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A B S T R A C T

Background: This study was designed to assess the efficacy of Bifidobacterium animalis ssp. lactis (Bl-04) for
prevention of rhinovirus colds and to explore the interactions between the probiotic, the viral infection, the
host response and the host microbiome.
Methods: The effect of ingestion of the probiotic Bl-04 was evaluated in a randomized, double-blinded rhino-
virus (RV) challenge study. Healthy volunteers recruited from a university community in USA were random-
ized 1:1 using a computer generated code to ingest either Bl-04 (n=165) or placebo (n=169) for 28 days and
were then challenged with RV-A39, and followed for 14 days. All study interactions and sample collection
occurred in dedicated clinical research space. The primary analysis was the effect of the probiotic on the inci-
dence of RV-associated illness. (Trial registration: NCT02679807, study complete).
Findings: The first cohort of volunteers was randomized on March 14, 2016 and the last (5th) cohort was ran-
domized on March 12, 2018. Sixty-three (56%, 95% CI [47%; 66%]) of the 112 subjects in the active group and
60 (50%,95% CI [41%; 59%]) of the 120 subjects in the placebo group had a protocol-defined rhinovirus-associ-
ated illness (x2=0¢91, p=0¢34). The point estimate of the difference in illness (active-placebo) is 6.3% (95% CI
-6.7;19.1). There were no adverse events that were judged as definitely or probably related to the study
product.
Interpretation: In this study there was no effect of orally administered Bl-04 on the occurrence of RV-associ-
ated illness.
Funding: Danisco Sweeteners Oy (now IFF Health & Biosciences).
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Probiotics, “live microorganisms that, when administered in ade-
quate amounts, confer a health benefit on the host” are among the
most commonly consumed dietary supplements [1,2�4]. A variety of
probiotic preparations have been studied for different human ill-
nesses with some evidence of a beneficial effect on various diarrheal
and gastrointestinal disorders [5,6]. The results of studies using pro-
biotics for the treatment or prevention of viral respiratory illnesses
have; however, been inconsistent [5,7]. These inconsistent results
may be due to the variable quality of the study designs and results
reporting of the clinical trials [2]. These trials have generally not
addressed potential mechanisms of action in humans, and the pro-
posed mechanism of action of probiotics as treatment for viral respi-
ratory disease have been based primarily on animal models [8,9].

The experimental RV challenge model has been used for many
years as a tool for the exploration of pathogenesis, prevention and
treatment of these infections in human volunteers in a well-con-
trolled, clinically relevant setting. Previous studies of a probiotic, Bifi-
dobacterium animalis, subsp. lactis Bl-04 (Bl-04), in the experimental
challenge model were directed at examining the effect of the probi-
otic on the nasal innate immune response to the viral infection [10].
Modest but inconsistent immune effects were noted and associated
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Research in context

Evidence before this study

Bifidobacterium animalis ssp. Lactis, Bl-04, has been previously
evaluated in both natural and experimental infection models of
viral respiratory infection. These studies suggested that the pro-
biotic might have beneficial effects on viral respiratory infec-
tion in general and rhinovirus infection in particular. The
observed effects were not definitive, however, and there was
no evidence for a mechanism of action for the probiotic.

Added value of this study

This large study in the rhinovirus challenge model found no
evidence of a clinical effect of the probiotic on rhinovirus infec-
tion or rhinovirus-associated illness. Furthermore, the probiotic
did not appear to have effects on the host or the host response.

Implications of all the available evidence

The rhinovirus challenge model has been shown to have pre-
dictive value for subsequent studies of effectiveness in the gen-
eral population. The current evidence suggests that orally
administered Bl-04 does not have a beneficial treatment effect
on rhinovirus infections or illness. The absence of definitive
effects of the probiotic on the host and host response suggest
that the current understanding of potential mechanisms of
action for probiotics in viral respiratory infection should be fur-
ther evaluated.
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exploratory analyses suggested effects on viral shedding. Another
exploratory analysis from the study found apparent effects of the
nasal microbiota, unrelated to probiotic consumption, on the clinical
and immunologic response to the RV infection [11]. The purpose of
the present study was to further explore in a larger challenge study
the effects of Bl-04 on clinical outcomes associated with RV infection
as well as assess the virologic, immunologic, and microbiomic basis
for any observed effect.

