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An Exopolysaccharide-Deficient Mutant of Lactobacillus rhamnosus
GG Efficiently Displays a Protective Llama Antibody Fragment against
Rotavirus on Its Surface
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Rotavirus is the leading cause of infantile diarrhea in developing countries, where it causes a high number of deaths among in-
fants. Two vaccines are available, being highly effective in developed countries although markedly less efficient in developing
countries. As a complementary treatment to the vaccines, a Lactobacillus strain producing an anti-rotavirus antibody fragment
in the gastrointestinal tract could potentially be used. In order to develop such an alternative therapy, the effectiveness of Lacto-
bacillus rhamnosus GG to produce and display a VHH antibody fragment (referred to as anti-rotavirus protein 1 [ARP1]) on the
surface was investigated. L. rhamnosus GG is one of the best-characterized probiotic bacteria and has intrinsic antirotavirus ac-
tivity. Among four L. rhamnosus GG strains [GG (CMC), GG (ATCC 53103), GG (NCC 3003), and GG (UT)] originating from
different sources, only GG (UT) was able to display ARP1 on the bacterial surface. The genomic analysis of strain GG (UT)
showed that the genes welE and welF of the EPS cluster are inactivated, which causes a defect in exopolysaccharide (EPS) produc-
tion, allowing efficient display of ARP1 on its surface. Finally, GG (UT) seemed to confer a level of protection against rotavirus-
induced diarrhea similar to that of wild-type GG (NCC 3003) in a mouse pup model, indicating that the EPS may not be involved
in the intrinsic antirotavirus activity. Most important, GG (EM233), a derivative of GG (UT) producing ARP1, was significantly

more protective than the control strain L. casei BL23.

Rotavirus is the leading cause of infantile diarrhea, and it is
reported that approximately half a million children, most of
them in developing countries, succumb to the infection every year
(1). There are currently two licensed antirotavirus vaccines,
RotaTeq and Rotarix, which represent a major step forward for
disease control. Nevertheless, their effectiveness is markedly lower
in developing countries (39.3 to 61.2% efficacy) (2—4) than in
developed countries (>85% efficacy) (5-7). Thus, other alterna-
tive measures, applied either alone or in combination with the
vaccines, might be of considerable value.

Nanobodies or VHHs have previously been shown to be useful
for treatment of rotavirus-associated diarrhea (8, 9). Nanobodies
are fragments of antibodies derived from immunoglobulins de-
void of light chains that can be found in camelids (10). VHHs
exhibit several properties that make them attractive as therapeutic
molecules. They are the smallest molecules that efficiently bind
antigens, and due to their simple conformation they are easily pro-
duced in heterologous systems (11). Finally, they are markedly more
acid and heat resistant than conventional antibodies (12, 13).

An attractive approach for treatment of viral and bacterial in-
fections is the use of lactobacilli as a vector for delivery of antibody
fragments, as they resist the harsh environment of the gastrointes-
tinal tract (GIT) and can deliver the antibodies directly to the
mucosal surface. Lactobacilli are considered safe, as they are part
of the mucosal microbiota of healthy individuals and some strains
have been used in food fermentation processes for centuries. As a
proof of concept, we have previously demonstrated that Lactoba-
cillus casei BL23 (previously known as Lactobacillus zeae ATCC
393 pLZ15  and Lactobacillus paracasei BL23), producing the
anti-rotavirus VHH ARP1 (formerly known as VHH1) (9) an-
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chored on the cell wall, was able to confer protection against ro-
tavirus in a mouse pup model (14). The ARP1 antibody fragment
neutralizes a wide variety of rotavirus serotypes in vitro (15) and
was shown to be safe and effective in reducing the severity of
rotavirus-induced diarrhea in children (16).

Mucosal delivery of ARP1 by L. casei BL23 was further opti-
mized using an apf expression cassette (17) integrated into the
chromosome in order to generate a stable, food grade strain that
produces ARP1 without the need for antibiotic resistance genes.
The display of ARP1 on the surface of L. casei BL23 was success-
fully achieved using the cell wall anchor domain of the proteinase
PrtP (18). This proteinase, found in lactic acid bacteria, has an
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TABLE 1 Strains and plasmids used in this study”

Surface Display of ARP1 on L. rhamnosus GG

Bacterial strain or plasmid Description

Source or reference

Bacterial strains
E. coli DH5«
supE44 N~ thi-1 gyrA96 relAl

E. coli DH11S
thi-/F' proAB+ lac["ZAM15

F~ $80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (ry~, my ") phoA

mcrA A(mrr-hsdRMS-mcrBC) A(lac-proAB) A(rec1398) deoR rpsL srl-

Invitrogen, Carlsbad, CA

Invitrogen, Carlsbad, CA

L. casei BL23 Previously known as L. zeae ATCC 393 pLZ15~ 14
L. rhamnosus GG (CMC) Wild type CMC
L. rhamnosus GG (ATCC 53103) Wild type ATCC
L. rhamnosus GG (NCC 3003) Wild type NCC
L. rhamnosus GG (Gefilus) Wild type Gefilus (Valio Ltd.)
L. rhamnosus GG (UT) Natural welFE mutant uT
L. rhamnosus GG (EM233) GG (UT) with the original ARP1 cassette (anchor domain 243-aa PrtP of L. casei) This study
integrated into the chromosome

