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ABSTRACT

Allergic asthma is a highly prevalent inflammatory disease of the lower airways, clinically characterized
by airway hyperreactivity and deterioration of airway function. Immunomodulatory probiotic bacteria
are increasingly being explored to prevent asthma development, alone or in combination with other
treatments.
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In this study, wild-type and recombinant probiotic Lactobacillus rhamnosus GR-1 were tested as
preventive treatment of experimental allergic asthma in mice. Recombinant L. rhamnosus GR-1 was
designed to produce the major birch pollen allergen Bet v 1, to promote allergen-specific immuno-
modulation. Administration of wild-type and recombinant L. rhamnosus GR-1 prevented the devel-
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opment of airway hyperreactivity. Recombinant L. rhamnosus GR-1 also prevented elevation of airway
inflammation; birch pollen

total cell counts, lymphocyte counts and lung IL-13 levels, while wild-type L. rhamnosus GR-1
inhibited airway eosinophilia. Of note, a shift in gut microbiome composition was observed after
asthma development, which correlated with the severity of airway inflammation and airway hyper-
reactivity. In the groups that received L. rhamnosus GR-1, this asthma-associated shift in gut micro-
biome composition was not observed, indicating microbiome-modulating effects of this probiotic.

These data demonstrate that L. rhamnosus GR-1 can prevent airway function deterioration in
allergic asthma. Bet v 1 expression by L. rhamnosus GR-1 further contributed to lower airway
inflammation, although not solely through the expected reduction in T helper 2-associated
responses, suggesting involvement of additional mechanisms. The beneficial effects of L. rhamno-
sus GR-1 correlate with increased gut microbiome resilience, which in turn is linked to protection of
airway function, and thus further adds support to the existence of a gut-lung axis.

Introduction Consequently, attempts have been made to positively
steer the development of immune functions by
administering specific microorganisms or probiotics,
that can potentially prevent or treat allergic disease.>”
Probiotics are defined as “live microorganisms that,
when administered in adequate amounts, confer
a health benefit on the host.”'’ Various strains of
the Lactobacillus rhamnosus phylogenetic group
were shown to offer benefits in the context of allergic
disease prevention and treatment, both in animal
models and in human clinical trials."'”"” Up to now,
allergy prevention with probiotic L. rhamnosus
strains isolated from healthy humans has been pri-
marily focused on the effects of L. rhamnosus GG (a
gut isolate),"® while probiotic L. rhamnosus GR-1 (a

Allergic asthma presents a compelling challenge for
public health due to its increasing prevalence in both
developed and developing countries and the linked
socio-economic costs.”” Airway hyperreactivity
(AHR) and inflammation are the hallmark features
of asthma.” Recent data suggest that immune func-
tion development and susceptibility to disease are
strongly influenced by the diverse community of
resident microorganisms, or microbiota, in particu-
lar in the context of allergic disease.” In fact, different
members of the mammalian microbiota continu-
ously undergo dynamic interactions with the
immune, epithelial, and other host cells.””’
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urogenital isolate) was mostly used for urogenital
health applications.'” Nonetheless, L. rhamnosus
GR-1 was previously shown to have both local and
systemic immunomodulatory effects.'>*’

Due to their ability to influence the host immune
system, recombinant L. rhamnosus strains are also
increasingly explored as live delivery vehicles for pro-
phylactic and therapeutic molecules to mucosal
surfaces.””** Previously, pretreatment with Lacto-
bacillus plantarum expressing allergenic proteins has
led to improved allergen-specific outcomes in experi-
mental mouse models of allergic disease induced by
house dust mite and birch pollen. Prophylactic admin-
istration of wild-type Lactobacillus strains resulted in
reduced signs of airway inflammation (e.g. eosinophilia
and lung IL-5), while recombinant allergen expression
additionally decreased allergen-specific IgE production
associated with T helper 2 (Th2) responses, and
increased levels of protective IgG2a and/or IgA
antibodies.”** In addition to shifting the immune
balance from Th2 activity associated with allergy devel-
opment toward T helper 1 (Th1),”>** probiotic effects
in mouse models of allergic disease have also been
linked to induction of regulatory responses, such as
an increase in Forkhead box P3 (FoxP3) expression
characteristic of regulatory T cells (Treg).””

Although the beneficial effects of L. rhamnosus GG
co-administration with allergens have previously been
investigated,'” to our knowledge, no studies evaluating
recombinant L. rhamnosus GR-1 strains producing
a clinically relevant allergen have been reported so far.

Therefore, in this study, live L. rhamnosus GR-1 was
genetically modified to produce the major birch pollen
allergen Bet v 1, to which 90-95% of birch pollen-allergic
patients are sensitized.”> We analyzed the prophylactic
effects of orally administered wild-type and recombinant
L. rhamnosus GR-1 in a mouse model of birch pollen-
induced allergic asthma, focusing on airway function and
inflammation analysis, as well as linking allergic asthma
severity with gut microbiome alterations.

