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Imbalance in the regulatory immune mechanisms that control
intestinal cellular and bacterial homeostasis may lead to induction
of the detrimental inflammatory signals characterized in humans
as inflammatory bowel disease. Induction of proinflammatory
cytokines (i.e., IL-12) induced by dendritic cells (DCs) expressing
pattern recognition receptors may skew naive T cells to T helper 1
polarization, which is strongly implicated in mucosal autoimmu-
nity. Recent studies show the ability of probiotic microbes to treat
and prevent numerous intestinal disorders, including Clostridium
difficile-induced colitis. To study the molecular mechanisms in-
volved in the induction and repression of intestinal inflammation,
the phosphoglycerol transferase gene that plays a key role in lip-
oteichoic acid (LTA) biosynthesis in Lactobacillus acidophilus NCFM
(NCK56) was deleted. The data show that the L. acidophilus LTA-
negative in LTA (NCK2025) not only down-regulated IL-12 and
TNFa but also significantly enhanced IL-10 in DCs and controlled
the regulation of costimulatory DC functions, resulting in their in-
ability to induce CD4* T-cell activation. Moreover, treatment of
mice with NCK2025 compared with NCK56 significantly mitigated
dextran sulfate sodium and CD4*CD45RB"9"T cell-induced colitis
and effectively ameliorated dextran sulfate sodium-established
colitis through a mechanism that involves IL-10 and CD4*FoxP3*
T regulatory cells to dampen exaggerated mucosal inflammation.
Directed alteration of cell surface components of L. acidophilus
NCFM establishes a potential strategy for the treatment of inflam-
matory intestinal disorders.
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he maintenance of intestinal immune homeostasis involves

the balanced interaction of bacterial microflora, gut epithe-
lium, and host immune cells. Deregulation of these immuno-
logical interactions can result in immune dysfunction and lead to
overt inflammation typical of human inflammatory bowel disease
(IBD), including ulcerative colitis and Crohn’s disease (1). Al-
though the cellular and molecular mechanisms of IBD are not
fully understood, data indicate that chronic intestinal inflam-
mation induced by inflammatory cytokines (i.e., IL-12) plays
a pivotal role. These cytokines initiate the differentiation of
pathogenic CD4*CD45RB"E"T cells that are strongly involved
in disease progression (2). Studies show that regulation of these
cells mitigates experimental colitis (3, 4). Additionally, like IL-
12, secreted IL-23 from activated dendritic cells (DCs) that use
the IL-12p40 subunit is also implicated in the development
of various autoimmune diseases, including IBD (5). The in-
flammatory nature of IL-23 has been attributed to induce T
helper (Th) 17 (6, 7). Furthermore, IL-23 also activates the
production of TNFa and IL-6 in DCs (8). Together, studies show
that blocking the IL-12p40 subunit signaling significantly reduces
inflammation and indicate that both IL-12 and IL-23 are strongly
involved in IBD. In contrast to both of these cytokines, IL-10
exerts regulatory effects on the inflammatory signals (9), high-
lighting its potential ability in controlling pathogenic CD4" T-
cell immune responses in IBD.
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Lactobacillus species are normal inhabitants of the human gas-
trointestinal tract and major components of the natural micro-
biota in the small bowel (10). These bacteria are considered
beneficial commensals, and some species are generally recog-
nized as safe because of a long history of human consumption
(11). Notably, their successful use in the prevention of IBD
has been highlighted (11). We and others recently showed that
specific Lactobacillus species stimulated DCs to produce in-
flammatory cytokines (i.e., IL-12) and regulatory IL-10 (12, 13).
The precise mechanisms by which lactobacilli exert such effector
signals are not clearly known. However, recent data indicate that
components of these bacteria, such as surface-layer proteins
(13-16) and lipoteichoic acid (LTA), stimulate DCs through spe-
cific pattern recognition receptors, including Toll-like receptor 2
(TLR?2), resulting in such a cytokine release (17, 18). Accord-
ingly, the quality and levels of p-alanine (D-Ala) on LTA are
critical for cytokine production, as shown by the synthesis of
LTA-deficient in D-Ala (19-21). LTA may also mediate Lacto-
bacillus adhesion to epithelial cells (ECs) through the negative
charge that it confers to the bacterial surface, which facilitates the
electrostatic binding to surface molecules. To investigate the po-
tential role of L. acidophilus LTA in inducing inflammatory sig-
nals, we deleted the phosphoglycerol transferase gene that primes
the synthesis of bacterial LTA. The data show that disruption of
LTA synthesis resulted in an L. acidophilus derivative that acted
on intestinal immune cells to augment the production of IL-10,
down-regulate IL-12 levels, and significantly mitigate induced
dextran sulfate sodium (DSS) and CD4*CD45RB™¢"T cell-me-
diated colitis in mice.

