from
European countries was associated with the lowest risk (RR 0.274, 95%CI 0.176 to 0.428).

Nearly all studies provided the proportion of LRTI over the total cases of RSV
infections [46,51,61,68,70,80-88,91-104], with the notable exception of the reports from
Kuypers et al. [89] and from Lee et al. [90]; that is, a total of 333 BMT cases (1.66% of total
cases), and 15 out 821 RSV cases (1.83% of total RSV cases). Overall, 315 LRTI cases were
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reported (38.37% of total RSV cases), with a proportion ranging from 0 [81,96] to 100% [96].
The proportion of LRTI over total cases decreased over time, but no significant time-trend
was identified (rho = —0.366; p = 0.055; Appendix A, Figure A2). Similarly, no significant
correlation was reported between the ratio of LRTI over URTI and sample size (rho = 0.833;
p = 0.724; Appendix A Figure A3). The proportion of LRTI episodes over total cases was
not significantly greater in studies only performed on children (45.30% =+ 27.91) than in
studies only performed on adults (38.80% = 20.30, p = 0.999) and in adults and children
(37.73% £ 21.72, p = 0.999). On the other hand, data on the delivery of palivizumab were
provided by only four studies, providing a total of 30 episodes (3.65% of all RSV cases),
more precisely the reports of McCoy et al. [104] (50.00% of palivizumab cases), Lo et al. [92]
(20.59%), Rowan et al. [98] (10.64%), and El-Bietar et al. [61] (15.63%).

A total of 78 deaths were ultimately reported. In 9 studies, all patients allegedly
recovered from RSV infection [51,86,89,95-97,99,100,104], while in the remaining 21 studies
the total number of reported cases ranged from 1 [61,81,85,87,90,92,98,103] to 30 [84]. The
corresponding CFR was 8.39% = 8.29 (range 0 to 30.00%), with no substantial differences
between children and adolescents (8.09% =+ 5.90) and adults (7.18% = 9.60; p = 0.936) and
studies containing both children and adults (10.08% = 8.75; p = 0.999). As shown in Table 5,
the risk for RSV-related death was similar in multicenter vs. single center studies, and by
characteristics of patients. On the other hand, studies performed before 2005 had a greater
risk for reporting RSV-related deaths than most recent ones (RR 2.378, 95%CI 1.333 to 4.23).
When dealing with the country in which the studies were performed, by considering the
United States as the reference group, an increased risk was associated with Germany alone
(RR 3.198, 95%C1 1.436 to 7.119), while all other countries reported similar estimates.

Table 5. Characteristics of RSV-related deaths by setting of the study.

Total Deaths Case Fatality Ratio Risk Ratio 95% Confidence
(No./821, %) (No./78, %) (%) Interval
Country
Canada 45,5.48% 5,6.41% 11.11% 1.279 0.532; 3.073
China 27,3.29% 1,1.28% 3.70% 0.426 0.061; 2.983
Germany 18, 2.19% 5, 6.41% 27.78% 3.198 1.436;7.119
India 11, 1.34% 0,- 0 0.523 0.034; 7.974
Italy 21, 2.56% 0, - 0 0.274 0.017; 4.306
Korea 23,2.80% 3,3.85% 9.38% 1.502 0.502; 4.885
Mexico 5,0.61% 1,1.28% 20.00% 2.302 0.389; 13.616
Singapore 43,5.24% 4,5.13% 9.30% 1.071 0.403; 2.848
Spain 19, 2.31% 2,2.56% 10.53% 1.212 0.316; 4.642
Sweden 32, 3.90% 5,6.41% 15.63% 1.799 0.763; 4.236
Switzerland 31, 3.78% 3,3.85% 9.68% 1.114 0.366; 3.396
United Kingdom 45,5.48% 5,6.41% 11.11% 1.279 0.532; 3.073
United States 472,57.49% 41, 52.56% 8.69% 1.000 REFERENCE
Various (Europe) 20, 2.44% 3, 3.85% 15.00% 1.727 0.584; 5.103
Timeframe
Before 2005 301, 36.66% 43,55.13% 14.29% 2.378 1.333; 4.239
2005-2009 134, 16.32% 10, 12.82% 7.46% 1.242 0.567;2.718
20102014 153, 18.64% 11, 14.10% 7.19% 1.197 0.558; 2.566
2015 onwards 233, 28.38% 14, 17.95% 6.01% 1.000 REFERENCE
Patients
Adults and 248,30.21% 23,29.49% 9.27% 1.000 REFERENCE
Pediatric
Adults only 368, 44.82% 43,55.13% 11.68% 1.260 0.780; 2.036
Pediatric only 205, 24.97% 12, 15.38% 5.85% 0.631 0.322; 1.237
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Table 5. Cont.
Total Deaths Case Fatality Ratio Risk Ratio 95% Confidence
(No./821, %) (No./78, %) (%) Interval
Study Design
Multicenter 107, 13.03% 8,10.26% 7.48% 0.763 0.378; 1.540
Single center 714, 86.97% 70, 89.74% 9.40% 1.000 REFERENCE

While no significant time trend in CFR was ultimately identified (Appendix A, Figure A3),
and attack rates and CFR were not correlated (Spearman’s rho = 0.099, 95%CI —0.281 to
0.452, p = 0.603), a positive correlation was found between the proportion of LRTI and CFR
(rho = 0.445, p = 0.018; Appendix A Figure A4).

As shown in Table 6, the proportion of allogenic BMT cases over the total of BMT
recipients was not significantly correlated with attack rate (rho = 0.311, p = 0.139), incidence
rate (tho = —0.042, p = 0.846), proportion of LRTI (rtho = —0.235, p = 0.280), and CFR
(rho = 0.085, p = 0.693). Similarly, the proportion of pediatric cases (i.e., subjects aged less
than 18 years at the time of the BMT) was not significantly correlated with attack rate
(rho = 0.283, p = 0.201), proportion of LRTI (rtho = —0.008, p = 0.974), and CFR (rho = 0.317,
p = 0.150), while it was negatively correlated with incidence rate (rho = —0.433, p = 0.044).

Table 6. Correlation (Spearman’s rank test) between the proportion of allogenic bone marrow
transplantation (BMT) over collected cases, and pediatric cases (i.e., subjects < 18 y.o. at the time of
the BMT) with attack rates for respiratory syncytial virus (RSV) infections, incidence rate, proportion
of lower respiratory tract infections (LRTI), and case fatality rate (CFR).

RSV Attack Rate RSV Incidence Rate Proportion of LRTI CFR
tho = 0.311 (95%CI  rho = —0.042 (95%ClI rho(;;; 2'1235 rh(og;, /0£185
Proportion of allogenic BMT cases —0.11_8501;).9643) —0.44_85082.6379) —0.599 to 0.208) —0.341 to 0.482)
p=> p=5 p=0.280 p=0.693
rho = —0.283 (95%CI  rho = —0.433 (95%CI rh‘z;g; 2'1008 rh(‘;; /0(':3117
Proportion of pediatric cases 70.63_85028.1170) 70.729_tg (;12.001) —0.449 to 0.437) —0.134 to 0.659)
p== p== p=0.974 p=0.150

3.2. Risk of Bias

A summary of the risk of bias (ROB) assessment on retrieved studies is reported in
Figure 2, while details on single studies are included in Appendix A, Table A1l. Briefly,
the overall quality of the collected sample was relatively high, with four studies rated as
high-quality reports [83,87,93,94]. However, no study was associated with a definitively
high risk of bias for the domains of selection bias (D1), exposure assessment (D2), outcome
assessment (D3), and confounding factors (D4). When dealing with reporting bias, only
one study was reasonably associated with a high degree of reporting bias (D5) [85], and
two studies were affected by definitively high risk for other bias (D6) [85,99], as the reports
were affected by the unclear reporting of individual data, including the characteristics
of the BMT (i.e., autologous vs. allogenic). However, a substantial share of studies was
affected by a probable high risk of bias in all domains.

As reported in Appendix A, Table A2, the most frequently reported issues were
represented by the unclear reporting of demographic data, as well as of data on non-RSV
cases. Moreover, whether the delivery of palivizumab was performed or at least considered
as a treatment option or not was not clearly reported in a large share of reports.
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Figure 2. Summary of risk of bias assessment for included studies [46,51,61,68,70,80-104], performed
according to the National Toxicology Program (NTP)’s Office of Health Assessment and Translation
(OHAT) handbook and respective risk of bias (ROB) tool [74,75].