Results

Recombinant L. rhamnosus GR-1 strain
CMPG11250 produces the Bet v 1 pollen allergen

To assess the beneficial effects of expressing the major
birch pollen allergen Bet v 1 in L. rhamnosus GR-1 that
could contribute to allergen-specific immunomodulation,

a recombinant L. rhamnosus GR-1 strain CMPG11250
was constructed and compared to wild-type L. rhamnosus
GR-1. CMPG11250 carries the betvl gene on the
pCMPG11228 plasmid (Figure 1a) under the control of
the nisin-inducible gene expression (NICE) system. Bet
v 1 production in nisin-induced CMPG11250 was con-
firmed by Bet v 1-specific Western blotting (Figure 1b)
and quantified at approximately 10.5 ug Bet v 1 per 10"
colony-forming units (CFU) of CMPG11250.

L. rhamnosus GR-1 and CMPG11250 prevent
airway function deterioration in mice

Subsequently, the effects of a preventive treatment
with wild-type L. rhamnosus GR-1 and recombinant
CMPG11250 were explored in a mouse model in
which experimental allergic asthma was induced by
Bet v 1 and birch pollen administration (Figure 1c).
Wild-type L. rhamnosus GR-1 or CMPG11250 were
administered 4 times a week for 6 weeks, followed by
allergic sensitization with recombinant Bet v 1 with
aluminum hydroxide (rBet v 1-alum) on days 42, 49
and 56, and allergic asthma induction by nasal appli-
cation of birch pollen extract on days 63, 65, 67 and 69.
Both L. rhamnosus GR-1 and CMPG11250 preven-
tive administration resulted in a significantly lower
AHR (Figure 2a,b), which was reflected by a lower
increase in airway resistance in response to increasing
doses of methacholine. AHR is a hallmark manifesta-
tion of allergic asthma in human patients.
Furthermore, CMPG11250 prevented the drop in
forced expiratory volume at 0.2 s (FEV0.2%) expressed
as a percentage of the baseline (Figure 2c). The pro-
vocative concentration of methacholine causing a 20%
fall in FEV (PC20-FEV0.2%) was calculated to identify
hyperreactive mice (Figure 2d). Most mice in the not
pretreated asthmatic group were classified as hyper-
reactive, in contrast with only one mouse pretreated
with wild-type L. rhamnosus GR-1, and none of the
mice pretreated with CMPG11250 (significant when
compared to the not pretreated asthmatic group).

L. rhamnosus GR-1 and CMPG11250 attenuate
airway inflammation, but not allergic sensitization

Infiltration of immune cells, such as eosinophils,
into the airways, and the related pro-inflammatory
cytokine production can further contribute to the
decline in airway function through mediating tissue
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Figure 1. (ab) Production of Bet v 1 by the L. rhamnosus GR-1-derived strain CMPG11250 using the NICE expression system. (a) Map of
the pCMPG11228 plasmid, a pMEC45 derivative carrying the betv1 gene under the control of the lactococcal inducible nisA promoter
(PnisA). The lactococcal pSH71 replicon genes repA and repC and the chloramphenicol resistance cassette (Cm®) are indicated. (b)
Western blot analysis of Bet v 1 production (dotted rectangle) in the whole-cell protein fraction of nisin-induced CMPG11250. Whole
cell protein fraction of wild-type L. rhamnosus GR-1 (wt LGR-1) is depicted for comparison. The L lane represents part of the Precision
Plus Protein Kaleidoscope 10-250 kDa protein size ladder. Lanes between the L lane and the wt LGR-1 lane have been removed. rBet
v 1 represents purified recombinant His-tagged Bet v 1 used as control. (c) Protocol for testing the effects of intragastric pretreatment
with wild-type L. rhamnosus GR-1 (wt LGR-1), or recombinant CMPG11250, on allergic asthma. IG: intragastric instillations; IP:
intraperitoneal injections; IN: intranasal instillations; Bet v 1-alum: rBet v 1 with aluminum hydroxide; BP: birch pollen; Microbiome

sampling: time points of feces collection for microbiome analysis.

damage and remodeling.” To assess the effects of
wild-type L. rhamnosus GR-1 and CMPG11250
administration on airway inflammation, total and
differential cell counts in the bronchoalveolar
lavage fluid (BALF) (Figure 3ac and Figure S1A-
B) were first performed. Significantly lower total
cell (Figure 3a) and lymphocyte (Figure 3c) counts
were observed for CMPG11250-pretreated mice
relative to the not pretreated asthmatic control,
while only a trend was observed toward lower eosi-
nophilia (Figure 3b). These effects on total cell
counts and lymphocytes were less pronounced
after wild-type L. rhamnosus GR-1 pretreatment.
However, prophylactic L. rhamnosus GR-1 admin-
istration led to significantly lower eosinophilia

