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See editorial on page 706.

ackground & Aims: Obtaining antigen-specific
mmune suppression is an important goal in devel-
ping treatments of autoimmune, inflammatory,
nd allergic gastrointestinal diseases. Oral toler-
nce is a powerful means for inducing tolerance to
particular antigen, but implementing this strategy

n humans has been difficult. Active delivery of
ecombinant autoantigens or allergens at the intes-
inal mucosa by genetically modified Lactococcus
actis (L lactis) provides a novel therapeutic ap-
roach for inducing tolerance. Methods: We engi-
eered the food grade bacterium L lactis to secrete
valbumin (OVA) and evaluated its ability to in-
uce OVA-specific tolerance in OVA T-cell receptor
TCR) transgenic mice (DO11.10). Tolerance induc-
ion was assessed by analysis of delayed-type hyper-
ensitivity responses, measurement of cytokines
nd OVA-specific proliferation, phenotypic analysis,
nd adoptive transfer experiments. Results: Intragas-
ric administration of OVA-secreting L lactis led to
ctive delivery of OVA at the mucosa and suppression
f local and systemic OVA-specific T-cell responses in
O11.10 mice. This suppression was mediated by

nduction of CD4�CD25� regulatory T cells that func-
ion through a transforming growth factor �-depen-
ent mechanism. Restimulation of splenocytes and
ut-associated lymph node tissue from these mice
esulted in a significant OVA-specific decrease in in-
erferon � and a significant increase in interleukin-10
roduction. Furthermore, Foxp3 and CTLA-4 were
ignificantly up-regulated in the CD4�CD25� popula-
ion. Conclusions: Mucosal antigen delivery by oral
dministration of genetically engineered L lactis leads
o antigen-specific tolerance. This approach can be
sed to develop effective therapeutics for systemic
nd intestinal immune-mediated inflammatory dis-

ases.
he mucosal immune system maintains an equilib-
rium between tolerance toward commensals and

armless agents (eg, food antigens) on the one hand and
ctive immunity toward pathogenic agents on the other.1

isturbance of this balance is an important pathogenic
echanism in many different autoimmune, allergic, and

nflammatory gastrointestinal diseases. Induction of an-
igen-specific oral tolerance (OT) is an attractive thera-
eutic approach because it generally lacks toxicity, can be
asily administered over time, and avoids adverse effects
ssociated with generalized immune suppressive inter-
ention. Oral administration of (auto)antigens or aller-
ens can effectively prevent the induction of autoim-
une and allergic diseases in animal models, but several

linical attempts to induce OT for therapeutic purposes
ave failed.2– 4 These failures may be related to the source,
he purity, and the amount of (auto)antigen needed or to
he way the antigen is presented to the mucosal immune
ystem. Experimental data indicate that heterogeneous
ntigen mixtures are less effective inducers of OT than
ingle purified antigens and that the antigen dose is
ritical. High doses of antigen can lead to clonal deletion
r anergy of the T cells recognizing the antigen, whereas

ow doses can induce active suppression, eg, by inducing
ntigen-specific regulatory T cells secreting suppressive
ytokines.5–7 When anergy or clonal deletion is desired,8

he antigen has to be known. However, if multiple patho-
enic antigens are implicated, or when the causal antigen
s unknown, therapeutic effects can be induced by gen-
rating “bystander” regulatory T cells.2,9,10 Different types
f regulatory T cells can be induced or expanded by
ucosal antigens, including CD4�CD25�, CD4�CD25�,

Abbreviations used in this paper: APC, antigen presenting cell; BM,
one marrow; DC, dendritic cells; DTH, delayed type hypersensitivity;
ALT, gut-associated lymphoid tissue; IFN, interferon; IL, interleukin;
L, Lactococcus lactis; LL-OVA, OVA-secreting L lactis; OT, oral toler-
nce; OVA, ovalbumin; TCR, T-cell receptor; Treg, regulatory T cell.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2007.04.073
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nd CD8� regulatory T cells through a transforming
rowth factor (TGF)-� and/or interleukin (IL)-10-depen-
ent mechanism.2