3.3. Meta-Analysis

As shown in Table 7, the pooled attack rate for RSV was 5.40 per 100 patients
(95%ClI 3.81 to 7.60), with a pooled attack rate of 1.90 per 100 patients (95%CI 1.20 to
2.99) for LRTI alone.

Table 7. Pooled attack rate per 100 patients of RSV, RSV-related upper respiratory tract infections
(URTI), RSV-related lower respiratory tract infections (LRTI), influenza, adenovirus, and human
metapneumovirus (hMPV) infections.

Pooled Attack Rate per 100 Patients (95%CI) 72 IZ (95%CI) Q p
RSV 540 3.81;7.60 0.966 94.4% (93.0; 95.6) 519.16 <0.001
RSV (URTI) 3.09 1.84;5.15 1.894 93.0% (91.0; 94.6) 385.45 <0.001
RSV (LRTTI) 1.90 1.20; 2.99 1.369 89.7% (86.4; 92.3) 263.38 <0.001
Influenza 2.65 1.53; 4.54 1.082 94.3% (92.1; 95.9) 246.14 <0.001
AdV 2.10 1.06; 4.14 1.188 83.1% (71.9; 89.9) 65.17 <0.001
hMTP 1.77 0.70; 4.49 1.986 95.8% (93.9; 97.1) 215.75 <0.001

Where available, pooled attack rates for influenza (2.65 per 100 patients; 95%CI 1.53
to 4.54), HAdV (2.10 per 100 patients, 95%CI 1.06 to 4.14), and hMPV (1.77, 95%CI 0.70 to
4.49) were similarly calculated. All estimates were affected by substantial heterogeneity
(I? > 60%), with estimates for RSV (94.4%, 95%CI 93.0 to 95.6), RSV-related URTI (93.0%,
95%CI 91.0 to 94.6), influenza (94.3%, 95%CI 92.1 to 95.9), and hMPV (95.8%, 95%CI 93.9 to
97.1) also exceeding 90%.

As shown in Figure 3, subgroup analysis brought an attack rate of 8.49 per 100 patients (5.16
to 13.67) for adults, with substantial heterogeneity (I> = 93%), 4.79 per 100 patients in pediatric
patients (12 = 91%), and 3.38 per 100 patients in studies including both adults and children.

Overall, when taking into account the observation time (Table 8), RSV incidence was
estimated at 14.77 per 1000 person-years (95%CI 9.43 to 20.12), and 5.31 per 1000 person-
years for RSV-related URTI and 3.99 per 1000 person-years for RSV-related LRTI. Incidence
for influenza was estimated to be 10.45, 95%CI 4.04 to 16.86, with 9.64 per 1000 person-years
(95%CI 2.95 to 16.32) for HAdAV infections and 15.56 per 1000 persons-years (95%CI 0.00 to
33.93) for hMPV. Heterogeneity was substantial in all analyses, particularly when dealing
with RSV (12 91.6%, 95%CI 89.1 to 93.5) and hMPV (12 90.5%, 95%CI 84.6 to 94.1).
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Cases Tot. Events per 100

Study (No.) (No.) observations Prev. 95%CI
l~!eul;w’;"'\.=: 1S N

Garrett Nichols et al. 2001 USA 171 3897 439 [3.77; 5.08)
Ghosh et al. 2001 USA 9 249 =— 361 [1.67; 6.75)
Chakrabarti et al. 2002 UK 13 83 P 15.66 [8.61;25.29]
Martino et al. 2005 Spain 19 386 —— 492 [299; 7.58)
Khanna et al. 2008 Switzerland 27 402 i 6.72 [4.47; 9.62)
Lavergne et al. 2011 Canada 30 461 “+— 6.51 [4.43; 9.16]
McCoy et al. 2011 USA 26 539 = 482 [3.17; 6.99)
Gueller et al. 2013 Germany 10 29 : =—> 34.48 [17.94,; 54.33)
Mikulska et al. 2014 Italy 21 193 —— 10.88 [6.86; 16.15]
Yue et al. 2016 China 27 68 : ——% 39.71 [28.03, 52.30]
Moret et al. 2021 Switzerland 4 156 —+— 256 [0.70; 6.43)
Samad et al. 2022 India 11 100 —— 11.00 [5.62;18.83)
Random effects model 6563 —_— 8.49 [5.16; 13.67]
Group = Adults and Pediatric :

McCarthy et al. 1999 UK 26 572 = 455 [2.99; 6.59)
Ljungman et al. 2001 Various 20 1973 : 1.01 [0.62; 1.56]
Small et al. 2002 USA 54 942 - 5.73 [4.34; 7.41)
Schleuning et al. 2004 Germany 8 334 =+ 240 [1.04; 466)
Peck et al. 2007 UK 6 814 % 0.74 [0.27; 1.60)
Avetisyan et al. 2009 Sweden 32 275 — 11.64 [8.10; 16.03]
Kuypers et al. 2009 USA 6 157 —— 382 [1.42; 8.13)
Schiffer et al. 2009 USA 44 2453 1.79 [1.31; 2.40)
Campbell et al. 2015 USA 9 451 = . 200 [0.92; 3.75)
Wang et al. 2017 Singapore 43 195 : —a— 22.05 [16.44; 28.53]
Random effects model 8166 “‘-'-'-""‘ 3.38 [1.75; 6.42]
Lee et al. 2012 Korea 9 176 —— 511 [2.36; 9.49)
Choi et al. 2013 Korea 23 175 —— 13.14 [8.52;19.07)
Lo etal. 2013 USA 34 557 - 6.10 [4.26; 8.43)
Hutspardol et al. 2015 Canada 15 844 + 1.78 [1.00; 2.91)
El-Bietar et al. 2016 USA 32 450 —— 711 [4.91; 9.89)
Fisher et al. 2018 USA 40 1560 = - 256 [1.84; 3.48]
Rowan et al. 2018 USA 47 1522 = 3.09 [2.28; 4.09)
Gaytan-Morales et al. 2021 Mexico 5 54 B — 9.26 [3.08;20.30]
Random effects model 5338 -:::- 3.05; 7.45]
Random effects model 20067 = 540 [3.81; 7.60]
Heterogeneity: /12 = 94%, p < 0.01 : ' ' ! '

0 10 20 30 40

Pooled Prevalence (%)

Figure 3. Forest plot for RSV attack rates among 20,067 subjects having undergone a bone marrow
transplantation procedure. An overall estimate of 5.40% (95% confidence interval [95%CI] 3.81 to 7.60)
was identified, with high heterogeneity (94.4%, 95%CI 93.0 to 95.6; p < 0.001) [46,51,61,68,70,80-104].
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Table 8. Pooled incidence per 1000 patient-years of RSV, RSV-related upper respiratory tract infections
(URTI), RSV-related lower respiratory tract infections (LRTI), influenza, adenovirus (HAdV), and
human metapneumovirus (hMPV) infections.

Pooled Inc1denc((; SPOZI'C 11())00 Person-Years 2 12 (95%CI) 0 p
RSV 14.77 9.43;20.12 0.001 91.6% (89.1; 93.5) 345.84 <0.001
RSV (URTI) 5.31 3.62; 6.99 0.001 88.4% (84.4;91.4) 232.55 <0.001
RSV (LRTT) 3.99 2.40; 5.58 0.001 83.1% (76.5; 87.8) 159.27 <0.001
Influenza 10.45 4.04; 16.86 0.001 89.1% (83.7;92.7) 128.42 <0.001
HAdV 9.64 2.95;16.32 0.001 86.9% (78.9; 91.9) 83.98 <0.001
hMPV 15.56 0.00; 33.93 0.001 90.5% (84.6; 94.1) 94.57 <0.001

The subgroup analysis for incidence rates is calculated in Figure 4. In fact, incidence
was highest in studies only including adults (56.89 per 1000 person-years, 95%CI 9.18 to
104.60), followed by studies including both children and adults (14.57 per 1000 person-
years, 95%CI 0.00 to 29.72), and the lowest estimates were found in children alone (11.65 per
1000 person-years, 95%CI 3.85 to 19.44), with no substantial difference in tests for subgroup
difference (chi squared 3.41, p = 0.178). Again, heterogeneity was substantial, with I?
estimates of 92% for studies on adults and children and 93% for studies only performed
on children.