Plasmids
pIAV7 Broad-range vector, Err, lacZ, pWVO01 replication origin 24
pEM233 pUC19E-borne sixI, A2-int-attP six2, with expression cassette of pAF900-ARP1 17
pEM94 pG " host9-borne B-recombinase gene, carrying Cm" 47
pSP72 Cloning vector Promega
PAF900-ARP1 Original ARP1 cassette (anchor domain 243-aa PrtP of L. casei) in pIAV7 17
pLB11 Modified ARP1 cassette (anchor domain 450-aa PrtP GG) in pIAV7 This study
pLBI2 Modified ARP1 cassette (anchor domain 500-aa PrtP GG) in pIAV7 This study
pLBI13 Modified ARP1 cassette (anchor domain 550-aa PrtP GG) in pIAV7 This study
pLB19 Modified ARP1 cassette (anchor domain 865-aa PrtP GG) in pIAV7 This study
pLB20 Modified ARP1 cassette (anchor domain 1,275-aa PrtP GG) in pIAV7 This study
pLB31 welFE genes in pIAV7 This study

“ CMC, Christian Medical College, Vellore, India; ATCC, American Type Culture Collection; NCC, Nestlé Culture Collection; UT, University of Tartu, Estonia.

LPXTG motif that mediates the covalent attachment of proteins to
the peptidoglycan layer through the interaction of the carboxyl
group of the glycine and an N-terminal glycine of the cross-
bridges (18).

In order to develop an effective therapy against rotavirus in
humans, it is of utmost importance to select suitable strains of
Lactobacillus to deliver the ARP1 fragment. In our study, the strain
Lactobacillus rhamnosus GG was chosen as it is a well-known pro-
biotic strain with intrinsic antirotavirus activity (19). Further-
more, the complete genome of this strain has been sequenced (20).
In the process of generating a strain of L. rhamnosus GG express-
ing ARP1 anchored in the cell wall, we found that only a naturally
occurring variant [strain GG (UT)] was able to display ARP1 on
the bacterial surface. This article describes the optimization of the
expression cassette for production of anchored ARP1 in the mu-
tant GG (UT) strain and the characterization of the mutant strain
at the genomic and transcriptional levels.

MATERIALS AND METHODS

Bacterial strains and plasmids. Table 1 shows a list of the plasmids and
strains used in this study. Escherichia coli strains were grown in Luria-
Bertani (LB) broth at 37°C with 200 rpm orbital shaking or on LB-agar
plates at 37°C. Lactobacillus strains were grown in MRS broth at 37°C
under static conditions and on MRS agar plates at 37°C under anaerobic
conditions. L. rhamnosus strain GG (Gefilus), marketed by Valio Ltd., was
isolated by plating 10-fold serial dilutions of yoghurt on MRS plates that
were subsequently incubated 2 days at 37°C under anaerobic conditions.
Several isolated colonies with an L. rhamnosus appearance (round, white,
and creamy) were picked to extract chromosomal DNA using the Qiamp
DNA minikit (Qiagen). The DNA samples from the selected colonies were
used as the templates in an L. rhamnosus GG-specific PCR using primers
GG-I and GG-II as described previously (21). A GG-PCR-positive isolate
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[L. rhamnosus GG (Gefilus)] was used in this study. The following antibi-
otics were added for Lactobacillus transformants when required: 10 pg/ml
erythromycin and 20 wg/ml chloramphenicol. In addition, 100 wg/ml
ampicillin and 300 pg/ml erythromycin were added for E. coli transfor-
mants.

Construction of expression cassettes. For production of cell wall-
anchored ARPI, the pAF900 plasmid containing the promoter, signal
peptide, C-terminal domain, and terminator from the apf gene of Lacto-
bacillus crispatus M247 was used (17) (Fig. 1A). The ARP1 gene was fused
with the sequence encoding an E-tag for detection, followed by the coding
region of the last 243 amino acids (aa) of the C-terminal part of the
proteinase PrtP from L. casei BL23 for cell wall anchoring. This cassette
was integrated into the chromosome of L. rhamnosus strain GG (UT) as
previously described (22). Briefly, the strain was transformed with the
integrative plasmid pEM233 (17) as previously described (23). This plas-
mid, besides the mentioned cassette, harbors the phage A2 integrase gene
(A2-int gene) and an A2-attP site. The A2 integrase mediates the insertion
of the DNA vector by recombination of the A2-attP site with an attB site
present in the genome. For removal of the DNA of plasmid origin, the
strain was subsequently transformed with the temperature-sensitive plas-
mid pEM94 carrying the 3-recombinase gene that catalyzes the recombi-
nation between two six sites that flank the ARP1 expression cassette. After
curing the plasmid pEM94 at 37°C, the resulting strain was named GG
(EM233) (Table 1). The stability of the integration system was tested in
our previous study (17), where we determined that the integrated gene is
stable after 50 generations.