The Lactococcus lactis (L lactis)-mediated delivery system
bviates the need for large scale purification of human
utoantigens or allergens and enables delivery of antigens
o the intestinal mucosa. L lactis is a nonpathogenic,
oninvasive, noncolonizing gram-positive bacterium,
nd, according to the US Food and Drug Administration,
t is generally regarded as safe. Previously genetically

odified L lactis strains have been produced for synthesis
nd delivery of immunomodulatory proteins at the in-
estinal mucosa, and an adequate biologic containment
ystem has been established.11–13 A biologically contained

lactis strain secreting human IL-10 was used in a phase I,
pen label clinical trial on Crohn’s disease patients. This
rial demonstrated that treatment of humans with viable

lactis secreting IL-10 is clinically and biologically safe
nd gave indications of its clinical efficacy.14 The use of
enetically modified L lactis for intestinal delivery of pro-
eins in humans warrants further investigation.

In the present study, we evaluated the efficacy of L lactis
s a vehicle for intestinal delivery of antigens for the
nduction of antigen-specific peripheral tolerance. We
ed ovalbumin (OVA)-immunized DO11.10 mice,
hich bear transgenic OVA-specific CD4� T-cell recep-

ors, with OVA-secreting L lactis (LL-OVA). Our data
ndicate that LL-OVA leads to OVA-specific tolerance
y inducing CD4�CD25� regulatory T cells that func-
ion through a TGF-�-dependent mechanism. These
ells can transfer tolerance to OVA-immunized wild-
ype Balb/c recipients. This intestinal delivery system is

ore effective than oral administration of purified
ntigen. Thus, live, genetically modified L lactis holds
romise as a tool for efficient induction of antigen-
pecific peripheral tolerance in humans suffering from
ntigen-driven immune diseases.

Materials and Methods
Bacteria and Media
The Lactococcus lactis MG1363 (LL) strain15 was

enetically modified and used throughout this study.
acteria were cultured in GM17E medium consisting of
17 broth (Difco Laboratories, Detroit, MI) supple-
ented with 0.5% glucose and 5 �g/mL erythromycin

Abbott B.V., Hoofddorp, The Netherlands). Stock sus-
ensions of the Lactococcus lactis MG1363 strains were
tored at �20°C in 50% glycerol in GM17E medium.
tock suspensions were diluted 200-fold in GM17E me-
ium and incubated at 30°C overnight. Within 16 hours,
hey reached a saturation density of 2 � 109 colony-
orming units (CFU) per mL. Bacteria were harvested by
entrifugation and resuspended in BM9 medium at 2 �
010 bacteria/mL. Each mouse received 100 �L of this

uspension daily through an intragastric catheter. i
Plasmids
The messenger RNA (mRNA) sequence encoding Gal-

us gallus ovalbumin was retrieved from Genbank (accession
umber AY223553) and from published data.16 Total RNA
as isolated from chicken uterus and complementary DNA

cDNA) was synthesized using 2 �g total RNA, 2 �mol/L oligo
T primers (Promega Corporation Benelux, Leiden, The Neth-
rlands), 0.01 mmol/L DTT (Sigma-Aldrich, Zwijndrecht, The
etherlands), 0.5 mmol/L dNTP (Invitrogen, Merelbeke, Bel-

ium), 20 U Rnasin (Promega Incorporation Benelux), and 100
superscript II reverse transcriptase (Invitrogen) in a volume

f 25 �L. An OVA cDNA fragment was amplified by polymer-
se chain reaction (PCR) using the following primers: forward
=-GGCTCCATCGGTGCAGCAAGCATGGAATT-3= and re-
erse 5=-ACTAGTTAAGGGGAAACACATCTGCCAAAGAA
AGAA-3=. Reaction conditions were 94°C for 2 minutes fol-

owed by 30 cycles at 94°C for 45 seconds, 62°C for 30
econds, and 72°C for 90 seconds. The amplified fragment was
used to the Usp45 secretion signal17 of the erythromycin
esistant pT1NX vector, downstream of the lactococcal P1
romotor.18 MG1363 strains transformed with plasmids car-
ying OVA cDNA were designated L lactis secreting OVA (LL-
VA). The L lactis-pT1NX, which is MG1363 containing the

mpty vector pT1NX, served as control (LL-pT1NX).15

Mice
Seven-week-old female Balb/c mice were obtained

rom Charles River Laboratories (Calco, Italy). OVA-spe-
ific T-cell receptor transgenic mice (DO11.10) on a
ALB/c background were kindly provided by Dr J. Sam-
on (Vrije Universiteit, Amsterdam, The Netherlands)
nd bred at the Academic Medical Center, Amsterdam.
O11.10 mice were used at the age of 8 –10 weeks. All
ice were housed in a conventional animal facility under

outine laboratory conditions. All experiments were ap-
roved by the Animal Experiments Committee of the
cademic Medical Center.