Focusing on the CFR (Figure 5), the pooled estimate was 7.28% (95%CI 4.94 to
10.60), with the highest estimate in studies performed in both children and adults (8.97%,
95%CI 5.15 to 15.16), and similar estimates for adults (5.99%, 95%CI 2.31 to 14.63) and
children (5.85%, 95%CI 3.35 to 15.16). Heterogeneity was considered low, both in general
(12 0.0%, 95%CI 0.0 to 40.8) and by subgroup (all subgroup, I? = 0.0%).

As only three studies provided both adult and children data, the OR for the occurrence
of RSV in children vs. adults (i.e., individuals aged <18 years vs. aged 18 years or older)
was calculated from this smaller subset including a total of 1571 cases (62.6% aged more
than 18 years) [81,94,101]. Overall, children were associated with increased odds for
developing RSV infection after BMT (OR 2.941, 95%CI 1.689 to 5.122) (Figure 6). Even
though the analyses were associated with seemingly reduced heterogeneity (I? = 4.8%), the
corresponding 95%CI hinted at a more precautionary approach (0.0% to 90.1%).

3.4. Sensitivity Analysis

A sensitivity analysis was performed by removing a single study at a time. Pooled
estimates for RSV attack rates (Appendix A, Figure A5) and incidence rates (Appendix A,
Figure A6) were not affected in terms of residual heterogeneity, which remained consistently
>90% in all analyses for attack rates and incidence rates, and around 0% for CFR. Focusing
on the attack rate, estimates ranged between a minimum of 4.98% (95%CI 3.61 to 6.84),
obtained through the removal of the study of Yue et al. [103], and a maximum of 5.73%
(95%CI 4.08 to 7.99), obtained through the removal of the study of Ljungman et al. [91].
When dealing with incidence rates, the removal of the report by Wang et al. [102] led to the
lowest estimate (11.03 cases per 1000 person years, 95%CI 7.73 to 14.33), followed by that
of Choi et al. [82] (12.75 cases per 1000 person years, 95%CI 8.32 to 17.19), whilst a quite
similar estimate for an attack rate of around 15.67 cases per 1000 person years was obtained
by the removal of the studies of McCarthy et al. [94] (95%CI 9.86 to 21.48), Garrett Nichols
et al. [84] (95%CI 9.86 to 21.48), Ghosh et al. [86] (95%CI 9.84 to 21.49), Lo et al. [92] (9.84 to
21.50), Campbell et al. [81] (95%CI 9.83 to 21.50), and Fisher et al. [83] (95%CI 9.80 to 21.53).
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Cases Tot.

Study (No.) (No.) Incidence Rate Events 95%-Cl Weight
Group = Adults :

Garrett Nichols et al. 2001 USA 171 3897 [0 3.991 [ 3.393; 4.589] 4.2%
Ghosh et al. 2001 USA 9 249 4.474 [ 1.551; 7.396] 4.1%
Chakrabarti et al. 2002 UK 13 83 —%— 36.861 [ 16.823; 56.898] 2.6%
Martino et al. 2005 Spain 19 386 + 11.820 [ 6.505; 17.135] 4.0%
Khanna et al. 2008 Switzerland 27 402 & 12.817 [ 7.982; 17.651] 4.0%
Lavergne et al. 2011 Canada 30 4861 + 16.280 [10.454; 22.106] 4.0%
McCoy et al. 2011 USA 26 539 = 29.026 [ 17.869; 40.183] 3.5%
Gueller et al. 2013 Germany 10 29 —> 594.096 [225.878;962.313] 0.0%
Mikulska et al. 2014 Italy 21 193 > 446.542 [255.556,; 637.527] 0.1%
Yue et al. 2016 China 27 68 —— 198.665 [123.730; 273.601] 0.5%
Moret et al. 2021 Switzerland 4 156 —%— 25641 [ 0.513; 50.769) 2.2%
Samad et al. 2022 India 11 100 -—#— 23.592 [ 9.650; 37.534] 3.3%
Random effects model 6563 -—-—-—-__.-'——-— 56.890 [ 9.181; 104.599] 32.5
Group = Adults and Pediatric :

McCarthy et al. 1999 UK 26 57200 4.133 [ 2.544; 5722 4.2%
Ljungman et al. 2001 Various 20 1973 & 9.373 [ 5.265; 13.481] 4.1%
Small et al. 2002 USA 54 942 9.561 [ 7.011; 12.111] 4.1%
Schleuning et al. 2004 Germany 8 334 = 7.990 [ 2.453; 13.526] 4.0%
Peck et al. 2007 UK 6 814 2.060 [ 0412; 3.708] 4.2%
Avetisyan et al. 2009 Sweden 32 275 14.650 [ 9.509; 19.592] 4.0%
Kuypers et al. 2009 USA 6 157 =+ 10.680 [ 2.134; 19.225] 3.8%
Schiffer et al. 2009 USA 44 2453 11 2447 [ 1.724; 3.170] 4.2%
Campbell et al. 2015 USA 9 451 B 4,702 [ 1.630; 7.775] 4.1%
Wang et al. 2017 Singapore 43 195 R — 115.060 [80.670; 149.451] 1.5%
Random effects model 8166 == 14.572 [ 0.000; 29.715] 38.3
Group = Pediatric :

Lee et al. 2012 Korea 9 176 + 19.196 [ 6.655; 31.737] 3.4%
Choi et al. 2013 Korea 23 175 [ —%— 40.510 [23.954; 57.066] 3.0%
Lo etal. 2013 USA 34 557 I: 4.609 [ 3.060; 6.159] 4.2%
Hutspardol et al. 2015 Canada 15 844 1.367 [ 0.675; 2.059] 4.2%
El-Bietar et al. 2016 USA 32 450 = 10.804 [ 7.061; 14.548] 4.1%
Fisher et al. 2018 USA 40 1560 [ 5707 [ 3.938 7.476] 4.2%
Rowan et al. 2018 USA 47 1522 10 6.180 [ 4.413; 7.947) 4.2%
Gaytan-Morales et al. 2021 Mexico 5 54 —.—-.— 30.814 [ 3.817; 58.010) 2.0%
Random effects model 5338 ¢ 11.647 [ 3.851; 19.443] 29.2
Random effects model 20067 < 14.771 [ 9.429; 20.112] 100.0%
Heterogeneity: I* = 92%, p < 0.01 J ! J I { !

Test for subgroup differences: 52 = 3.41, df = 2 0 50 100 150 200 250

(p=0.18) Pooled Incidence Rate (/1,000 person-years)

Figure 4. Forest plot for RSV incidence among 20,067 subjects having received a bone marrow
transplantation procedure (pooled observation time: 130,622.81 person-years). An overall incidence
of 14.77 cases per 1000 person-years (95% confidence interval [95%CI] 9.43 to 20.11) was identified,
with high heterogeneity (91.6%, 95%CI 89.1; 93.5; p < 0.001) [46,51,61,68,70,80-104].
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Deaths RSV Cases Events per 100

Study (No.) (No.) observations CFR 95%ClI
Garrett Nichols et al. 2001 USA 30 171 —— 17.54 [12.16; 24.09]
Ghosh et al. 2001 USA 0 o 0.00 [0.00; 33.63]
Chakrabarti et al. 2002 UK 0 13— 0.00 [0.00;24.71)
Martino et al. 2005 Spain 2 19 —@F—— 10.53 [1.30; 33.14]
Khanna et al. 2008 Switzerland 3 27 ———— 1111 [ 2.35; 29.16)
Lavergne et al. 2011 Canada 4 30 —-'-— 13.33 [3.76; 30.72]
McCoy et al. 2011 USA 0 26 '-—'— 0.00 [0.00;13.23]
Gueller et al. 2013 Germany 3 10 30.00 [6.67;65.25]
Mikulska et al. 2014 Italy 0 21 l-—'— 0.00 [0.00;16.11)
Yue et al. 2016 China 1 27 — 3.70 [0.09; 18.97]
Moret et al. 2021 Switzerland 0 4k 0.00 [0.00;860.24)
Samad et al. 2022 India 0 11— 0.00 [0.00;28.49)
Random effects model "32"‘ 5.99 [2.31; 14.63
Group = Adults and Pediat