2. Methods

Subjects: Healthy adult volunteers, 18-60 years old, were recruited
by posted advertisements from the University of Virginia community.
Written informed consent was obtained prior to study participation
in a form approved by the Human Investigations Committee of the
University of Virginia (FWA#:00006183) and the study was con-
ducted in compliance with Good Clinical Practices and in accordance
with the Declaration of Helsinki. The trial was registered in clinical-
trials.gov (NCT02679807) and the study protocol is available at that
site. Subjects were compensated for participation. Volunteers suscep-
tible to RV type 39, as evidenced by a serum neutralizing antibody
titer of �.1:4, were invited to participate. Volunteers who had signifi-
cant underlying respiratory or gastrointestinal disease or had an
acute illness were excluded.

Study material and randomization: The active supplement was Bifi-
dobacterium animalis ssp. lactis Bl-04 (Danisco US, Madison, WI). The
daily dose of probiotic was provided in a sachet containing a mini-
mum of 2 £ 109 colony forming units of Bl-04 mixed with 1g of
sucrose as a carrier. The placebo was provided as a sachet containing
1g of sucrose that was identical to the study product in appearance,
smell, and taste. Volunteers enrolled in the study were randomized
1:1 to the probiotic or placebo group. The randomization sequence
was created by the study sponsor using nQuery Advisor software
(version 7.0.1490.0) using a block size of 6. All study personnel
involved in the conduct and analysis of the study were blinded to the
randomization scheme until the study database was locked. Volun-
teers were assigned sequential subject numbers as they enrolled in
the study and then provided numbered study product corresponding
to their subject number.

Conduct of the study: The study design was similar to that
described in a previous study [10]. Study cohorts were conducted in
the Spring of 2016, 2017, and 2018 and in the Fall of 2016 and 2017.
All cohorts were conducted in an identical fashion; the schedule for
study activities is outlined in Supplemental Material Table 1. On day
-28 of the study, all eligible volunteers had specimens collected and
were then randomized to active or placebo supplement to be taken
daily through study day 14. Volunteers returned to the study site on
days -21, -14, and -7 to replenish supplies of study product and to
monitor compliance with the study protocol. During the supplemen-
tation period, days -28 to 14, the volunteers were instructed to avoid
ingestion of other probiotics or probiotic containing foods and were
prohibited from taking antibiotics or anti-inflammatory agents.

Assessment of compliance and blinding: Compliance with study
supplements was assessed by counting used sachets of the study
products and by qPCR for Bl-04 on stool specimens collected at day 0.
The adequacy of study blinding was assessed on day 0, after 28 days
of supplementation but prior to virus challenge, by asking volunteers
whether they believed they were receiving the active or placebo
preparation or “don’t know”.

Challenge virus: The challenge virus used for this study was RV-
A39. The starting material for this pool was nasal lavage from a donor
volunteer who was infected with RV-A39 as a participant in a previ-
ous challenge study. The challenge pool was produced under GMP
conditions and safety tested according to protocols used for intrana-
sal viral vaccines before use in this study under FDA IND #15241. All
subjects were inoculated with 20-100 tissue culture infectious dose
50 (TCID50) of virus by intranasal drops.

Virus isolation and serology: Nasal lavage specimens collected on
day 0, before virus challenge, were tested by multiplex PCR (Biofire
Diagnostics, SLC, Utah) for the detection of unsuspected viral infec-
tions. Nasal lavage collected on study days 1-5 was cultured for RV by
standard methods. Sera were tested for neutralizing antibody to
RV-A39 by a standard microtiter assay. Volunteers who had RV-
A39 isolated from at least one post-challenge specimen or had at
least a 4-fold increase in serum neutralizing antibody to RV-A39
between the acute and convalescent specimens were considered
infected with the study virus. Viral titers were determined in the
original nasal wash specimens stored at -80C by culturing serial
10-fold dilutions in microtiter plates of MRC-5 cells as previously
described [12].

