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Attenuation of Colitis by Lactobacillus casei BL23 Is Dependent on the
Dairy Delivery Matrix
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The role of the food delivery matrix in probiotic performance in the intestine is not well understood. Because probiotics are of-
ten provided to consumers in dairy products, we investigated the contributions of milk to the health-benefiting performance of
Lactobacillus casei BL23 in a dextran sulfate sodium (DSS)-induced murine model of ulcerative colitis. L. casei BL23 protected
against the development of colitis when ingested in milk but not in a nutrient-free buffer simulating consumption as a nutri-
tional supplement. Consumption of (acidified) milk alone also provided some protection against weight loss and intestinal in-
flammation but was not as effective as L. casei and milk in combination. In contrast, L. casei mutants deficient in DItD (lipo-
teichoic acid p-alanine transfer protein) or RecA (recombinase A) were unable to protect against DSS-induced colitis, even when
consumed in the presence of milk. Mice fed either L. casei or milk contained reduced quantities of colonic proinflammatory cy-
tokines, indicating that the L. casei DItD™ and RecA™ mutants as well as L. casei BL23 in nutrient-free buffer were effective at
modulating immune responses. However, there was not a direct correlation between colitis and quantities of these cytokines at
the time of sacrifice. Identification of the cecal microbiota by 16S rRNA gene sequencing showed that L. casei in milk enriched
for Comamonadaceae and Bifidobacteriaceae; however, the consumption of neither L. casei nor milk resulted in the restoration
of the microbiota to resemble that of healthy animals. These findings strongly indicate that probiotic strain efficacy can be influ-

enced by the food/supplement delivery matrix.

Certain strains of Lactobacillus and Bifidobacterium are used
extensively as probiotics intended to confer health benefits
upon delivery to the digestive tract in foods, beverages, or dietary
supplements. Dairy products are the most popular food matrices
for probiotic strains, and numerous clinical trials examining pro-
biotic efficacy have used yogurt or (fermented) milks as carriers of
probiotics to the intestine (1-3). Comparisons of data from hu-
man studies have indicated that probiotic delivery matrices, in-
cluding dairy products, can influence probiotic intestinal survival
and persistence (1). Remarkably, however, only a single human
study and a few animal studies have compared the impacts of
different carrier matrices or food product formulations on the
capacity of probiotics to influence health (1, 2). Evidence from
preclinical animal studies indicates that fermented milks might
augment probiotic efficacy, although this has yet to be systemati-
cally investigated.

Probiotics are useful for the prevention and treatment of a
variety of acute and chronic diseases (4—6). Prevention and reduc-
tion of symptoms of inflammatory bowel diseases (IBDs) are
among the most extensively evaluated benefits (7). Although the
pathogenesis of IBDs is unclear, these diseases are characterized by
chronic intestinal inflammation and excessive accumulation of
reactive oxygen species (ROS) contributing to oxidative epithelial
damage (8, 9). The treatment and prevention of IBDs are elusive
because these diseases are complex, multifactorial illnesses that
involve host, environmental, and bacterial components (10). Pro-
biotics were shown in several studies to induce the remission of
ulcerative colitis (UC) and prevent the relapse of pouchitis (11—
14). Because probiotic bacteria can typically be consumed in high
quantities without adverse effects and generally do not become
permanent colonists of the digestive tract, these strains are useful
within the repertoire of approaches used to manage IBD.

Lactobacillus casei strains are among the most commonly used
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probiotics incorporated into yogurts and fermented dairy drinks
for the intention of improving health (3). In clinical studies, L.
casei reduced symptoms of constipation and diarrhea (15-18).
Strains of L. casei have also shown promise in the prevention or
mitigation of IBDs in humans (19, 20) and preclinical rodent
models (21-28). We hypothesized that the consumption of L. casei
BL23 in milk would improve the efficacy of this strain in a mouse
model of IBD. L. casei BL23 is highly related (sharing 99.6% gene
content) to commercial L. casei strains Shirota and DN-114 001
that are incorporated into fermented milk products (29). L. casei
BL23 also previously conferred anti-inflammatory effects in a dex-
tran sulfate sodium (DSS) mouse model of UC (26), and these
effects were enhanced in mutants of this strain overexpressing
superoxide dismutase and catalase (26, 28). To test our hypothe-
sis, wild-type L. casei BL23 was fed to mice in milk or a nutrient-
free buffer prior to and during administration of DSS. The pro-
tection against DSS colitis provided by these cultures was
compared to that in DSS-treated mice given milk alone or milk
containing L. casei lipoteichoic acid (LTA) p-alanyl transfer pro-
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TABLE 1 Primers used for L. casei BL23 mutant construction and PCR
validation

Predicted

product
Primer Nucleotide sequence size (bp)
ditD forward 5'-GTCGACAATGGGAAAAAGGC-3’ 498