McCarthy et al. 1999 U 5 26 —@—— 19.23 [6.55; 39.35]
Ljungman et al. 2001 Various 3 20 —%F— 15.00 [3.21;37.89]
Small et al. 2002 USA 3 54 -+— 556 [1.16; 15.39]
Schleuning et al. 2004 Germany 2 8 - 25.00 [3.19;65.09]
Peck et al. 2007 UK 0 6 - 0.00 [0.00; 45.93)
Avetisyan et al. 2009 Sweden 5 32 -—+— 1562 [5.28; 32.79]
Kuypers et al. 2009 USA 0 6 0.00 [0.00;45.93)
Schiffer et al. 2009 USA 0 44— 0.00 [0.00; 8.04]
Campbell et al. 2015 USA 1 9 — 11.11 [0.28; 48.25]
Wang et al. 2017 Singapore 4 43 —-l-— 9.30 [2.59;22.14)
Random effects model 248 <="‘ 8.97 [5.15; 15.16]
Group = Pediatric

Lee et al. 2012 Korea 1 9 + 11.11 [0.28; 48.25]
Choi et al. 2013 Korea 2 23 —#—— 8.70 [1.07;28.04]
Lo et al. 2013 USA 1 34 +— 2.94 [0.07;15.33)
Hutspardol et al. 2015 Canada 1 15 —+— 6.67 [0.17;31.95)
El-Bietar et al. 2016 USA 1 32 =— 3.12 [0.08; 16.22]
Fisher et al. 2018 USA 4 40 —+— 10.00 [2.79; 23.66]
Rowan et al. 2018 USA 1 47 = 213 [0.05; 11.29)
Gaytan-Morales et al. 2021 Mexico 1 5 — 20.00 [0.51;71.64]
Random effects model 205 4-'-3" 5.85 [3.35:10.02

Random effects model 821 <= 7.28 [4.94; 10.60]

I 1 I |
0 20 40 60
Pooled CFR (%)

Heterogeneity: /* = 0%, p = 0.81

80

I

100

Figure 5. Forest plot for case fatality ratio (CFR) among 821 cases of RSV infections in people having
undergone a bone marrow transplantation procedure. A total of 78 deaths were reported, for a
pooled CFR of 7.28% (95% confidence interval [95%CI] 4.94 to 10.60) with low heterogeneity (2 =00,
95%CI 0.0 to 40.8; T2 = 0.389, Q = 22.26, p = 0.809) [46,51,61,68,70,80~104].
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0-18 yrs >18 years

Study Pos. TOT Pos. TOT Odds Ratio OR 95%-Cl Weight
Campbell et al. 2015 USA 1 52 8 399 ' ' 0.958 [0.117;7.820] 6.8%
Small et al. 2002 USA 27 154 21 394 —i—+—— 3.776 [2.063;6.914] 65.0%
McCarthy et al. 1999 UK 21 381 5 191 ——'—— 2.170 [0.805;5.847] 28.2%
Random effects model 587 984 i 2.941 [1.689; 5.122] 100.0%

Heterogeneity: I” = 5%, v> = 0.0281, p = 0.35 ! ! ! !
02 05 1 2 5
Risk Ratio (OR) for RSV infections (children vs. adults)

Figure 6. Forest plot for the odds ratio (OR) of the occurrence of Respiratory Syncytial Virus (RSV)
infections in children (individuals aged 0 to 18 years) vs. adults (individuals older than 18 years).
Ultimately, an OR of 2.941 (95%CI 1.689 to 5.122) was identified, with an 2 value of 4.8%, 95%CI 0.0
t090.1 [81,94,101].

CER was similarly not affected by the removal of individual cases in terms of hetero-
geneity, and the lowest estimate (6.86%, 95%CI 4.69 to 9.92) was obtained by the removal of
the study by Garrett Nichols et al. [84], followed by the removal of the study by McCarthy
et al. [94] (6.89%, 95%CI 4.61 to 10.19), while the highest estimate resulted from the removal
of the study by Schiffer et al. [100] (8.07%, 95%CI 5.64 to 11.41) (Appendix A, Figure A7).

Eventually, the removal of the study by McCarthy et al. [94] from the pooled estimate
on OR led to a noticeable change in both the pooled estimates for the occurrence of RSV
infections in children vs. adults (OR 2.79, 95%CI 0.92 to 8.50) and in those for I? (34%),
while the removal of the study from Small et al. [101] only affected the estimates for OR
and 95%CI (OR 1.87, 95%CI 0.76 to 4.58) (Appendix A, Figure A8).

3.5. Analysis of Publication Bias and Small Study Bias

According to the recommendation from PRISMA guidelines, publication bias was
initially ascertained (Figure 7) by the calculation of funnel plots for attack rates (Figure 7a),
incidence rates (Figure 7b), and CFR (Figure 7c). In funnel plots, the sample size is plotted
against the effect size reported: as the size of the sample increases, individual estimates of
the effect are likely to converge around the true underlying estimate [71,72,79]. Therefore,
if the estimates are not affected by some degree of publication bias, point estimates are
expected to be evenly scattered. On the other hand, if any publication bias has occurred,
some asymmetry in the scatter plot in small studies can be spotted, with more studies
showing a positive result than those showing a negative one.

In our study, a visual inspection of contour-enhanced funnel plots suggested that
publication bias could be ascertained for incidence rates, attack rates, and CFR, as estimates
were not evenly scattered across the logit of transformed proportion.

On the other hand, point estimates were evenly scattered on both sides of regression
lines in radial plots. However, Egger’s test (i.e., the linear regression analysis of the
intervention effect estimates on their standard errors weighted by their inverse variance)
hinted at substantial publication bias for both incidence rates (Figure 8b; t = 8.76, df = 28,
p-value < 0.001) and CFR (Figure 8c; t = —4.78, df = 28, p-value < 0.001). On the other hand,
no publication bias was reasonably associated with attack rates (Figure 8a; t = 0.65, df = 28,
p-value = 0.519).
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Figure 7. Funnels plots for the whole of the studies reported in the present meta-analysis in terms of
attack rates (a), incidence rates for RSV (b), and their corresponding CFR (c).
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Figure 8. Radial plots for included studies, assessed by the calculation of attack rates (a); Egger’s
test: t = 0.65, df = 28, p-value = 0.519), incidence rates (b); t = 8.76, df = 28, p-value < 0.001), and case
fatality ratio (c); t = —4.78, df = 28, p-value < 0.001) [46,51,61,68,70,80-104].

4. Discussion

4.1. Summary of the Main Findings

In this systematic review and meta-analysis, we conveyed the evidence from a total
of 30 studies [38,43,52,60,62,74-98], including data from 20,067 BMT recipients, managed
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between 1989 and 2017, mostly from North America (USA and Canada) and the United
Kingdom. A total of 821 cases of RSV infections were collected, for an attack rate of 5.40
per 100 people (95%ClI 3.81 to 7.60) and an incidence rate of 14.77 per 1000 person-years
(95%CI 9.43 to 20.11). The risk for RSV infection was higher among studies published
between 2010 and 2014 compared to the more recent ones (RR 1.665, 95%CI 1.366 to 2.029),
and in reports including only adults (RR 1.846, 95%CI 1.580 to 2.162) and only children
(RR 1.264, 95%CI 1.054 to 1.517) compared to reports including both children and adults. A
pooled CFR of 7.28% (95%CI 4.94 to 10.60) was calculated, with no substantial differences
between studies only collecting data on children, on adults, and on both children and adults.
Where data on both adults and children were provided, the former exhibited increased
odds for developing RSV infection compared to adults (OR 2.941, 95%CI 1.689 to 5.122).
Even though previous reports suggested a particularly dismal prognosis for RSV infections
in recipients of allogenic BMT [18,44], no effective correlation was found between the
proportion of allogenic BMT, attack rate (tho = 0.311, p = 0.139), incidence (tho = —0.042,
p = 0.846), the proportion of LRTI cases (rho = —0.235, p = 0.280), and even CFR (rho = 0.085,
p = 0.693). Also, the proportion of pediatric cases was not actually correlated with the
main findings, but with the incidence rate (rho = —0.433, p = 0.044). On the other hand, the
proportion of LRTI correlated well with CFR (rho = 0.445, p = 0.018).