(Figure 3b), which is a typical feature of type 2
airway inflammation in half of asthmatic
patients.” No significant effect was found on macro-
phage and neutrophil counts (Figure S1A-B).
Pretreatment with CMPG11250 also signifi-
cantly reduced pro-inflammatory IL-1p levels in
lung tissues (Figure 3d) compared to the not pre-
treated group. Th2-associated cytokines IL-4, IL-5
and IL-13 implicated in allergic asthma develop-
ment (Figure 3e-g), pro-inflammatory cytokines
IL-17, IL-33 and GF-CSF (Figure S1D-F), and the
regulatory cytokine IL-10 (Figure S1 C) were ana-
lyzed in lung tissue homogenates, but no statisti-
cally significant effects of pretreatment were
observed. The increase in frequencies of FoxP3+
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Figure 2. Airway function measurements following preventive treatment with wild-type L. rhamnosus GR-1 and CMPG11250, and
allergic asthma induction. (a) Airway resistance (Rn) measurements in response to methacholine (0-20 mg/ml) as a reflection of airway
hyperreactivity (AHR), and (b) Airway resistance (Rn) area under the curve (AUC) individual values and group means. (c) Forced
expiratory volume as a percentage of baseline measurements at 0.2 s (FEV0.2%) in response to methacholine (0-20 mg/ml). (d) The
concentration of provocative compound methacholine (PC20) causing a 20% drop in FEV0.2%. Mice are classified as hyperreactive if
PC20 is lower than 20 mg/ml. Groups are labeled according to Figure 1c as follows: Saline: no asthma induction, not pretreated; No
pretreatment: allergic asthma, not pretreated; wt LGR-1: allergic asthma, pretreated with wild-type L. rhamnosus GR-1; CMPG11250:
allergic asthma, pretreated with recombinant L. rhamnosus GR-1 producing Bet v 1 (CMPG11250). Data are depicted as means.
##p < .01 and ###H#p < .0001 compared to the saline group; *p < .05, **p < .01 and ****p < .0001 compared to the no pretreatment

group, n = 5-7 mice per group.

cells as a percentage of CD4+ CD45+ cells in
MLNSs, which would indicate Treg cells, was like-
wise not significantly altered after L. rhamnosus
GR-1 or CMPG11250 preventive treatment fol-
lowed by allergic asthma induction (Figure S1 G).
A tendency toward increase was observed in Th1-
associated cytokine IFN-y in lung tissues of the
CMPG11250 group (Figure 3h).

Effects of L. rhamnosus administration on allergen-
specific antibody production were evaluated by mea-
suring serum levels of Bet v 1-reactive IgG1 and total
IgE and Bet v 1-reactive IgG2a. Production of Bet v
1-specific IgG1 and total IgE were observed in the not
pretreated group that was submitted to the allergic

asthma induction protocol (Figure 4a,d), while no
significant Bet v 1-specific IgG2a production was
detected in this group (Figure 4b). Interestingly, the
presence of recombinant expression of Bet v 1 in
CMPG11250 correlated with a significantly higher
Bet v 1-specific IgG1 (associated with Th2 allergic
responses in mice), compared to the not pretreated
asthmatic group (Figure 4a). However, there was also
a trend toward higher levels of the Bet v 1-specific
IgG2a (Figure 4b), which can be an indicator of Th1-
associated immune responses. As would be expected
during Bet v 1-specific immunotherapy resulting in
an immune shift away from the allergenic Th2
responses toward Thl, the ratios of Bet v 1-specific
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Figure 3. Total and differential cell counts in BALF (ac) and cytokine levels in lung homogenates (dh) following preventive treatment
with wild-type L. rhamnosus GR-1 and recombinant CMPG11250 in a mouse model of allergic asthma. Total BALF cell count (a),
eosinophil (b), and lymphocyte (c) counts per mL BALF are depicted, as well as levels of IL-1f (d), the Th2-associated cytokines IL-4 (e),
IL-5 (f) and IL-13 (g), and the Th1-associated cytokine IFN-y (h) in lung tissue. Groups are labeled according to Figure 1c as follows:

Saline: no asthma induction, not pretreated; No pretreatment: a

with wild-type L. rhamnosus GR-1; CMPG11250: allergic asthma,

llergic asthma, not pretreated; wt LGR-1: allergic asthma, pretreated
pretreated with recombinant L. rhamnosus GR-1 producing Bet v 1

(CMPG11250). Data are depicted as median with interquartile range. #p < .05, ##p < .01 and ###p < .001 compared to the saline group;
*p < .05 compared to the no pretreatment group; n = 5-7 mice per group.

IgGl to IgG2a (Figure 4c), and total IgE to Bet
v 1-specific IgG2a (Figure 4e) showed a decreasing
trend in the CMPG11250 group, and to a lesser extent
in the L. rhamnosus GR-1 pretreatment group.

Pretreatment with L. rhamnosus GR-1 and
CMPG11250 is linked with increased gut
microbiome resilience

To gain more insight into the link between allergic
asthma induction and the murine gut microbiome,
fecal samples were collected for microbiome analysis
after pretreatment and after allergic asthma induction
(Figure 1c). First, changes in alpha diversity (Inverse