Symptom assessment: Symptom scoring was done daily on each
of the five days after virus challenge using the modified Jackson
symptom score [12�14]. The symptoms of nasal obstruction, rhi-
norrhea, sore throat, cough, sneezing, headache, myalgia, and
chilliness were scored as 0-4 corresponding to absent, mild, mod-
erate, severe or very severe by an interactive interview with
study staff. The total symptom score was the total score for all
symptoms over the five days after virus challenge. Volunteers
who had a total symptom score of at least 6 and either three
days of rhinorrhea or the subjective impression they had experi-
enced a common cold illness were defined as having a symptom-
atic illness for the data analysis. On study days 6-14, volunteers
recorded in a study diary the presence and severity of the same
symptoms using the same scoring scale.

Assessment of airway inflammation: Interleukin (IL)-8/ chemokine
(C-X-C motif) ligand 8 (CXCL8) concentration was measured in nasal
lavage using a commercially available ELISA assay (R&D Systems,
Minneapolis, MN). Granulocyte colony-stimulating factor (G-CSF), IL-
1b, IL-6, interferon gamma-induced protein (IP-10), monocyte che-
moattractant protein-1 (MCP-1), interferon (IFN)-g , and IL-10 cyto-
kine concentrations from the nasal lavages were analyzed using
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multiplex ELISA (Aushon Biosystems, Billerica, MA, USA). Only data
points within the standard range were accepted for statistical analy-
sis.

Transcriptomics: Blood samples were collected into PAXgene RNA
extractor tubes on study day -28 at baseline, day 0 before RV infec-
tion, and day 2 during RV infection. RNA was extracted for subse-
quent analysis of relative gene expression by templated
oligonucleotide ligation followed by sequencing using an oligo panel
targeted at inflammatory and antiviral genes (genes listed in Supple-
mental Material, Table 2). The effect of the probiotic and the infection
on gene expression over time was assessed by comparing differential
gene expression overall and at the different time points collected
between the study groups, between infected and uninfected subjects,
and between those with and without a rhinovirus-associated illness.
A complete description of the methods is provided in the Supplemen-
tal Material.

Microbiota analyses: Nasal swabs were collected on study days
-28, 0 and 3, throat swabs were collected on days -28, 0, 3, 5 and 14,
and a fecal specimen was collected on day 0 for microbiota analysis.
The microbiota composition from the per-protocol population sam-
ples was assessed by Illumina sequencing of the V4 variable region of
the 16S rRNA gene and data were analyzed using QIIME2 (v. 2019.6)
[15]. Alpha diversity was calculated for the pre-infection period as
the change from day -28 to day 0 and post-infection as the change
from day 0 using the unique amplicon sequence variants (ASVs). Dif-
ferential taxa tests were conducted for the main effect of study group
for each time point and overall (including adjustment for day, cohort,
viral load, day*treatment and random effect of subject). The effect of
day -28 or day 0 abundance of the predominant genus-level nasal
taxa (Corynebacterium, Staphylococcus, Moraxella, Alloiococcus) on the
clinical outcomes was investigated by including each taxa as a fixed
effect into the statistical models used for the primary clinical end-
point analyses. Also, the two-way interaction of taxa and treatment
was investigated. Similarly, the effect of the most abundant fecal bac-
terial genera (Blautia, Faecalibacterium, Coprococcus) on duration of
illness and clinical symptom scores were investigated. A detailed
description of the microbiomic methods is provided in the supple-
mental material.

In addition to the sequencing approach, a strain-specific PCR was
used to detect the supplemented probiotic strain Bl-04 from the fecal
(quantitative real-time PCR) and nasal/throat swab samples (droplet
digital PCR). Throat swab samples were further analyzed for the pres-
ence of pathogenic bacterial DNA (real-time qPCR) which included:
Haemophilus influenzae, Staphylococcus aureus, Neisseria meningitidis,
Streptococcus pneumoniae, Streptococcus pyogenes group A.

Assessment of safety: Information on adverse events (AEs) or
severe adverse events (SAEs) was gathered by interactive interview
with study staff at each study visit for all randomized subjects in the
study and coded using the latest MedDRA dictionary. The study inter-
ventions in this study included the study procedures, the virus infec-
tion and the administration of the study product. The study
investigator assessed the relatedness of all adverse events to the
study interventions prior to the unblinding of the study groups.

