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ABSTRACT
Gut microbiota have myriad roles in host physiology, development, and immunity. Though confined to 
the intestinal lumen by the epithelia, microbes influence distal systems via poorly characterized mechan-
isms. Recent work has considered the role of extracellular vesicles in interspecies communication, but 
whether they are involved in systemic microbe-host interaction is unclear. Here, we show that distinctive 
nanoparticles can be isolated from mouse blood within 2.5 h of consuming Lacticaseibacillus rhamnosus 
JB-1. In contrast to blood nanoparticles from saline-fed mice, they reproduced lipoteichoic acid- 
mediated immune functions of the original bacteria, including activation of TLR2 and increased IL-10 
expression by dendritic cells. Like the fed bacteria, they also reduced IL-8 induced by TNF in an intestinal 
epithelial cell line. Though enriched for host neuronal proteins, these isolated nanoparticles also 
contained proteins and viral (phage) DNA of fed bacterial origin. Our data strongly suggest that oral 
consumption of live bacteria rapidly leads to circulation of their membrane vesicles and phages and 
demonstrate a nanoparticulate pathway whereby beneficial bacteria and probiotics may systemically 
affect their hosts.
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Introduction

Intestinal microbiota have extensive and diverse roles 
in mammalian physiology. Consumption of beneficial 
microbes, probiotics, and complex communities 
thereof has been shown to modulate metabolism, 
immunity, and nervous system function, both locally 
in the gut and throughout the wider organism.1,2 

Though several candidate mediators of bacterial activ-
ity have been proposed, including conserved molecu-
lar features, short chain fatty acids, and bacteria- 
produced hormones, among others,2,3 the mechan-
isms by which bacteria exert systemic influence are 
poorly understood.

The bacterium Lacticaseibacillus rhamnosus JB- 
1 has diverse immune- and neuro-activity after oral 
consumption by mice. It promotes a regulatory phe-
notype in dendritic cells (DCs) and increases the 
number of functional regulatory T cells,4,5 and is pro-
tective in murine models of asthma including systemic 

inhibition of mast cell activation.6 It also inhibits 
hypothalamic-pituitary-adrenal axis stress responses 
and reduces anxiety-like behavior while altering 
GABA receptor expression in the brain.7 Many of 
these behavioral effects appear to be mediated by 
regulatory T cells8 or the vagus nerve,7 with regional 
brain activity occurring via both vagus-dependent and 
-independent mechanisms within 2.5 h of feeding.9 

Thus, JB-1, like many other nonpathogenic bacteria, 
exerts systemic influence despite being constrained to 
the gut lumen.

Extracellular vesicles (EV) may play a role in bac-
teria-host communication. EV are membrane-bound 
nanoparticles that are released by all domains of life.10 

EV from prokaryotic organisms are produced from 
the plasma membrane and are often termed micro-
vesicles or membrane vesicles (MV), while eukaryotic 
EV can be produced by budding off the plasma mem-
brane or by release of intracellular endosomes to form 
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exosomes.11 Regardless of source, EV can contain 
proteins, nucleic acids, and other cargo, and are con-
sidered important mediators of intercellular 
communication.12

Bacterial MV appear to play an important role in 
intestinal bacteria-host interactions. MV from patho-
gens can deliver immunostimulatory and toxin cargo 
to host cells and directly support bacterial 
pathogenesis.13–16 By contrast, MV from commensal 
and beneficial bacteria can influence host 
metabolism,17 protect against intestinal 
inflammation,18–20 and modulate intestinal barrier 
strength,21 among others.22

Many gut effects of JB-1 are recapitulated by its 
MV, including activation of Toll-like receptor 2 
(TLR2), induction of an immunoregulatory pheno-
type in DCs, and increased excitability of intestinal 
neurons.23 We have recently shown that MV from JB- 
1 contain immunomodulatory lipoteichoic acid 
(LTA) and are endocytosed by intestinal epithelial 
cells both in vitro in a clathrin-dependent mechanism, 
as well as in vivo.24 Internalized MV from some ben-
eficial bacteria appear to be protected against intracel-
lular destruction23 and may even transcytose the 
epithelium.25 This suggests the possibility that bacter-
ial MV may circulate from the gut and additionally 
mediate some systemic effects associated with the 
parent bacterium.

Here, we show that nanoparticles isolated from 
the plasma of mice fed with JB-1 are TLR2-active 
and immunomodulatory in vitro. This activity is 
inhibited by neutralizing antibodies against LTA, 
while isolated particles contain labeled proteins and 
bacteriophage DNA of JB-1 origin. These data sug-
gest that MV from a beneficial gram-positive bacter-
ium in the gut circulate systemically shortly after its 
consumption and may drive its systemic influence.

Materials and methods

Animals

Male BALB/c mice (8–10 weeks old) were obtained 
from Charles River (Montreal, Canada) and main-
tained on a 12-hour light-dark cycle in a specific 
pathogen-free facility with ad libitum access to food 
and water. Mice were acclimatized for at least one 
week after arrival and were used in experiments 
within 4–8 weeks. All experiments involving mice 

followed the Canadian Council on Animal Care 
guidelines and were approved by the McMaster 
Animal Research Ethics Board.