Antigen and Antibodies
Intact, lipopolysaccharide (LPS)-free OVA grade V

rotein was used as antigen in all experiments (Sigma
ldrich). Anti-CD4, anti-CD25, and anti-CTLA-4 anti-
odies were purchased from BD-Pharmingen (Woerden,
he Netherlands), and anti-Foxp3 antibodies were ob-

ained from eBiosciences (San Diego, CA).

In Vitro and In Vivo Quantification of OVA
Secreted by L lactis
Female BALB/c mice were fed 10 serial inoculates

f 2 � 109 CFU of LL-OVA in 100 �L BM9 medium, or
00 �L BM9 medium alone (control), once every 30
inutes. One hour after the final inoculation, intestinal

egments were homogenized in phosphate-buffered sa-
ine (PBS) containing 1% fetal calf serum (FCS) for anal-
ses. OVA production was quantified by enzyme-linked

mmunosorbent assay (ELISA) and live L lactis bacterial
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ount by plating 10-fold dilutions of the homogenates
n GM17E agar plates containing 5 �g/mL erythromy-
in. OVA secreted in vivo was quantified by sampling the
roximal and distal small intestines, the cecums, and the
olons in 2 different ways: (1) samples of the entire
ntestine, including luminal content, and (2) extensively
ashed intestinal tissue samples for measurement of
ucosal OVA concentrations. Samples were homoge-

ized, and OVA was quantified by ELISA. OVA was cap-
ured from the saturated culture supernatant by immo-
ilized polyclonal rabbit anti-OVA antibody (2 �g/mL;
esearch Diagnostics Inc), quantified by anti-OVA bi-
tin-conjugated polyclonal rabbit antibody (2.5 �g/mL;
esearch Diagnostics Inc), and stained with horseradish
eroxidase-conjugated streptavidin (1/1000; BD Pharm-

ngen, San Diego, CA) followed by 3,3’, 5,5’ tetramethyl-
enzidine substrate (BD Pharmingen).

Oral Feeding and Delayed-Type
Hypersensitivity
DO11.10 mice were immunized by subcutaneous

SC) injection of 100 �g OVA in 50 �L of a 1:1 mixture
f Complete Freund’s adjuvant (Difco, BD, Alphen aan
e Rijn, The Netherlands) and saline solution at the base
f the tail on the first day.19 Mice were fed purified OVA
issolved in 100 �L BM9 as follows: 200 mg on day 8, 1
g on days 1–5, and 1 �g on days 1–5 and 8 –12. LL-OVA

r LL-pT1NX was administered on days 1–5 and 8 –12.
ontrol mice received only BM9. Antigen or bacterial

uspensions were introduced into the stomach using an
8-gauge stainless animal feeding needle. Eleven days
fter sensitization, antigen-specific, delayed-type hyper-
ensitivity (DTH) responses were assessed by injection of
VA. Twenty-four hours later, DTH measurements were
erformed, or spleen and lymph nodes were harvested
nd the cells assessed for OVA-specific proliferation and
ytokine production. For measurement of antigen-spe-
ific DTH responses, mice were challenged with 10 �g
VA in 10 �L saline in the auricle of one ear and 10 �L

aline in the other. Ear swelling, defined as the increase in
ar thickness because of challenge, was measured in a
linded fashion 24 hours after challenge using a micro-
eter (Mitutoyo, Tokyo, Japan). DTH responses were

xpressed as the difference in swelling between the OVA-
njected and the saline-injected ears (swelling because of

VA minus swelling because of saline).