5'-TGAGCTCAAATTACGCTTAACC-3'
5'-GTCGACAACTAGAAAAAGCCC-3’ 556
5'-AGAGCTCTAACCAGCGTATTGG-3’

ditD reverse
recA forward
recA reverse

pRV300 forward ~ 5'-GATTAAGTTGGGTAACGCC-3'
dltD KO reverse 5"-TGAACATCTGATTGACTTGG-3’ 1,225
recA KO reverse 5'-GGAATGTTATTCAGCATTGG-3’ 1,486

tein (DItD)- or recombinase A (RecA)-deficient mutants. The L.
casei DItD ™ and RecA™ mutants were constructed to elucidate the
importance of dairy relative to different probiotic features of L.
casei. Specifically, DItD was selected because this protein is in-
volved in the D-alanylation of LTA, a feature that was previously
shown to be important for immune modulation in mouse models
of colitis (30-32). RecA was targeted because this protein is im-
portant for tolerance to oxidative stress and other environmental
stresses (33—35). In this study, intestinal survival of wild-type and
mutant L. casei strains, disease activity, colonic cytokines and
chemokine levels, and the composition of the indigenous micro-
biota were determined for different strain and delivery matrix
combinations.

MATERIALS AND METHODS

Bacterial strains and preparation for mouse feeding. L. casei was rou-
tinely grown at 37°C for 24 h in de Man-Rogosa-Sharpe (MRS) medium
(36) containing either 2% (wt/vol) lactose for broth or 2% (wt/vol) glu-
cose for agar plates. L. casei BL23 cells were also incubated in ultrahigh-
temperature (UHT)-processed 2% reduced fat milk (milk) (Gossner
Foods, Inc., Logan, UT) for 24 h and then incubated at 4°C. pH was
measured on a SevenEasy pH meter with an InLab Routine Pro pH elec-
trode (Mettler-Toledo, Inc., Columbus, OH). When appropriate, the fol-
lowing antibiotics were added to the culture medium: 5 pg/ml erythro-
mycin (Erm) and 50 pg/ml rifampin (Rif).

Mutant construction. A rifampin-resistant mutant was selected from
single-colony isolates of wild-type L. casei BL23 cells grown on MRS agar
containing 2% glucose and 50 pg/ml of rifampin. This mutant was fed to
mice and is designated here L. casei BL23. For construction of the DItD
and RecA knockout mutants, an internal fragment of ~500 bp from each
gene (LCABL_08580 [DItD] and LCABL_28180 [RecA]) targeted for in-
activation was amplified by PCR (Table 1). Each PCR amplification was
performed with 200 ng of genomic DNA of L. casei BL23, GoTaq DNA
polymerase (Promega, Madison, WI), and 200 nM each primer (Invitro-
gen, Carlsbad, CA). The amplicons were purified in an agarose gel with the
QIAquick gel extraction kit (Qiagen, Valencia, CA), and the purified PCR
products were then ligated into pRV300 (37) digested with Sacl and Sall
(New England BioLabs, Ipswich, MA). The resulting plasmids were then
transformed into rifampin-resistant L. casei BL23 cells by electroporation
(Gene Pulser Xcell; Bio-Rad, Hercules, CA) with a voltage of 1,500 V, a
capacity of 25 wF, and a resistance of 400 (). Single-crossover mutants
were selected on MRS agar containing Erm (MRS®™), validated by using
PCR (Table 1), and designated strains BL580 and BL180 for the DItD and
RecA gene knockouts, respectively.

Mouse study. The mouse study was performed according to the ani-
mal care and use protocol approved by the Institutional Animal Care and
Use Committee at the University of California, Davis (UC Davis) (proto-
col number 15922). Conventionally raised, female BALB/c mice (5 weeks
old) were purchased from Harlan Laboratories (Livermore, CA). The
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mice were group housed with 3 or 4 mice to a cage with a 12-h-light/12-
h-dark cycle and initially fed a Teklad global 18% protein rodent diet
(Harlan Laboratories, Livermore, CA) for 5 days.