Bacterial culture

Lacticaseibacillus rhamnosus JB-1 (JB-1) was grown 
anaerobically in Man-Rogosa-Sharpe (MRS) medium 
for 24 h, then centrifuged at 4°C and 1900 × g for 
30 min to pellet bacteria. Bacterial pellets were resus-
pended in PBS, diluted to 1010 JB-1/mL according to 
optical density, and frozen at −80°C until use. To 
obtain bacterial MV, supernatants from bacterial cul-
tures were filtered, ultracentrifuged, and fluorescently 
labeled (where necessary) as previously described.24 

When appropriate, JB-1 was fluorescently labeled with 
20 μm CFSE (CFDA SE; Invitrogen, Burlington, 
Canada) for 20 min at 37°C in the dark, washed in 
cold PBS, then used immediately in equivalent dose to 
unlabeled JB-1.

Plasma EV isolation

Mice were orally gavaged in groups of 6–12 animals 
with 200 μL PBS or approx. 2 × 109 L. rhamnosus 
JB-1 in PBS, then 2.5 h later were exsanguinated by 
decapitation. Blood was collected from individual 
mice in EDTA-containing tubes, then sequentially 
centrifuged at 6000 × g and 9000 × g for 15 min at 
4°C to remove cells and platelets. Plasma from indi-
vidual animals of each group were then pooled, 
diluted in cold PBS, and ultracentrifuged at 42,000 
RPM (121,000 × g) at 4°C in a Type 70 Ti fixed-angle 
rotor (Beckman Coulter, Mississauga, Canada) for 
16 h followed by 3 h, with washing in PBS between 
spins. EV were resuspended at a final volume of 
200 μL per contributing mouse, then aliquoted and 
stored at −80°C until further use. Protein concentra-
tion was measured by Pierce Rapid Gold bicinchoni-
nic acid assay (Thermo Fisher, Mississauga, Canada). 
Where applicable, mice were instead gavaged with 
approximately 3 × 1010 JB-1 MV in 200 μL PBS and 
plasma EV collected as described above.

Nanoparticle tracking analysis

Particle concentration and size distributions were 
determined by nanoparticle tracking analysis 
(NanoSight NS300; Malvern Panalytical, 
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Montreal, Canada) at the Structural & Biophysical 
Core Facility at the Hospital for Sick Children 
(Toronto, Canada). EV or MV preps were diluted 
in sufficient PBS to measure 30–100 particles per 
frame, then run with a continuous flow syringe 
pump through a 532 nm laser. Five 60-second 
videos were captured and analyzed using NTA soft-
ware (v. 3.2, build 3.2.16; Malvern Panalytical) with 
camera level 16 and detection threshold of 5.

Transmission electron microscopy

Electron microscopy of EV samples was performed as 
recently described.24 Briefly, EV were deposited onto 
formvar-coated copper grids, negatively stained with 
1% aqueous uranyl acetate, and viewed in a JEOL 1200 
EX TEMSCAN transmission electron microscope 
(JEOL, Peabody, USA) operating at 80 kV. 
Micrographs were taken with a 4-megapixel digital 
camera (Advanced Microscopy Techniques, 
Woburn, USA).

Cell culture

T84 cells were a gift from Dr. Ali Ashkar (McMaster 
University) and were cultured in a 5% CO2 incubator 
at 37°C in DMEM/F-12 with L-glutamine, HEPES, 
100 U/mL penicillin, 100 μg/mL streptomycin, and 
10% fetal bovine serum (FBS). HEK-Blue mTLR2 cells 
were obtained from InvivoGen (San Diego, USA) and 
cultured as per manufacturer’s directions and as 
recently described24 in supplemented DMEM. 
BMDCs were derived as previously described from 
BALB/c mouse tibia and femurs.23,24,26

TLR2 assay

TLR2 ligand presence was determined using a mouse 
TLR2 reporter cell line (HEK-Blue-mTLR2; 
Invivogen) following manufacturer’s directions and 
as recently described.24 Where indicated, cells were 
pre-incubated with anti-LTA antibody (5 μg/mL; 
clone G43J, Invitrogen) for 1 h prior to sample addi-
tion. Positive control wells were incubated with the 
TLR2 agonist Pam3CSK4 (300 ng/mL). Standard 
curves of JB-1 MV were performed by serial dilution 
of characterized MV preparations. After sample 

incubation, cell-free supernatants were added to the 
detection reagent and incubated at 37°C for 1 h, then 
measured spectrophotometrically at 650 nm.

BMDC flow cytometry analysis for IL-10 expression

BMDC IL-10 expression was assessed as previously 
described.24 Briefly, 106 BMDCs were seeded per well 
in 6-well plates in 450 μL complete RPMI medium. If 
necessary, cells were pre-incubated with anti-LTA 
antibody (5 μg/mL) for 1 h, then incubated with 
50 μL sample at 37°C for 18 h. Cells were resus-
pended, washed, Fc blocked, and incubated with anti- 
CD11c-PerCP-Cy5.5 (1:200; Invitrogen) for 30 min. 
Cells were fixed and permeabilized using a BD 
Cytofix/Cytoperm kit (BD Biosciences, San Jose, 
USA) and incubated with anti-IL-10-PE (1:200; 
Invitrogen) for 30 min. After washing, fluorescence 
was measured by flow cytometry in a FACSCelesta 
flow cytometer (BD Biosciences) and analyzed in 
FlowJo (v. 9.4; BD Biosciences, Ashland, USA).

