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ABSTRACT

The specific effects of administering live probiotics in the human gut are not well characterized. To
this end, we investigated the immediate effect of Lactobacillus rhamnosus GG (LGG) in the jejunum
of 27 healthy volunteers 2 h after ingestion using a combination of global RNA sequencing of
human biopsies and bacterial DNA sequencing in a multi-visit, randomized, cross-over design
(ClinicalTrials.gov number NCT03140878). While LGG was detectable in jejunum after 2 h in treated
subjects, the gene expression response vs. placebo was subtle if assessed across all subjects.
However, clustering analysis revealed that one-third of subjects exhibited a strong and consistent
LGG response involving hundreds of genes, where genes related to B cell activation were upregu-
lated, consistent with prior results in mice. Immunohistochemistry and single cell-based deconvo-
lution analyses showed that this B cell signature likely is due to activation and proliferation of
existing B cells rather than B cell immigration to the tissue. Our results indicate that the LGG strain
has an immediate effect in the human gut in a subpopulation of individuals. In extension, our data
strongly suggest that studies on in vivo probiotic effects in humans require large cohorts and must
take individual variation into account.
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Introduction diarrhea, it has not been possible to make generalized

conclusions on health benefits in a variety of condi-
tions and conflicting results have been reported.
Clinical trials examining probiotics are complicated
by the substantial and largely unexplored inter-
individual human variability, which beyond genetics

Dietary live bacteria, collectively called probiotics,
are one of the most commonly consumed dietary
supplements' and are recommended to patients by
up to 60% of health-care providers.” The rationale
for taking probiotics includes protection against

infections, e.g., respiratory tract infections’ and
alleviation of antibiotic-associated ~diarrhea.*
However, there is a growing need to understand
the mode of action of specific probiotics and their
direct impact on human physiology.

Almost 2000 clinical studies have been conducted
to examine the health benefits of probiotics.”®
Whereas meta-analyses support clinical benefits of
the consumption of probiotics in specific populations
which are at risk of developing diseases, e.g., patients
at risk of developing clostridium difficile® associated

may be explained by factors such as age, diet, anti-
biotics usage, use of food supplements, underlying
disease’ and by baseline microbiome patterns.®
A rigorous examination of specific and molecular
probiotic responses and personalized effects on the
intestinal mucosa in larger human cohorts would be
of great value for researchers and health-care profes-
sionals to understand the mode of action and
dynamics of probiotics in human health science.
Lactobacillus rhamnosus GG (LGG) bears the
most substantial and scientific support for its
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clinical efficacy. The clinical effects seen with LGG
intervention are primarily within immunity and
include decreased incidence of respiratory
infections,”'® enhanced antibody formation during
viral infection'' and improved antibody response
to vaccines.'? In vitro studies suggest that LGG may
exert those effects through diverse modes of actions
of which some are ascribed to its immune-
regulatory effects. LGG is recognized by the TLR2
receptor’” and thereby is able to induce a cascade of
immunological events in the epithelial cells and/or
antigen-presenting cells. LGG has been shown to
activate the transcription factor NF-kB, which is
one of the central activators of innate immune
response, and the Toll-like receptors TLRI and
TLR2, which mediate bacterial recognition and cel-
lular signaling.'*

Despite the already extensive scientific literature
covering diverse aspects of LGG, studies examining
gene expression activated in vivo at the intestinal
mucosa after LGG consumption in humans are
sparse. Pagnini et al.'” showed that LGG ingestion
for 7 days resulted in a dose-dependent decrease of
TNF (TNAa) and IL7 genes in ulcerative colitis
patients, as measured by qPCR in colon biopsies.
Van Baarlen and coworkers'® used microarrays to
measure gene expression in endoscopies sampled
from duodenal biopsies of 7 subjects 6 h after con-
sumption of three different probiotics, including
LGG. The gene expression change following LGG
consumption was highly varied between individuals,
and related to this, the overall gene expression
response was small (no genes were significantly dif-
ferentially expressed after multiple testing correc-
tion). This suggests that either the response in all
individuals is small or that sub-groups of individuals
respond differently. To address this important ques-
tion, well-designed experiments with substantially
larger cohorts are necessary.