Simpson metric) reflecting the bacterial taxa richness
at the level of individual mice were assessed by sub-
tracting the alpha diversity before asthma induction
from the diversity after asthma induction (Figure 5a).
Significantly lower alpha diversity was observed in the
not pretreated asthmatic group, but not in the groups
pretreated with wild-type L. rhamnosus GR-1 or
CMPG11250, when compared to the saline group.
As the Inverse Simpson metric in the context of
alpha diversity measurement does not take into
account the similarities in taxon composition between
samples, the beta diversity was calculated between all
samples of the same group (Figure S2). For the non-
pretreated asthmatic group, there was a clear shift in
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Figure 4. Serum antibody levels following preventive treatment with wild-type L. rhamnosus GR-1 and recombinant CMPG11250 in
a mouse model of allergic asthma. Bet v 1-specific IgG1 (a), Bet v 1-specific IgG2a (b), ratios of Bet v 1-specific IgG1 to IgG2a (c), total IgE (d),
and ratios of total IgE to Bet v 1-specific IgG2a (e) after L. rhamnosus preventive treatment and allergic asthma induction. Groups are
labeled according to Figure 1c as follows: Saline: no asthma induction, not pretreated; No pretreatment: allergic asthma, not pretreated; wt
LGR-1: allergic asthma, pretreated with wild-type L. rhamnosus GR-1; CMPG11250: allergic asthma, pretreated with recombinant
L. rhamnosus GR-1 producing Bet v 1 (CMPG11250). Data are expressed as absorbance at 450 nm and depicted as median with
interquartile range. ###p < .001 compared to the saline group; *p < .05 compared to the no pretreatment group, n = 5-7 mice per group.

the microbiome composition after the allergy induc-
tion reflected by two different clusters before and after
asthma induction (Figure S2, No pretreatment panel).
This separate clustering was not present in the
L. rhamnosus GR-1 or CMPG11250 treatment groups.

To gain insight into this change at the level of
individual mice, beta diversity (Bray-Curtis) between
individual mouse fecal samples before and after
asthma induction was calculated. A significantly
higher beta diversity, reflecting a significant change
in microbiome composition before and after asthma
induction, was observed in the not pretreated group
compared to the saline group (Figure 5b, gradient
from 0 to 1 reflecting, respectively, very similar to
very dissimilar communities). This was not the case
for the wild-type L. rhamnosus GR-1 and
CMPG11250 groups. These treated groups thus
appeared to show a higher gut microbiome resilience
after asthma induction reflected by a smaller shift in
microbiome composition.

To explain the microbiome composition shift for
each mouse group, we focused on specific taxa that
showed a significant fold change between the two

time points (Table S2). A significant increase (log
fold 2.05-3.06) in abundance of Lachnospiraceae
(genera Roseburia and Acetatifactor) and Rumino-
coccaceae (genus Ruminiclostridium_5) was detected
at the time point after asthma induction compared to
the time point after pretreatment in the not pretreated
asthmatic mice. Interestingly, a notable decrease (log
fold —4.84) in Bacteroidales_S24-7 was observed in the
CMPG11250 group between the two time points. For
the saline and wild-type L. rhamnosus GR-1 groups,
no taxa were significantly different in abundance after
pretreatment and after asthma induction.

We also assessed the effect of L. rhamnosus GR-1
and CMPG11250 administration specifically on the
gut Lactobacillus communities. After pretreatment,
there was a clear difference between control groups
(0%) and Lactobacillus-treated groups (9.7%) in the
share of the Lactobacillus ASV classified as belong-
ing to the Lactobacillus casei group (species rham-
nosus/casei/reuteri)  within the Lactobacillus
community. The overall relative abundance of lac-
tobacilli was significantly higher (p = .02) at the
time point after pretreatment in the groups that
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The relative abundances of the 15 most abundant
microbial amplicon sequence variants (ASVs) were
also visualized for each mouse at both time points

received L. rhamnosus GR-1 and CMPG11250
(0.0044%) compared to the groups that were not
pretreated with lactobacilli (0%).
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(Figure S3). As notable heterogeneity was
observed between the mice (Figure S3), the influ-
ence of different factors on the variability of the
microbiome data was subsequently determined.
Hereto, we performed a permutational multivari-
ate analysis of variance on a Bray-Curtis distance
matrix in which the microbiome composition dif-
ferences between all mice at both time points were
summarized (Table S3). Individual mice were the
most significant source of microbiome variability,
as the influence of individual mice could explain
37% of the observed variability in the microbiome
data. The second important factor was the type of
pretreatment, which was responsible for 11% of
the observed microbiome variability. Finally, the
time point of feces collection (after pretreatment
or after asthma induction) could explain 3% of the
microbiome variability.

Gut microbiome composition resilience inversely
correlates with allergic asthma severity

We then correlated the changes in microbiome
composition with the various allergic asthma
parameters reflecting airway inflammation and

L. rhamnosus GR-1
producing Betv 1

Wild-type
L. rhamnosus GR-1
1 Microbiome
resilience

@
&//

[ T

MAMPs
PRRs

IECs

Bet v 1 presentation

DC \ l

Th1/Th2
balance?

Microbial
metabolites?

Modulatory
cytokines?

airway function. Hereto, a Pearson correlation
analysis was performed of the calculated beta
diversity reflecting the shift in microbiome com-
position from the time point after pretreatment to
that after allergic asthma induction per mouse,
with each of the measured allergic asthma para-
meters (Figure 5c). Significant positive correla-
tions were found between higher beta diversity,
reflecting a shift in microbiome composition, and
AHR, drop in FEV0.2%, BALF total cell counts,
eosinophil counts, and lymphocyte counts
(Figure 5c).