4.2. Interpretation of Key Results

Since the early 1990s, RSV has been acknowledged as a common pathogen in immuno-
compromised patients, and is the most frequently identified viral respiratory tract infection
agent in many observational studies on BMT recipients [105]. In our study, the occurrence
of RSV infections was substantially higher than that of other respiratory pathogens, includ-
ing influenza (5.40 per 100 patients, 95%CI 3.81 to 7.60 vs. 2.65 per 100 patients, 95%CI 1.53
to 4.54; RR 0.518; 95%CI 0.446 to 0.601), HAdV (2.10 per 100 patients, 95%CI 1.06 to 4.14;
RR 0.679, 95%CI 0.553 to 0.830), and hMPV (1.77 per 100 patients, 95%CI 0.70 to 4.49; RR
0.536, 95%CI 0.438 to 0.655). In other words, RSV was ultimately characterized not only as
a quite common respiratory pathogen, but also as more common than other viral agents,
with a relatively high CFR. This specific finding was somewhat unexpected. Even though
morbidity, mortality, and lethality estimates of RSV varied across the studies, RSV infections
in healthy children and adults were usually characterized by low or even very low CFR;
for instance, in a recent systematic review from Bylsma et al. [106], CFR ranged from 0.0%
to 1.7% among US infants and children under 5 years of age, while CFR was estimated
by Celante et al. [107] to be 6.6% among elderly patients hospitalized for RSV. On the
other hand, previous reports on recipients of BMT suggested that RSV infections in these
immunocompromised patients are characterized by an unusually high rate of progression
from URTI to LRTI (i.e., 40 to 60%), with resulting mortality rates that in certain series have
reached up to 60% [108,109] or even 80% [110-113]. Interestingly, the increased mortality
associated with RSV could be due to both direct and indirect effects of the viral infection.
On the one hand, LRTI due to RSV infections causes direct impairments to respiratory
gas exchanges, with a resulting need for high-dose steroids at the time of LRTT infection,
oxygen requirements, and mechanical ventilation [114]. On the other hand, tissue damage
that is observed in the ciliated airway epithelium in response to RSV infections increases
the risk for coinfections with other viruses and superinfection with bacteria or fungi, which
in turn increase the risk for a very dismal prognosis [114].

Even though, in our estimate, no increased risk was seemingly associated with the
proportion of allogenic BMT cases, earlier studies suggested that the occurrence of RSV
infections was four to eight times higher in allogenic compared to autologous BMT (i.e., 3.5%
to 8.8% vs. 0.4 to 1.5% attack rate) [105], and these results are highly consistent with
more recent observational studies that have linked the high risk for RSV infection to
chemotherapy and not only to the underlying disease [34,115]. Even in the FLUVAC
trial, a large prospective observational study on influenza vaccine conducted in six French
hospitals over three influenza seasons on adults with solid cancer and immunosuppressive
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treatment showed an increased risk of developing RSV infection (aOR 2.1, 95%CI 1.1 to 4.1)
and 2.0 (1.1 to 3.8), respectively [116]. Not coincidentally, there is consolidated evidence
that the share of RSV infections progressing from URTI to LRTI is particularly high during
the pre-engraftment neutropenic period or <1 month post-transplant compared to during
post-engraftment [86,108,117].

Another feature of RSV infections in BMT is that we are dealing with patients that
are usually isolated from other patients but are also placed in close proximity to each
other on dedicated wards [34,43]. In other words, while RSV is usually considered a
community-acquired infection, commonly seen in the outpatient setting, especially during
the respiratory viral season [110,118], the transmission of RSV in the healthcare settings is
well documented [22]. In fact, a previous study suggested that nosocomial transmission
may be responsible for approximately 50% of all cases [119], and even the large majority of
cases included in the present review were reasonably nosocomial ones. With the notable
exception of the study from Mikulska et al. [95], the main causes of the high incidence
and attack rates should be identified in the characteristics of RSV infection in immuno-
compromised patients and in healthy healthcare staff. First, BMT recipients may have
difficulties in clearing the virus because of their immunosuppressed state, and therefore
have prolonged periods of viral shedding [94,120-122] whose occurrence is even more
pronounced in individuals with prior allogenic transplantation and mismatched donor
transplant (median duration of viral shedding for 80 days, range 35 to 334) [123]. Second,
some transplant candidate pre-existing conditions have been characterized as risk factors
for RSV, including smoking history, age > 65 years, conditioning with high-dose total body
irradiation, myeloablative therapy, and the long duration of lymphopenia, while absolute
lymphocyte count < 100/mm?3 at the time of upper respiratory infection onset has been as-
sociated with an increased risk for the progression of URTI to LRTT and pneumonia, with an
absolute lymphocyte count > 1000/ mm? otherwise protective against progression [43,124].
Third, the clinical presentation of viral respiratory tract infection is often nonspecific [114],
and only recently some specific CT scan features have been specifically analyzed [125].
Resulting diagnostic delays may, in turn, contribute to the high CFR [114]. Moreover, the
healthcare staff is usually composed of adults with previous encounters with RSV, and who
could develop self-limited and pauci-symptomatic infections [126-128], with 15% to 20%
of healthcare providers possibly shedding RSV, and this figure can increase to 50% during
community outbreaks [129,130]. In fact, in an earlier report from Taylor et al. [94] on the
RSV season 1995-1996, eight out of ten cases of RSV occurring in a BMT unit in Bristol, UK,
had identical RNA sequences, suggesting that the patients had become infected with the
same strain of the pathogen, which therefore circulated widely.

4.3. Generalizability

Our study included evidence from a quite extensive timeframe (1989 to 2021), mostly
from North America [46,51,61,81,83,84,86,87,89,92,94,97,98,100,101,104], the UK, and Con-
tinental Europe [51,68,70,80,88,91,93-97], and more limited data from other settings [82,
85,90,99,103]. Therefore, our pooled sample was quite heterogenous, not only in terms of
potential exposure to the respiratory pathogens, but also for the changing landscape of
bone marrow transplantation [131]. Since 1990, not only have more and more transplant
centers been established worldwide, but major advances have been implemented in the
recruitment of potential donors, as well as in the definition of conditioning regimes and
preventive interventions aimed at reducing infection rates in BMT recipients [132]. Not
coincidentally, the CFR for RSV-related infections was highest for studies published before
2005 (14.29%), decreasing in the following years to 7.46% (2005 to 2009), 7.19% (2010 to
2014), and eventually to 6.01 (2015 onwards), even though the very same timeframe ex-
hibited a quite different trend in terms of attack rates, with the highest figures for 2010 to
2014 (7.18%), followed by 2015 onwards (4.31%) (Appendix A Figures A2 and A9). The
high risk for RSV infections between 2010 and 2014 was quite unexpected, as the global
trend for RSV infections was not associated with an increased occurrence of the pathogen
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in the general population [4,5,8,127], while the pandemic 2009/H1N1 and claims about
the reduced efficacy of the 2014-2015 influenza vaccine [85,87,102,103] encouraged the
application of accurate preventive strategies. Consequently, the potential generalizability
of pooled results should be preventively questioned. Similarly, it should be considered that,
because of the poor outcome of SARS-CoV-2 infection in BMT recipients [133], preventive
measures and standard operating procedures implemented by transplant centers have
been extensively improved. As non-pharmaceutical interventions (i.e., actions, apart from
getting vaccinated and taking medicine, that people and communities can take to help
slow the spread of respiratory illnesses) [134-136] have been shown to be particularly
effective in limiting the occurrence of all respiratory illnesses [137], the results collected
before 2020 could only be somewhat representative of the ongoing risk for RSV infections
in BMT centers. In fact, only the study of Samad et al. [99] included data from the pandemic
settings, but the recruitment of new cases was interrupted by February 2020, making it
limited as a representation of post-pandemic settings.

4.4. Limits and Implications for Future Studies

Even though our study provides a real-world estimate of RSV infections in a very
high-risk subset of immunodeficient patients (i.e., recipients of BMT), being of potential
significance for both Public Health and Healthcare professionals, our study is affected by
several significant shortcomings that should be taken into account.