To this end, we hypothesized that LGG would
elicit gene expression responses in jejunal tissue
shortly after consumption, and sought to understand
what these responses were, and whether such
responses would be generic or only present in
a subgroup of subjects. We used a randomized pla-
cebo-controlled cross-over design study to investi-
gate the 2-h jejunal mucosal response to ingestion of
450bn LGG in 27 human volunteers. We correlated
our findings to anthropometric measures and

microbiome composition in luminal fluid obtained
from jejunum to dissect personalized responses. Our
results indicate that LGG reached the jejunum in 2 h,
and around 1/3 of individuals had a clear response to
LGG stimulation when compared to placebo, with
a gene expression signature consistent with B cell
activation, which in turn is consistent with previous
studies in mouse models.

Results
Overview of experimental design

For a clinical trial, we recruited 29 volunteer indi-
viduals who participated in three visits (Table 1). In
visit 1, screening took place and informed consent
was obtained (Figure 1). In visit 2, half of the
individuals ingested LGG, while the other half
ingested placebo solution, and jejunum biopsies
and luminal fluids were taken 2 h later for both
groups. The same procedure was repeated at visit 3,
28 days later, where individuals that received LGG
in visit 2 received placebo, and vice versa (Figure 1),
constituting a randomized cross-over experimental
design. RNA was extracted from biopsies and sub-
jected to gene expression analysis by global poly-
A-selected  RNA  sequencing  (RNA-seq)
(Supplementary Table 1). The bacterial composi-
tion of the luminal fluid was determined by global
bacterial DNA sequencing. Mapping these DNA
reads to the LGG genome showed that LGG could
only be detected in small intestine luminal fluid
from LGG-treated individuals (Figure 2), strongly
indicating that LGG reached the jejunum 2 h after
ingestion, with no cross-contamination in non-
LGG treated subjects.

Table 1. Clinical characteristics of the final 27 volunteers
recruited. Average values and standard deviations are shown.

Clinical characteristics Mean + SD
Age (years) 244 +4
Sex (male/female) 14/13
Height (cm) 1733 £ 11
Weight (kg) 69.6 + 14
BMI (Kg/m?) 229+3
Systolic blood pressure 1283 + 10
Diastolic blood pressure 816 +8
Resting pulse (BPM) 737 £ 15
Alcohol intake (units/week) 32+4
Time spent on sport (h/week) 53+4
*CRP (mg/L) 12+2
HbA1c (mmol/mol) 316 £3

*CRP was only analyzed at the first intervention day (visit 2, see main text).
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Figure 1. Experimental design. A total of 29 healthy volunteers were enrolled in a cross-over design. At visit 1, volunteers were assessed
for eligibility, given a questionnaire and informed consent was acquired. At visit 2, 15 subjects (blue) ingested LGG solution and
remaining 15 subjects ingested placebo solution (red). Two hours after ingestion an upper Gl endoscopy was performed: biopsies and
intestinal fluid from jejunum were sampled for RNA-seq and bacterial DNA sequencing, respectively. At visit 3, the same procedure as
in visit 2 was repeated, but subjects given LGG in visit two received placebo and vice versa (see color highlights). Two subjects
developed conditions that required medication between visits 2 and 3 and were therefore excluded from the study, so the final

number of subjects was 27 as indicated.
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Figure 2. Fraction of LGG reads from bacterial DNA sequencing.
Y-axis shows the fraction of reads originating from LGG vs. all
bacteria in luminal fluid from jejunum taken 2 h after LGG or

placebo digestion as boxplots. Triangles show individual samples
(N = 23; two runs failed). X-axis shows treatment.

Clustering analysis revealed a LGG-responding
sub-group

We used normalized gene expression estimates from
the RNA-seq data analyzed by DeSeq2'” to compare
the effect of LGG vs. placebo ingestion, initially
treating all subjects as one group. We found 106
and 25 up- and down-regulated genes (DeSeq2

FDR <0.05), respectively. Importantly, these changes
in gene expression, while statistically significant, had
low effect sizes (LGG vs. placebo log, fold change): if
requiring an absolute log, fold change >0.5 (corre-
sponding to an up/down-regulation of a factor of
approximately >1.4), no differentially expressed
genes were detected (Figure 3a). Thus, the average
gene expression response to LGG across the subject
population was not substantial.