Discussion

In this study, the effects of intragastric pretreatment
with wild-type probiotic L. rhamnosus GR-1 and the
corresponding recombinant CMPG11250 strain
producing Bet v 1 were explored in a mouse model
of allergic asthma. We showed that both the recom-
binant CMPG11250 strain and  wild-type
L. rhamnosus GR-1 prevented the development of
AHR in our mouse model. The significantly lower
AHR reflected both in airway resistance (Rn) and
FEV, as a result of oral probiotic administration is

Effects of L. rhamnosus GR-1 on allergic asthma

Birch pollen allergens

\/
\\”‘\

B, JEL |
o 41
-
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o — \]r/
DC Ty2 B 4 Blocking
\4 antibodies
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Smooth muscle cells

J Eosinophils J Airway hyperreactivity

Figure 6. Proposed mechanisms of probiotic action of wild-type and recombinant L. rhamnosus GR-1 in the mouse model of birch
pollen-induced allergic asthma. Beneficial microbes can interact with intestinal epithelial cells (IECs) and dendritic cells (DC) through
microbe-associated molecular patterns (MAMPs) recognized by pattern recognition receptors (PRRs).”™ In the gut, these and other
effects mediated by beneficial bacteria translate to immune signals processed in the gut-associated lymphoid tissue (GALT). Immune
cells and signals (e.g. modulatory cytokines) and microbial metabolites can circulate through the blood and lymphatic system, resulting
in distant beneficial effects in the asthmatic airways. 1 indicates enhancement while | indicates inhibition by pretreatment with wild-
type or recombinant L. rhamnosus GR-1. AECs: airway epithelial cells; T,2: T helper 2 cell; B: B cell; IL-1p: Interleukin 1 beta.



a clinically relevant finding, as this parameter has
a direct impact on the asthmatic patient’s quality of
life.” Furthermore, our results support FEV mea-
surement next to the classical assessment of airway
resistance typically used in animal models for asthma
research,'>*>*” which could improve the transla-
tional value of pre-clinical animal models.”**’
Besides the changes in hyperreactivity, pretreat-
ment with CMPG11250 in our mouse model resulted
in lower airway inflammation as evidenced by signifi-
cantly lower BALF total cell and lymphocyte counts,
and lung IL-1pB levels. These mechanisms are sum-
marized in Figure 6. It has previously been described
that oral administration of certain strains belonging to
the Lactobacillus genus complex, alone or in combi-
nation with allergens for allergen-specific immu-
notherapy, can prevent allergic asthma development
in mouse models through modulation of Th2
immune responses."”*>* In our model, only wild-
type L. rhamnosus GR-1 had a significant prophylactic
effect on airway eosinophilia typical for type 2 asth-
matic airway inflammation,” while the effect on Th2
inflammatory markers as a result of CMPG11250
pretreatment was less pronounced. This lack of effect
on Th2 markers can potentially be explained by the
particular combination of the Bet v 1 antigen with the
L. rhamnosus GR-1, as well as the dose and method of
probiotic administration. It should also be noted that
the birch pollen extract used to induce allergic asthma
in our mouse model likely contained other (minor)
allergens in addition to Bet v 1, such as Bet v 2, that
could play an additional role in allergy induction.*®
The nature of the antigen,” the probiotic strain
used,'*** and the probiotic dose and administration
route have all been shown to affect the probiotic
treatment outcomes in mouse models of allergic
disease.”® Although there was a discordancy between
effects on hyperreactivity and those on Th2 inflam-
mation for CMPG11250, previous studies suggest that
AHR and allergic airway inflammation might be two
separate characteristics of asthma that do not neces-
sarily follow the same trend.”’ For example, while the
exact role of IL-1p in the development of allergic
asthma is unclear, it might contribute to airway
inflammation by exacerbating the innate immune
response.”” IL-1B was previously shown to induce
AHR through direct alteration of mitogen-activated
protein kinase (MAPK) pathways in airway cells.”
Probiotic lactobacilli are also capable of influencing
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innate immune responses,”” and wild-type L. rham-
nosus GR-1 was recently shown to locally inhibit
pathogen-induced IL-1p production in bovine mam-
mary epithelial cells,” although this has not yet been
described for allergic airway disease.

Preventive administration of the recombinant L.
rhamnosus GR-1 strain CMPG1250 expressing Bet v
1 also resulted in a stimulation of Bet v 1-specific
immune responses (Figure 6), as demonstrated by an
increase in Bet v 1-reactive systemic IgG levels. This is
not unexpected, as it has previously been shown that
recombinant Lactobacillus strains producing an anti-
gen, such as Helicobacter pylori urease B subunit, can
increase systemic IgG levels as a result of oral
vaccination.” In our mouse model, the higher Bet v
1-specific antibody response was in favor of the Thl
immunity in the majority of the CMPG11250-
pretreated mice, reflected by a higher ratio of Bet v
1-specific IgG2a to IgGl, and to total IgE. Together
with the trend toward increased levels of lung IFN-y,
this might reflect a subtle shift in Th1/Th2 balance
toward Th1 as a result of CMPG11250 administration.
Importantly, the immunostimulatory effect of
CMPG11250 did not result in increased allergic airway
inflammation. These results further support previous
studies in which the lowering of allergen-specific IgG1
or IgE antibody levels was not necessarily a prerequi-
site for successful preventive therapy of allergic disease
with  wild-type of recombinant lactic acid
bacteria.””**® Taken together, orally administered
L. rthamnosus GR-1 could serve as an effective oral
probiotic for the prevention of allergic airway disease,
but its use as a delivery vector for allergens in the
context of allergen-specific immunotherapy requires
further investigation.