For one, even though most included studies were of appropriate or even of high
quality, including four high-quality reports [83,90,92,93], some common and significant
shortcomings must be addressed as they compromised both the accuracy and generaliz-
ability of the reported results, as otherwise stressed by the high heterogeneity we were able
to identify across the whole of the pooled studies. On the one hand, a substantial share
of studies did not accurately report the demographics of the whole sample [81,82,86,103],
particularly when dealing with non-RSV cases [46,61,70,80,84,88,98,100,101,104]. On the
other hand, when studies included both pediatric and adult cases, as well as autologous
and allogenic transplantation, the reporting system did not regularly allow an accurate anal-
ysis of attack rates in these subgroups, impairing our analysis due to the lack of accurate
calculation of corresponding pooled attack rates and CFR [80,81,89,91,97,100,101].

Second, it is unclear how many patients received palivizumab as either a preventive
or therapeutic option. Palivizumab is a mAb which inhibits the activity of the F protein
on the RSV envelope [138-140]. RSV immunoprophylaxis based on palivizumab has been
approved for infants and young children from high-risk groups [127,128]. Even though
the use of palivizumab in other settings, and particularly among older adults, has not been
ascertained through specifically designed clinical trials [44], some suggest that it may represent
a safe option for RSV prophylaxis among adult BMT [141], with some reports hinting at a
potential use as a therapeutic option [142]. Overall, only 5 studies reported on the use
of palivizumab [61,92,98,99,104], for a total of 30 cases over a total pool of 150 RSV cases
(20.0%) and 3168 BMT recipients (0.94%). The limited use of palivizumab among BMT
is reasonably based on two main shortcomings of this mAb. On the one hand, despite
its proven efficacy [140,143] and its long stay on the international market, it remains an
expensive medication, with a weight-dependent dose (i.e., 15 mg/kg) during the months
characterized by a high circulation of the pathogen (“RSV season”) of up to five consecutive
doses [127,140,143-146], and the cost for 100 mg vials ranging from around USD 900 to USD
1900 [4,5,24-26,28]; its systematic delivery in a 70 kg adult could therefore require charges
ranging from around USD 9450 to USD 19,950 per month, which would scarcely be affordable
even in high-income healthcare settings. More recently, the extended half-life of recombinant
mADb nirsevimab (MEDI8897; commercial name: Beyfortus® ; SANOFI Winthrop Industrie,
Gentilly, France) has been approved by the Food and Drug Administration of the USA and
European Medicine Agency (EMA) for the prevention of RSV-associated LRTI [23,57,147].
Similar to the palivizumab, current indications for nirsevimab are limited to newborns and
infants from birth during their first RSV season [148,149], with a recommended dose of
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50 mg for infants with body weight <5 kg and 100 mg for infants with body weight > 5 kg,
both delivered as a single dose [59,127,150,151], with no indications for adults and elderly
patients. Recently, a single dose of 200 mg for infants aged 2 years or more still considered
at high risk for RSV infections (children affected by: chronic lung disease of prematurity,
hemodynamically significant congenital heart disease, immunodeficiency, etc.) has been taken
into account [58,152]. Unfortunately, available studies on RSV prevention among for adults
and elderly patients are mostly based on vaccines [25,153-155], but their reliability among
BMT recipients is substantially impaired by the decline in antibody titers within weeks of
the transplant and the limited response of the immune system to conventional immunization
strategies during the high-risk pre-engraftment and early post-engraftment phases [156].

Third, collected studies were not only quite heterogenous regarding timeframe and
geographical settings, but also in sample size and reporting strategy. For instance, de-
mographic data were not consistently provided by all retrieved studies, impairing the
accurate appraisal of individual risk factors for developing RSV and other viral respiratory
infections. Most notably, only five studies benefited from a prospective design, therefore
being specifically tailored for collecting data on BMT recipients and respiratory infec-
tions [85,89,95,96,99], while only three studies provided detailed data on both children and
adults [81,94,101]. As a consequence, corresponding ORs were calculated on a relatively
small subset of cases, and corresponding estimates have to be cautiously assessed. In
fact, nearly all reported studies were observational ones, and no preventive sample size
calculations were systematically performed. Not coincidentally, some small study effects
was suggested, particularly for attack rate, and a negative association was found between
sample size and attack rate (i.e., the greater the size of the sample, the lower the eventual
attack rate; Appendix A, Figure A10), while sample size was not correlated with the occur-
rence of LRTT over URTI (Appendix A, Figure A3) and CFR (Appendix A, Figure A11). As
high attack rates, incidence rates, and CFR were identified in some reports, the reliability
and generalizability of parent studies should therefore be carefully evaluated. In turn, our
meta-analysis was affected by the very same shortcomings.

5. Conclusions

In conclusion, our systematic review and meta-analysis confirm earlier reports hinting
at high attack rates, incidence rates, and CFR for RSV infections in BMT recipients. Even
though the collected evidence was affected by some publication bias and high heterogeneity,
our results collectively suggest that preventive interventions should be regularly put in
place, enhancing the suspicion index for RSV infections even in highly controlled settings
such as transplantation centers. Therefore, a proper preventive approach to BMT cases
could encompass improved testing strategies with the periodic assessment of respiratory
pathogens among newly admitted individuals, with new and effective preventive options
such as mAb, although its delivery among adults and elderly patients still remains to be
ascertained. Moreover, because of the noticeable CFR, specifically designed anti-viral drugs
could substantially improve the prognosis of BMT recipients affected by RSV infections.
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Appendix A

Table Al. Detailed reporting on the Risk of Bias (ROB) estimates for observational studies [68,99].
Analyses were performed according to the National Toxicology Program (NTP)’s Office of Health
Assessment and Translation (OHAT) handbook and respective risk of bias (ROB) tool. Note: D1:
possibility of selection bias; D2: exposure assessment; D3: outcome assessment; D4: confounding

factors; D5: reporting bias; D6: other bias; B8. definitively high; ®. probably high; ©: probably

low; ©©: definitively low.

RISK OF BIAS
Study

D1 D2 D3 D4 D5 D6
Avetysian et al., 2009 [80] © © © ®
Campbell et al., 2015 [81] ©© © © ® ®
Chakrabarti et al., 2002 [51] ® © © ©O
Choi et al., 2013 [82] ® ® ® ® ®
El-Bietar et al., 2016 [61] ©O ® ® ®
Fisher et al., 2018 [83] ©O ©O ©O
Garrett Nichols et al., 2001 [84] ® ® ® ® ®
Gaytan Morales et al., 2021 [85] © ® &) [RI&)
Ghosh et al., 2001 [86] ® ® ® ® ® ®
Gueller et al., 2013 [68] © © © ® ® ®
Hutspardol et al., 2015 [87] ©O ©O ©O
Khanna et al., 2008 [88] © © © © © ©
Kuypers et al., 2009 [89] ® ® ® ® ® ®
Lavergne et al., 2011 [46] ® ©O ©
Lee et al., 2012 [90] © ® ® ® ® ®
Ljungman et al., 2001 [91] © ® ® ® © ®
Lo et al., 2013 [92] ©Q) ® ® ® ®
Martino et al., 2005 [93] ) O ©O
McCarthy et al., 1999 [94] © © © © ©
McCoy et al., 2011 [104] ® ® ® ©
Mikulska et al., 2014 [95] ® ® © © ©
Moret et al., 2021 [96] ©O O ®
Peck et al., 2007 [97] ® © © ® © ®
Rowan et al., 2018 [98] © @) © © ©
Samad et al., 2022 [99] ® ©O© BB
Schiffer et al., 2009 [100] © © © © ©
Schleuning et al., 2004 [70] ® ® 0 © ©
Small et al., 2002 [101] ® © O © ©
Wang et al., 2017 [102] ©© ©© ©O
Yue et al., 2016 [103] © © © ® ® ®
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Table A2. Detailed description of the limits of the retrieved studies.

Study

Limits of the Study

Avetysian et al., 2009 [80]

report lacking data on non-RSV cases
unclear reporting of demographic data

Campbell et al., 2015 [81]

did not report palivizumab delivery
unclear reporting of demographic data by groups

Chakrabarti et al., 2002 [51]

unclear selection strategy (all participants from this single institution?)