2.1. Statistical analysis

The primary outcome variable for this study was the incidence of
rhinovirus-associated illness compared between the active and pla-
cebo groups. A rhinovirus-associated illness was defined by the study
protocol as an illness that met the study criteria for illness in a volun-
teer who also met the definition for RV infection as described above.
The per-protocol analysis cohort was the volunteers who were sus-
ceptible to RV-A39 (serum neutralizing antibody titer � 1:4), had no
virus detected in the nasal lavage on day 0, were infected with RV-
A39, and completed the study taking at least 80% of the intended
treatment doses. Two subjects voluntarily withdrew from the study
after the virus challenge. These volunteers were excluded from the
per-protocol analysis. There were two missing symptom score data
points of 1160 in the per-protocol analysis cohort. No correction or
imputation was made for the missing data.

Sample size analysis: The sample size for this study was calculated
on the primary endpoint of rhinovirus-induced illnesses. The chal-
lenge model results in an infection rate of approximately 90% in the
control group. Approximately 60% of all infected volunteers are
expected to develop a symptomatic illness and will meet the study
definition of a rhinovirus-induced illness. A sample size of 95 com-
pleted subjects/arm would be expected to detect a reduction in rhi-
novirus-induced illness of 20% (from 60% to 40%) with 80% power
with pa= 0.05. A reduction from 60% to 40% was established as a tar-
get effect based on results of previous successful studies in the rhino-
virus challenge model [12,16]. To ensure that a sufficient number of
volunteers would be evaluable by the protocol criteria, a target of
254 subjects challenged with the study virus was established.

Analysis of results: The relationship between treatment and inci-
dence of rhinovirus-associated illness was assessed by a chi-square
test. Duration of illness, incidence of viral infection, quantitative viral
shedding, shedding of virus in nasal lavage, and total symptom score
both during the acute illness period and during the total study period
were analyzed as secondary endpoints. The relationship between
treatment and incidence of infection and shedding of virus in nasal
lavage were analyzed exactly the same way as the primary response.
For duration of illness Wilcoxon-Mann-Whitney test was used to
compare durations between treatments. Quantitative viral shedding
was analyzed with a repeated measures analysis of variance model
(RM-ANOVA). Total symptom scores were analyzed with Poisson
regression analysis models using the generalized estimating equa-
tions (GEE) technique for repeated measures. The main interest in
these analysis models was the over-time treatment effect. All p val-
ues for these analyses were two-sided tests. A hierarchical strategy
was used to control the type I error in the secondary analyses. As
exploratory endpoints, changes in CXCL8, IFN-g , IL-10, G-CSF, MCP-1,
IP-10, IL-6, and IL-1b concentrations both from day -28 until virus
challenge and from day 0 onwards were analyzed with repeated
measures analysis of covariance models (RM-ANCOVA). For the
exploratory endpoints there was no correction for multiple compari-
sons. All p-values are reported as two-tailed tests. A complete
description of the statistical methods for the study is provided as
Supplemental Material and the Statistical Analysis Plan is provided at
clinicaltrials.gov. The data in the study were captured in an electronic
database (ViedocTM Clinic; PCG Solutions AB, Uppsala, Sweden), all
data were entered at the study site and monitored for accuracy.
Inquiries about access to the original clinical data should be directed
to the Corresponding Author.

Role of the funding source: This study was funded by Danisco
Sweeteners Oy, Kantvik, Finland. The scientists at Danisco Sweet-
eners OY (IFF Health & Biosciences) were active participants in the
development of the protocol and design of the study, completion of
assays and analysis for cytokine, transcriptomic and microbiomic
studies, and preparation of the manuscript. RBT, MJL, LL, SM, TH had
access to all data. All authors agreed to submit the manuscript for
publication.

3. Results

Subjects: Three-hundred eighty (380) subjects signed consent for
participation in the trial. The flow of subjects through the study is
shown in Figure 1. The study population was drawn primarily from
the UVA student population. Age, gender, race, and ethnicity were
comparable between the two study arms (Table 1). Three-hundred
thirty-four (334) subjects were randomized to the study product and
318 volunteers (95%) completed the study as designed. All volunteers
who received study product were included in the demographic,



Figure 1. Flow chart of the enrollment and disposition of the study subjects over the course of the study.