Differential expression analysis is highly influ-
enced by variance within groups. Given the results
above, we reasoned that individual variation may
mask sub-groups of individuals that may respond
differently to LGG. To compare the contribution of
LGG treatment and difference between individuals,
we hierarchically clustered RNA-seq data from all
subjects resulting from LGG and placebo treatments.
Samples clustered strongly according to individual
rather than treatment, suggesting that even in
a relatively homogenous subject group such as this,
individual differences are larger than the treatment
effects (Figure 3b). To explore whether sub-groups
of individuals with similar LGG response patterns
existed, we performed a multidimensional scaling
(MDS) analysis of the paired RNA-seq data sets
(specifically, the log, fold change between LGG and
placebo for every subject and LGG-responding
genes). This revealed two distinct groups of 8
(group A) and 15 subjects (group B), and 4 outlier
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subjects (Figure 3c). The grouping was not signifi-
cantly associated with whether subjects were given
LGG on visit 2 or 3 (P > .05, Fisher’s exact test).
Differential expression analysis performed as
above but within each group separately showed
that group B had few differentially expressed
genes in response to LGG (43 up-regulated, 19
down-regulated at FDR<0.05, and only 9 up-
regulated genes when also requiring an absolute
log, fold change >0.5). Conversely, group
A showed a much larger response: 890 upregulated
and 1519 downregulated genes (FDR<0.05), and
189 upregulated and 28 downregulated genes
when also requiring an absolute log, fold change
>0.5 (Figure 3d). Importantly, up- or down-
regulated genes in group A did not overall show
an expression change in a consistent direction in
group B, and the most highly upregulated genes
(log, fold change >1 LGG vs. placebo) in group
A were in all but one case less expressed in LGG
than placebo in group B (log, fold change <0)
(Figure 3e). Thus, group B subjects could not be
characterized as having a similar but weaker
response compared to group A. Because of these
results, we will refer to group A as ‘LGG-
responders’ and group B as ‘non-LGG-responders’.

Characterization of LGG-responding genes

To focus on the most biologically relevant changes
in the LGG-responder group, we analyzed the more
strict gene set defined above (FDR <0.05 and log,
fold change >0.5; see Supplementary Tables 2-3).
The genes upregulated after LGG treatment were
strongly enriched for Gene Ontology (GO) terms
related to B cell activation, immune system,
immune response, and leukocyte activation
(Figure 4a). In agreement with the above, KEGG'®
and REACTOME'" pathway over-representation
analysis showed a strong over-representation of
pathways related to B cell activation through the
B cell receptor (first or second most-enriched term
in respective analysis, Figure 4b-c), where the
expression of membrane receptors of the pathway
was elevated upon LGG treatment, including CD22,
CD19, CD21, CD79a(IGa) CD79B(IGb), FCGR2B
genes which included the B cell receptor compo-
nents (Figure 4d).

STRING interaction analysis®® showed that these
genes formed two substantial interaction clusters, one
dominated by DNA replication, repair and cell cycle-
related genes including MCM2, MCM4, CDC45,
CNPE and another dominated by immune response
genes, including B cell activation-associated genes
(Figure 5). Notably, there was no
representation of inflammation or defense response
GO terms or pathways, although some chemokines
such as CXCL13, CCL18 and CCL19 were upregulated
(discussed further below). Because B cell activation
through the B cell receptor and coreceptors CD19/
CD21 leads to cell cycle entry and proliferation,*
the second gene cluster in the STRING analysis,
dominated by cell-cycle-related genes, may also reflect
the B cell response. LGG-downregulated genes were
enriched for GO terms and pathways associated with
vitamin D, fatty acid and retinoid metabolism
(Supplementary Figure 1A-C).

Suzuki et al.*! previously showed that ingestion of
LGG in mouse models also resulted in activation of
B cell response genes in biopsies taken from the
terminal ileum, where higher LGG doses led to
higher numbers of upregulated B cell response
genes. Even though the experimental design was
different from ours (LGG was administered daily
over 2 weeks), there was a statistically significant
overlap of 26 up-regulated genes between our study
and the mouse study using the highest LGG concen-
tration (P = 8.046e-14, two-sided Fisher’s exact test,
Supplementary Figure 1D). The shared set of 26 up-
regulated genes was involved in B cell activation
(genes highlighted in pink in Figure 5). Altogether,
these results show a consistent response between
LGG-responding humans and mice in terms of
LGG response, involving B cell activation genes.