In order to optimize the display of ARP1 on the surface of L. rhamno-
sus GG cells, the anchoring domain was replaced by increasing lengths of
the C-terminal part of PrtP from L. rhamnosus GG (ATCC 53103) (Fig.
1B). Briefly, the apf expression cassette from the plasmid pAF900-ARP1
(17) was excised using the restriction enzymes Sall and EcoRI and cloned
into pSP72 (Promega) digested with the same restriction enzymes. The
different parts of the prtP gene were amplified with the corresponding pair

aem.asm.org 5785


http://aem.asm.org

Alvarez et al.

A apfRBS

apf SP E-tag
,—> / ARP1 / prtP anch apf C-ter
A
Sal Notl Nhel Sacl EcoRl
B PP PR A B H W AN
L. paracasei | I I [ | [Tl
1902 aa

pAF900 ARP1  Anch243 aa 110

PP PR A B H W AN
L. rhamnosus GG

1974 aa I | [ [ [ | [
pLB11 Anch450 aa N 1
pLB12 Anch500 aa ] | 1l
pLB13 Anch550 aa I | | 1l
pLB19 Anch865 aa [ | | L
pLB20 Anch 1275 aa [ I I I [

FIG 1 (A) Original expression cassette for production of ARP1 anchored on the cell wall by 243 amino acids of the C-terminal part of PrtP from L. casei BL23
(prtP anch). The cassette contains the following elements of the apf gene from L. crispatus M247 (GenBank accession number AF492458): promoter (arrow),
ribosomal binding site (apf RBS), signal peptide (apf SP), apf C-terminal part (apf C-ter), and terminator (lollipop). The ARP1 coding gene is fused with an E-tag
sequence for detection. (B) Domains and different anchor regions of PrtP from L. casei BL23 and L. rhamnosus GG used for the construction of the different
cassettes. PP, pre-pro domain; PR, proteinase domain; A, A-domain; B, B-domain; H, helical domain; W, cell wall domain; AN, anchor domain.

of primers (see Table S1 in the supplemental material) using L. rhamnosus
GG (ATCC 53103) genomic DNA as a template. The anchor domain in
the expression cassette was replaced with the different amplicons using
Nhel and SacI or NotI and SacI depending on the occurrence of Nhel and
Notl restriction sites on the amplicons. Finally, the series of modified
expression cassettes with different lengths of anchor domains were cloned
into pIAV7 (24) using the restriction enzymes Sall and EcoRI. The result-
ing constructs (Table 1) were introduced into L. rhamnosus GG by elec-
troporation as previously described (25, 26).

Western blot analysis. The expression of ARP1 in transformed lacto-
bacilli was determined using Western blotting. The transformants were
grown in MRS containing erythromycin (10 pg/ml) until an optical den-
sity at 600 nm (ODy,) of 0.8 was reached. Cells were collected by centrif-
ugation (5,000 X g, 15 min at 4°C), washed once with phosphate-buffered
saline (PBS), and boiled in Laemmli buffer (Bio-Rad, Hemel-Hampstead,
United Kingdom). Cell extracts were centrifuged for 5 min at 12,000 X g,
and the supernatants were run on a 12% SDS-polyacrylamide gel at 170 V.
Proteins were subsequently transferred onto nitrocellulose membranes
(Hybond-ECL; GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom). The membranes were blocked with PBS with 0.05% (vol/vol)
Tween 20 plus 5% (wt/vol) milk powder and successively incubated with
monoclonal mouse anti-E-tag antibodies (Phadia AB, Uppsala, Sweden)
and horseradish peroxidase (HRP)-labeled goat anti-mouse antibodies
(Dako A/S, Glostrup, Denmark). The signal was detected by chemilumi-
nescence using the ECL Plus Western blotting detection system (GE
Healthcare).

Fluid-based assay and flow cytometry. For detection of ARP1 on the
cell surface, a fluid-based assay was performed. Briefly, bacterial cells from
exponential-phase cultures were incubated with mouse monoclonal anti-
E-tag antibodies (1 wg/ml; Phadia AB, Uppsala, Sweden) and alkaline
phosphatase (AP)-conjugated rabbit anti-mouse antibodies (diluted
1:1,000; Dako A/S, Glostrup, Denmark) with PBS washes in between.
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Cells were resuspended in diethanolamine buffer (1 M, pH 10) and trans-
ferred to wells of a microtiter plate. p-Nitrophenyl phosphate (pNPP) was
used as a substrate, and the optical density was read at 405 nm.

When a more accurate determination of the ARP1 display was needed,
flow cytometry was performed. In this case, the bacterial cells were se-
quentially incubated with monoclonal mouse anti-E-tag antibodies (5
pg/ml; Phadia AB, Uppsala, Sweden) and fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse antibodies (dilution, 1:200; Jackson
ImmunoResearch Laboratories). Cells were washed before fixation with
0.5% paraformaldehyde. The samples were analyzed using a fluorescence-
activated cell sorter (FACS) instrument (FACSCalibur; Becton Dickin-
son). The binding of rhesus rotavirus (RRV) particles to anchored ARP1
on bacteria was also determined by flow cytometry. For this assay, the cells
were sequentially incubated with RRV (107 to 10® focus-forming units
[FFU]/ml), polyclonal rabbit anti-RRV antibodies K230 (dilution, 1:200;
a gift from Lennart Svensson, University of Linképing) and phycoerythrin
(PE)-conjugated donkey anti-rabbit antibodies (dilution, 1:200; Jackson
ImmunoResearch) with washes in between.