Results

Generation of NCK2025-Deficient in LTA. One of the constituent
molecules of Gram-positive bacteria is LTA, consisting of a
membrane-anchored glycolipid and a polyglycerophosphate chain
with covalently linked D-Ala residues (22). The current model of
LTA biosynthesis suggests three distinct stages in the expression
of LTA, indicating that a glycolipid anchor unit is initially syn-
thesized by action of a glycosyltransferase. Subsequently, the
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glycolipid is translocated to the exterior of the bacterium by a
membrane-associated protein followed by extracellular addition
of polyglycerolphosphate to the glycolipid anchor by a phospho-
glycerol transferase (Fig. 14). In L. acidophilus NCFM (NCK56),
the genes LBA0444-LBA(0447 were identified and annotated for
their putative roles in LTA biosynthesis (Fig. 1B). The genes
LBA(0444 and LBA0448 are flanked by putative p-independent
terminators (23), indicating that these five genes are cotran-
scribed and function as an operon. Although LBA0444-L.BA0447
genes have a putative role in LTA biosynthesis, LBA0448 is a
small hypothetical protein that does not seem to play a role in
LTA biosynthesis (24).

We have shown previously that specific Lactobacillus species
can effectively activate various signals in DCs that, in turn, in-
duce T-cell immune responses (12, 13). To further investigate
the molecular mechanisms involved in modifying DC function,
we specifically deleted the phosphoglycerol transferase gene
(LBA0447) in L. acidophilus NCK56. PCR analysis of this ge-
nomic region showed that the deletion mutant, NCK2025, lost 2
kbp (Fig. 1 C and D). Sequencing over this region confirmed the
elimination of LBA0447. Chromatographic analysis of cell wall
extracts of the parent NCK56 and NCK2025 showed the absence
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Fig. 1. (A and B) LTA synthesis and the genes involved in LTA biosynthesis. (C
and D) Two noncontiguous fragments flanking an internal region of the target
ORF were amplified and joined using splicing by overlap extension (SOEing)
PCR (60). The resulting fragments were cloned into pORI28 and transformed
into L. acidophilus NCK1392 containing the temperature-sensitive helper
plasmid pTRK669. Erythromycin-sensitive cells were screened for a deletion
mutation using PCR with primers flanking the targeted region and confirmed
by sequencing the region containing the deletion.
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of LTA in NCK2025 where the phosphoglycerol transferase gene
had been deleted (Fig. S14). No difference in the growth rate of
NCKS56 or NCK2025 was observed in broth culture (Fig. S1B).
To evaluate the potential physiological impact of the LTA de-
letion, NCK2025 was challenged in both gastric juice and small
intestinal juice in vitro (Fig. S1 C and D). NCK2025 was more
sensitive to both challenge conditions and displayed an approx-
imate 1-log reduction in survival compared with the parent, but
the overall rate of inactivation seemed similar over the time
course of the challenges.

Regulation of DCs by NCK2025. Coculturing DCs with NCK56 or
NCK2025 showed that NCK2025 down-regulated MHC II,
CD40, CD80, and CD86 on the surface of DCs (Fig. 24).
Moreover, treatment of DCs with NCK56 or LTA from Staph-
ylococcus aureus induced the transcription of TLR2, whereas this
pattern recognition receptor was not activated in NCK2025-
treated DCs (Fig. 2B). It was documented that LTA derived
from S. aureus or L. plantarum NCIMB8826 signals through
TLR2, inducing TNF« in DCs (25). We, thus, generated bone-
marrow DCs from C57BL/6 TLR2*'*, TLR27'~, Balb/C
MyD88*'*, or MyD88™'~ mice to determine TNFa production in
these cells. Data show that NCK56 and LTA from S. aureus
enhanced the production of TNFa in the mouse DCs, whereas
NCK2025 was weaker in the induction of TNFa in these cells
derived from C57BL/6 TLR2*'* mice and Balb/C MyD88*'*
mice, indicating that LTA is strongly involved in TLR2/MyD88
(26) signaling of DCs (Fig. S1 E and F).

Both strains induced IL-10 production in DCs; however, the
level of this cytokine was significantly increased in DCs cocul-
tured with NCK2025 (Fig. 2C). Concomitantly, IL-12 and TNFa
were significantly reduced in NCK2025-treated DCs (Fig. 2C). T-
cell proliferation was determined by coculturing mesenteric
lymph node (LN)-derived T cells with bone marrow-derived DCs
treated with NCK56 or NCK2025. T-cell proliferation was sig-
nificantly abrogated in NCK2025-treated DCs cocultured with T
cells relative to NCK56 (Fig. 2D). Interestingly, adding anti-IL-
10 antibody to the supernatant of NCK2025-treated DCs par-
tially restored the proliferation of T cells, indicating that IL-10
may be a pivotal factor that regulates T-cell proliferation in the
DC:T cell cocultures (Fig. 2D). Analysis of harvested super-
natants from DC:T cell cocultures showed that IL-10 was highly
induced in T cells, whereas IFNy, IL-2, and TNFa were mini-
mally released from T cells of mice that were treated with
NCK2025 (Fig. 2E).