RNA expression differences in tissue may either be
due to changes in expression in existing cells, or
reflecting changes in cellular composition in the tis-
sue. Thus, the B cell expression signature we observed
may be derived from existing B cells reacting to LGG,
or an influx of B cells as a response to LGG exposure.
Immunohistochemical detection of B cells based on
CD20 on randomly sampled jejunal biopsies showed
that both LGG-responders and non-LGG-responders
displayed B-cell clusters (Supplementary Figure 2). To
rule out that the cell composition between responder
and non-LGG-responder groups before or after LGG

over-
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Figure 3. Differential expression analysis of LGG vs. placebo response. (a) Expression analysis using all subjects as a single group. Y-axis
shows the number of differentially expressed genes (LGG vs. placebo), as a function of cutoffs based only on significance, or significance
and effect size (X-axis). Opaque colors show up-regulation, pale colors show down-regulation. Numbers on bars show the number of up/
down-regulated genes. (b) Hierarchical clustering of normalized RNA-seq libraries. Y-axis shows Euclidean distance in the tree, created
by complete linkage. Each subject is represented by two leaves, colored by treatment. Note that libraries always cluster by subject, not
treatment (indicated by subject number below leaf pairs). (c) Multidimensional scaling (MDS) plot based on log, LGG/control RNA-seq
expression values. Axes represent dimensions 1 and 2. Dots represent subjects, colored by sex. Two major groups (defined as LGG-
responders and non-LGG-responders, based on subsequent analysis, see main text and panel D) were observed, as indicated by color.
Three subjects were outside these groups and were considered as outliers (excluded in subsequent analyses). The subset of genes
(N = 1389) that showed LGG responsiveness were used for MDS analysis (see Methods). (d) Expression analysis using groups defined in
panel C. Y-axis shows the number of differentially expressed genes (LGG vs. placebo) within groups defined in panel C (X-axis; blue bars
show results for LGG-responders, red bars show results for non-LGG-responders, where solid color indicate up-regulated genes and and
pale colors down-regulated genes). Upper panel shows the results of analysis using FDR<0.05 as cutoff, lower panel shows the results of
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Relation between LGG vs. placebo expression change in LGG-responders and non-LGG-responders. Y-axis shows the average RNA-seq
log, fold change (LGG vs. placebo) in non-LGG-responder subjects. X-axis shows the average RNA-seq log, fold change (LGG vs. placebo)
in LGG-responder subjects. Only genes that were differentially expressed in LGG-responders are shown (FDR<0.05). Dots are colored by
the number of genes falling into respective plot area. Dotted lines show log, fold change of 0 (no change) on both axes. Dashed line
shows the diagonal (Y = X).
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treatment drives the observed differences, we esti-
mated the proportions of each cell type present in
the samples by cell deconvolution based on the RNA-
seq data. Briefly, cell deconvolution estimates the
relative abundance of cell types in each sample by
quantifying the expression of cell-specific gene mar-
kers (see Supplementary Figure 3, Supplementary
Table 4 and Methods). Importantly, we found no
evidence supporting differences in cell composition
between LGG-responder and non-LGG-responder
subjects (39 tests, 2-sample Wilcoxon Rank Sum
Test, all FDR > 0.05). Similarly, we found no signifi-
cant change in the frequency of any cell types between
placebo- and LGG-treated subjects (39 tests, paired
Mann-Whitney 2-sided tests, all FDR > 0.05).

Thus, histology and cell convolution analyses both
showed that the responses we observed in our
experiments were unlikely to be due to initial differ-
ences in cell composition between individuals or to
changes in tissue cell composition after LGG expo-
sure. A more likely explanation is that we observed
early LGG responses of B cells already present in the
gut tissue, which would also fit the time frame of our
analysis (we measure RNA expression in jejunum 2 h
after digestion, which means that the effective expo-
sure time between LGG and gut cells measured was
likely substantially less). Due to this short time
frame, most of the RNA-seq observations may reflect
changes on RNA level that had not yet manifested on
protein level.

The specific up-regulated genes also make it likely
that we observed a B cell activation rather than influx.
In particular, two of the five most upregulated genes
are involved in the differentiation of B cells, including
MS4A1 (encoding the CD20 protein)*® and PAX5,24
and as discussed above, the large induction of cell
cycle-related genes observed (Figure 5a) is character-
istic of B-cell proliferation rather than influx. It is
interesting to note that the B cell attractants
CXCL13, CCL19, CCL18 were also among the most
upregulated genes despite no evidence for B cell
influx; we hypothesize the upregulation may herald
immune cell influx occurring at a later state.

Analysis of subject and metagenomics data of
LGG-responders vs. non-LGG-responders

An important question is why a given individual is
an LGG-responder or non-LGG-responder. We

GUT MICROBES (&) e1854639-7

noted that males were distributed equally between
LGG-responders (6/11) and non-LGG-responders
(5/11), while only 2/13 females were LGG-
responders, but the time of LGG treatment (visit 2
or 3) had no impact when taking sex distributions
into account. We investigated other collected para-
meters, including age, systolic and diastolic blood
pressure, resting pulse, weight, height, self-reported
average alcohol consumption and physical exercise
level. Using a logistic regression model, none of
these parameters could alone, or in combination,
accurately predict whether a given individual was
an LGG-responder or not (P > .05 in all cases,
logistic regression), although one should note that
logistic regression with few samples has low power.