Choi et al., 2013 [82]

did not report palivizumab delivery
unclear reporting of demographic data by groups

El-Bietar et al., 2016 [61]

report lacking data on non-RSV cases
unclear reporting of demographic data

Fisher et al., 2018 [83]

high-quality report

Garrett Nichols et al., 2001 [84]

report lacking data on non-RSV cases
unclear reporting of demographic data
unclear and confusing report about the eventual outcome

Gaytan Morales et al., 2021 [85]

unclear reporting of demographic data

Ghosh et al., 2001 [86]

only female patients
unclear reporting of clinical and demographic data
unclear and confusing report about the eventual outcome

Gueller et al., 2013 [68]

very small sample size (single outbreak)
did not report palivizumab delivery
unclear reporting of demographic data by groups

Hutspardol et al., 2015 [87]

high-quality report

Khanna et al., 2008 [88]

report lacking data on non-RSV cases other than influenza and para-influenza
unclear reporting of demographic data

Kuypers et al., 2009 [89]

unclear reporting of clinical and demographic data

Lavergne et al., 2011 [46]

report lacking data on non-RSV cases
unclear reporting of demographic data

Lee et al., 2012 [90]

did not report palivizumab delivery
unclear reporting of demographic data by groups
did not report the share of upper vs. lower respiratory tract

Ljungman et al., 2001 [91]

unclear reporting of clinical and demographic data
unclear and confusing report about the eventual outcome

Loetal., 2013 [92]

unclear reporting of demographic data by groups

Martino et al., 2005 [93]

high-quality report

McCarthy et al., 1999 [94]

high-quality report

McCoy et al., 2011 [104]

report lacking data on non-RSV cases
unclear reporting of demographic data

Mikulska et al., 2014 [95]

outpatients
doubtful reporting of main clinical features and demographic data

Moret et al., 2021 [96]

unclear reporting of demographic data

Peck et al., 2007 [97]

unclear reporting of clinical and demographic data

Rowan et al., 2018 [98]

report lacking data on non-RSV cases

Samad et al., 2022 [99]

unclear definition of the sample size
unclear reporting of autologous vs. allogenic transplants

Schiffer et al., 2009 [100]

report lacking data on non-RSV cases other than influenza and para-influenza
unclear reporting of demographic data
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Table A2. Cont.

Study Limits of the Study

Schleuning et al., 2004 [70]

report lacking data on non-RSV cases other than influenza and para-influenza
unclear reporting of demographic data

Small et al., 2002 [101]

report lacking data on non-RSV cases other than influenza and para-influenza
unclear reporting of demographic data, particularly on autologous transplant

Wang et al., 2017 [102]

did not report palivizumab delivery

Yue et al., 2016 [103]

did not report palivizumab delivery
unclear reporting of demographic data
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Figure Al. Correlation between attack rates for respiratory syncytial virus (RSV) and influenza virus
(a), adenovirus (b), and human metapneumovirus (hMPV) (c). The correlation was significant for RSV
and influenza virus (Spearman’s rho = 0.790, 95%, p < 0.001) and RSV and adenovirus (rho = 0.650,
p = 0.026), but not for RSV and hMPV (rho = 0.559, p = 0.098) [46,51,61,68,70,80-104].

100~ ®

80+

60+

% LRTI
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Figure A2. Time trend of the proportion of LRTI over the total number of RSV cases. A non-significant
negative association was eventually identified (rtho = —0.366; p = 0.055) [46,51,61,68,70,80-104].
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Figure A3. Correlation between sample size and the ratio between upper and lower respiratory tract
infections (URTL; LRTI) occurring in 20,067 cases of bone marrow transplantation collected in the
present survey. No actual association was found (rho = 0.833; p = 0.724) [46,51,61,68,70,80-104].

-
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Figure A4. Correlation of case fatality ratio and proportion of lower respiratory tract infections (LRTI)
in sampled cases of bone marrow transplantation [46,51,61,68,70,80-104]. A positive correlation was
eventually found (Spearman’s rho = 0.445, p = 0.018).
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Events per 100

Study observations Events 95%-Cl P-value Tau2 Tau 12
Omitting Ljungman et al. 2001 — 5.73 [4.08; 7.99] . 0.8858 0.9412 94%
Omitting Fisher et al. 2018 —a 5.55 [3.88;7.87] . 0.9797 0.9898 94%
Omitting Rowan et al. 2018 — 5.51 [3.85;7.83] . 0.9906 0.9953 94%
Omitting Garrett Nichols et al. 2001 —— 5.44 [3.79;7.75] . 1.0036 1.0018 95%
Omitting Ghosh et al. 2001 —a 5.48 [3.83;7.79] . 0.9942 0.9971 95%
Omitting Chakrabarti et al. 2002 — 5.21 [3.66; 7.36] . 0.9560 0.9777 94%
Omitting Martino et al. 2005 —a 5.42 [3.78;7.72] . 1.0032 1.0016 95%
Omitting Khanna et al. 2008 — 5.36 [3.74;7.64] . 1.0026 1.0013 95%
Omitting Lavergne et al. 2011 —. 5.37 [3.74;7.65] . 1.0032 1.0016 95%
Omitting McCoy et al. 2011 —a— 5.43 [3.78;7.73] . 1.0036 1.0018 95%
Omitting Gueller et al. 2013 —— 5.06 [3.62;7.04] . 0.8543 0.9243 94%
Omitting Mikulska et al. 2014 —a— 5.27 [3.68;7.49] . 0.9830 0.9915 94%
Omitting Yue et al. 2016 — 4.98 [3.61;6.84] . 0.7789 0.8826 93%
Omitting Moret et al. 2021 — 5.53 [3.88;7.84] . 0.9778 0.9889 95%
Omitting Samad et al. 2022 —a— 5.28 [3.69; 7.49] . 0.9834 0.9916 95%
Omitting McCarthy et al. 1999 UK _ 5.44 [3.79;7.74] . 1.0027 1.0014 95%
Omitting Small et al. 2002 — 5.39 [3.76;7.68] . 1.0050 1.0025 95%
Omitting Schleuning et al. 2004 — 5.55 [3.89; 7.87] . 0.9745 0.9872 95%
Omitting Peck et al. 2007 —a— 5.76 [4.12;7.99] . 0.8617 0.9283 94%
Omitting Avetisyan et al. 2009 — 5.25 [3.67;7.46] . 0.9779 0.9889 94%
Omitting Kuypers et al. 2009 —*—— 5.47 [3.82;7.77] . 0.9942 0.9971 95%
Omitting Schiffer et al. 2009 —a 5.62 [3.95;7.93] . 0.9506 0.9750 94%
Omitting Campbell et al. 2015 — 5.59 [3.93; 7.90] . 0.9620 0.9808 95%
Omitting Wang et al. 2017 —— 5.12 [3.62;7.18] . 0.9026 0.9501 93%
Omitting Lee et al. 2012 —_— 542 [3.78;7.71] . 1.0011 1.0006 95%
Omitting Choi et al. 2013 _— 5.23 [3.67;7.42] . 0.9689 0.9843 94%
Omitting Lo et al. 2013 — 5.38 [3.75;7.67] . 1.0041 1.0021 95%
Omitting Hutspardol et al. 2015 — 5.62 [3.95;7.92] . 0.9513 0.9753 94%
Omitting El-Bietar et al. 2016 —a 5.35 [3.73;7.62] . 1.0015 1.0008 95%
Omitting Gaytan-Morales et al. 2021 — . 5.33 [3.72; 7.57] . 0.9908 0.9954 95%
Random effects model —_— 5.40 [3.81; 7.60] . 0.9661 0.9829 94%

Figure A5. Sensitivity analysis for pooled attack rates of RSV [46,51,61,68,70,80-104].