TNF-induced IL-8 expression by T84 cells

T84 cells were plated on 6-well cell culture plates at 106 

cells/well in 4 mL normal growth medium. Three days 
later, cells were washed and media replaced with total 
2 mL antibiotic-free growth medium containing 
200 μL EV samples or PBS. Cells were incubated 
with samples for 2 h, then 2.5 ng/mL recombinant 
human TNF (Gibco) was added as appropriate and 
incubated for an additional 2 h. Supernatants were 
collected and immediately frozen at −80°C until 
further processing. To measure secreted IL-8 concen-
trations, supernatants were thawed, centrifuged (500 × 
g, 7 min) to pellet debris, and analyzed by IL-8 ELISA 
(Invitrogen) according to manufacturer’s directions.

Proteomics

Proteomics analyses were performed by the Center for 
Advanced Proteomics Analyses, a Node of the 
Canadian Genomic Innovation Network that is sup-
ported by the Canadian Government through 
Genome Canada. Briefly, samples in PBS (approx. 
200 μg protein; 3 paired samples per group) were 
dried, reconstituted in 100 μL 50 mM ammonium 
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bicarbonate with 10 mM TCEP-HCl, and vortexed for 
1 h at 37°C. Chloroacetamide (55 mM) was added for 
alkylation and samples vortexed for 1 h at 37°C. 
Trypsin (1 μg) was then added and samples digested 
for 8 h at 37°C. Samples were dried and solubilized in 
5% acetonitrile and 0.2% formic acid, then loaded on 
a 1.5 μL pre-column (Optimize Technologies, Oregon 
City, USA). Peptides were separated on a home-made 
reversed-phase column (150 μm inner diameter by 
200 mm) with a 56 min gradient from 10% to 30% 
acetonitrile with 0.2% formic acid and a 600 nL/min 
flow rate on an Easy nLC-1000 connected to a Q 
Exactive HF Orbitrap LC-MS/MS System (Thermo 
Scientific, San Jose, USA). Each full MS spectrum, 
acquired at a resolution of 60,000, was followed by 
tandem-MS spectra acquisition on the 15 most abun-
dant multiply charged precursor ions. Tandem-MS 
experiments were performed using higher energy col-
lision dissociation at a collision energy of 27%. Data 
were processed using PEAKS X (Bioinformatics 
Solutions, Waterloo, Canada) and the UniProt 
mouse and L. rhamnosus GG (ATCC 53103) data-
bases. Mass tolerances on precursor and fragment 
ions were 10 ppm and 0.01 Da, respectively. Fixed 
modification was carbamidomethyl. Variable selected 
posttranslational modifications were oxidation, dea-
midification, and phosphorylation. The data were 
visualized with Scaffold (v. 4.3.0; Proteome Software, 
Portland, USA), protein threshold 99%, with at least 2 
peptides identified and a false-discovery rate of 1% for 
peptides). We used the average intensity of the 3 high-
est-intensity peptides for further analyses.

Bioinformatics

Pairwise comparisons of all proteins detected in at 
least 1 sample per group were conducted by 
Welch’s t-test and plotted using the 
EnhancedVolcano package (v 1.8.0)27 in R (v. 
3.4.4).28 For Gene Ontology analysis,29,30 proteins 
were filtered to include only those consistently 
enriched across samples (e.g., all 3 JB-1-fed EV 
samples higher than their paired PBS-fed EV sam-
ple) and with p < 0.25. Proteins that were exclu-
sively found in all 3 samples of one group and none 
of the other group were also included. The resulting 
dataset was then split by whether proteins were 

upregulated or downregulated in EV from JB- 
1-fed mice and analyzed separately. Gene ontology 
enrichment analysis was performed using ShinyGO 
(v. 0.61).31 Results were converted to GO IDs using 
the GOfuncR package (v. 1.10.0)32 then reduced by 
removing redundant GO terms with the rrvgo pack-
age (v. 1.2.0)33 with a medium similarity threshold 
(0.7). Reduced terms were plotted with ggplot2 (v 
3.3.2)34 as adapted from published protocols.35

Fluorescence measurement

To measure CFSE fluorescence, samples were 
added at 50 μL per well to a black opaque 96-well 
plate and fluorescence measured in a SpectraMax 
i3x plate reader (Molecular Devices, San Jose, USA) 
with excitation at 492 nm and emission measured 
at 517 nm. Standard curves of JB-1 MV were per-
formed by serial dilution of characterized CFSE- 
labeled MV preparations. Raw fluorescence values 
were corrected by subtracting values from PBS- 
containing negative control wells.