As discussed above, because we sampled intestinal
fluid in parallel, we could also sequence bacterial
DNA for 23 subjects (LGG and placebo-treated).
We found no significant difference in the fraction
of DNA reads from LGG in LGG-treated LGG-
responders and LGG-treated non-LGG-responders
(P =1, two-sided Mann-Whitney U test), indicating
that the speed of LGG transfer is similar between
LGG-responders and non-LGG-responders.

Moreover, when removing LGG reads from the
analysis, we found no statistically significant differ-
ence in bacterial diversity or relative bacterial abun-
dance between the responders and non-LGG-
responders (before or after treatment) regardless
of level analyzed (phylum, class, order, family,
genus and species; all two-sided Mann-Whitney
U tests P > .05). Thus, it is presently unclear what
determines the LGG responsiveness: genetic differ-
ences between individuals or unmeasured physio-
logical parameters may be partially responsible.
Moreover, it remains a possibility that all indivi-
duals respond to LGG but some respond slower
and are therefore not detected within the 2 h time
frame of the experiment (see Discussion).

Discussion

In the present study, we have investigated the
short-term in vivo gene expression response of
LGG ingestion in 27 healthy individuals in the
jejunum part of the small intestine. We observed
a substantial gene expression response in roughly
one-third of the analyzed subjects. To our knowl-
edge, this is the first study to robustly show an early
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in vivo gene expression response and immediate
action of probiotics in general, and in particular
for LGG in humans.

Aside from a sex bias (only 15% of females were
LGG-responders, compared to 55% of males), we
could not conclusively identify subject parameters
(e.g. blood pressure, BMI, etc.) that could explain
the difference in response. Similarly, there were no
obvious differences in bacterial overall composition
before or after treatment between LGG-responder
and non-LGG-responder groups, and no substan-
tial difference in LGG abundance after treatment in
the jejunum between LGG-responder and non-
LGG-responder groups. Response differences may
be associated with parameters not measured,

differences in life history, diet, or genetics between
individuals (also see below for further discussion in
the light of comparisons with animal models). In
order to pinpoint genetic variants associated with
LGG response (quantitative trait loci analysis), even
larger human cohorts are necessary.

One of the strongest expression signatures in
LGG-responders was an upregulation of B cell acti-
vation-associated genes. Immunohistochemistry
and cell deconvolution analysis did not show evi-
dence of B cell influx as a response to LGG, or
changes in cell composition between LGG-
responders and non-LGG-responders, but rather
supported a model where the observed transcrip-
tion response is a reflection of existing B cells



sensing and reacting to LGG. This is consistent
with the small time frame of the experiment and
does not preclude cell composition changes at later
time points or at prolonged exposures.

To our knowledge, LGG or any probiotic response
in this time frame has never been previously shown
in humans, although the observed LGG-induced
B cell activation signature is consistent with results
from mouse models.”" A core set of B cell activation-
associated genes upregulated in our study was also
upregulated in mouse jejunum biopsies following
LGG treatment, and the number of shared upregu-
lated genes was a function of LGG concentration in
mice. It is thus highly unlikely that the B cell activa-
tion response in LGG-responders is a spurious effect.
It is interesting to note that as opposed to our results
in humans, in mice no obvious subgroups (e.g. LGG-
responders or  non-LGG-responders)  were
reported.”’ This may be due to the high genetic,
and life history, similarities between the mice ana-
lyzed compared to humans. Alternatively, it may be
due to the difference in experimental designs. In our
study, LGG was ingested only once and the response
measured after 2 h, in mice, LGG was ingested daily
over 15 days. Thus, our results in humans likely
reflect acute LGG response rather than continuous
response as in mice, which would also fit with the
induction of cell cycle genes in the human but not
mouse samples (Figure 3a), due to B cell activation
and subsequent early cell division. As we saw no
substantial difference in LGG abundance in jejunum
2 h after exposure in responders vs. non-LGG-
responders, it is unlikely that the speed of LGG
transfer can explain our results, but it is possible
that non-LGG-responders may have delayed LGG
response. This reflects a limitation in our study: only
the 2 h time point was assessed, and only in jejunum
samples using a single, relatively high LGG dose.
Given our result, an interesting follow-up would be
to either sample continuously after ingestion (which
would be technically difficult) or to use a design
where LGG is ingested continuously over longer
time periods, similar to the mouse experiment or as
in ref."” but using a paired design and global RNA
expression profiling.