Study Incidence Rate Events 95%-Cl P-value Tau2 Tau 12
Omitting McCarthy et al. 1999 UK —5— 15.67 [9.86; 21.48] . 0.0002 0.0143 92%
Omitting Ljungman et al. 2001 Various —a 15.60 [9.65; 21.54] . 0.0002 0.0146 92%
Omitting Garrett Nichols et al. 2001 USA — 15.67 [9.86; 21.48] . 0.0002 0.0143 92%
Omitting Ghosh et al. 2001 USA — 15.67 [9.84; 21.49] . 0.0002 0.0143 92%
Omitting Chakrabarti et al. 2002 UK —— 13.60 [8.67; 18.53] . 0.0001 0.0120 92%
Omitting Small et al. 2002 USA — 15.60 [9.65; 21.55] . 0.0002 0.0147 91%
Omitting Schleuning et al. 2004 Germany — 15.62 [9.70; 21.53] . 0.0002 0.0146 92%
Omitting Martino et al. 2005 Spain — 15.51 [9.55; 21.47] . 0.0002 0.0147 92%
Omitting Peck et al. 2007 UK —— 15.65 [9.93; 21.38] . 0.0002 0.0140 92%
Omitting Khanna et al. 2008 Switzerland — . 15.48 [9.51; 21.44] . 0.0002 0.0147 92%
Omitting Avetisyan et al. 2009 Sweden — 15.39 [9.44; 21.35] . 0.0002 0.0147 91%
Omitting Kuypers et al. 2009 USA —— 15.52 [9.59; 21.45] . 0.0002 0.0146 92%
Omitting Schiffer et al. 2009 USA — 15.66 [9.91; 21.40] . 0.0002 0.0141 92%
Omitting Lavergne et al. 2011 Canada —B— 15.30 [9.36; 21.23] . 0.0002 0.0146 91%
Omitting McCoy et al. 2011 USA —— 14.03 [8.77; 19.30] . 0.0002 0.0129 91%
Omitting Lee et al. 2012 Korea —— 15.08 [9.26; 20.90] . 0.0002 0.0144 92%
Omitting Gueller et al. 2013 Germany —a 14.56 [9.29; 19.84] . 0.0002 0.0131 92%
Omitting Choi et al. 2013 Korea —— 12.75 [8.32; 17.19] . 0.0001 0.0107 91%
Omitting Lo et al. 2013 USA — 15.67 [9.84; 21.50] . 0.0002 0.0143 92%
Omitting Mikulska et al. 2014 Italy —— 14.22 [9.07; 19.37] . 0.0002 0.0128 91%
Omitting Campbell et al. 2015 USA — 15.67 [9.83; 21.50] . 0.0002 0.0143 92%
Omitting Hutspardol et al. 2015 Canada —a— 15.64 [9.95; 21.33] . 0.0002 0.0139 90%
Omitting Yue et al. 2016 China = 12.98 [8.54; 17.41] . 0.0001 0.0108 91%
Omitting El-Bietar et al. 2016 USA —=— 15.56 [9.60; 21.52] . 0.0002 0.0147 92%
Omitting Wang et al. 2017 Singapore - 11.03 [7.73; 14.33] . <0.0001 0.0077 91%
Omitting Fisher et al. 2018 USA — 15.67 [9.80; 21.53] . 0.0002 0.0144 92%
Omitting Rowan et al. 2018 USA — 15.66 [9.78; 21.54] . 0.0002 0.0145 92%
Omitting Moret et al. 2021 Switzerland —— 14.73 [9.16; 20.30] . 0.0002 0.0138 92%
Omitting Gaytan-Morales et al. 2021 Mexico —— 14.47 [9.05; 19.90] . 0.0002 0.0134 92%
Omitting Samad et al. 2022 India —a 14.77 [9.09; 20.45] . 0.0002 0.0140 92%
Random effects model _ 14.77 [9.43; 20.11] . 0.0002 0.0133 92%

[ T I I I 1
0 10 20 30 40 &0

Figure A6. Sensitivity analysis for pooled incidence rate for RSV cases [46,51,61,68,70,80-104].



Infect. Dis. Rep. 2024, 16 346

Events per 100

Study observations Events 95%-Cl P-value Tau2 Tau I2
Omitting McCarthy et al. 1999 UK —_— 6.89 [4.61; 10.19] . 0.3853 0.6207 0%
Omitting Ljungman et al. 2001 Various —a 6.98 [4.64; 10.39] . 0.4230 0.6504 0%
Omitting Garrett Nichols et al. 2001 USA — 6.86 [4.69; 9.92] . 0.2861 0.5349 0%
Omitting Ghosh et al. 2001 USA —— 7.45 [5.08; 10.80] . 0.3777 0.6145 0%
Omitting Chakrabarti et al. 2002 UK —_— 7.53 [5.15; 10.88] . 0.3672 0.6060 0%
Omitting Small et al. 2002 USA _— 7.33 [4.87;10.90] . 0.4203 0.6483 0%
Omitting Schleuning et al. 2004 Germany — 7.00 [4.68; 10.34] . 0.3959 0.6292 0%
Omitting Martino et al. 2005 Spain — 7.11 [4.72; 10.56] . 0.4297 0.6555 0%
Omitting Peck et al. 2007 UK —— 7.39 [5.03; 10.74] . 0.3840 0.6197 0%
Omitting Khanna et al. 2008 Switzerland — 7.04 [4.66; 10.51] . 0.4386 0.6622 0%
Omitting Avetisyan et al. 2009 Sweden _ 6.91 [4.59; 10.28] . 0.4161 0.6451 0%
Omitting Kuypers et al. 2009 USA —a 7.39 [5.03; 10.74] . 0.3840 0.6197 0%
Omitting Schiffer et al. 2009 USA — 8.07 [5.64; 11.41] . 0.2683 0.5180 0%
Omitting Lavergne et al. 2011 Canada —8— 6.96 [4.61; 10.39] . 0.4334 0.6583 0%
Omitting McCoy et al. 2011 USA — 7.76 [5.36; 11.11] . 0.3269 0.5718 0%
Omitting Lee et al. 2012 Korea _— 7.17 [4.80; 10.58] . 0.4133 0.6429 0%
Omitting Gueller et al. 2013 Germany —a 6.94 [4.66; 10.20] . 0.3637 0.6031 0%
Omitting Choi et al. 2013 Korea —— 7.16 [4.76; 10.63] . 0.4307 0.6562 0%
Omitting Lo et al. 2013 USA —a— 7.56 [5.12; 11.02] . 0.3701 0.6084 0%
Omitting Mikulska et al. 2014 Italy — 7.67 [5.28; 11.02] . 0.3430 0.5856 0%
Omitting Campbell et al. 2015 USA — 7.17 [4.80; 10.58] . 0.4133 0.6429 0%
Omitting Hutspardol et al. 2015 Canada — 7.26 [4.87;10.70] . 0.4119 0.6418 0%
Omitting Yue et al. 2016 China — 7.45 [5.03; 10.91] . 0.3888 0.6235 0%
Omitting El-Bietar et al. 2016 USA —— 7.53 [5.10; 10.99] . 0.3757 0.6129 0%
Omitting Wang et al. 2017 Singapore — 7.07 [4.66; 10.58] . 0.4499 0.6707 0%
Omitting Fisher et al. 2018 USA — 7.04 [4.64; 10.54] . 0.4486 0.6698 0%
Omitting Rowan et al. 2018 USA —a 7.76 [5.30; 11.22] . 0.3317 0.5759 0%
Omitting Moret et al. 2021 Switzerland — 7.35 [5.00; 10.70] . 0.3872 0.6222 0%
Omitting Gaytan-Morales et al. 2021 Mexico —— 7.11 [4.77;10.49] . 0.4057 0.6370 0%
Omitting Samad et al. 2022 India — 7.49 [5.11; 10.84] . 0.3726 0.6104 0%
Random effects model : <Ii? 7.28 [4.94; 10.60] . 0.3888 0.6236 0%
0 2 4 6 8 10 12 14
Figure A7. Sensitivity analysis for pooled case fatality ratio (CFR) [46,51,61,68,70,80-104].
Study Odds Ratio OR 95%-Cl P-value Tau2 Tau 12
Omitting Campbell et al. 2015 USA —a 3.25 [1.94;5.44] <0.01 0 0 0%
Omitting Small et al. 2002 USA ——'—‘— 1.87 [0.76; 4.58] 0.17 0 0 0%
Omitting McCarthy et al. 1999 UK T 2.79 [0.92; 8.50] 0.07 0.3190 0.5648 34%
Random effects model : |<>I 2.94 [1.69; 5.12] < 0.01 0.0281 0.1676 5%
[
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Figure A8. Sensitivity analysis for pooled odds ratio (OR) [81,94,101].
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Figure A9. Time trend of the case fatality ratio (CFR). A non-significant negative association was
eventually identified (rtho = —0.178; p = 0.346) [46,51,61,68,70,80-104].
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Figure A10. Correlation between attack rate for respiratory syncytial virus infections and num-
ber of cases included in the studies. A significant negative association was eventually identified
(rho = —0.663; p < 0.001) [46,51,61,68,70,80-104].
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Figure A11. Correlation between case fatality ratio (CFR) for respiratory syncytial virus infections
and number of cases included in the studies. A non-significant association was eventually identified
(rho = 0.048; p = 0.803) [46,51,61,68,70,80-104].
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