Mice were then acclimated to a Western diet (43% kcal refined sugars
and 419% kcal fat) (catalog number D12079B; Research Diets, New Bruns-
wick, NJ) for 7 days and remained on this diet during the subsequent
administration of different L. casei strains and matrix combinations. Ad-
ministration was performed by allowing the mice to drink the (cell) sus-
pensions from the tip of a gavage needle. A total of 50 .l of either milk or
phosphate-buffered saline (PBS) was provided to the mice each day. This
amount of milk is equivalent to a human adult intake of 185 ml per 70 kg
of body weight. The mice given L. casei received ~2 X 107 Rif-resistant L.
casei BL23 wild-type or mutant cells with each feeding. Wild-type L. casei
(9 mice), BL580 (9 mice), and BL180 (9 mice) were provided in milk.
Prior to administration, the cells were incubated in milk for 24 h at 37°C,
and the cultures were then moved to a refrigerator maintained at 4°C. The
same cultures were used for each feeding and remained in the refrigerator
for up to 16 days. Incubation of L. casei BL23, BL580, and BL180 in UHT
milk resulted in pHs of 4.95, 4.50, and 5.20, respectively, and neither the
pH values nor the viabilities of these cultures changed significantly during
the course of the study. There were also no significant differences in the
growth rates or levels of survival between the wild-type and mutant strains
in milk (data not shown). Another group of mice received wild-type L.
casei BL23 cells grown in MRS broth for 24 h at 37°C and then washed
twice and suspended in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 2 mM KH,PO, [pH 7.4]) immediately prior to each feeding.
Other mice served as controls and received either PBS (12 mice) or acid-
ified (pH 4.95) UHT milk (9 mice). The pH of the UHT milk was reduced
with 11.3 M lactic acid (Fisher Scientific, Hampton, NH) for mice receiv-
ing milk without added L. casei. This was performed in order to permit
comparisons to the L. casei milk cultures.

Four days after initiation of L. casei, PBS, or milk feeding, mice re-
ceived 2 to 3% DSS salt (molecular weight of 36,000 to 50,000) (MP
Biomedicals, LLC, Solon, OH) in their drinking water for 8 days, followed
by 3 days of regular drinking water (autoclaved distilled water) to induce
acute colitis. DSS is a saturated polysaccharide that induces acute intesti-
nal inflammation through hyperosmotic damage to epithelial cells when
provided in drinking water (38). Mouse body weights were monitored
daily. Because of the severity of weight loss (15%), one control mouse
administered DSS was sacrificed on the last day of DSS administration,
and another two were sacrificed on the following day. Two mice fed
DItD™ mutant strain BL580 were also sacrificed within the first 2 days
after DSS administration was stopped. The remaining mice were sacri-
ficed 3 days after cessation of DSS treatment, the planned endpoint of the
study.

During and after DSS administration, mouse stools were also moni-
tored daily to score for stool consistency and blood. Based on the size and
shape (compared to those of stools from healthy controls), stool consis-
tency was scored from 0 (normal) to 5 (watery diarrhea). A disease activ-
ity index (DAI) was calculated by percent total weight loss (before/
after DSS treatment), histology score, the presence of blood in the
stools, and stool consistency. The scoring scale for each DAI compo-
nent is shown in Table 2.

L. casei enumeration. Freshly expelled feces were collected from the
mice every other day immediately prior to L. casei BL23 administration.
The feces were homogenized in PBS as previously described (39), and
serial dilutions of the fecal homogenate were plated onto MRS® or
MRSRIFFE™ 4001 for colony enumerations.

Necropsy and histological analysis. Mice underwent euthanasia by
CO, asphyxiation and cervical dislocation. The colon from the cecocolic
junction to the rectum was removed, and any gross changes related to the
surrounding tissues were documented. The colon was opened longitudi-
nally and laid out flat (mucosa side up), and tissue samples from each
mouse constituting 4 cm each of both the proximal and distal colons were
then coded in a blind fashion for histological processing at the UC Davis
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TABLE 2 Criteria for disease activity index (DAI) scores

Synergy between L. casei and Milk Prevents Colitis

Value for DAI score of:
Parameter 0 1 2 3 4 5
Body wt loss (%)” 0-5 5.1-10 10.1-15 15.1-20 20.1-25 >25
Histology score® 0-3 4-6 7-9 10-12 13-15 16-18
Blood in stool No Presence of bleeding Gross bleeding
Diarrhea score? <0.5 0.5-1.4 1.5-2.4 2.5-3.4 3.5-4.4 4.5-5

“ For mice that were sacrificed due to weight loss and sickness, DAI calculations included the last measured body weight and diarrhea and blood scores prior to sacrifice. These mice

were assigned the highest histology score (18).
b Calculated as (mouse body weight at time of sacrifice/body weight on day 4) X 100.

¢ Sum of Picarella scores for proximal and distal colons. Mice that were sacrificed prior to the planned endpoint were given the highest score.
4 A score of <0.5 indicates normal stools. The score increased on a gradient to 5 as the amounts of fecal water increased and solids decreased.

Comparative Pathology Laboratory (http://www.vetmed.ucdavis.edu/).
The collected tissue sections were fixed in a 10% formalin solution; em-
bedded in paraffin blocks, from which two sections were made 300 pm
apart; and then stained with hematoxylin and eosin. The severity of colitis
was determined by using Picarella criteria (40) and is shown as the sum of
the scores from the proximal and distal colons of each mouse.