As a summary, our study has demonstrated clear
gene expression response of gut cells in the jejunum
2 h after ingestion of the probiotic LGG - a response
dominated by B cell activation which only
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manifested in one-third of the tested cohort. We
cannot at present ascertain whether the LGG-
induced B cell activation response is beneficial,
but it is interesting to note that studies have
shown that administration of LGG augmented
B cell response, which in turn had beneficial effects
in immunization to rotaviruses in pig models.>>>°
Because we could not establish the underlying rea-
son for the differential response between groups, it
is at present difficult to assess the clinical impact of
our observation, or how the observation can
directly lead to improved probiotics strains.
Therefore, beyond establishing that a subset of
healthy individuals have a distinct B cell response
to LGG as early as 2 h in jejunum which indicates
that LGG exerts immunomodulatory effects on
very short time scales, the most important impact
of our study for future work may be our demon-
stration that improved experimental designs of
clinical trials of probiotic products is necessary to
reach meaningful conclusions. The identification of
LGG-responders/non-LGG-responder groups in
our data would not have been possible with smaller
cohort sizes, exemplified by the lack of robust LGG
responses on gene expression level using seven
subjects in a previous study,'® and also required
a paired design where the same individual is
assessed before and after treatment. Thus, because
of the large individual human variation in probiotic
response, much larger cohort sizes than employed
previously are necessary, in combination with care-
ful, paired experimental designs. Such improved
designs and the notion that sub-groups of respon-
ders may exist and that such groups have to be
stratified in analysis, is necessary for assessing the
clinical effect probiotics and the development of
improved probiotic strains.

Methods
Human subjects and ethics

Twenty-nine healthy individuals (males and
females) between the ages of 18 to 35, with
a BMI <30 kg/m” (Table 1) were included in the
study. The number of subjects was based on
a previous study analyzing gene expression data
from gut tissue.”” Individuals were excluded if they
were pregnant or breastfeeding, had diagnoses or
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disorders requiring chronic or intermittent medi-
cine, had taken systemic antibiotics or steroids or
antimicrobial medication in the last 4 months or
suffered from intolerances. Included subjects were
not allowed to consume fermented dairy products
2 weeks prior to visit 2 and during the study
period. Subjects were instructed to abstain from
all types of medicine, probiotics, vitamins, miner-
als and other food supplements and to maintain
normal lifestyle and dietary habits. We encouraged
subjects not to travel in the study period and
abstain from alcohol 2 days prior to visit 2 and 3.
One subject deviated from the dietary instructions
at visit 3, but it was decided to include the subject
in the analyses regardless. Two subjects developed
conditions that required medication between visit
2 and 3 and were excluded from the study. Thus,
the final data set consisted of paired samples from
27 individuals. In visit 1, questionnaires and con-
sent forms were completed and inclusion/exclu-
sion criteria were checked. Participants were
given oral and written information about experi-
mental procedures in visit 2 and 3 before giving
their written informed consent. No severe adverse
events were observed during the study. The study
was approved by the regional ethical committee
(H-17002470) and performed according to the
Declaration of Helsinki. All data analyses were
performed blinded. All authors had access to the
study data and reviewed and approved the final
manuscript. The trial was registered at
ClincialTrials.gov with the identifier
NCT03140878. CONSORT checklist, flow diagram
and study protocol are available in Supplementary
Text 1.

Randomization and blinding

The randomization was generated by a person not
involved in the study using RANCODE version 3.6
(IDV) and SAS version 8.2 (SAS Institute Inc.).
Group randomization was performed in a 1:1
ratio in blocks of six. Study products were labeled
according to the randomization lists and only iden-
tified by the randomization number. Subject alloca-
tion was performed by the investigator in
consecutive order by assigning eligible subjects the
first available randomization number. All the sub-
jects, investigators, site staff and sponsor staft

involved in the study were blinded until the final
database was locked. Only the study supply coordi-
nator at Chr. Hansen A/S had access to the rando-
mization list to perform labeling of the study
products.