Prophage prediction, annotation, and primer design

Predictions of PHASTER,36 PhiSpy,37 and 
VirSorter38 on the genome of L. rhamnosus GG 
(Accession: FM179322.1) were aligned to identify 
consensus predictions. Predictions were manually 
curated based on the presence of signature phage 
genes, such as capsid, terminase, and tail structural 
modules. Designated prophages were then annotated 
in detail. An analysis of each prophage region was 
conducted with ViPTree,39 an online server that 
generates a proteomic tree of viral genome sequences 
based on genome-wide sequence similarities com-
puted by tBLASTx. Geneious Prime (v.2020.0.04, 
https://www.geneious.com) was used to design pri-
mers internal to recognizable phage genes to ensure 
amplification. Primers are shown in Table S7.

Phage induction

L. rhamnosus JB-1 was grown aerobically to an 
OD600nm of 0.1–0.2 in 1 L of MRS broth. 
Mitomycin C was added to a final concentration 
of 2 µg/mL and incubated for 6 h, then bacteria 
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centrifuged at 16,300 × g for 15 min. The super-
natant was collected and filtered through a 0.45 µm 
PES filter. Filtrates were concentrated by adding 
29.2 g/mL NaCl and 100 g polyethylene glycol 
8000 (PEG; final concentration of 10% w/v) and 
incubating overnight at 4°C with stirring. The pre-
cipitate was then centrifuged at 16,300 × g for 
15 min at 4°C and the pellet resuspended in 5 mL 
phage buffer (50 mM Tris-HCl, pH 7.5; 100 mM 
NaCl; 8 mM MgSO4). The resulting phage concen-
trate was re-filtered through a 0.45 μm syringe filter 
and used for DNA extraction.

Phage DNA extraction

Phage DNA was extracted from concentrates by phe-
nol-chloroform treatment. Briefly, 1 mL of phage 
concentrate was incubated at 37°C for 30 min with 
20 μg/mL RNAse A (New England BioLabs, 20 mg/ml 
stock) and 2 U/mL DNAse I (New England BioLabs) 
in DNAse buffer (New England BioLabs). Nucleases 
were inactivated with 5 mM EDTA (65°C for 10 min). 
Proteinase K (200 μg/mL; New England BioLabs) and 
200 μL 10% SDS were then added and incubated for 
1 h at 37°C to increase yield from phage capsids. 
Finally, one volume of phenol:chloroform:isoamyl 
alcohol (25:24:1) was added, vortexed, then samples 
centrifuged at 16,000 × g for 10 min. DNA was recov-
ered by alcohol precipitation from the aqueous phase 
and resuspended in 20 μL elution buffer (10 mM Tris, 
0.1 mM EDTA, pH 8.5).

EV and endogenous bacterial DNA extraction

Nucleic acids were extracted from samples using 
TRIzol Reagent (Invitrogen) as per manufac-
turer’s directions. Samples were EV resuspended 
in PBS as described or cecal contents that had 
been collected from naïve male BALB/c mice 
and stored at −80°C until use. Briefly, 50 μL of 
samples were lysed in 450 μL TRIzol, mixed with 
90 μL chloroform, and centrifuged. The aqueous 
phase was discarded and DNA precipitated by 
adding 100% ethanol to the organic phase. The 
pellet was washed twice in 0.1 M sodium citrate 
in 10% ethanol, washed once in 75% ethanol, 
then resuspended in 50 μL 8 mM NaOH in 
nuclease-free water and frozen at −20°C.

Real-time quantitative PCR

Isolated DNA was measured by real-time qPCR 
using PowerUp SYBR Green Master Mix (Applied 
Biosystems). Standard curves of phage DNA were 
made by serial dilution of DNA isolated from char-
acterized JB-1 MV preparations. Forty cycles were 
run with 15 sec denaturing at 95°C, 15 sec anneal-
ing at 60°C, and 1 min extending at 72°C. Primers 
used are shown in Table S7. PCR products were 
electrophoresed in a 1.5% agarose gel and visua-
lized using a ChemiDoc Touch Imaging System 
(Bio-Rad, Mississauga, Canada). Full length gels 
are shown in Figure S5.

Data analysis

Data were analyzed in R (v. 3.4.4)28 with the effsize 
package40 or others as described above. Pooled EV 
isolated from JB-1-fed or PBS-fed mice from the 
same batch (received, treated, and euthanized at the 
same time) were considered matched controls to 
reduce extraneous between-batch variability. Thus, 
where indicated, pairwise comparisons were done 
by directional t-test with Welch’s correction for 
unequal variances (t) with effect size reported as 
Hedge’s g (d). Graphs were created using the 
R package ggplot234 or GraphPad Prism (v. 6.01) 
and assembled in Adobe Illustrator.