Cytokine and chemokine measurements. With the exception of the
five mice sacrificed prior to the study endpoint, time of necropsy, the
ileum and the mid-region from the opened colon were collected, flash-
frozen in liquid N,, and then stored at —80°C. Frozen ileal and colonic
tissues were homogenized in 600 .l of lysis buffer (39) and centrifuged at
15,000 X g for 15 min at 4°C to remove insoluble materials. These extracts
were then applied to the Bio-Plex Pro mouse cytokine/chemokine 23-plex
panel (Bio-Rad, Hercules, CA) for identification on a Magpix instrument
(Bio-Rad, Hercules, CA). The target cytokines/chemokines included in-
terleukin-1la (IL-1av), IL-1[3, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-
12p40, IL-12p70, IL-13, IL-17, gamma interferon (IFN-v), tumor necro-
sis factor alpha (TNF-a), eotaxin, granulocyte colony-stimulating factor
(G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF),
keratinocyte-derived chemokine (KC), monocyte chemoattractant pro-
tein 1 (MCP-1), macrophage inflammatory protein law (MIP-1at), MIP-
1B, and RANTES (regulated on activation, normal T cell expressed and
secreted). The acquired results were normalized by tissue weights and
then subjected to principal component analysis (PCA) with xlstat (2013;
Microsoft).

Intestinal microbiota analysis. Procedures for DNA extraction, am-
plification, and sequencing were described previously (41). Briefly, total
genomic DNA from cecal contents was extracted by mechanical lysis and
purified with the QIAamp DNA stool minikit (Qiagen, Inc., Valencia,
CA). Mice used for this analysis included 12 healthy (sham) mice; 9 mice
provided DSS only (controls), acidified milk, wild-type L. casei BL23 in
milk or PBS, or L. casei BL180 in milk; and 7 mice fed L. casei strain BL580
in milk. Barcoded primers F515 and R806 were used for PCR amplifica-
tion of the 16S rRNA gene V4 region (42). Approximately equal molar
amounts of the PCR amplicons were pooled and purified with a QIAquick
PCR purification kit (Qiagen, Inc., Valencia, CA). Library preparation,
cluster generation, and DNA sequencing were performed according to the
paired-end protocol on the Illumina MiSeq platform (Illumina, Inc., San
Diego, CA) (43) at the UC Davis Genome Center (http://dnatech
.genomecenter.ucdavis.edu/).

Raw FASTQ files were demultiplexed and quality filtered by using the
Quantitative Insights into Microbial Ecology 1.7.0 (QIIME) software
package (44). Operational taxonomic units (OTUs) sharing at least 97%
nucleotide identity were clustered and assigned with an open-reference
OTU picking strategy against the Greengenes database (13_5 release)
(45). Beta-diversity was calculated by using the UniFrac distance between
samples (46) and visualized in three-dimensional (3D) plots based on
principal coordinate analysis (PCoA). The dendrogram was plotted by
using the Euclidean distance calculated from the bacterial family abun-
dance matrix in the MATLAB 7.11.0 (R2010b) environment (Math-
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Works, Inc., Natick, MA). Linear discriminant analysis (LDA) effect size
analysis (LEfSe) was also performed (http://huttenhower.sph.harvard
.edu/galaxy) to identify significantly different phylotypes between DSS-
treated colitic mice and healthy controls (47).

Statistical analysis. Statistical analyses of mouse samples were per-
formed by using either the Mann-Whitney U test in GraphPad Prism 5
(GraphPad Software, Inc.) or the Student ¢ test in Excel (2010; Microsoft).
For gut microbiota taxonomic comparisons, nonparametric tests were
performed by using SPSS 17.0 (SPSS, Inc., Chicago, IL) because not all of
the taxa were normally distributed. Spearman correlations between spe-
cific taxa and animal physiological parameters (DAI and body weight loss)
were calculated.

Nucleotide sequence accession number. The DNA sequences were
deposited in the Sequence Read Archive (SRA) with the accession number
SRP057397.

RESULTS

Survival of L. casei in mice with DSS colitis. Mice on a high-fat,
high-sucrose, Western-style diet were fed 2 X 107 cells of wild-
type L. casei BL23 in milk or PBS or the L. casei DItD™ (strain
BL580) or L. casei RecA™ (strain BL180) mutant in milk for 15
consecutive days. From days 4 to 12, DSS was provided to the mice
in their drinking water to induce colitis. Enumerations of viable L.
casei cells from fecal samples confirmed that both wild-type and
mutant L. casei cells survived passage through the mice prior to
and during DSS administration (Fig. 1). However, the levels of
viable cells recovered differed significantly between strains and
delivery matrix combinations. L. casei BL23 cells fed to the animals
in milk were detected in higher quantities (5.4-fold on average)
than those detected with delivery in PBS, and these differences
increased by the end of the study (Fig. 1). Similarly, wild-type
BL23 cells fed to mice in milk were recovered in 7.8-fold-higher
quantities than in mice fed DItD ™ mutant strain BL580 (Fig. 1). In
contrast, the numbers of RecA ™ strain BL180 cells increased in the
mouse stools over repeated feedings, reaching 20-fold-higher
numbers than those of L. casei BL23 cells within 8 days after the
start of the study (4 days after the initiation of DSS administra-
tion) (P = 0.023 by Student ¢ test) (Fig. 1). After this time point,
however, the numbers of culturable RecA™ mutant cells declined
rapidly, and cells were no longer detected in approximately half of
the mice (five out of nine) at the time of sacrifice.