Experimental design overview

On visit 2 and 3, individuals arrived at the hospital
after having fasted since midnight. In a paired
cross-over design (Figure 1), in visit 2, 15 randomly
selected subjects ingested 450 Bn LGG (see below)
dissolved in 50 ml water, while the remaining 14
subjects ingested 50 ml placebo solution. Subjects
were left resting for 2 hours before sedation with
nurse administered propofol sedation (NAPS) and
upper GI endoscopy was performed using
a pediatric colonoscope (PCF-190, Olympus).
Intestinal fluid (1-5 ml) was aspirated from jeju-
num using a short rinse of saline solution for bac-
terial DNA sequencing. Hereafter mucosal pinch
biopsies (approximately 15 mg each) were
obtained, using endoscopic forceps. Biopsies were
snap-frozen on dry ice and stored at —80 C for RNA
sequencing. In the third visit, 28 days later, the
procedure in visit 2 was repeated but the subjects
that ingested LGG received placebo, and vice versa.

Test product

The  investigational  product, freeze-dried
Lactobacillus rhamnosus GG produced at Chr.
Hansen A/S, commercially known as (LGG®), and
the placebo product, was dissolved in 50 ml water
immediately before ingestion by the volunteers.
Cell counts of the product consumed by each
volunteer were calculated at 885 Billion Colony
Forming Units (CFU) LGG®. There was a small
difference in the materials used as cryoprotectant/
filler in the placebo and LGG powder; the placebo
contained maltodextrin (filler, 130 mg) and micro-
crystalline cellulose (filler, 45 mg), whereas the
LGG contained sucrose (cryoprotectant, 16 mg),
maltodextrin (cryoprotectant, 10 mg), microcrys-
talline cellulose (filler, 178 mg) and LGG (active,
54 mg). However, there was no evidence of a sugar
response in placebo vs. LGG treatment: only 0.9%
(13/1466) and 0.5% (3/649) of previously identified
glucose-responding genes in HepG2 and



Caco2,”®? respectively, were significantly changing
in the individuals receiving LGG vs. placebo (LGG-
responder sub-group, Supplementary Figure 4)

Blood sampling

Blood samples were obtained from the antecubital
vein during visit 2 and 3, before ingestion of LGG
or placebo for CRP and Hbalc analysis.

Sequencing read pre-processing

Trim Galore (https://github.com/FelixKrueger/
TrimGalore, version 0.4.4) was used to trim low-
quality 3" read ends (Phred score lower than 25)
and the first 5 bp of 5" ends with biased nucleotide
composition.

Bacterial DNA sequencing and metagenomics
analyses

One ml luminal fluid sample was immediately spun
down at 1000 G for 5 min at 4°C. Supernatant was
removed and the pellets were frozen and shipped to
BaseClear, NL, where DNA was extracted and
sequenced. The average sequencing depth of the
libraries was 6,255,219 (S.D + 12,117,819).
Trimmed metagenomics reads (see above) were
mapped to the LGG reference genome
(ASM2650v1) to measure the fraction of LGG
reads. Non-human-mappable reads (hgl9) were
used as input to MetaPhlAn2.>° Microbiota com-
positions were quantified using default parameters
at six different taxonomy ranks (phylum, class,
order, family, genus, species). To filter out low-
quality libraries and taxonomies, samples with no
taxonomy detected and taxonomies that were cov-
ered by <3 samples were removed. Relative taxon-
omy abundance per sample was used for checking
composition differences between LGG-responders
and non-LGG-responders. Analyses covered all the
six taxonomy ranks, and included i) Taxonomy
changes before and after LGG treatment, split by
the responder group and the non-LGG-responder
group. ii) Differences of taxonomy abundance
between responders and non-LGG-responders,
including average abundance of placebo condition
and LGG condition, only placebo condition and
only LGG condition. iii) Alpha diversity (diversity
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() function from the R vegan package) differences
between the responder group and the non-LGG-
responder group. iv) Beta diversity differences
between responders and non-LGG-responders.
For each taxonomy rank, the abundance matrix
was transformed to a presence/absence matrix.
The binary matrix was then fed to base.pair() func-
tion from the R betapart package’®’! to calculate
Jaccard pairwise dissimilarity between subjects
(beta diversity). For statistical tests, two-sided
Mann-Whitney tests were used in analysis i)-iii)
(paired tests in i), and the betadisper() function
from the vegan package in combination with
ANOVA tests were used in iv).