Amelioration of DSS and CD4*CD45RB"9'T Cell-Induced Colitis by
NCK2025. To determine the immunomodulatory properties of
NCK2025 in vivo, we analyzed DSS-induced colitis in mice that
were treated with NCK56 or NCK2025 for 4 consecutive d be-
fore exposure to 3% DSS. Data show that DSS induced clinical
and histological colitis in untreated C57BL/6 mice (Fig. 3 4 and
C) relative to baseline (Fig. 3B). Clinically, mice began to lose
weight after day 9, with ~10% overall weight loss by day 13, and
developed severe bloody diarrhea around days 10-11 (Fig. 34).
By contrast, oral inoculation of the mice with NCK2025 signifi-
cantly prevented weight loss, reduced diarrhea, and reduced
hemoccult positivity (Fig. 34). Overall, the disease activity index
(DAI) was significantly reduced from day 7. Moreover, pre-
treatment of the mice with NCK2025 reduced histological colitis
scores up to 90% (21.5 + 1.4 to 2.3 = 0.5) (Fig. 3 B-F). Ac-
cordingly, Fig. 3E represents intact, nonulcerated epithelium
with limited inflammation confined to the mucosa. To specifi-
cally address the role of LTA deletion in the prevention of colitis
by NCK2025, a third group of mice was treated with NCK56.
NCKS56 did not prevent the onset of colitis (Fig. 3.4 and D), and
the mice developed similar clinical and histological colitis to
nontreated mice. To elucidate the cytokines expressed by colonic

Mohamadzadeh et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1005066107/-/DCSupplemental/pnas.201005066SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1005066107/-/DCSupplemental/pnas.201005066SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1005066107/-/DCSupplemental/pnas.201005066SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1005066107/-/DCSupplemental/pnas.201005066SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1005066107

mDC-NCK2025

L T
=

SIDC-NCKS6
Mpc alone
|
MHCIIFITC CD40 PE CD80 PerCep CD86 APC
" DC+LTA -8-DC + T cell
30000, -B-DC+NCKS6+T cell
" DC +NCK2025 —4-DC +NCK2025 + T cell
- [ =¥~ DC-NCK2025 + anti-IL10 Ab

DC +NCK56 £

DC

0 1 2 3
C Relative Fold Increase

100 1000 10000

DC +NCK2025 DC ratio

DC +NCK56

EEDC + NCK56 + T cell

DC alone

DC +NCK2025

0 100 200 300 400
pgiml

DC +NCKS56

DC alone

0 5000 10000 15000
paimi

tissues, the colons were extracted from each group of mice and
cultured overnight. Colonic cytokine analysis shows the levels of
IL-6, IL-12, TNFa, and IFNy were higher in colons derived from
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Fig. 2. (A) Phenotype of DCs treated with NCK56 or NCK2025.
Bone marrow-derived DCs were cocultured with NCK56 or
NCK2025 for 24 h. Cells were stained with corresponding
antibodies, fixed, and subsequently, analyzed by a FACSCali-
bur. Experiments were repeated at least three times with the
same outcome. (B) DCs were cultured alone or 1:1 with either
NCK56, NCK2025, or LTA from Staphylococcus aureus (100 ng/
mL) for 1 h. RNA was extracted and reverse-transcribed, and
real-time PCR was performed using primers for TLR1 and TLR2.
Data shown represents the 1-h DC alone or cocultures of these
cells with NCK56, NCK2025, or LTA. (C) Cytokine analysis.
Cytokines released in the supernatants of NCK56- or NCK2025-
treated and untreated DCs were assayed by ELISA. (D) T-cell
proliferation. Groups of C57BL/6 mice (five per group) were
orally treated with NCK56 or NCK2025 for 4 consecutive d.
Mesenteric LN-T cells were derived and cocultured with
NCK56- or NCK2025-treated and untreated DCs for 4 d to assay
T-cell proliferation using thymidine incorporation. In some
experiments, to restore the suppressed T-cell proliferation,
anti-IL-10 antibodies were added to supernatants derived
from DCs that were cocultured with NCK2025. (E) Mesenteric
LN-T cells derived from each group of mice were cocultured
with DCs that were treated or untreated with L. acidophilus
strains to assay cytokines.

NCKS56- and DSS-treated mice (Fig. 3G). By contrast, IL-10
production was significantly elevated in colonic cultures derived
from NCK2025-treated mice. IL-12, IL-6, IFNy, and TNFa were

Fig.3. Amelioration of DSS-induced colitis by
NCK2025. (A) C57BL/6 mice (n = 10) were
orally inoculated with NCK56, NCK2025 (both
5 x 10® cfu-100 pL-mouse), or PBS for 4 con-
secutive d. These groups of mice were ex-
posed to 3% DSS dissolved in the drinking
water for 5 d followed by 7 d of plain water

E‘:ﬂg and assessed over time for colitis progression,
EIFN, including hematoxylin & eosin (H&E) staining,
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FOB, fecal hemoccult blood positivity; DAI,
disease activity index. (B-E) Colonic H&E stain-
ing. (B) Untreated mice. (C) DSS-treated mice.
(D) NCK56-DSS-treated mice. (E) NCK2025-
DSS—treated mice. (F) Colitis score. Data are
representative of at least three independent
experiments. (G) Colonic cytokine analysis.
Colons of the mice (five per group) that were
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treated with NCK56, NCK2025, or DSS were
cleaned with cold PBS, cut into pieces, and
cultured for 18 h at 37 °C. Cytokines were
assayed by ELISA.
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significantly reduced in the colons of the mice treated with
NCK2025 (Fig. 3G).