L. casei BL23 in milk is protective against DSS colitis. Wild-
type L. casei BL23 in milk protected mice against weight loss upon
DSS administration (Fig. 2). Mice receiving wild-type L. casei
BL23 in milk maintained their initial body weight, with only slight
(nonsignificant) reductions compared to the body weights of
healthy (PBS-fed) controls throughout the course of the study.
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FIG 1 Survival of L. casei in DSS-treated mice. Viable, rifampin-resistant L. casei cells in mouse stools were enumerated every second day of the study. The
average CFU = standard errors from fecal samples are shown for each treatment and time point (lower limit of detection, 1,000 CFU/g feces). Fecal samples were
recovered from nine mice in each group, except for two BL580- and milk-fed mice on days 14 and 15 due to early termination. Because of diarrhea in some
animals, stools were collected from the following numbers of mice on days 14 and 15, respectively: 7 and 6 mice fed BL23 and PBS, 6 and 8 mice fed BL23 and

milk, 5 and 5 mice fed BL580 and milk, and 9 and 9 mice fed BL180 and milk.

These mice also lost significantly less weight than did mice admin-
istered L. casei BL23 in PBS (P = 0.038, as determined by the
Student ¢ test) (Fig. 2). In comparison, mice fed acidified milk
alone exhibited intermediate weight loss, and mice fed the dltD
(BL580) or recA (BL180) gene knockout mutant in milk (at the
same pH) lost as much weight as the DSS-treated controls (Fig. 2).
The impact of DSS on the health of the animals was clear because
the DSS-treated controls lost, on average, 15% of their total body
weight within 11 days after the introduction of the intestinal irri-
tant (P < 0.001, compared to sham-treated mice) (Fig. 2).

DSS treatment resulted in diarrhea, whereas healthy control
animals had normal stools (Fig. 3A). Among the DSS-treated

groups, mice fed wild-type L. casei BL23 in milk exhibited signif-
icantly lower levels of diarrhea than the DSS controls, and their
stool consistency was most similar to that of stools from healthy
mice (Fig. 3A). Mice fed L. casei BL23 in PBS, milk alone, or RecA™
strain BL180 had reduced levels of diarrhea but still with a higher
severity than that in mice fed L. casei BL23 in milk (Fig. 3A). These
differences in intestinal health were also observable in measure-
ments of neutrophil infiltration and tissue damage. Histological
examination confirmed that intestinal inflammation was signifi-
cantly lower in mice fed L. casei BL23 in milk than in DSS-treated
control mice (Fig. 3B; see also Fig. S1 in the supplemental mate-
rial). There was no significant difference between mice adminis-
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FIG 2 Changes in mouse body weight during and after DSS administration. The percent change in body weight was calculated by using the weight on day 4 (the
day of DSS initiation) as the reference. The averages * standard deviations of data from 12 mice (healthy sham control and DSS treated) and 9 mice (L. casei or
acidified milk fed) are shown. **, P < 0.01; ***, P < 0.001 according to the Student ¢ test compared to the DSS control group.
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FIG 3 L. casei in milk protects against DSS colitis. Stool consistency (diarrhea)
(A), histological scores (B), and disease activity indices (C) were calculated
according to the criteria shown in Table 2. A higher score means greater sever-
ity. The averages * standard deviations of data from 12 mice (healthy sham
control and DSS treated) and 9 mice (L. casei or acidified milk fed) are shown.
*, P <0.05; ***, P < 0.001 according to the Student ¢ test compared to the DSS
control group.

tered DSS alone and mice fed milk, L. casei BL23 in PBS, or the L.
casei RecA™ and DItD™ mutants (Fig. 3B; see also Fig. S1 in the
supplemental material).