Genome sequencing. The genomes of strains GG (UT), GG (ATCC
53103), and GG (Gefilus) were sequenced using a hybrid assembly ap-
proach. For each strain, a mate-pair library with an insert size of 3 kb was
constructed using the SOLiD Mate-Pair Library construction kit and se-
quenced on a SOLID v3 sequencer with two 50-bp read lengths according
to the manufacturer’s instructions (Life Technologies, Carlsbad, CA,
USA). In addition, 200-bp fragment libraries for Ion Torrent were con-
structed and sequenced on an IonPGM sequencer according to the man-
ufacturer’s instructions (Life Technologies, Carlsbad, CA, USA). IonTor-
rent reads were assembled using Mira v3.4.1. Scaffolding of Mira contigs
together with the SOLiD mate-pair data was done using Hybrid Assembly
Pipeline with SOLiD reads (HAPS; v0.1.296) and in-house scripts. The
scaffolds were assembled into a draft genome using the genome reference

September 2015 Volume 81 Number 17


http://www.ncbi.nlm.nih.gov/nuccore?term=AF492458
http://aem.asm.org

strain (GenBank accession number NC_013198) as a backbone. Remain-
ing gaps were manually filled from Sanger sequences.

The final genome sequences for GG (UT), GG (ATCC 53103), and GG
(Gefilus) were compared to each other to identify potential mutations.
The genetic variations found were confirmed by PCR amplification and
Sanger sequencing.

Transcriptome analysis. The transcriptomes of strains GG (UT), GG
(ATCC 53103), and GG (Gefilus) were analyzed and compared. For hy-
bridization with the microarrays, high-quality RNA from four indepen-
dent replicates of exponential-phase cultures was extracted as follows.
One milliliter of bacterial culture (ODy,, between 0.7 and 0.8) was mixed
by vortexing for 5 s with 3 ml of RNAprotect Bacteria Reagent (Qiagen).
After 5 min of incubation at room temperature (RT), the tubes were
centrifuged at 5,000 X gat RT for 10 min, and the supernatant was dis-
carded. Cells were resuspended in 100 .l of RNase-free water and trans-
ferred immediately to a screw-cap tube containing 1 ml of TRI reagent
(Sigma-Aldrich, St. Louis, MO, USA) and 0.5 g of zirconia beads. Samples
were homogenized by beating 3 times for 45 s with 1 min of incubation on
ice between runs and subsequently incubated for 5 min at RT. One hun-
dred microliters of 1-bromo-3-chloropropane (Sigma) was added to each
sample, and after vortexing for 30 s, the samples were incubated for 10
min at RT. The aqueous phase of each sample was recovered after centri-
fuging at 12,000 X g at 4°C for 5 min and treated with 1 volume of
chloroform. Following another centrifugation step, 0.5 volume of abso-
lute ethanol was added to the isolated aqueous phase, and each sample was
transferred to an RNeasy minikit column (Qiagen). Purification of the
total RNA was then performed according to the manufacturer’s instruc-
tions. The quantity and quality of the RNA were assessed with a 2100
Bioanalyzer (Agilent Technologies).

The design of the expression array used is described elsewhere (27).
The microarray hybridization process and data analysis were performed
by the Bioinformatics and Expression analysis core facility (BEA) at Karo-
linska Institutet. One hundred nanograms of each RNA sample was la-
beled with Cy3 and hybridized on the array according to the protocol
from Agilent Technologies for “Agilent one-color microarray-based exon
analysis.” Images from scanning were analyzed using the Agilent Feature
Extraction software version 10.7.3.1. Generated text files with back-
ground-adjusted signals were imported into the Partek Genomics Suite
software version 6.6 and subjected to quantile normalization. Processed
signals were exported to Excel, and expression levels in different strains
were compared using two-tailed Student’s ¢ test. A 3-fold change in gene
expression and a P value of <0.05 were used to identify genes showing
potential differential expression between the samples.