Cell Cultures and Proliferation and Cytokine
Assays
Single cell suspensions of spleen and lymph nodes

ere prepared by passing the cells through 70-�m cell
trainers (Becton/Dickinson Labware). Erythrocytes in
he spleen cell suspensions were lysed by incubation with
ed cell lysis buffer. For IL-10 measurements, 1 � 105

ymphocytes isolated 1 day after DTH challenge were
ncubated in triplicate 96-well plates (Costar, Cambridge,
A) in 200 �L complete medium. They were either left o
nstimulated or were stimulated in the presence of plate-
ound anti-CD3 (1:30 concentration; clone 145.2C11, a
ift from Dr R. Mebius) and soluble anti-CD28 (1:1000
oncentration; BD Biosciences) for 48 hours or with 500
g/mL OVA for 40 hours. CD4� T cells and CD4�CD25�

cells were enriched using CD4� T-cell isolation kit or
D4�CD25� regulatory T-cell isolation kit and midi-
ACS columns (all materials from Miltenyi Biotec,
ermany).
A T-cell proliferation assay was performed using
O11.10 CD4� T cells and bone marrow (BM)-derived
D11c� dendritic cells (DC) cultured with LL-OVA or
L-pT1NX. BM-derived DCs were generated as de-
cribed20 and positively selected using anti-CD11c mag-
etic microbeads and MACS columns (Miltenyi Biotec,
trecht, The Netherlands) according to manufacturer’s

nstructions. The CD11c� cells were plated at 2 � 106

er well (24-well; Costar) with 4 � 105 CFU L lactis or
ith 1 �g or 1 mg OVA per milliliter in RPMI 1640

upplemented with 10% FCS, 2 mmol/L L-glutamax, 0.1
mol/L nonessential amino acids, 0.4 mol/L sodium

yruvate, 25 mmol/L HEPES (all 4 from Invitrogen), 50
mol/L �-mercaptoethanol (2-ME), and 5 �g/mL eryth-

omycin (Abbott). After 4-hour incubation, the bacteria
ere killed by adding 75 �g/mL gentamycin. Twenty
ours later, cells were harvested. Two � 105 CD4� T cells
ere then cultured with the harvested DCs at ratios of
/0.3, 1/0.11, 1/0.03, and 1/0.01, respectively. The cul-
ures were grown in 96-well U-bottom plates (Becton
ickinson, Alphen aan de Rijn, The Netherlands) in a

otal volume of 200 �L complete medium consisting of
PMI-1640 with 10% FCS, 2 mmol/L L-glutamax (In-
itrogen), 0.1 mmol/L nonessential amino acids, 0.4
ol/L sodium pyruvate, 25 mmol/L HEPES, 50 �mol/L

-ME, 10 U/mL penicillin (Invitrogen), and 10 �g/mL
treptomycin (Invitrogen).

To assay proliferation of total splenocyte populations,
� 105 cells were cultured in 96-well U-bottom plates

n a total volume of 200 �L complete medium either
lone or with OVA and either with or without anti-
L-10 neutralizing monoclonal antibody (1 �g/mL,
lone JES052A5; R&D Systems, Abingdon, United King-
om). OVA was added at concentrations ranging from
.2 to 100 �g/mL. The anti-IL-10 antibody was added at
.0, 0.1, and 0.01 �g/mL. To assay proliferation of CD4�

cells and CD4�CD25� T-cell populations, 0.2 � 105

D4� T cells or CD4�CD25� T cells were cultured in
6-well U-bottom plates with 1 � 105 irradiated CD4�

ells, acting as antigen presenting cells (APC), and OVA (0
r 100 �g/mL) in a total volume of 200 �L complete
edium either with or without TGF-� neutralizing
onoclonal antibody (1 �g/mL, clone 1D11; R&D Sys-

ems). Cells were cultured for 90 hours at 37°C in 5%
O2 in a humidified incubator. For proliferation assays, 1
Ci/well [3H]-thymidine was added for the last 18 hours

f culture, DNA was harvested on glass fiber filter mats
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Perkin Elmer, Boston, MA), and DNA-bound radioactiv-
ty was measured on a scintillation counter (Perkin
lmer). For cytokine measurements, supernatants of the
ell cultures used in the different proliferation assays
ere collected after 72 hours of culture and frozen at
20°C. Cytokine production was quantified using the
ouse Inflammation Cytometric Bead Assay (BD Bio-

ciences, Mountain View, CA).