In addition to the immunological effects of probio-
tic administration, we observed a strong connection
between the changes in the fecal microbiome and
allergic asthma severity in our mouse model.
Microbiome changes have previously been described
in a range of respiratory diseases, and a powerful gut-
lung microbiome axis has recently been defined.”
Indeed, we could demonstrate that allergic asthma
induction on its own was linked to a shift in the gut
microbiome composition and a significant decrease in
gut microbiome diversity. Likewise, lower gut micro-
biome diversity has previously been linked to the
development of allergic asthma in children.”® The
most significant changes in abundance of specific
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taxa after allergic asthma induction in our study were
due to the members of the Lachnospiraceae and
Ruminococcaceae families, which is in line with recent
observations in a mouse model of ovalbumin-induced
allergic airway disease.”” The higher abundancy of
Lachnospiraceae spp. was also hypothesized to be
involved in an increased atopic dermatitis induction
in mice.*’ Importantly, the latter study demonstrated a
causative link between microbiome composition and
the levels of IL-1P and other inflammatory biomarkers
in experimental allergic disease. Similarly to our
results, this was not always linked to an effect on
serum IgE levels.

Furthermore, in our study, pretreatment with wild-
type L. rhamnosus GR-1 and CMPG11250 that
improved AHR was associated with protection from
or resilience to the observed allergic asthma-linked
shift in microbiome composition, and a temporary
increase in relative lactobacilli abundance. Recently,
comparable results were obtained in a mouse model
of colitis, where Lactobacillus fermentum strains
KBL374 and KBL375 restored gut microbiota diversity
diminished by colitis induction, and contributed to an
increase in the Lactobacillus population.*' In addition,
we found a significant positive correlation between the
magnitude of the gut microbiome composition shift
and the development of hallmark allergic asthma man-
ifestations, such as AHR and elevated airway inflam-
matory cell counts. We cannot be certain whether
these correlations are a result of local and distant
microbiota influences on the immune system, or the
impact of the immune system and airway disease-
associated inflammation on the gut microbiome.
However, the former link is plausible, as perturbations
in the gut microbiome have previously been linked to
allergic disease in clinical studies.'**>*> Beneficial
microbes can directly influence immune and epithelial
cells through microbe-associated molecular patterns
that interact with host pattern recognition receptors
(Figure 6).”” Furthermore, it has been hypothesized
that gut microbial metabolites can mediate the probio-
tic effects on birch pollen allergy at the airway level.**
Future experiments (e.g. in germ-free mouse models)
are required to elucidate the role of various beneficial
microbial compounds in the complex gut-lung cross-
talk. In addition, numerous studies demonstrate that
shifts in airway microbiome composition correlate
with allergic and other inflammatory airway
diseases.*”*® Mapping both the airway and the gut

microbiome will contribute to a comprehensive picture
of microbial influence on local and systemic immunity
in future work. Further research is required to gain
insight into the exact mechanisms of how improved
host-microbiome composition stability mediated
through the administration of probiotic lactobacilli
could be linked to clinical benefits in the host.

Conclusion

Intragastric pretreatment with L. rhamnosus GR-1
significantly prevented AHR development in the
context of allergic asthma. Recombinant expres-
sion of Bet v 1 by CMPGI11250 showed
a beneficial effect on several immunological air-
way parameters but was not found to be crucial,
since also wild-type L. rhamnosus GR-1 showed
benefits against allergic asthma. This outcome of
pretreatment with probiotics could be considered
important in a clinical setting, as prevention of
AHR development and the concomitant symp-
toms is the primary goal of allergic asthma pro-
phylaxis. Furthermore, both wild-type and
recombinant L. rhamnosus GR-1 strains were
also able to prevent the microbiome disturbance
observed in the asthmatic animals, suggesting
a link between airway function stability and gut
microbiome composition resilience, and thus sup-
porting the existence of the gut-lung axis.