Based on the genome and transcriptome analysis of strains GG (UT),
GG (ATCC 53103), and GG (Gefilus), 16 open reading frames (ORFs)
that had shown differential expression with at least one probe were se-
lected for further analysis by real-time PCR. For this analysis, the RNA was
extracted as described above with addition of an on-column DNase diges-
tion step (Qiagen). A first-strand cDNA synthesis kit (GE Healthcare) was
used to generate cDNA from total RNA amplifying with pd(N), random
hexamer primers according to the manufacturer’s instructions. The ex-
pressions of the identified open reading frames were assessed by SYBR
green quantitative PCR (qPCR) with a KAPA SYBR FAST universal gPCR
kit (KAPA Biosystems, Boston, MA, USA) on an ABI Prism 7500 sequence
detection system (Applied Biosystems, Foster City, CA, USA). Dilutions
of cDNA were run in 20-pl reaction mixtures containing 1 pl cDNA and
8 pmol of each set of gene-specific primers. PCR conditions were as fol-
lows: 95°C for 3 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30
s. The data were analyzed using the ABI 7500 v2.0.4 software (Applied
Biosystems). Transcript levels were calculated based on a standard curve
derived from dilutions of pooled cDNA from replicates of all strains. The
primers designed for the detection and quantification of the transcripts
from the respective ORFs are listed in Table S2 in the supplemental ma-
terial.
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Complementation of welFE mutations. To complement the muta-
tions in the EPS cluster of strain GG (UT), a fragment of DNA containing
the genes welF-welE was amplified by PCR from GG (ATCC 53103)
genomic DNA (see Table S1 in the supplemental material for the primers
used) and cloned into pIAV7 using the restriction enzymes Sall and
EcoR], resulting in the plasmid pLB31 (Table 1). This plasmid was intro-
duced by electroporation into the cells of strain GG (EM233) producing
surface-anchored ARP1.

TEM. Cells from Lactobacillus cultures grown in MRS (ODy,, 0.8)
were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer con-
taining 0.1 M sucrose and 3 mM CaCl,, pH 7.4, at RT and fixed overnight
at 4°C. After fixation, the cells were rinsed in 0.1 M phosphate buffer (pH
7.4) and centrifuged (1,700 X g). The pellets were then postfixed in 2%
osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) at 4°C for 2 h,
dehydrated in ethanol followed by acetone, and embedded in LX-112
(Ladd, Burlington, VT, USA). Sections were contrasted with uranyl ace-
tate followed by lead citrate and examined in a Leo 906 transmission
electron microscope (TEM; Oberkochen, Germany) at 80 kV. Digital im-
ages were captured using a Morada digital camera (Soft Imaging System,
GmbH, Miinster, Germany).

Mouse pup model of rotavirus infection. Pregnant BALB/c mice were
purchased from Charles River Laboratories, Germany. Four-day-old pups
were used for the study. The duration of the experiment was 6 days. Lac-
tobacillus strains were administered orally once daily in a volume of 10 .l
containing approximately 10% CFU from day —1 until day 3. Pups were
infected on day 0 with 1.3 X 10° FFU of RRV. The occurrence and severity
of diarrhea were assessed daily until day 4 using the following score sys-
tem: watery diarrhea and loose stool were given the scores 2 and 1, respec-
tively. No stool or normal stool was given a score of 0. Prevalence was
compared among groups in a day-wise manner using Fisher’s exact test.
Severity (sum of scores during the experiment for each pup) and duration
(total days with diarrhea) were analyzed with Kruskal-Wallis and Dunn
tests. Two-tailed P values of <0.05 were considered statistically signifi-
cant. All the animal experiments were approved by the local ethical com-
mittee of the Karolinska Institutet at Karolinska University Hospital
(Huddinge).

Nucleotide sequence accession numbers. The sequence of the EPS
cluster from strain GG (UT) was deposited in the NCBI database under
accession number KP969453. The sequences with the rest of the genetic
variations of strains GG (UT) and GG (ATCC 53103) were deposited
under accession numbers KT026036, KT026037, KT026038, KT026039,
KT026040, and KT026041, corresponding to the positions of the refer-
ence sequences 57657, 240673, 264278, 656561, 1241467, and 1994717,
respectively (see Table S3 in the supplemental material).

RESULTS

Display of ARP1 on the cell surface by L. rhamnosus GG (UT). L.
rhamnosus GG (NCC 3003) was initially transformed with plas-
mid pAF900-ARPI, and the production and display of ARP1 on
the cell surface were monitored by Western blotting and a fluid-
based assay, respectively. The transformed strain GG (NCC 3003)
PAF900-ARP1 was able to produce amounts of ARP1 similar to
those produced by the L. casei pAF900-ARP1 strain, but the anti-
body fragment was not displayed on its surface (see Fig. S1 in the
supplemental material). To investigate whether the inability of
surface display of ARP1 by GG (NCC 3003) was a specific problem
of this strain, L. rhamnosus strains GG (CMC), GG (ATCC53103),
and GG (UT) with different origins were also transformed with
plasmid pAF900-ARP1. All the strains efficiently produced the
fragment ARP1 as shown in the Western blot, yet only GG (UT)
was able to display the fragment of antibody on its surface (see Fig.
S1 in the supplemental material). In the Western blot analysis, it
was also observed that the recombinant protein showed higher
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FIG 2 Production, display, and functionality of ARP1 in the different constructs generated in this study. (A and B) Production of ARP1 determined in culture
cell extracts by Western blotting using monoclonal mouse anti-E-tag antibodies and HRP-labeled goat anti-mouse antibodies as primary and secondary
antibodies, respectively. The signal was detected by chemiluminescence using the ECL Plus Western blotting detection system (GE Healthcare). The theoretical
molecular masses of the different ARP1 constructs are 39.7 kDa (pAF900-ARP1), 59.7 kDa (pLB11), 64.9 kDa (pLB12), 70.2 kDa (pLB13), 104 kDa (pLB19), and
148.7 kDa (pLB20). (C and D) Flow cytometric analyses to study the display of ARP1 (C) and binding to rotavirus (D) in GG (UT) using different anchor
domains. For the analysis of histogram C, samples were incubated with a monoclonal mouse anti-E-tag antibodies and FITC-conjugated goat anti-mouse
antibodies. For the analysis of histogram D, samples were incubated with RRV particles, rabbit anti-RRV K230, and PE-conjugated donkey anti-rabbit antibodies.

molecular mass than expected and there was some degree of deg-
radation.