Table 2
Results of Primary and Secondary Analyses

Endpoint Active Placebo Test statistic and p-
value

Rhinovirus-associ-
ated illness# (%,
95% CI)

63 (56, 47; 66) 60 (50, 41; 59) x2=0�91,
p=0�34

Duration of illness* 11�0 11�5 Z value=0�05
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safety, and blinding analyses. After withdrawals and per protocol
exclusions, 296 (143 active, 153 placebo), were challenged with RV-
A39 (Figure 1). The pivotal analysis for the study was done on those
subjects, 112 in the active group and 120 in the placebo group, who
completed the study and met the per-protocol criteria detailed
above.

Compliance and blinding: Compliance with the study product was
good. Two volunteers, one in the active group and one in the placebo
group took less than 80% of intended doses between randomization
and virus challenge based on counts of returned used sachets and
were excluded from the per-protocol analysis. Bl-04 was detected in
stool by PCR on day 0 before challenge in 83% of the volunteers in the
active group (data not shown).

The majority of volunteers, 56% in the active group and 50% in the
placebo group, reported they didn’t know which supplementation
they were taking (data not shown). Of those subjects randomized to
the active group, 17% believed they were taking the active and 27%
believed they were taking the placebo preparation. Of those random-
ized to placebo, 19% believed they were taking the active and 31%
believed they were taking placebo (x2=1¢81, p=0¢41; data not
shown).

Effect of probiotic on RV infection and associated illness: There was
no effect of administration of the probiotic Bl-04 on the occurrence of
rhinovirus-associated illness. Sixty-three (56%, 95% CI [47%; 66%]) of
the 112 subjects in the active group and 60 (50%,95% CI [41%; 59%]) of
Table 1
Demographics of the study participants randomized to study treatment.

Active (N=165) Placebo (N=169)

Gender
Male
Female

59 (36%)
106 (64%)

75 (44%)
94 (56%)

Race
Asian
Black
White
Unknow/Other

16 (10%)
10 (6%)
123 (75%)
16 (10%)

16 (10%)
12 (7%)
120 (71%)
37 (12%)

Ethnicity
Hispanic
Non-hispanic
Unknown

6 (4%)
132 (80%)
27 (16%)

11 (7%)
130 (77%)
28 (16%)

Age (yrs, median (Quartile 1, Quartile 3)) 21 (20, 22) 21 (20, 22)
the 120 subjects in the placebo group had a protocol-defined rhinovi-
rus-associated illness (x2=0¢91, p=0¢34; Table 2). Ninety-six (86%, 95%
CI [78%; 92%]) of 112 volunteers in the active group were infected
with RV after challenge compared to 96 (80%, 95% CI [72%; 87%]) of
120 volunteers in the placebo group (x2=1¢33, p=0¢25). There was no
difference in the proportion of subjects who shed virus in nasal secre-
tions (78%, 95% CI [69%; 85%] active, 69%, 95% CI [60%; 77%] placebo;
Table 2) or seroconverted to the study virus (62%, 95% CI [52%; 71%]
active, 60%, 95% CI [51%; 69%] placebo; data not shown). Quantitative
titers of virus in nasal secretions on the five study days after chal-
lenge were similar in the two groups (Figure 2).

Evaluation of symptoms in infected volunteers revealed no effect
of the administration of the probiotic. There was no difference in the
mean daily total symptom scores in the two groups over the five
days after virus challenge (Figure 2, estimated difference (log.) = -
(days, Median) p=0�934
Number of subjects
infected (%, 95%
CI)

96 (86, 78; 92) 96 (80, 72; 87) x2=1�33

Viral titer (log. (95%
CI))

1.28 (1.15; 1.41) 1.26 (1.13; 1.39) F value= 0�28

Number of subjects
virus positive (%,
95% CI)

87 (78, 69; 85) 83 (69, 60; 77) x2=0.82

Daily total symptom
score, study days
1-5 (log. (95% CI))

1.12 (0.95; 1.28) 1.12 (0.96; 1.29) Z value= -0�069

Daily total symptom
score, study days
1-14 (log.)