RNA purification, sequencing and analysis

RNA were extracted using PureLink® RNA Mini Kit
(Ambion™, Life Technologies) and 1% 2-mercap-
toethanol (Sigma). Biopsies were homogenized in
700 pl lysis buffer using Ultra-Turrax® (IKA Works,
Inc) and purified according to manufacturer’s instruc-
tions with on-column DNase treatment (AmbionTM,
Life Technologies) and 40 pl elution volume. Samples
were shipped to Novogene (Hong Kong) Co., LTD for
polyA-selected stranded 150 bp paired-end RNA
sequencing (RNA-seq). All samples passed the service
providers quality criteria for quantity and purity. The
average sequencing depth of the libraries was
46,798,632 (S.D + 6,310,076). Trimmed RNA-seq
reads were quantified to gene expression using
salmon’? v.0.8.2 with parameters “-gcBias — seqBias”
and the GRCh38 assembly. The expression matrix is
supplied as Supplementary Table 1. An exploratory
analysis of possible batch effects was performed
(Supplementary Text 1). We used DESeq2 to call
differentially expressed genes between control and
LGG-treated samples (~ subject + condition).
Hierarchical clustering was done on the whole gene
expression set excluding lowly expressed outliers
whose sum of expression across all libraries was <-10
on log, scale. In Figure 3c, variance stabilizing trans-
formation was applied on salmon-quantified gene
expression counts. Log, fold change of LGG versus
control for each gene and each subject was calculated
in order to investigate individual LGG responses. One
thousand three hundred and eighty-nine genes with
absolute log, LGG/control >1.4 were used in the MDS
analysis to identify LGG-responders and non-LGG-
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responders. Clustering and MDS were done by using
hclust() and cmdscale() functions in R.

Gene ontology and KEGG overrepresentation
analysis and visualization

GO, KEGG and REACTOME pathway over-
representation analysis made using the gprofiler2
R package’ with standard settings, using all
detected genes in the RNA-seq data as background.
Enrichment was defined as (intersect/gene set of
interest)/(total GO term or pathway size/size of
background gene set). KEGG pathway visualization
was made using the pathview R package.’*

Comparison between human and mouse expression
data

We selected significantly upregulated genes from the
supplemental data from ref.' using the same cutoff
criteria as in our conservative RNA-seq analysis (FDR
<0.05, log, fold change >0.5). We used expression
data from mouse terminal ileum with the highest
LGG concentration (10e9 LGG). We used the
HomoloGene database® through the homologene
R package (https://CRAN.R-project.org/package=
homologene) to identify orthologous human-mouse
gene pairs.

Immunohistochemistry

Biopsies were fixed in 4% paraformaldehyde and
stored at 4°C. At minimum 7 days prior to
embedding in Tissue Tek (Sakura Finetek) biop-
sies were placed in 70% ethanol. 3.5 um thick
sections were deparaffinized in 2*10 min Tissue
clear and dehydration. Serial sections of the biop-
sies were analyzed to ensure a thorough overview
of B cell distribution throughout the collected
tissue specimen. Sections were stained by Mayers
Hematoxylene/Erosin (Histolab) according to the
manufacturer’s protocol. Sections stained with
CD20 antibody (M07755, clone L26, DAKO) was
pre-treated with 98°C TEG-buffer (10 mM Tris,
0.5 mM EGTA, pH 9.0) for 15 min and 1% hydro-
gen peroxide (Merck) for 15 min. Sections were
incubated with CD20 antibody (1:500) overnight
at 4°C. Visualization was performed with Envision
Mouse (K4001, DAKO) and NovaRED

(VECTOR) according to manufacturer’s protocol.
Sections were mounted using Tissue Tek tissue
mount (Sakura Finetek).

Cell-type deconvolution

We used dTangle™® to estimate changes in the cell-
type composition present in each sample. dTangle
works by assuming that increased expression of cell-
type-specific marker genes is proportional to the
increase of those cells in the sample. The analysis
requires a set of markers for cell types of interest, and
the slope of the linear relationship between gene
expression and cell abundance, estimated from sin-
gle cell expression data for each cell. We used single-
cell RNA-seq data from colon biopsies of individuals
with and without ulcerative colitis,” after normal-
izing expression values for batch, individual and cell-
cycle effects using limma.*® To increase robustness,
we grouped together several sub-types of cells pre-
sent in the original dataset, defining markers for 39
cell types (Supplementary Table 4). We assessed
changes in cell proportion between groups (LGG-
responders and non-LGG-responders) by two-sided
Mann-Whitney tests. For assessing changes in cell
proportions between LGG and placebo treatments,
we used Mann-Whitney tests, paired by subject. We
FDR-corrected all P-values.
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