Additionally, colitis was induced by transferring CD4%*
CD45RB™E"T cells to Ragl ~'~ mice (27) to test whether treatment
with NCK2025 prevents T cell-induced colitis. All groups that
received CD4"CD45RB"E"T cells gained weight, had negative
occult blood testing, and did not have diarrhea through day 37.
Transfer of CD4*CD45RB™"T cells resulted in weight loss be-
ginning 5 wk after transfer, with expected infiltration of inflam-
matory cells into the submucosa and lamina propria (LP), crypt
destruction, and goblet-cell depletion in Ragl/ ™~ mice (27) and
mice treated with NCK56 (Fig. S2 A-E). By contrast, treatment
with NCK2025 mitigated CD4*CD45RB""T cell-induced colitis
in Ragl~'~ mice (Fig. S2 A-F).

Investigation of genes in distal and proximal regions of mice
that were inoculated with NCK56 vs. NCK2025 in DSS-induced
colitis revealed the up-regulation of immune stimulatory (i.e.,
CD40, TNFa, tumor necrosis factor receptor [TNFR], interleukin
[IL]-6, IL-1B, chemokine (C-C motif) ligand 11 [CCL11], and
nitric oxide synthase 2 [NOS2]), signaling (i.e., tissue inhibitor of
metalloproteinases [TIMP]1 and CD45), and proliferation/apo-
ptosis/angiogenesis/adhesion (i.e., FAS ligand [FASL], inter-
cellular adhesion molecule [ICAM]1, vasopressin activated cal-
cium-mobilizing receptor [VACM]1, and cyclooxygenase [COX]-
2) genes, suggesting active inflammatory responses in NCK56- but
not NCK2025-treated mice (Fig. S3). This implies that such genes
may become significantly activated to exert their inflammatory
functions in the distal colon where DSS-induced colitis is more
severe. Nonetheless, further studies are required to elucidate the
role of these and other unknown stimulatory or regulatory genes
that become activated through NCK56 or NCK2025 interaction
with intestinal immune cells (i.e., ECs and DCs).

Therapeutic Effects of NCK2025 on DSS-Induced Colitis. To address
the effects of NCK2025 exposure in mice with established colitis,
mice were first exposed to 3% DSS before treatment with NCK56
or NCK2025. After disease symptoms occurred, mice received
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Fig. 4. Mitigation of established colitis by
NCK2025. (A-D) Three groups of C57BL/6 mice (10
per group) first received a 5-d cycle of 3% DSS dis-
solved in sterile water to initiate colitis, and two of
the groups were subsequently treated orally with
NCK56 or NCK2025 for 4 consecutive d. Disease
progression was monitored to day 13 of the pro-
tocol when mice were killed, and colons were
assessed. FOB, fecal hemoccult blood positivity; DAI,
disease activity index. (B-D) Colonic H&E staining.
(B) DSS-treated mice. (C) DSS-NCK56-treated mice.
(D) DSS-NCK025-treated mice. (E) Colitis score. Data
are representative of at least three independent
experiments. (F) Colonic cytokine analysis. Colons of
each group of mice were washed, cut into pieces,
and cultured for 18 h at 37 °C. Cytokines were
assayed by ELISA.

120 200

NCKS56 or NCK2025 for 4 consecutive d (Fig. 44). Data show that
both NCK56 and NCK2025 attenuated established colitis but to
a significantly different degree. Treatment of mice with NCK2025
resulted in stabilization of body weight and rapid resolution of
diarrhea and blood loss, whereas NCK56-treated mice continued
to lose weight, albeit at a slower rate, and were significantly slower
to resolve diarrhea and blood loss (Fig. 44). Histological analysis
revealed ongoing, active colitis and ulceration with a colitis score
of 16.8 + 2.2 in DSS-treated mice at day 13 (Fig. 4 B and E). Mice
treated with NCK2025 had significantly improved colitis scores
(8.4 +£2.2; P = 0.01), showing accelerated healing, including rare
ulceration, regenerated crypt structures, and inflammation pri-
marily limited to the mucosa (Fig. 4 D and E). NCKS56 treatment
mildly improved histological colitis scores (14.7 = 2.0; P was not
significant), with restitution of the epithelium but limited crypt
regeneration and ongoing active inflammation within the mucosa
and submucosa (Fig. 4 C and E). Interestingly, cytokine analysis of
the mice treated with NCK2025 shows up-regulation of IL-10 and
minimal release of IL-12, TNFa, IL-6, and IFNy in the colons of
these mice (Fig. 4F). By contrast, IL-12, TNFa, IFNy, and IL-6
were highly induced in the colons of mice treated with NCK56 or
DSS alone, and IL-10 was minimally released in these groups of
mice (Fig. 4F).