Results

Blood nanoparticles from JB-1-fed mice reproduce 
some JB-1-related activity in vitro

We hypothesized that effects seen in mice after 
consumption of JB-1 are mediated by circulating 
nanoparticles. To test this, we gavaged BALB/c 
mice with 2 × 109 JB-1 bacteria or phosphate- 
buffered saline (PBS) vehicle, then 2.5 h later (coin-
cident with JB-1-induced regional brain 
activation9) collected plasma, pooled from 6–12 
animals per group, and ultracentrifuged it to obtain 
circulating nanoparticles (which for simplicity we 
refer to as EV). We then tested EV for effects seen 
with JB-1 treatment in vitro.5,23,41 Using a TLR2 
reporter cell line, we found that EV from mice fed 
with JB-1 activated TLR2 to a far greater extent 
than did those from mice fed with PBS (t10 = 5.69, 
d = 1.78, p < 0.0001; Figure 1a). When incubated 
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with bone marrow-derived dendritic cells 
(BMDCs), these EV induced higher IL-10 expres-
sion (t6 = 3.2, d = 0.60, p = 0.0094; Figure 1b). And 
in a model of TNF-induced IL-8 expression in 
a human intestinal epithelial cell line (T84), EV 
from JB-1-fed mice inhibited IL-8 release to 
a greater extent than did those from PBS-fed mice 
(t3 = −5.11, d = −0.96, p = 0.007; Figure 1c). These 
results demonstrate that nanoparticles with 
immune-modulating activity analogous to JB-1 
are present in plasma of mice shortly after con-
sumption of this bacterium.

Neuronal proteins are relatively enriched in blood 
nanoparticles from JB-1-fed mice

To investigate whether JB-1 consumption influ-
enced the mouse plasma EV proteome, we per-
formed proteomic analyses using the UniProt 
mouse database. We detected 3421 proteins 
between JB-1- and PBS-fed EV samples. Of these, 
19 were significantly increased in EV from JB-1-fed 
mice, while 6 were significantly decreased 
(Figure 2a; Table S1). In addition, we found 19 
proteins that were exclusively detected in all EV 
preps from JB-1-fed mice, and 17 that were exclu-
sively detected in those from PBS-fed mice (Table 
S2). We used Gene Ontology29,30 enrichment ana-
lysis to determine whether enriched proteins 
related to any particular processes. Interestingly, 

proteins upregulated in EV from JB-1-fed mice 
were enriched in terms related to neuronal struc-
ture and function, along with terms associated with 
more general cellular processes (Figure 2b; Table 
S3). Analysis of proteins downregulated in EV from 
JB-1-fed mice did not reveal any significantly 
enriched terms. None of the identified proteins or 
pathways have any identifiable immune activity or 
are associated with known immune pathways rele-
vant to the functions we assessed. Instead, they may 
reflect EV released during increased peripheral and 
central neuronal activity known to be induced by 
JB-1 consumption.7,9

Consumption of JB-1 influences the composition of 
circulating mouse nanoparticles

By nanoparticle tracking analysis (Figure 3a) we found 
that EV from JB-1-fed mice had a mean diameter of 
134 nm (mode 105 nm), while those from PBS-fed 
mice had a mean diameter of 130 nm (mode 103 nm), 
though this was not a statistically significant difference 
(t11 = 1.73, d = 0.34, p = 0.11). Nor was the difference 
in average concentrations of EV significant between 
groups (t11 = 0.97, d = 0.15, p = 0.35), with an average 
of 2.6 × 1010 EV/mL from JB-1-fed mice and 2.3 × 1010 

EV/mL from PBS-fed mice. An analysis of variance to 
compare normalized size distributions between EV 
from JB-1- and PBS-fed mice revealed a significant 
group by size interaction (F = 9.3, η2

G = 0.002, p = 

Figure 1. EV from mice fed with L. rhamnosus JB-1 reproduce in vitro activity of the original bacterium. (a) TLR2 activation by EV was 
quantified by colorimetric assay using a reporter cell line, with data expressed as a percentage of activity measured for the synthetic 
TLR2 ligand Pam3CSK4 (300 ng/mL). (b) EV were incubated with BMDCs and subsequent IL-10 expression was measured by flow 
cytometry. (c) EV were preincubated with T84 cells for 2 h, exposed to 0 or 2.5 ng/mL TNF for 2 h, then IL-8 secretion was measured by 
ELISA. Error bars represent ± 1 standard error. Each point represents one EV preparation (6–12 mice pooled per preparation). ** p < 
0.01, ***p < 0.001.
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0.002), while follow-up pairwise comparisons revealed 
significant differences (ps < 0.05) from 234 nm to 
254 nm (ds = 0.51– 0.61) as indicated in Figure 3a. 
These data suggest that feeding with JB-1 influences 
the composition of circulating EV.

Blood nanoparticles contain protein from fed bacteria

To test whether EV from JB-1-fed mice contain 
protein of JB-1 origin, we labeled JB-1 with carbox-
yfluorescein succinimidyl ester (CFSE), 
a fluorophore that covalently and stably binds 