0.76 (0.60; 0.93) 0.82 (0.63; 1.01) Z value= -0�470

For endpoints analyzed with statistical tests, descriptive summaries are presented.
# Primary endpoint
* Duration of illness in subjects who met the protocol definition of a RV-associated

illness



Figure 2. Effect of probiotic administration on nasal lavage virus titer and total symptom score in rhinovirus-infected volunteers. The active group is shown in red the placebo group
in green. A) Quantitative nasal wash viral titer in the active (n=112) and placebo (n=120) supplemented volunteers on study days 1 to 5 post-infection. B) Mean total symptom score
by day in the active (n=112) and placebo (n=120) supplemented volunteers.
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0¢01, 95% CI [-0¢24; 0¢22], p=0¢94, GEE Poisson regression analysis).
For those subjects who developed illness, the median duration of ill-
ness was 11¢0 (IQR=6¢0) days in the active group and 11¢5 (IQR=6¢0)
days in the placebo group (p=0¢96, Wilcoxon Mann-Whitney test;
Table 2).

Effect of probiotic on nasal cytokine/chemokine response to RVs:
Cytokine/chemokine concentrations were compared for the subjects
in the study groups who were infected (96 active and 96 placebo) by
the RV challenge (Figure 3). IL-1b concentrations in the nasal mucosa
showed statistically significant increases during probiotic ingestion
from day -28 to day 0 (estimated difference (log.) 0¢33, 95% CI [0¢.12;
0¢54], p=0¢002, RM-ANCOVA) in the active group when compared
with the placebo. There were no other statistically significant effects
of probiotic supplementation either on baseline cytokine responses
or on the cytokine response to infection (Figure 4).

Effect of probiotic on gene expression following RV infection: Expres-
sion analysis by transcriptomics revealed a large cohort bias likely
due to methodological variation among the study cohorts. Principal
component analysis at day -28 showed each cohort clustering, with a
PC1 of »50% and a PC2 of »20% (Supplemental Material, Figure 1).
This variation was consistant through day 0 and was only changed
after RV challenge resulting in clustering into two distinct groups
(Supplemental Material, Figure 2). No genes were differentially
expressed between the active and placebo groups on study days -28,
0, or 2 (data not shown).

As expected, viral effects were shown for the subjects on day 2
after infection with 298 genes shown to be upregulated and 303
down regulated when comparing samples that were infected with
virus and those that were not infected (Supplemental material,
Figure 2). When performing pathway analysis most genes classifying
into pathways involved in immune response, cell signalling, cell
repair, and inflammatory response (Supplemental Material, Table 3).
No genes were differentially expressed in the samples from day -28
or day 0 when volunteers who became infected or ill were compared
with those who remained uninfected or infected but not ill (data not
shown).



Figure 3. Cytokine and chemokine concentrations in nasal lavage fluid in relation to
probiotic administration and rhinovirus infection. Probiotic or placebo was started on
day -28 and virus challenge occurred on day 0. The active group is shown in red the
placebo group in green.
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Effect of probiotic on nasal, throat, and fecal microbiota and associa-
tion with the response to infection: Supplementation with Bl-04 had
little effect on the nasal, throat or fecal microbiota. In the nose, there
was no difference between the study groups either in alpha-or beta-
diversity (data not shown). The most abundant organisms were from
the genera Corynebacterium, Staphylococcus, Alloiococcus, Haemophi-
lus, Streptococcus, Peptoniphilus and Moraxella (Figure 5A) and the
taxonomic composition was similar between the study groups over
the course of the study. Four genus level nasal taxa were previously
found relevant by Lehtinen et al [11]. (Corynebacterium, Staphylococ-
cus, Alloiococcus and Moraxella) and the effect of day -28 and day 0
abundance levels of these taxa on clinical endpoints was further ana-
lyzed. We identified potential associations between at least one of
these genera and a variety of study parameters (Supplemental Mate-
rial, Table 6).