Induction of Colonic CD4*Foxp3*T Cells by NCK2025. The role of
CD4* T regulatory cells (Tregs) in suppressing deregulated im-
mune responses to self and commensal microbiota has recently
been highlighted (28). Accordingly, we investigated whether
NCK2025 enhances colonic CD4 " Foxp3* Tregs in C57BL/6 mice
compared with NCK56. Indeed, Fig. 5 4 and B shows that colonic
Tregs were significantly induced in NCK2025- compared with
NCKS56-treated mice, suggesting that the suppressor effects of
these cells may impact exaggerated intestinal inflammation in-
duced by DSS or CD4*CD45RB™ET cells. To address the role of
Tregs in DSS-induced colitis, Treg function was inactivated using
anti-CD25 antibody (29, 30). The inactivation of CD25*T cells
using PC61 antibody in mice that were treated with NCK2025
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resulted in enhanced DSS disease severity compared with animals
that received NCK2025 alone or NCK2025 plus control IgG (Fig. 5
C-E). Moreover, to investigate the source of IL-10 specifically in
colonic CD11¢*DCs, colonic sections of the mice that were trea-
ted with NCK56, NCK2025, or PBS were studied. As seen in Fig. 5
F and G, NCK2025 significantly induced IL-10in CD11c¢*DCs. IL-
10 secretion is not limited to DCs but probably other colonic cell
types, including macrophages, or Tregs (27). Thus, these findings
suggest that the regulation of active inflammatory immune
responses might be elicited by colonic CD11¢*IL-10*DCs and
Tregs (31).

Regulatory Effect of IL-10. To highlight the role of IL-10, we per-
formed preventative studies in IL-107" mice that develop
spontaneous Thl-mediated colitis (32). Before the onset of co-
litis, mice were inoculated with NCK56, NCK2025, or PBS for 4
consecutive d. Colitis was then induced by treatment with pir-
oxicam. Clinically, weight loss was monitored over 28 d, and
colons were isolated after sacrifice to assess the degree of his-
tologic colitis. There was no protection from expected weight
loss seen during the first 2 wk of induced colitis by either NCK56
or NCK2025 (Fig. 64). Collectively, all three groups developed
similar histological colitis and colitis scores (Fig. 6 B-E), sug-
gesting that endogenous IL-10 is required for NCK2025s immu-
nomodulatory properties. Additionally, transferring pathogenic
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received one 5-d cycle of 3% DSS in
drinking water followed by 3 d of re-
gular drinking water and were then
killed on day 13. (C and D) Weight
changes and DALl (E) H&E staining
with 400x magnification. (F and G)
Induction of IL-10 in colonic CD11c*
DGCs. NCK56- or NCK2025-treated and
untreated (PBS) mouse colons were
stained with CD11c (red dots) and IL-
10 (green dots) antibodies and visual-
ized by TissueGnostics Tissue/Cell
High-Throughput Imaging and Analy-
sis System. F Insets show a representa-
tion of CD11c*/IL-10* cells (yellow,
merged red/green/blue). Red bar rep-
resents 50 m. White arrows point to

= +PBS
= +NCK56
= +NCK2025

DAPI* cells

®
% of positive cells/100

s . .
\\;Q .\\;" W-"Q CD11c*IL-10" cells, colocalized in yel-
o\\" o low dots. Data are representative of
< & three experiments.

CD4"CD45RB"e"T cells induced severe colitis in untreated,
NCKS56-treated, and NCK2025-treated Ragl “~IL-107" mice
(Fig. S44). All three groups showed significant weight loss and
worsening DAI on CD4*CD45RB"E"T cell transfer, highlight-
ing the critical effects of host IL-10 in regulating intestinal in-
flammation (Fig. S4B).

Discussion

Breakdown in the immune mechanisms controlling intestinal
immune tolerance leads to chronic IBD (1, 33). Both CD8™ (34,
35) and CD4™ T cells (36, 37) trigger intestinal inflammation
when peripherally activated by inflammatory cytokines (i.e., IL-
12) released from highly activated DCs. Thus, an efficacious
immunotherapy requires a deep understanding of the immune-
signaling mechanisms that underlie the immune tolerance
breakdown generally sustained by regulatory signals (38).
Recently, sequencing and annotation of the L. acidophilus
NCFM genome have allowed genetic manipulation of this bacte-
rium’s cell surface proteins (Slps) that may affect mucosal cellular
and molecular events, ultimately leading to therapeutic applica-
tions (13, 39). The Slps of L. acidophilus are critical for the
maintenance of cell shape and activation of immune cells, in-
cluding DCs (13). To study the complex cross-talk between bac-
teria and DCs and its relevance to colitis, we deleted the gene
encoding the phosphoglycerol transferase that synthesizes the
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Fig. 6. Induction of colitis in /L-70~~ mice. (A and B) C57BL/6 IL-10~"~ mouse
groups (10 per group) were housed conventionally for 1 wk. Mice were in-
oculated with NCK56 or NCK2025 for 4 consecutive d and then fed low-dose
piroxicam for 1 wk followed by high-dose piroxicam for 1 wk to accelerate
and induce the onset of colitis. Weight lost was determined; 2 wk later, mice
were killed, and colon cross-sectional Swiss rolls and tissue sections were
prepared for H&E staining. (C) Piroxicam only-treated mice. (D) NCK56-pir-
oxicam-treated mice. (E) NCK2025-piroxicam—treated mice. The scores were
blindly determined on a scale from 0 to 4.