Figure 2. EV from L. rhamnosus JB-1-fed mice are enriched in neuronal proteins. (a) Volcano plot comparing relative intensities of 
individual proteins detected in EV from JB-1- or PBS-fed mice. (b) Gene Ontology enrichment analysis of EV proteins that were enriched 
in EV from JB-1-fed mice relative to those of PBS-fed mice, showing terms with FDR < 0.05. Data are from 3 EV preparations per group.
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Figure 3. EV isolated from plasma of mice fed L. rhamnosus JB-1 have a distinctive size distribution and contain protein, phage 
DNA, and lipoteichoic acid of JB-1 origin. (a) Nanoparticle tracking analysis (graph) was used to characterize the size distribution of EV 
from mice fed JB-1 or PBS vehicle, while transmission electron microscopy (inset images) was used to visualize them. Scale bars represent 
50 nm. Ribbon represents ± 1 standard error of 12 EV preparations. Arrow and asterisk indicate region of significant differences (p < 0.05). 
(b) Plasma EV from mice fed with CFSE-labeled JB-1 or PBS vehicle were assessed for CFSE-related fluorescence using a plate reader. Data 
are shown after subtraction of PBS blank wells. (c-e) DNA electrophoresis of qPCR products showing (c) Prophage 1 DNA detected in JB-1 
genomic DNA (gDNA) and EV from JB-1-fed mice, but not naïve mouse cecal contents nor EV from PBS-fed mice, whereas (d) Prophage 2 
and (e) Prophage 3 were detected only in JB-1 genomic DNA. Full-length gels shown in Fig. S5. (f) EV were assessed for TLR2 activity in 
a reporter cell line after pre-incubation with or without anti-LTA antibody. Data are expressed as a percentage of activity measured for the 
synthetic TLR2 ligand Pam3CSK4 (300 ng/mL). (g) BMDCs expressing IL-10 were counted by flow cytometry after pre-incubation with or 
without anti-LTA antibody and incubation with EV samples. Error bars represent ± 1 standard error. * p < 0.05.
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intracellular amines that we have previously used to 
label JB-1 MV.23,24 We confirmed that CFSE did 
not impair bacterial growth (Fig. S1), then gavaged 
CFSE-labeled JB-1 to mice and collected plasma EV 
2.5 h later as usual. Using a fluorescent plate reader, 
we found detectable fluorescence in EV prepara-
tions from CFSE-labeled JB-1-fed mice (Figure 3b).

L. rhamnosusJB-1 encodes inducible prophages

The presence of CFSE-labeled protein led us to 
wonder whether bacterial proteins were detectable 
in EV from JB-1-fed mice. We thus re-analyzed our 
proteomics data using the database for another 
well-characterized related strain, L. rhamnosus GG 
(accession: FM179322.1). While 95 proteins were 
detected across both groups, we suspect most were 
the result of homology with mitochondrial proteins 
or bacterial proteins from the indigenous micro-
biota, as only four were absent in all PBS-fed EV 
preparations. Of those, only two were detected in at 
least two of the three JB-1-fed EV preparations: 
a predicted phosphoglucosamine mutase 
(LGG_00981) and a predicted phage tail related 
component (LGG_01524). The latter caused us to 
investigate whether JB-1 might be carrying 
a functional bacterial virus (phage) integrated in 
its genome in a dormant state (prophage), which 
could also be a component of the EV preparations.

Leveraging three prophage prediction tools on 
the genome of L. rhamnosus GG we predicted the 
existence of three intact prophages (Fig. S2), poten-
tially capable of induction (awakening), lysing the 
host bacterium, and releasing phage progeny. 
Prophages 1 (~42 kb; Table S4) and 2 (~33 kb; 
Table S5) share clear homology with portions of 
bacteriophage iLp84 (NC_028783) and 
Lactobacillus phage Lc-Nu (NC_007501), respec-
tively. In contrast, Prophage 3 is much smaller 
(~15 kb; Table S6), with no close phage homolo-
gues. According to an analysis by ViPTree,39 all 3 
cluster with viruses of the family Siphoviridae.

To validate those predictions we performed clas-
sical phage induction experiments. We exposed 
L. rhamnosus JB-1 to the DNA-damaging agent 
Mitomycin C, filtered out bacterial components, 
treated with DNAse to remove any free-floating 
DNA, and used primers specific to each of these 
phage regions to detect the presence of protein- 

protected phage DNA, consistent with 
a functional phage particle. All three predicted pro-
phages were detectable in extractions from concen-
trated filtrates (Fig. S3A), while bacterial 16S was 
not (Fig. S3B), confirming that they are intact 
phages that can exist as particles independently of 
the JB-1 bacterium.

To determine whether these phages naturally 
associate with cultured JB-1 MV in the absence of 
stressors, we applied an identical DNAse-treatment 
followed by PCR to detect phage DNA within JB- 
1 MV preparations. While DNA from all three 
phages was detectable even after DNAse treatment, 
only Prophage 1 was consistently detectable at 
a high level (Fig. S4).

Blood nanoparticles from JB-1-fed mice contain 
bacteriophage DNA

The strong association of Prophage 1 with JB- 
1 MV in culture suggested that its DNA could 
serve as a barcode for the presence of JB-1-ori-
gin nanoparticles in blood EV from JB-1-fed 
mice. We first tested whether any of these 
three phages were detectable in DNA isolated 
from naïve mouse microbiota. We did not con-
vincingly detect DNA from Prophages 1, 2, or 3 
in cecal contents (Figure 3c-e), although the 
primers for Prophage 3 did amplify faint pro-
ducts across a broad size range, suggesting 
some nonspecific binding (Fig. S5). We then 
examined whether phage DNA was detectable 
in blood EV samples by qPCR. We found 
Prophage 1 DNA in JB-1-fed EV preparations 
(average 33 cycles) but not those from PBS-fed 
mice (Figure 3c). We did not detect DNA from 
Prophages 2 or 3 (Figure 3d-e), suggesting an 
enrichment in replicated Prophage 1 DNA and 
not simply chromosomal DNA, where all three 
phages would be equally represented. This 
likely reflects the presence of Prophage 1 parti-
cles in the blood EV preparations, although it is 
possible the replicative phage is an abundant 
replicon in the cells, and therefore its DNA 
more likely to be found in MV including intra-
cellular content. Regardless, these data show 
that nucleic acids from JB-1 are present in 
nanoparticulate isolates from the blood of 
mice fed with JB-1.
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Activity of nanoparticles from blood of JB-1-fed 
mice is mediated by lipoteichoic acid