To obtain a global measure of mouse health upon DSS admin-
istration, a disease activity index (DAI) was calculated by incor-
porating data on animal weights, stool consistency, colonic bleed-
ing, and histological scores (Table 2). Healthy sham-treated mice
showed no signs of colitis (DAI of 0), and the DAI of mice admin-
istered DSS was 13 (out of 19) (Fig. 3C). The average DAI of mice
fed L. casei BL23 in milk was 6, and this score was significantly
lower than that of the DSS-treated controls and most similar to
that of the healthy (PBS-fed) mice (Fig. 3C). Mice fed milk exhib-
ited a modestly reduced DAI, whereas L. casei BL23 in PBS or the
L. casei RecA™ or DItD™ mutant in milk resulted in a DAI equiv-
alent to that of the DSS-treated control mice (Fig. 3C).
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L. casei and milk reduce proinflammatory cytokine produc-
tion in the colon. Cytokine levels in colonic and ileal tissues were
measured to establish the intestinal immune responses to L. casei
and milk during DSS-induced colitis. Levels of 19 and 15 out of the
23 cytokines tested were within the range of detection for colon
and ileal tissues, respectively (see Table S1 in the supplemental
material). Principal component analysis (PCA) of the compiled
cytokine quantities showed that the immune responses differed
between colonic and ileal tissues (Fig. 4A). Cytokine levels also
differed between healthy (PBS-fed) and DSS-treated control mice,
and these differences were greater in the colon (Fig. 4B) than in the
ileum (Fig. 4C). These results are consistent with the localization
of inflammation to the large and not the small intestine in DSS-
induced colitis in mice (48) and UC in humans (49). PCA of the
compiled colonic cytokine quantities showed that approximately
half of the mice administered L. casei BL23 in milk exhibited an
immune response identical to that of healthy mice (PBS-fed sham
controls), while the other half of the mice in this group clustered
with the DSS-treated controls and mice fed milk alone (Fig. 4D).
Collectively, cytokine levels in mice fed L. casei BL23 in PBS (Fig.
4E) or either of the two mutants (Fig. 4F) were indistinguishable
from those in mice given DSS alone.

DSS-induced colitis is associated with increased levels of pro-
inflammatory cytokines, including IL-6, IL-17, and KC (50). Con-
sistent with the levels of colitis observed in this study, the levels of
these cytokines were also increased in the colons of DSS-treated
mice (Fig. 5). In general, the levels of these cytokines were reduced
in mice fed L. casei or milk; however, the extent to which the
quantities were reduced differed among the treatment groups.
The levels of IL-6 and KC were significantly lower in all mice that
received L. casei, except for mice fed BL180 (RecA™) (Fig. 5B and
D). Quantities of IL-1ot, G-CSF, and MCP-1 were also reduced in
mice fed L. casei BL23 in PBS (Fig. 5A, E, and F), and the IL-17
level was lower in mice fed the L. casei dltD mutant (Fig. 5C) than
in the DSS-treated controls. Remarkably, even though the mice
fed L. casei BL23 in milk exhibited the lowest DAI, their colonic
tissues did not contain the lowest levels of proinflammatory cyto-
kines, on average, compared to the other L. casei-fed animals (Fig.
5). Examination of individual mice fed L. casei BL23 in milk re-
vealed that the colons of four of the nine mice contained signifi-
cantly reduced quantities of all six cytokines (IL-1a, IL-6, IL-17,
KC, G-CSF, and MCP-1) (see Fig. S2 in the supplemental mate-
rial). These were the same mice that grouped together with the
PBS-fed healthy controls according to PCA of the total immune
profiles (Fig. 4D).

DSS and L. casei enrich for specific bacteria in the intestine.
Bacterial diversity in the mouse cecal contents at the time of nec-
ropsy was assessed. An average of 64,191 high-quality 16S rRNA
gene (V4 region) reads were obtained for each mouse (DNA se-
quence length of 221.97 * 1.24 bp), with an average of 405 oper-
ational taxonomic units (OTUs) (97% identity) per animal. Both
principal coordinate analysis (PCoA) and clustering analysis of
UniFrac distances indicated that the cecal microbiota structure
of mice consuming DSS was significantly different from that of
healthy (PBS-fed, sham-treated) mice (Fig. 6A; see also Fig. S3 in
the supplemental material). The ceca of DSS-treated mice were
populated by significantly higher proportions of Parabacteroides,
Enterococcus, Sutterella, and Anaerotruncus (see Fig. S3D in the
supplemental material). PBS-fed, sham-treated mice contained
higher proportions of Oscillospira, Bilophila, Coprococcus, Desul-
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supplemental material.

fovibrio, Lactococcus, Ruminococcus, Dorea, Odoribacter, Bifido-
bacterium, Comamonas, and Clostridium (see Fig. S3D in the sup-
plemental material). Proportions of these and other taxa from
DSS-treated and healthy mice were significantly correlated with
changes in body weight and DAI (see Table S2 in the supplemental
material).

The intestinal microbiota of DSS-treated mice fed L. casei or
milk resembled those of the other mice fed DSS but with signifi-
cant differences in the proportions of certain bacterial families
(Fig. 6B). Remarkably, Euclidian distances between bacterial taxa
showed that mice that had ingested the DItD™ mutant (BL580)
harbored a cecal microbiota that was different from those of all
other mice. These mice were distinguished by their significantly
reduced proportions of Clostridiaceae (P = 0.04). In comparison,
mice fed milk contained a bacterial community composition sim-
ilar to that of mice fed L. casei BL23 in PBS or DSS alone (Fig. 6B).
Mice given wild-type BL23 in milk and the RecA™ mutant
(BL180) shared similar cecal microbial compositions (Fig. 6B).
One distinction, however, was that mice fed L. casei BL23 in milk
contained increased proportions of Bifidobacteriaceae (P = 0.049)
compared to those in all other DSS-treated mice. Coma-
monadaceae were also significantly enriched in mice fed L. casei
BL23 when consumed in either milk (P = 0.007) or PBS (P =
0.028).