Evaluation of throat microbiota revealed alpha-diversity
(observed ASVs) decreased in the probiotic group whereas in the pla-
cebo group the diversity increased between day -28 and day 0 (esti-
mated difference (log.) = -0¢06, 95% CI [-0¢126; -0¢003] p=0¢039,
ANCOVA; Supplemental material, Figure 10). Furthermore, there
were potential associations between day 0 alpha-diversity and clini-
cal endpoints unrelated to the study group. The most abundant
organisms in the throat samples were from the genera Streptococcus,
Prevotella, Veillonella, and Actinomyces. Their abundance, on average,
remained generally similar throughout the course of the infection
between the study groups (Figure 5B).

The fecal microbiota analysis revealed no detectable differences
between the study groups in terms of alpha-and beta-diversity at day
0. The most abundant genera were Blautia, Faecalibacterium, and Cop-
rococcus, which were similar between the study groups (Figure 5C).
Higher Blautia abundance on day 0 was statistically significantly asso-
ciated with a decrease in total symptom score (estimate (log.) for one
unit increase in Blautia = -2¢13 95% CI [-3¢87; -0¢38], p=0¢022, GEE
Poisson regression analysis), and higher Faecalibacterium abundance
statistically significantly associated with a longer duration of illness
(estimate (log.) for one unit change in Faecalibacterium = 1¢48 95% CI
[0¢35; 2¢62], p=0¢010, Poisson regression analysis; Supplemental
Material, Figure 11).

Adverse events: AEs were recorded for all subjects who were ran-
domized to study product (165 active, 169 placebo). Three (2%) sub-
jects in the active group and seven (4%) subjects in the placebo group
reported AEs that were judged as definitely or probably related to the
study interventions (x2=1¢55, p=0¢21). There were no significant dif-
ferences in the occurrence of AEs between the study groups (Table 3).
The AES that were judged as definitely and probably related to the
study interventions were related to study procedures or the virus
infection. There were no AEs that were judged to be definitely or
probably related to the administration of the study product.

4. Discussion

This randomized, double-blind, placebo-controlled study using
the RV challenge model found no effect of oral administration of Bl-
04 on RV infection or illness. These results are similar to the outcome
of a previous study using the challenge model.[10] However, in con-
trast to the results of our previous study, we also found no substantial
evidence of an effect of probiotic administration on the innate inflam-
matory response in the nose or on virus shedding. Similarly, an
exploratory analysis in our previous study found evidence of an inter-
action between the nasal microbiome and clinical, virologic and
immunologic responses to the virus infection that were not fully rep-
licated in the current study [11].

The challenge model has been used for decades for the study of
pathogenesis and treatment of viral respiratory infection in general
and RV infection in particular and has proven to be a sensitive tool
for detecting the effect of various treatments and a reliable predictor
of the results in subsequent field trials [17]. The challenge model is
limited by the fact that the route of inoculation is artificial and only a
single serotype of rhinovirus is tested. Although a previous field trial



Figure 4. Effect of probiotic administration and rhinovirus infection on the host microbiome. Genus-level taxa abundance in the nose (A), throat (B), and stool (C) in relation to
study day and probiotic supplementation.
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found a modest effect of Bl-04 on the incidence of viral respiratory ill-
ness, that study did not characterize the infection status of the ill sub-
jects [18]. Previous experience with the challenge model suggests
that it is unlikely that an effect would be found in a field trial directed
at rhinovirus infections and illness.

Many clinical trials have explored the effect of probiotics on URTI.
However, most clinical trials have been conducted in children and
the low number of studies in adults have made systematic compari-
son challenging [2,19]. Although some of these trials have reported
beneficial effects, the results have been inconsistent. Many of the
studies have not included viral diagnostics and the reported effects,
whether frequency of illness, duration of illness, or severity of illness
vary from study-to-study. Furthermore, there is little information
about probiotic strain-specific effects, optimal dose, and potential
Table 3
Table of adverse events judged possibly, probably
or definitely related to the study treatment or
procedures