We have recently shown that JB-1 MV contain immu-
nomodulatory LTA.24 To determine whether the 
same activities are present in EV from JB-1-fed 
mice, we used antibody neutralization experiments. 
Preincubation with anti-LTA antibodies significantly 
decreased the effect of EV from JB-1- but not PBS- fed 
mice on both TLR2 activation in a reporter cell line 
(t3 = −3.22, d = −0.86, p = 0.024; figure 3f) and IL-10 
expression by BMDCs (t3 = −3.00, d = 1.81, p = 0.029; 
Figure 3g). Altogether, these experiments show that 
bacterial LTA is present in EV isolated from JB-1-fed 
mice and largely mediates their immune activity.

Estimated number of bacteria-derived particles in 
plasma

The presence of bacterial protein, DNA, and LTA 
from the original JB-1 inoculum in EV from JB-1-fed 
mice strongly suggests the presence of whole bacter-
ial MV in these isolates. To estimate the relative size 
of this population of nanoparticles, we compared JB- 
1-fed EV preparations to standard curves of charac-
terized JB-1 MV from pure bacterial culture. By 
combining these three independent methods we esti-
mate that between 108 to 109 MV/mL are present in 
the plasma of mice fed with JB-1 (Figure 4a-c). Given 
an average of 2.6 × 1010 EV/mL measured by nano-
particle tracking analysis described above, this sug-
gests that 0.4%–4% of nanoparticles collected from 
plasma of JB-1-fed mice are bacterial in origin.

JB-1 MV preparations appear in blood after oral 
consumption

Our data suggest that JB-1 MV produced in situ in 
the gut translocate the epithelium and enter the 
blood. We wondered whether similar translocation 
would be seen after feeding JB-1 MV directly. We 
thus labeled JB-1 MV with CFSE, gavaged them to 
BALB/c mice, and collected EV as before. These EV 
contained CFSE fluorescence and activated TLR2, 
albeit to a lesser extent than seen after feeding JB-1 
bacteria (Fig. S6A-B). Interestingly, DNA isolated 
from EV of JB-1 MV-fed mice contained both 
Prophage 1 and Prophage 3 DNA (Fig. S6C), con-
sistent with the phages released by JB-1 under nor-
mal culture conditions (Fig. S4).

Discussion

Bacterial MV are promising mediators of bacteria- 
host communication, but whether this is confined to 
the intestinal lumen or relevant to systemic influence 
is unclear. Here we show that within 2.5 h of con-
sumption of the bacterium L. rhamnosus JB-1 by mice 
there are functional EV circulating in blood that con-
tain activity associated with the fed bacterium. These 
EV appear to be bacterial MV at least in part as their 
activity was inhibited by anti-LTA antibodies and the 
particles contained both fluorescent protein and 
phages of JB-1 origin.

We have previously shown that JB-1 inhibits 
TNF-induced IL-8 release by gut epithelial 
cells,41 activates TLR2,23 and induces an 

Figure 4. Estimation of bacterial MV in plasma EV isolated from mice fed L. rhamnosus JB-1. We enumerated JB-1 MV by 
nanoparticle tracking analysis and used these to produce standard curves for (a) MV activation of TLR2 in a reporter cell line, (b) 
CFSE fluorescence after labeling MV with CFSE, and (c) qPCR cycle number at which Prophage 1 DNA was detected (ct). Horizontal 
dotted lines show the average values of EV from JB-1-fed mice in the same assays. Where the horizontal line and trend of response 
intersect is an estimate of the number of MV in an average EV preparation.
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immunoregulatory phenotype in DCs,5 all of 
which also associated here with EV from blood 
of JB-1-fed but not PBS-fed mice. Moreover, we 
recently demonstrated that JB-1 MV contain LTA, 
which activates TLR2 and induces IL-10 produc-
tion by DCs in vitro.24 That EV-related activity 
here was inhibited by anti-LTA antibody supports 
that these effects are largely mediated by nanopar-
ticle-associated JB-1 LTA. Moreover, these data 
suggest that bioactive surface components of 
a probiotic bacterium are not only present on 
circulating nanoparticles in vivo, but also retain 
activity despite passage through the gastrointest-
inal tract. This may have important implications 
for therapeutic applications of such bacteria, 
which could be mediated by structurally variable 
components such as LTA.24