DISCUSSION

We showed in a preclinical (rodent) model of IBD that the deliv-
ery matrix can have a significant effect on probiotic efficacy. Mice
fed L. casei BL23 in milk but not a nutrient-free buffer maintained

6430 aem.asm.org

Applied and Environmental Microbiology

their normal weights throughout the course of 8 days of DSS ad-
ministration, exhibited significantly less diarrhea and rectal bleed-
ing, and suffered from fewer necrotic lesions, resulting in a lower
DAL These variables are also important clinical features of IBD
patients (49). Our results therefore strongly indicate that dairy
products might be the preferred delivery matrix for at least certain
probiotic strains for benefiting human health.

L. casei BL23 fed to mice in PBS was not effective in attenuating
DSS-induced colitis. This result differs from results of previous
studies with this strain (26, 28, 51). The opposing findings might
be the result of our use of oral rather than intragastric feeding,
female rather than male mice, or a high-fat/high-sucrose mouse
diet rather than the low-fat/plant polysaccharide-rich chow diets
applied previously. Notably, we recently showed that host diet can
alter the extent to which probiotic Lactobacillus attenuates intes-
tinal inflammation (39). Therefore, dietary differences might have
been a major factor influencing the outcomes of L. casei protection
against DSS-induced colitis in these different studies. Because
mouse studies typically rely on feeding the probiotic cultures in
pH-neutral, nutrient-free buffer, as we provided in PBS here (2,
27, 52), the outcomes of such studies should be viewed with cau-
tion when the probiotic is intended for use in food or nutrient-
containing supplement matrices in humans.

Milk also resulted in an attenuation of DSS-induced colitis,
although the reduction was modest compared to that with the
addition of L. casei BL23. Anti-inflammatory effects and improve-
ments in IBD symptoms in humans have been reported for fer-
mented milks as well as milk components (53, 54). In rodent mod-
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els, a cheese-containing diet attenuated DSS-induced colitis in
mice through a mechanism mediated by decreased production of
proinflammatory cytokines (IL-17 and IL-6) and increased pro-
duction of the anti-inflammatory cytokine transforming growth
factor B1 (55). Cheese whey protein also decreased the clinical
symptoms of diarrhea and fecal bleeding in DSS-treated rats (56).
Because we acidified milk from pH 6.62 to pH 4.95 with lactic acid
to enable comparisons to the L. casei-containing milks, it is possi-
ble that the benefits of milk were possibly due to the addition of
the organic acid. Additional studies are needed to identify the
specific components of fluid milk that mitigate the effects of DSS.

To determine the possible synergistic interactions between
milk and L. casei in the DSS model, mice were also fed an L. casei
ditD (BL580) or recA (BL180) gene knockout mutant in the pres-
ence of milk. Neither strain was protective, even in the presence of
milk, and instead appeared to counteract any of the benefits of
consuming the fermented milk alone. ditD is a member of the
dltABCD operon required for D-alanylation of cell wall-associated
LTA of Gram-positive bacteria (57, 58). In other lactobacilli, mu-
tants deficient in LTA p-alanylation and LTA biosynthetic path-
ways were more protective against chemically induced murine
colitis than the wild-type strains (30, 31, 52). Because the opposite
result was found here, it is possible that L. casei DItD gene knock-
out mutant strain BL580 is altered for cellular functions other
than LTA p-alanylation. However, this result is unlikely because
the DItD gene is the last gene in the dlt operon, and the gene
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located downstream has the opposite orientation. Strain BL580
also exhibited the same phenotypes in vitro as those found for a
DItD™ mutant of Lactobacillus rhamnosus GG, including a de-
creased growth rate in MRS broth, altered cell morphology, in-
creased cell length, and altered resistance to anionic detergents
(59) (data not shown). However, LTA compositions can vary be-
tween Lactobacillus species and strains in ways that result in dif-
ferent immunomodulatory effects (32). The lack of benefit of the
DItD™ mutant in this study might have been due to the beneficial
immunoreactivity of L. casei BL23 LTA. Alternatively, this differ-
ence might be the result of interactions of the L. casei DItD™ mu-
tant with the milk matrix or Western diet-induced changes to the
intestinal environment and microbiota that differed from those in
previous studies.