Materials and methods
Bacterial strains, plasmids, and growth conditions

Bacterial strains, plasmids, and primers used in this
study are listed in Table S1. Wild-type and recombi-
nant L. rhamnosus strains were cultured in de Man-
Rogosa-Sharpe (MRS) medium (Difco) at 37°C. E. coli
strains were grown at 37°C in Luria-Bertani broth with
aeration. When appropriate, erythromycin, chloram-
phenicol, and kanamycin were supplied at, respec-
tively, 5, 10, and 50 pg/ml. Production of Bet v 1 by
recombinant L. rhamnosus strains was induced with
commercial nisin from Lactococcus lactis (Sigma-
Aldrich, N5764) as previously described.”
Construction of plasmids for Bet v 1 production
(Table S1) and their transformation into E. coli and
L. rthamnosus strains were performed using standard
molecular techniques and previously described



protocols.””** The betvl gene was codon-optimized
for L. rhamnosus, synthesized by GenScript (US), and
cloned downstream of the T7 promoter in the pET-28-
a(+) plasmid (Novagen), yielding pPCMPG11221. The
pCMPG11221 plasmid carrying betv] was transformed
into E. coli BL21 (DE3), resulting in the CMPG11221
strain for rBet v 1 production. The pCMPG11228
plasmid was constructed by cloning the betvl gene
downstream of the nisA promoter instead of the gfp
gene in the pMEC45 plasmid (Figure 1a) using primers
listed in Table S1. pCMPG11228 was electroporated
into the CMPG11259 strain of L. rhamnosus GR-1,"
resulting in CMPG11250.

Large-scale protein production and purification of
recombinant Bet v 1 in CMPG11221

rBet v 1 used for allergic sensitization in mice was
produced in the E. coli BL21 (DE3)-derived
CMPG11221 after induction with -D-1-thiogalacto-
pyranoside (IPTG), as previously described.” Briefly,
soluble total cell protein fraction was obtained from
the cell pellet of CMPG11221 by centrifugation (4000
g, 20 min, 4°C), resuspension in non-denaturing lysis
buffer and sonication.”” rBet v 1 was purified by affi-
nity chromatography (AKTA Purifier System, GE
Healthcare Life Sciences) using a HisTrap™ HP col-
umn (GE Healthcare) followed by size-exclusion chro-
matography on a HighloadTM 16/60 column packed
with a SuperdexTM prep grade matrix (GE
Healthcare). Purity of eluted fractions containing
rBet v 1 was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie staining, as previously described.”’

Bet v 1-specific western blotting

Protein electroblotting was performed on
a polyvinylidene difluoride (PVDV) membrane
(Novex) blocked in a 10% skimmed milk solution.
Primary anti-Bet v 1 IgG murine antibody (MA-
4B10; Indoor Biotechnologies) at 1/10000 dilution
and secondary anti-mouse IgG alkaline phospha-
tase goat antibody (A3562; Sigma Life Science) at 1/
6666 dilution were used. The membrane was
scanned, and Image]J software was used for Bet v 1
production quantification by CMPG11250 based
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on band intensity compared to the rBet v 1 control

bands.

Experimental mouse model of intragastric
preventive treatment with L. rhamnosus

Male BALB/c mice (BALB/cOlaHsd, 4-5 weeks old)
were obtained from Envigo (The Netherlands).
Animals were housed in a Specific Pathogen Free
(SPF) facility in filter top cages and were provided
with standard pelleted laboratory chow (Trouw
Nutrition, Ghent, Belgium) and water ad libitum.
Mouse weight was recorded daily. Approval was
obtained from the Ethical Committee for Animal
Experimentation (KU Leuven, Belgium) for all
experimental procedures (P063-2014).

To prepare bacterial solutions for intragastric
administration, Bet v 1 production in CMPG11250
was first induced with nisin as previously described.””
After 24 h, L. rhamnosus cultures were centrifuged (5
min, 3000 g, 4°C) and washed twice in sterile PBS.
Approximately 10" CFU of L. rhamnosus in 200 pl
PBS per dose were administered to mice through
intragastric intubation.

The experimental protocol is depicted in Figure
lc. Mice were preventively treated by intragastric
instillations of CMPG11250 or L. rhamnosus GR-1
at 10'° CFU four times a week over the course of 6
weeks. The saline and no pretreatment groups
received PBS. Subsequently, allergic sensitization
was performed by three intraperitoneal injections
of 10 pg rBet v 1 with 2 mg alum (Imject Alum;
Thermo Fisher Scientific) in 100 ul saline (0.9%
NaCl, B. Braun) on days 42, 49, and 56. Allergen
challenges were performed after anesthesia with
isoflurane (Schering-Plow Animal Health) by intra-
nasal instillation of 40 pl of BP extract containing
2.5 mg total protein/ml (Greer®) on days 63, 65, 67
and 69. The saline group received mock sensitiza-
tions and challenges with saline. Mice were sacri-
ficed on day 72. Airway hyperreactivity (AHR)
measurements were performed. Blood for total
IgE, Bet v 1-specific IgG1 and IgG2a determination,
bronchoalveolar lavage fluid (BALF), and lung
samples for cytokine analysis were collected and
subsequently analyzed as previously described.'
In addition, mesenteric lymph nodes (MLNs)
were isolated for Treg analysis.
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Airway hyperreactivity (AHR) measurements

AHR measurements were performed using the
Flexivent (Flexivent 7, SCIREQ, Montreal, Canada)
as previously described.”>”” Mice were anesthetized
by an intraperitoneal injection of pentobarbital
(Nembutal®, Ceva) and artificially ventilated at
a frequency of 150 breaths/min. The forced oscillation
perturbation QP3 was used to measure airway resis-
tance (Rn) and the negative pressure forced expiration
(NPFE) was used to measure the forced expiratory
volume at 0.2 sec (FEV0.2) in response to increasing
doses of methacholine (Sigma-Aldrich®) solution (0,
1.25, 2.5, 5, 10, 20 mg/mL). The FEV0.2 data are
presented as a percent of their own baseline for each
mouse (FEV0.2%). Based on the FEV0.2% data, the
concentration of the provocative agent methacholine
causing a 20% fall in FEV (PC20-FEV0.2%) was cal-
culated, allowing to classify the mice as hyperreactive.