We examined plasma nanoparticles 2.5 h after 
feeding JB-1 because we have recently shown that 
JB-1 produces regional brain activation within this 
time period.9 This interval is also consistent with 
findings of Karlsson and colleagues, who described 
the production of blood nanoparticles (termed tol-
erosomes) by intestinal epithelial cells within 2 h of 
consumption of a large dose of ovalbumin,42 which 
mediated antigen-specific tolerance in an MHC II- 
dependent manner.43 Our estimate that between 
0.4%-4% of the particles isolated from the blood 
of mice fed with JB-1 are bacterial in origin may be 
imperfect, but nonetheless is within the range of 
concentration differences between JB-1-fed and 
PBS-fed EV as measured by nanoparticle tracking 
analysis. And though we did detect some low-level 
activity in PBS-fed mouse blood, presumably from 
indigenous gut bacteria, our estimate does not 
ignore this baseline. Since JB-1 MV can be rapidly 
endocytosed by mouse intestinal epithelial cells,24 

our data support a mechanism by which LTA- 
containing MV are rapidly internalized by gut 
epithelial cells, transcytose, and circulate systemi-
cally, thereby influencing systems distal from the 
gut similar to the effects of the parent JB-1 
bacteria.4–6

In support of this, Rubio and colleagues recently 
reported that Bacillus subtilis MV are rapidly trans-
cytosed by the human colonic epithelial cell line 
Caco-2,25 while Tulkens and colleagues demon-
strated that lipopolysaccharide from gram- 

negative MV is detectable in human blood, espe-
cially in individuals with intestinal barrier 
dysfunction.44 In mice, consumption of 
Bacteroides thetaiotaomicron OMV labeled with 
a lipid-soluble fluorophore resulted in fluorescence 
detectable in various organs within 8 hours, most 
notably in the liver.45 And from a functional per-
spective, Aoki-Yoshida and colleagues demon-
strated that nanoparticles precipitated from blood 
of mice fed with Lactobacilli for 7 days had anti- 
inflammatory effects on phagocytes in vitro.46 

While the authors inferred that these effects were 
due to immunomodulatory exosomes in circula-
tion, we suggest that they may also have been dri-
ven by the mechanism we propose here.

We did not find evidence to suggest that host EV 
are involved in the nanoparticulate effects seen in 
this study. Proteomic analyses did not indicate any 
functionally relevant mouse proteins, though we 
did see an enrichment in proteins related to neuro-
nal physiology. This likely reflects the well- 
established activities of both JB-1 and its MV on 
central and peripheral nervous system 
function7,23,47–49 resulting in heightened release of 
neuronal EV into circulation (such as from the 
enteric nervous system).

To further characterize that active blood parti-
cles were bacterial in origin, we fluorescently 
labeled L. rhamnosus JB-1 with CFSE, which stably 
binds to intracellular primary amines and fluor-
esces for prolonged time periods in vivo.50 Thus, 
the fluorescence detected in EV from mice fed 
with labeled JB-1 reflects cytosolic JB-1 proteins 
that were likely packaged into MV in situ, consis-
tent with our findings after gavage of directly 
labeled MV. Moreover, that EV from mice fed 
with JB-1 or its MV contain components of JB-1 
itself is confirmed by our detection of bacterioph-
age DNA found uniquely in JB-1 and not in the 
indigenous cecal microbiota. While at this stage 
we cannot be certain in what form this phage 
DNA was present in the blood, we propose that 
JB-1 in the gut lumen produces MV that contain 
phage DNA and transcytose into the circulation. 
Indeed, previous work has shown that phage 
nucleic acid51 and even entire phages52 can be 
contained within bacterial MV. Since phage- 
encoded endolysins are thought to be involved in 
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production of MV by some gram-positive 
bacteria,53 MV production should be increased 
during active phage replication, suggesting that 
MV may be enriched for phage DNA.

Nonetheless, it is also possible that the phage 
DNA detected represents an independent set of 
particles in circulation. Phages can be endocytosed 
by gut epithelial cells and remain viable for pro-
longed periods54 and they may also transcytose the 
gut epithelium.55 Active gut bacterial phages can be 
found in blood samples from healthy 
individuals.56,57 Moreover, phages may directly 
modulate mammalian systems.58 Recent work has 
shown that phages, despite being unable to repli-
cate within mammalian cells, can nonetheless mod-
ulate host interferon responses.59,60 Importantly, 
our use of CFSE could also have labeled phage 
proteins in bacteria resulting in labeled phage in 
blood samples. While some viral capsids have been 
shown to activate TLR2,61 it seems unlikely that 
anti-LTA would inhibit TLR2-activating phage 
protein. We do not know whether the identified 
nanoparticulate phage DNA represents active 
phages, but if this occurs with other beneficial 
strains or probiotics then it may represent an addi-
tional novel pathway whereby such bacteria can 
have systemic effects.

In summary, we have shown that oral consump-
tion of a beneficial bacterium leads to circulating 
nanoparticles containing bacterial components that 
are likely bacteria-produced membrane vesicles. 
That these particles were active in multiple systems 
and reproduced activity associated with the parent 
bacterium supports the possibility that circulating 
bacterial MV can mediate their systemic influence. 
Our data further suggest that gut bacterial phages 
may be involved in their systemic communication 
and opens the door to further study of the role of 
MV and phages in host-bacterial communication 
and probiotic efficacy.
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