ADVERSE EVENT ACTIVE PLACEBO

Total 17 28
Ear Discomfort 2
Decreased Hearing 1
Abdominal Distension 2
Abdominal Pain 1 2
Constipation 2
Diarrhea 3 2
Dyspepsia 2
Flatulence 2
Nausea 6
Pain 1 3
Laryngitis 1
Sinusitis 1 1
Decreased appetite 1
Muscle spasm 1 1
Presyncope 1
Dysphonia 1
Epistaxis 2 6
mechanisms of action. Reviews of these studies have concluded that
the usefulness of probiotics in viral upper respiratory disease is
uncertain and more studies are needed to clarify the effectiveness of
probiotics in healthy adults [2,7]. Our study was designed to address
some of the deficiencies in the earlier studies by using a well-defined
and well-controlled model involving documented infection with sin-
gle pathogen and an adequate sample size to detect a meaningful
effect. The study also included extensive analysis by virologic, immu-
nologic, transcriptomic, and microbiomic assays to assess the clinical
and biologic effects of probiotic administration and interaction with
viral infection.

One potential mechanism of action of the probiotics is alteration
of the gastrointestinal or nasopharyngeal microbiota in a way that
influences the innate immune response [20]. The ability to conduct
longitudinal assessments of individual volunteers with collection of
specimens in a fixed relation to the time of consumption of the probi-
otic and the initiation of the viral infection provides a powerful tool
for the study of both microbiota and immunological responses to the
probiotic. The administration of Bl-04 in the present study had no
clinically relevant effect on cytokine responses or expression of
innate immune or proinflammatory genes. Similarly, the oral admin-
istration of the probiotic did not produce a detectable change in
either the fecal or the nasopharyngeal microbiota, supporting the
idea that the microbiota of healthy subjects is relatively resistant to
change by probiotic supplementation [21]. Future studies of probiot-
ics that have purported clinical effects should include similar assess-
ment of both immunological and microbiota parameters.

A number of studies, including an exploratory analysis of data
from our previous challenge study, have suggested an association
between the composition of the nasopharyngeal microbiota and the
incidence or severity of viral respiratory infection [11,22-30]. Many
of these studies have been done in young infants and have reported a
positive correlation between the abundance of Haemophilus species
and severity of bronchiolitis. Interestingly, the influence of the micro-
biota on disease severity appears to vary by viral pathogen [27].
There is little longitudinal information about the interaction of the
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nasopharyngeal microbiota and viral respiratory infection in adults.
Allen, et al. [31], reported that bacterial detection from nasal lavage
fluid was not statistically significantly influenced during a RV infec-
tion although Haemophilus species were less abundant in specimens
from infected subjects. In our exploratory analysis and in the current
study we also found that the composition of the nasal microbiota was
not altered by the RV infection. In contrast to the findings of the cur-
rent study, our previous study found evidence that different patterns
of species dominance in the nasal cavity were associated with effects
on viral replication, cytokine elaboration and symptom severity. The
failure to detect these patterns in this study may be due to the fact
that the species were differentiated at a more granular level (ASVs
rather than OTUs) that would potentially obscure this finding. Addi-
tional work will be required to resolve this difference.

We found no effect of the probiotic supplementation on blood
transcriptome in healthy subjects relative to supplementation or dur-
ing the infection. In the statistical analyses, we found a statistically
significant and unexplained cohort effect, however, within cohort
results also showed no effect by the probiotic. These findings are con-
sistent with a previous clinical study where Bl-04 or placebo supple-
mentation to an active healthy adult cohort resulted in no difference
in blood cytokine profiles, regulatory T cells or clinical chemistry
[32�34], indicating that in healthy subjects with normal immune
function and physiology probiotics have no measurable effect on
peripheral immune markers. On the other hand, modest cytokine
level changes were observed in the nasal washes of subject supple-
mented with Bl-04 in this and the previous challenge study [10], indi-
cating that the effect of probiotics on mucosal immune function
should be investigated further.

This large study in the RV challenge model provided an opportu-
nity for a carefully-controlled assessment of Bl-04 effects on the fecal,
throat and nasal microbiome, nasal cytokine profiles and blood tran-
scriptomics. No clinically relevant effects were found. The study did
find limited evidence of the effect of the baseline microbiomic profile
on clinical, virologic and cytokine responses to the viral infection con-
sistent with but not identical to our previous study [11]. These inter-
actions will continue to be evaluated in future studies.
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