glycerol chain of LTA in L. acidophilus NCFM. Data show that the
L. acidophilus-negative in LTA, NCK2025, induced regulatory
signals (i.e., IL-10) and down-regulated costimulatory molecules
(CDA40 and CD86) in mouse DCs, in effect converting these cells to
regulatory DCs (40). Subsequent interaction of such regulatory
DCs with CD4* T cells significantly altered T-cell activation.
Furthermore, NCK2025 treatment ameliorated DSS and patho-
genic CD4™ T cell-induced colitis, indicating that pretreatment of
the animal with this bacterial strain induced regulatory immunity
that resists DSS- or T cell-induced colitis as shown by colonic
histology, weight loss, reduced diarrhea, and hemoccult positivity.
IL-10 regulates overt inflammation within the mucosa (41, 42).
The data showed that IL-10 was highly secreted in DCs of
NCK2025-treated mice, which might play a critical role to tune
down induced inflammation seen in both preventive and thera-
peutic strategies for treatment of DSS colitis as shown previously
(43, 44). This cytokine functionally suppresses T cells by down-
regulating MHC II, costimulatory molecules, and production of
IL-12 in DCs (43, 45). Additionally, IL-10 also regulates CD8*
cytotoxic T lymphocytes, B cells, and Thl polarization (43)
through its activated IL-10 receptors that initiate multiple sig-
naling cascades, including Jakl, Tyk2, and Stat3 pathways in
lymphocytes (46). These observations show that the regulation
and maintenance of intestinal tolerance are critically governed
by IL-10-producing cells, including DCs that profoundly modify
DSS- or pathogenic CD4*CD45RB™e"T cell-induced colitis. In
addition, the pivotal role of IL-10 in response to innocuous
antigens was recently shown using IL-10~~ mice that develop
severe colitis (47). As seen above, the immunomodulatory effects
of NCK2025 were not sufficient to completely reverse estab-
lished colitis in /L-10~'~ or Ragl ~IL-10~'~ mice; however, it did
abrogate colitis when given in a DSS Preventative/therapeutic
manner or by T cell transfer into Ragl/ ™~ mice, highlighting the
critical role of IL-10 in regulating the onset of inflammation.
Importantly, mounting evidence supports the notion that IL-10-
secreting Tregs control the inflammatory properties of DCs (48)
that, in turn, regulate T-cell responses to control collateral tissue
damage (49). In this regard, NCK2025 treatment increased
CD4"Foxp3™ Treg frequency. Inactivating their function in vivo
resulted in severe colitis, suggesting that Tregs play a critical role in
inflammatory disorders where mutations in their Foxp3 gene
resulted in uncontrolled T cell repertoire (28). Our data are in
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agreement with previously reported studies using charge modifi-
cation of LTA in L. plantarum to alleviate colitis in mice (21).
Deletion of the entire gene involved in LTA synthesis in L. acid-
ophilus NCFM significantly impacted the intestinal microenvi-
ronment, inducing regulatory signals (i.e., IL-10, Tregs, and
regulatory DCs) without neglecting the required costimulatory
signals for efficacious immune activation in diseases such as
infection.

Gene modification in an allochthonous bacterium such as
L. acidophilus NCFM that does not permanently colonize the gut
may offer more therapeutic options when immune responses are
regulated (i.e., colitis) or left unperturbed (i.e., intestinal infec-
tions) by administering such a bacterial strain. This would facil-
itate development of therapeutic vehicles that may optimize the
regulation of oral immune responses. Together, targeted pre-
ventive or therapeutic microbial strategies may be effective when
cellular interactions are understood in depth and critical struc-
tural molecules delivered by the bacterium to the intestinal
mucosa are identified that culminate in autoimmunity, inflam-
mation, or antiinflammatory responses.

Material and Methods

Mice. Six- to eight-week-old C57BL/6, C57BL/6 recombination-activation gene
1-deficient (Rag1™"), C57B/6 Rag1~"IL-107'~, C57BL/6 TLR2™'~, C57BL/6 IL-
10~"~, and Balb/C MyD88~~ mice were purchased from Jackson Laboratories.
Mice were maintained in microisolator cages under specific pathogen-free,
Helicobacter-free conditions at the animal care facility at the Northwestern
University. We did not observe any spontaneous signs of inflammation in
the colons of IL-107"~ mice. Experiments were performed in an accredited
establishment according to National Institutes of Health (NIH) guidelines in
the Guide for Care and Use of Laboratory Animals (NIH-72-23), and animal
protocols were approved by the local ethics committee.