Optimization of the anchoring system. In an attempt to
achieve a correct display of ARP1 in the strain GG, a series of new
cassettes with different lengths of the C-terminal part (from 450 to
1,275 amino acids) of PrtP from GG (ATCC 53103) were con-
structed (Fig. 1B). The 1,275-amino-acid PrtP fragment was the
longest possible without including the proteinase domain. Strains
GG (ATCC 53103) and GG (UT), transformed with the plasmids
containing the different cassettes (Table 1), were tested for pro-
duction and display of ARP1 by Western blotting and in a fluid-
based assay, respectively. Similar amounts of ARP1 were detected
in the cell extracts from the different transformants from the two
strains (Fig. 2A and B), but only the GG (UT) transformants were
able to display the recombinant antibody with all expression con-
structs (see Fig. S2 in the supplemental material). As previously
observed with the construct pAF900-ARP1, the recombinant pro-
teins of different lengths showed higher molecular masses than the
theoretical ones. Moreover, the proteins with the longer PrtP frag-
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ments corresponding to the constructs pLB19 and pLB20 showed
increased degradation (Fig. 2B).

Given that strain GG (UT) was able to display ARP1 on its
surface, the level of display and functionality of the antibody frag-
ment was analyzed by flow cytometry in the different GG (UT)
transformants to determine which anchor domain was optimal
for production and display of ARP1. No significant differences
were found in the levels of display of ARP1 fused with different
anchor domains except for the 550- and 1,275-amino-acid anchor
domains that presented lower levels (Fig. 2C). However, the func-
tionality of ARP1, determined as binding to RRV particles, was
similar for all the constructs except for the longest C-terminal part
(1,275 amino acids), which showed a reduced capacity of binding
to RRV (Fig. 2D).

Genome and transcriptome analysis comparisons. The ge-
nomes of strains GG (UT), GG (ATCC 53103), and GG (Gefilus)
were sequenced and analyzed to detect potential mutations and/or
variations that could be involved in the capacity of displaying
ARP1 on the cell surface. From the total of 8 genetic variations
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found, including insertions, deletions, and amino acid changes, 5
were unique to GG (ATCC 53103) and 3 were unique to GG (UT)
(see Table S3 in the supplemental material).

In strain GG (UT), the gene kdgK, which encodes a 2-dehydro-
3-deoxygluconokinase that is involved in pectin and galacturo-
nate catabolism, is disrupted by a DNA fragment containing
LGG_00143, which codes for a hypothetical protein.

The other two mutations unique to strain GG (UT) were lo-
cated within the exopolysaccharide (EPS) biosynthesis cluster.
The sequence of the whole EPS cluster of GG (UT) was confirmed
by PCR amplification and sequencing of the obtained amplicons.
The first mutation (reference position 2095506) is a nucleotide
change (T to A) that leads to a stop codon within the welE gene.
This gene encodes the priming glycosyltransferase in the EPS bio-
synthesis cluster of L. rhamnosus, while the second mutation (ref-
erence position 2096942) is an insertion containing two trans-
posase-encoding genes within the welF gene in GG (UT), which is
located immediately upstream of welE (Fig. 3). The welF gene
encodes one of the unique glycosyltransferases that add the re-
maining sugars to EPS.

In spite of the genetic variations found, the transcriptome pro-
files of the strains GG (UT), GG (ATCC 53103), and GG (Gefilus)
determined with expression arrays and real-time PCR were simi-
lar (see Table S4 in the supplemental material; also data not
shown).

Complementation of the mutant GG (UT). To confirm the
involvement of the mutations of the genes welF and welE in the
ability to display ARP1 on the cell surface of GG, complementa-
tion studies using the intact genes with their own promoters and
terminators were performed. The strain GG (EM233), which har-
bors a chromosomal insertion of the ARP1 cassette fused with the
original anchor domain (243 aa of PrtP from L. casei BL23) was
transformed with the plasmid pLB31 (carrying the welF and welE
genes).