The RecA™ mutant was also similarly ineffective against DSS-
induced colitis. One possibility for the impairment in the L. casei
RecA™ mutant efficacy is that DSS results in the production of
ROS and increased oxidative stress in the intestine (60). Because
RecA is important for DNA damage repair under conditions of
oxidative stress in lactic acid bacteria and other species (33, 34), it
is likely that the L. casei RecA™ strain was more susceptible to
killing in the presence of increased intestinal ROS concentrations.
In this regard, L. casei BL23 mutants overexpressing heterologous
catalase and superoxide dismutase enzymes involved in detoxify-
ing ROS were more efficacious than wild-type L. casei in DSS-
treated mice (26, 28, 51).
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Reductions in L. casei RecA™ cell viability coincided with sig-
nificant declines in mouse body weights and ultimately a lack of
effect against DSS-induced colitis. Similarly, in mice, the numbers
of viable DItD ™ mutant cells as well as wild-type L. casei BL23 cells
in PBS were also reduced compared to those of L. casei BL23
cells consumed in milk. Overall, the numbers of viable L. casei cells
in mouse stools were inversely correlated with weight loss after
the onset of DSS administration (R* = 0.33) (see Fig. S4 in the
supplemental material). Mice for which at least 10° viable L.
casei cells were detected per g feces also retained at least 95% of
their body weights. Hence, delivery matrices should ultimately
be designed to retain the highest levels of probiotic Lactobacillus
cell viability in vivo.

The localization of changes in immune responses by DSS to the
colon as opposed to the small intestine is in agreement with the def-
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inition of UC as a relapsing nontransmural inflammatory disease that
is restricted to the colon (49). The increased inflammatory status of
the colon was indicated by the significantly larger quantities of IL-1c,
IL-6,1L-17,KC, G-CSF,and MCP-1 in the DSS-treated mice. Overall,
the colons of mice given L. casei contained reduced quantities of
those cytokines, even though these reductions were not always signif-
icant. Although cytokine amounts were not at levels detected in
healthy mice, the results show the significant potential of L. casei to
influence immune function. These findings are in agreement with
the previously reported anti-inflammatory properties of other L.
casei strains (19, 61-63).

The findings here indicate that immune responses in whole
tissues do not necessarily reflect disease pathology. For example,
the levels of the majority of the proinflammatory cytokines were
significantly reduced in the colons of mice fed wild-type BL23 in
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PBS or the BL580 (DItD™) mutant; however, neither of these
strains conferred protection against the inflammatory agent DSS.
In comparison, the colonic tissues of mice administered wild-type
L. casei BL23 in milk showed, on average, significantly lower levels
of IL-6 and KC but nonsignificant reductions in the levels of the
other cytokines tested. Because approximately half of these mice
expressed all proinflammatory cytokines at levels equivalent to
those in healthy animals, future studies should examine specific
immune cell types upon feeding wild-type and mutant strains in
milk during acute, chronic, and recovery phases in the DSS mouse
model. Such an approach might resolve the variations in immune
responses over time, rather the relying on single measurements at
the time of sacrifice.

Gut microbiota dysbiosis is commonly found in IBD patients,
and aberrant microbial interactions with the immune system are
suggested to be a possible cause of IBD (64, 65). Microbial dysbio-
sis in IBD is usually characterized by global reductions in bacterial
diversity and changes in the abundances of certain species, includ-
ing higher proportions of aerotolerant bacteria such as Enterococ-
caceae and Enterobacteriaceae species (66—68). Notably, a similar
change in the intestinal microbiota was found in mice fed normal
(low-fat, polysaccharide-enriched) chow (69-71).

Previously, we showed that consumption of milk or milk with
L. casei BL23 alters the proportions of certain bacterial species in
the ceca of healthy mice (41). Consistent with our findings for
healthy mice, ingestion of L. casei BL23, with and without milk,
resulted in increased proportions of Comamonadaceae. This result
is significant because it indicates the presence of cooperative in-
teractions between L. casei and the Comamonadaceae family, po-
tentially through microbial cross-feeding or other, currently un-
known, microbe-microbe interactions. Aside from this similarity,
however, there was a general lack of correspondence between the
indigenous intestinal microbiota structure and the health of the
mice after L. casei or milk administration. Hence, these results
strongly indicate that the effects of L. casei against intestinal in-
flammation were most likely the result of direct interactions of this
strain or its cell products with the host epithelium rather than
global alterations of the indigenous intestinal microbiota.

The concise mechanisms by which probiotic bacteria benefit
human health are now starting to be understood (72, 73). Host-
probiotic interactions appear to be guided largely by specific cell
surface and secreted compounds produced by probiotic cells (74—
77). Although our findings here should be validated in human
studies, an understanding of the conditions of food products and
the digestive tract that influence the expression of these probiotic
effectors is pivotal to maximizing the health-altering outcomes of
probiotic consumption. Carrier matrices for probiotic bacteria
should therefore be carefully selected and optimized to ensure the
highest levels of probiotic survival and effector production in the
digestive tract.
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