Reagents. Piroxicam and Sulindacwere obtained from Sigma. DSSwasobtained
from MP Biochemicals. NS-398 was obtained from Cayman Chemical. Mono-
clonal antibodies for CD4, CD25, FoxP3, CD3, CD11¢, CD11b, CD40, CD80, CD86,
IL-10, and mouse GM-CSF were purchased from Invitrogen and eBioscience. LTA
from S. aureus and LTA from Bacillus subtilis were purchased from Sigma.

Bacterial Strains. L. acidophilus NCFM (NCK56) and NCK2025 were inoculated
at 1% and propagated in de Man, Rogosa, and Sharpe broth (MRS; Difco) at
37 °C for 15 h. Subsequently, 1 mL of each culture was transferred to 50 mL
fresh MRS and incubated at 37 °C for 18 h. The number of cfu of L. acid-
ophilus strains was determined by measuring the OD at 600 nm (50). Cells
were harvested by centrifugation, washed two times with sterile PBS,
resuspended at 5 x 108 cfu/mL PBS containing 20% glycerol, and sub-
sequently stored at —80 °C until used to stimulate immature DCs (1:1) in
vitro. For oral inoculation of the mice, bacteria grown for 48 h were washed
two times with sterile PBS, resuspended at 5 x 10°/mL PBS, and used for oral
inoculation of mice (5 x 10% cfu-100 pL PBS-mouse). Methods for assessing
bacterial survival in simulated gastric and small intestinal fluids are provided
in SI Materials and Methods.

Phosphoglycerol Transferase Targeting. A mutant strain of L. acidophilus
NCK56 was constructed with a deletion of phosphoglycerol transferase
(LBA0447) using standard integration and excision methods, tools, and strains
(51, 52). A pORI28 deletion vector was constructed containing two targeting
fragments, Del1_Sphland Del2_Bglll, that flank LBA0447. After adouble cross-
over integration and excision event, NCK2025 was recovered that harbored
a 1,984-bp deletion of LBA0447 in the genome. PCR amplicons and DNA se-
quencing over the LBA0447 region in NCK2025 confirmed the loss of ~2 kbp
and revealed no additional mutations in the genes surrounding the deletion.

Cell Culture. Mice femurs were removed and mechanically purified from
surrounding tissues, and bone marrow was flushed using cold PBS. Cells were
treated with Tris-buffered ammonium chloride to lyse erythrocytes. Sub-
sequently, B cells, T cells, MHC II* cells, and Gr-1* granulocytes were removed
positively by specific antibodies against CD19, CD3, MHC Il, and Gr-1 (Phar-
Mingen). The remaining cells were MHC I~ and were cultured in RPMI 1640
complete medium plus 10% FBS with mouse GM-CSF alone (25 ng/mL) in six-
well plates for 6 d. Every other day, cultures were fed with fresh media
containing GM-CSF. On day 6, cells were harvested and used for different
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experiments. To study T-cell activation and proliferation, NCK56 or NCK2025
was administrated (5 x 108 cfu-100 pL-mouse) to C57BL/6 mice for 4 con-
secutive d; 1 wk later, mice were killed to isolate mesenteric LNs of each
group of mice. Mesenteric T cells were enriched by negative magnetic bead
depletion. To assay T-cell activation and proliferation, NCK56- or NCK20250-
treated and untreated DCs (10* per well of 96-well plate) were cultured at
graded doses with isolated mesenteric LN CD4* T cells (1 0° per well) for 5din
serum-free media. Afterward, 25 pL of each well of 96-well plates were
harvested and frozen for cytokine analysis. Cells were then pulsed for the
last 16 h with thymidine (0.5 pCi/well; New England Nuclear) (53). In some
experiments, anti-IL-10 antibody (final concentration = 100 ng/mL) was used
in DC:T cell cocultures, respectively.

DSS-Induced Colitis. For vaccination/prevention studies, groups of C57BL/6
mice (10 mice/group) were inoculated orally with NCK56 or NCK2025 (5 x 108
cfu-100 pL PBS:mouse) for 4 consecutive d. To deplete/inactivate CD4*
CD25*T cells (29), the same mice were given i.p. anti-CD25 monoclonal an-
tibody (PC61; BioXcell) or control rat IgG (500 pg/100 pL) on days 3 and 5 pre-
and post-DSS treatment. These groups of mice and control mice received one
5-d cycle of 3% DSS in drinking water followed by 3 d of regular drinking
water; then, they were killed on day 11 or 13. Acute colitis was observed
after the first cycle of DSS in the noninoculated group. Disease progression,
including weight lost, diarrhea, and fecal hemoccult blood positivity (FOB),
was monitored throughout the study. Thereafter, mice were killed, and
colon cross-sectional Swiss rolls were fixed in 10% formaldehyde and em-
bedded in paraffin. Tissue sections (4 pm) were stained with H&E and blindly
scored as described previously (54, 55). The grading based on a scale from
0 to 28 takes into account the degree of inflammatory infiltrate, the pres-
ence of erosion, ulceration, or necrosis, and the depth and surface extension
of the lesion. For treatment studies, three groups of C57BL/6 mice (10 per
group) first received a 5-d cycle of 3% DSS to initiate colitis, and two of the
groups were subsequently treated through oral gavage with NCK56 or
NCK2025 (5 x 108 cfu-100 pL PBS-mouse) for 4 consecutive d. Disease pro-
gression was monitored to day 13 of the protocol when mice were killed,
and colons were assessed as above.