The production of ARP1 in GG (EM233) was not affected by
the complementation plasmid, pLB31, as observed by Western
blotting (Fig. 4A). However, ARP1 was not detected on the cell
surface of strain GG (EM233) pLB31 (carrying the welF and welE
genes) using an anti-E-tag antibody in flow cytometry (Fig. 4B). In
accordance with this, the binding capacity of cell-anchored ARP1
to RRV particles tested by flow cytometry was also impaired in the
complemented strain (Fig. 4C).
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To determine whether an EPS layer on the cell surface of GG
(ATCC 53103) masked ARP1, the cell walls of strains GG (ATCC
53103), GG (UT), and GG (UT) pLB31 were analyzed by TEM. An
EPS layer was detected on the cell surface of strain GG (ATCC
53103) and the complemented strain GG (UT) pLB31 but was not
present in the original GG (UT) strain (Fig. 5). Thus, the absence
of this EPS layer in GG (UT) might permit better exposure of
ARP1 on the bacterial surface.

Protection against RRV infection in vivo. The EPS-deficient
strain GG (UT) was tested in a mouse pup model to determine
whether this strain retains its protective capacity against rotavirus
infection. Strain GG (EM233) was also tested to investigate
whether the production of ARP1 can enhance the protective ca-
pacity of GG. Groups of mice treated with strains GG (NCC 3003)
and L. casei BL23 were included as positive and negative controls,
respectively. The groups of mice treated with the original strain
GG (NCC3003) and the mutant strain GG (UT) presented similar
values of the infection parameters (Table 2). Although not signif-
icant, the clinical parameters of the group treated with strain GG
(EM233) were reduced in comparison to the two groups treated
with the nontransformed GG strains. The differences in the prev-
alence (peak of infection at day 3), duration, and severity between
the GG (EM233) group and the L. casei group were statistically
significant (P < 0.05).

DISCUSSION

In order to develop an oral therapy against rotavirus-induced di-
arrhea, the well-known probiotic strain L. rhamnosus GG was cho-
sen to produce ARP1 using the apf expression cassette. The pro-
biotic properties of this strain have been described in previous
articles and related to their ability to strengthen the intestinal bar-
rier and to trigger innate and adaptive immune responses (28-30).
Most importantly for our purpose, L. rhamnosus GG has intrinsic
antirotavirus activity (19). Another appealing characteristic of L.
rhamnosus GG is that it has been shown to transiently colonize the
small intestine (31), so that a genetically modified strain can po-
tentially produce ARP1 in situ when the therapy is needed and be
naturally eliminated after this period. When testing the ARP1 dis-
play in the L. rhamnosus GG strains of different origins, the anti-
body fragment was detected only on the surface of GG (UT). This
strain was obtained from the bacterial collection of the University
of Tartu (Estonia). A cassette with 450 amino acids of the C-ter-
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minal part of PrtP was the shortest anchoring domain among the
ones tested mediating optimal display and functionality of ARP1
on the cell surface of GG (UT). When analyzed by Western blot-
ting, all the fusion proteins of ARP1 with the different PrtP

TABLE 2 Prevalence, duration, and severity of rotavirus-induced
diarrhea in the mouse pup model

GG (ATCC 53103) GG (UT) GG (UT) pLB31 Prevalence
i, o e No.of  ofdiarrhea Mean duration Mean severity
Organism animals (max %) + SE (day) score = SE
L. casei BL23 8 75 1.625 = 0.420  2.625 *= 0.730
L. rhamnosus GG 9 33.33 0.556 £ 0.242  1.000 = 0.408
(NCC 3003)
L. rhamnosus GG 8 37.5 0.750 = 0.250 1.125 = 0.398
(UT)
_2000m [ rhamnosus GG 9 11.11° 0.222 +0.222%  0.333 + 0.333"
(EM233)

FIG 5 Transmission electron microscopy analysis of the cell walls of strains
GG (ATCC 53103), GG (UT), and GG (UT) pLB31. The arrow points to an  “ P < 0.05 versus L. casei group by Fisher’s test.
EPS layer on the surface of the bacterium. b P < 0.05 versus L. casei group by Kruskal-Wallis and Dunn’s test.
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anchoring domains presented some degree of degradation and
higher molecular masses than the theoretical ones. This could be
due to conformational complexity, isopeptide bond formation, or
even glycosylation. It has been described that L. rhamnosus GG
secretes O-glycosylated proteins (32). Given these results, the
strain GG (UT), which was able to display ARP1 on its surface and
the cassette with 450 amino acids of the C-terminal part of PrtP,
was selected to further develop therapeutically effective lactoba-
cilli.

To investigate the origin of the differences in the surface ARP1
display, genomic analysis was carried out on strains GG (UT), GG
(ATCC 53103), and GG (Gefilus). The result of this analysis indi-
cate that GG (UT) and GG (ATCC 53103) appeared to be derived
from GG (Gefilus), given the genetic variations among these three
strains. All three presented the gene rmlA, which codes for a glu-
cose-1-phosphate thymidylyl transferase and forms part of the
EPS cluster, disrupted by an insertion (IS) element (ISLrh2). Nev-
ertheless, this disruption is most probably not relevant since an
intact rmlACBD operon is found at another locus of the genome
(20, 33). GG (UT) presented three unique genetic variations that
are likely generated after several passages in vitro. Propagation of
strains isolated from the intestinal gut, including L. rhamnosus
GG, in the absence of selective pressure probably results in meta-
bolic simplification and gene mutations. One of these variations
that are unique for GG (UT) includes an insertion within the gene
kdgK, which encodes a-2-dehydro-3-deoxygluconokinase. The
a-2-dehydro-3-deoxygluconokinase is involved in pectin and ga-
lacturonate catabolism (34, 35), and the disruption might thus
cause GG (UT) to be unable to use galacturonate as a carbon
source. Galacturonate can be found in the intestine, coming from
the diet and as part of glycoproteins and glycolipids of the intesti-
nal mucus (36), but it is unclear whether this mutation could
affect the behavior and persistence of GG (UT) in the GIT.