Treg quantification in mesenteric lymph nodes
(MLNs)

MLNSs were aseptically isolated and single-cell suspen-
sions were prepared in RPMI medium (BioWhittaker®
Lonza) with 10% fetal calf serum (FCS) using a 40 pm
cell strainer (BD Bioscience). 10° white blood cells
were surface stained using anti-CD4+ (PerCP-Cy5.5)
and anti-CD45+ (AF700), and intracellularly stained
with anti-FoxP3+ (PE) using the fixation/permeabili-
zation kit according to the manufacturer’s instructions
(BD Biosciences). Percentage of anti-FoxP3-labeled
cells within the CD+CD45+ cell population was deter-
mined by flow cytometry (FACSArray, BD
Biosciences) and subsequent processing with Flow]Jo
software (TreeStar, Inc.).

Fecal microbiome analysis

Fecal pellets were collected on day 40 after the final
L. rhamnosus pretreatment administration before
allergic asthma induction, and on day 70 after allergic
asthma induction (Figure 1c). The QIAamp
PowerFecal DNA Isolation Kit (QTAGEN) was used
for microbial DNA extraction from the pellets. PCR
amplification of the V4 region of the 16 S rRNA gene
was then performed in duplicate for each sample using
barcoded primers and the Phusion High-Fidelity

DNA polymerase (Thermo Scientific), as previously
described.”” The 16 S rRNA gene amplicons were
subsequently  purified with the SequalPrep
Normalization plate kit (Invitrogen) and pooled into
one library. Agarose gel extraction of the pooled
library was performed with NucleoSpin® Gel and
PCR Clean-up (Macherey Nagel) and the extracted
library was diluted to 2 nM. Sequencing of the pooled
amplicons was performed at the Center for Medical
Genetics (Edegem, Belgium) with Illumina MiSeq
using the MiSeq Reagent Kit v2 (Illumina). Data pro-
cessing was performed using the DADA2 package
(version 1.4) in the R environment.”"** Further down-
stream analysis was performed using phyloseq (ver-
sion 1.22.3) and in-house developed package
tidyamplucons (https://github.com/SWittouck/
tidyamplicons) and included: alpha diversity calcula-
tion based on the Inverse Simpson metric, beta diver-
sity calculations based on Bray-Curtis distances and
plotting taxonomic profiles of 15 most abundant
ASVs. Permutational multivariate analysis of variance
(PERMANOVA) was performed using adonis func-
tion embedded in the vegan package (version 2.5-2)
on the Bray-Curtis distance matrix.” Pearson correla-
tion was used to correlate the gut microbiome shift to
allergic asthma parameters. To find taxa that had
a significant fold change between different time points
for each group the Metagenomeseq package was
implemented in the R environment. In short, samples
were first divided based on the pretreatment received.
Afterward, taxa were filtered so that all taxa were
present no less than in two samples. Then, the normal-
ization factor was calculated based on the data itself
using the cumNorm function built in the package.
Finally, a model was fit that determined which taxa
were significantly different between timepoints after
pretreatment and after asthma induction. To account
for the false discovery rate (false positives), the
Hochberg method is applied to adjust for multiple
testing.

Statistical analysis

Statistical data analysis was performed using
GraphPad Prism v.7 (La Jolla, CA, USA). Mann-
Whitney U test was used for pairwise comparisons
between two groups and Kruskal-Wallis test with
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post-hoc analysis was implemented to compare
between multiple groups. Fisher’s exact test was
used for PCD20-FEV% data. Two-way ANOVA
with a Bonferroni post-hoc test was implemented
for AHR data analysis. Statistical data analysis on
the microbiome data was performed in the
R environment (version 3.4.0) using the nonpara-
metric Wilcoxon test for alpha and beta diversity
metrics, and additional methods as described in the
section “Fecal microbiome analysis.” Differences
between groups were considered significant
when p < .05.
Figure 6 is created with BioRender.com.

Abbreviations

AHR Airway hyperreactivity

ASV Amplicon sequence variant

BALF Bronchoalveolar lavage fluid

BP Birch pollen

FEV0.2% Forced expiratory volume at 0.2 s as percen-
tage of baseline

Ig Immunoglobulin

L. rhamnosus ~ Lactobacillus rhamnosus

LGR-1 Lactobacillus rhamnosus GR-1

MAMP Microbe-associated molecular pattern

MLN Mesenteric lymph node

PC20-FEV%

Provocative concentration of methacholine
causing a 20% fall in FEV

PCoA Principal coordinate analysis
Rn Airway resistance

Th T helper

Treg Regulatory T cell
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