Colonic Tissue Cultures. Colonic tissue cultures were performed as previously
described (56). Briefly, colonic tissues of each mouse group treated with
L. acidophilus strains before or after 3% DSS application were thoroughly
cleaned with cold PBS. Tissues were cut into 1-cm pieces and shaken in
complete RPMI 1640 containing gentamicin (50 pg/mL) for 30 min at 16 x g.
Colonic tissues were cultured in RPMI medium 1640 supplemented with 5%
FCS, 50 pg/mL gentamicin, and 1% penicillin/streptomycin/amphotericin B
for 18 h at 37 °C. Supernatants were then collected and stored at —80 °C
before use for cytokine analysis.

IL-10~'~ Colitis. Groups of C57BL/6 IL-107'~ (n = 10 per group) were trans-
ferred from pathogen-free housing to conventional housing and allowed to
acclimate for 1 wk. Mice were then inoculated with NCK56 or NCK2025 (5 x
108 cfu-100 pL PBS-mouse) for 4 consecutive d and fed low-dose piroxicam
for 1 wk followed by high-dose piroxicam for 1 wk to accelerate and syn-
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chronize the onset of colitis, as previously described (57). After 2 wk on
standard chow (day 28), mice were killed, and colon cross-sectional Swiss
rolls were fixed in 10% formaldehyde and embedded in paraffin. Tissue
sections (4 pm) were stained with H&E and blindly scored on a scale from 0 to
4, as described previously (57).

Flow Cytometry. L. acidophilus-treated and untreated DCs (5 x 10°) were in-
cubated with surface marker monoclonal antibodies for 30 min at 4 °C, washed
extensively with PBS plus 0.1% FCS, fixed with 0.1% paraformaldehyde, and
analyzed by a FACSCalibur four-laser cytometry by using standard CELLQUEST
acquisition analysis software (Becton Dickinson). At least 10* gated events per
condition were acquired. In some experiments to derive colonic lymphocytes,
groups of mice (five mice per group) were inoculated with NCK56 or NCK2025
(5 x 108 cfu-100 pL sterile PBS-mouse) for 4 consecutive d. Mice were killed,
colons were cleaned, and single cells were isolated from the lamina propria as
previously described (58). Lymphocytes were enriched using Percol and
stained with anti-CD4 FITC, CD25 allophycocynin antibodies, and 7AAD. Sub-
sequently, stained cells were fixed, permeabilized, stained with anti-FoxP3
phycoerythrin or isotype antibodies, and analyzed by FACSCalibur.

Immunoflourescence. Colons of mice treated with NCK56, NCK2025, or PBS
alone were fillet-opened, rolled, and snap-frozen at —80 °C in optimal cut-
ting temperature. Sections (5 um) were cut, fixed in ice-cold methanol (-20 °
Q) for 15 min, and blocked with 1% BSA. Subsequently, sections were in-
cubated overnight at 4 °C with purified hamster anti-mouse CD11c (BD
Biosciences) and rat anti-mouse IL-10 (BioLegend), washed two times with
PBS, and incubated with anti-hamster AlexaFluor 594 and anti-rat Alexa-
Fluor 488 (Invitrogen) for 1 h. Sections were then washed two times with
PBS, incubated with DAPI (Invitrogen) for 10 min, washed with PBS two
times, and mounted with antifade mounting medium (59). Images were
acquired using TissueGnostics Tissue/Cell High-Throughput Imaging and
Analysis System and analyzed using ImageJ software.

Real-Time PCR. Total RNA was isolated from bone-marrow DCs using the
RNeasy Mini Kit (Qiagen). The high-capacity cDNA reverse transcription kit
was used to synthesize cDNA from 5 ug RNA and expression of TLR1 and TLR2
genes determined by real-time semiquantitative PCR using the ABI 7500
real-time PCR system with Power Syber green 2x PCR master mix (Applied
Biosystems). Primers for TLR1 (Forward-TTAATGAGTGTTTGTGAATGCAGTTG;
Reverse-GAGCATTGCCACATGGGTATAG) and TLR2 (Forward-CAAAGCGT-
CAAATCTCAGAGGAT,; Reverse-ACACCCCAGAAGCATCACATG) were selected
for regions spanning intron junctions to exclude amplification of genomic
DNA. Results reflect the fold increase relative to the control sample using
the ddCT method using GAPDH as the endogenous control (Forward-
GTCGTGGATCTGACGTGCC; Reverse-TGCCTGCTTCACCACCTTC).
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