It has been shown that L. rhamnosus GG possesses a thick layer
of EPS composed of two types of polysaccharides: the first, most
abundant, being galactose-rich polysaccharides and the second,
shorter glucose-rich polysaccharides (37). The galactose-rich
polysaccharides are composed of hexasaccharide repeated units
that, besides D-galactose, contain L-rhamnose and N-acetyl-p-glu-
cosamine residues (38). The exact biochemical composition of the
shorter glucose-rich polysaccharides is unknown (37). The genes
that control the production of the galactose-rich polysaccharides
are localized in the EPS gene cluster that contains 17 putative
ORFs, of which 16 putatively encode proteins involved in the bio-
synthesis of bacterial polysaccharides and 1 (orf1) encodes a puta-
tive transposase (33). The occurrence of spontaneous mutations
that lead to altered EPS production has been reported before in
strains of Lactobacillus (39, 40). In the present study, two naturally
occurring genetic variations were found in the welE and welF
genes of the EPS gene cluster of GG (UT), which abolished the
production of cell-bound EPS as shown in electron microscopy.
The knockout of the welE gene was previously shown to prevent
the production of long galactose-rich EPS molecules and increase
the adherence of GG to mucus from human intestine and epithe-
lial cells due to better exposure of the adhesins on the bacterial
surface (33, 41). Furthermore, it has been shown that the mucus-
specific surface adhesin of L. rhamnosus GG was detected by im-
munogold only in a welE knockout mutant that was deficient in
EPS production (42). Similarly, the exopolysaccharides might
mask the ARP1 on the surface of strains GG (NCC 3003), GG
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(ATCC 53103), and GG (CMC). In accordance with this hypoth-
esis, plasmid complementation of welE and welF restored the pro-
duction of exopolysaccharide in strain GG (UT) as observed by
electron microscopy and prevented the detection of ARP1 and
binding of rotavirus on the surface of engineered lactobacilli GG
(EM233) as shown by flow cytometry. Recently, we successfully
expressed the IgG binding domains of protein G on the surface of
L. rhamnosus GG (UT), confirming that this strain is suitable for
cell surface display (43). Moreover, supporting that the lack of EPS
is important for a correct display of ARP1, L. casei BL23, which
does not produce long galactose-rich EPS (44), was shown to ef-
ficiently expose this molecule on its surface (17).

The role of EPS in connection to the probiotic properties of GG
is not completely clear. The EPS of L. rhammnosus GG was reported
to protect the bacterium against innate immune factors such as
complement and cathelicidins (41) and to be an important factor
for survival of the bacteria inside the GIT. On the other hand, the
EPS negatively affected the adhesive capacity of the microorgan-
ism to intestinal mucus by masking fimbriae and adhesins (33).
Furthermore, the expression of genes within the EPS cluster of GG
was downregulated in the presence of bile (27) (a possible indica-
tor of gut entrance), which suggests that EPS production could be
regulated depending on the needs for protection against immune
attacks versus optimal adherence.

We previously showed that treatment with GG (NCC 3003)
reduced the prevalence, duration, and severity of rotavirus-in-
duced diarrhea in a mouse pup model whereas L. casei BL23 was
not protective (45). In the present study, GG (UT) seemed to
confer a level of protection similar to that of GG (NCC 3003),
suggesting that the EPS of GG might not be involved in the pro-
tective capacity of the strain in the mouse model. It is also impor-
tant to highlight that strain GG (EM233) producing ARP1 signif-
icantly reduced the clinical parameters compared to the control
strain. In our previous study using GG, we observed that when
used in the animal model, GG (NCC 3003) in combination with
anti-rotavirus hyperimmune bovine colostrum, the infection pa-
rameters were reduced in comparison with those observed with
use of GG (NCC 3003) alone (45). Using the recombinant GG
strain expressing the anti-rotavirus antibody fragment as a ther-
apy would, however, be easier to produce and more cost-effective
than a mix of purified antibodies and probiotics.

Taken together, the results suggest that a modified GG (UT)
strain expressing ARP1 anchored on the cell wall could form the
base for an oral therapy against rotavirus. In view of the finding
that some L. rhamnosus GG isolates present genomic deletions
that include the genes spaCBA (46), it is worth noting that this is
not the case for strain GG (UT). The genes spaCBA code for pilin
subunits that are believed to be involved in human mucus binding
and persistence in the GIT. However, it should be taken into ac-
count that the lack of EPS and the disruption of the gene kdgK may
affect survival and persistence in the GIT. This should be tested in
a future safety trial with human volunteers.
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