Flow Cytometry Analysis
On day 12, spleens of mice treated with BM9, 1 �g

VA, LL-pT1NX, or LL-OVA were isolated and enriched
or CD4�CD25� T cells using CD4� T-cell isolation kit
r CD4�CD25� regulatory T-cell isolation kit, as described
bove. To determine the regulatory phenotype of the
D4�CD25� T-cell population, cells were stained for Foxp3
nd CTLA-4 and analyzed by flow cytometry (FACScan;
ecton Dickinson, Woerden, The Netherlands).

Adoptive Transfer Experiments
Wild-type Balb/c donor mice were immunized by

C injection with 100 �g OVA in 50 �L of a 1:1 mixture
f CFA (Difco; Becton Dickinson, Alphen aan de Rijn,
he Netherlands) and saline solution at the base of the

ail on days 0 and 1. On day 7, CD25 subsets isolated

igure 1. LL-OVA induces APC-mediated T-cell proliferation. L lactis-
cells after preincubation of BM-DC with LL-OVA. BM-derived DC wer
M-DC were cultivated with 4 � 105 CFU LL-OVA or LL-pT1NX, with 1
illed with gentamycin. Twenty hours later, BM-DC were harvested, an
O11.10 CD4� T cells were incubated with 6.67 � 104, 2.22 � 104, 7
/0.01, respectively, CD4� T cells/BM-DC. Given the considerable highe
n a separate graph.
rom spleens of DO11.10 mice fed with LL-OVA (as
reviously described) were adoptively transferred in the
ensitized Balb/c mice. To obtain the CD25 subsets,
pleen cells were stained using the CD4�CD25� regula-
ory T-cell isolation kit (Miltenyi Biotec) and sorted by

ACS cell sorting. The CD4�CD25� and CD4�CD25�

opulations were sorted again using a FACS diva (BD,
ecton Dickinson, Erembodegem, Belgium), which sepa-

ated the positive population into CD25high and
D25intermediate subpopulations. Immediately afterwards,
� 104 CD25high, CD25intermediate, or CD25� cells in 200
L PBS were adoptively transferred by intravenous (IV)

njection into the OVA-immunized Balb/c mice. These
ice were then challenged on day 12 with 10 �g OVA in

0 �L saline in the auricle of one ear and 10 �L saline in
he other ear, and DTH responses were measured 24
ours later, as described previously.

Statistical Analysis
Results from cytokine measurements are ex-

ressed as means � SEM. Significance of differences
etween groups in ear thickness and cytokine measure-
ents were tested using 1-way ANOVA followed by Stu-

ent t test. Significance of OVA-specific proliferation was
valuated using a general linear model with repeated

d OVA is bioactive because it induces proliferation of DO11.10 CD4�

erated as described in the Materials and Methods section. Two � 106

r 1 mg OVA per mL or with no additive (/). After 4 hours, bacteria were
ir proliferation was assayed using DO11.10 CD4� T cells. Two � 105

103, and 2.47 � 103 BM-DC, corresponding to 1/0.33, 1/0.11, and
liferation after stimulation with 1 mg/mL OVA, this proliferation is shown
derive
e gen
�g o
d the
.41 �
r pro
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easurements. For both tests, statistical significance is
ndicated as *P � .05 or **P � .01.

Results
LL-OVA Induces APC-Mediated T-Cell
Proliferation In Vitro
A L lactis strain that secretes chicken OVA, desig-

ated LL-OVA, was constructed. In vitro synthesis of
VA was evaluated by ELISA. OVA secretion did not alter

he growth rate of L lactis, and, after 16 hours of growth,
VA was detected in the culture supernatant at a con-

entration of 7 � 2 ng/mL. No intracellular OVA could
e detected, demonstrating efficient secretion of OVA.

LL-OVA were able to induce BM-DC maturation (data
ot shown) and proliferation of DO11.10 CD4� T cells
hat were cocultured with BM-DC. Less than 0.5 ng/mL
f OVA was produced by LL-OVA during a 4-hour cocul-
ure of BM-DC with LL-OVA. Purified OVA at 1 mg/mL
nduced significantly more proliferation than LL-OVA,
ut, at 1 �g/mL, it failed to induce any proliferation
Figure 1). This clearly demonstrates that L lactis-derived

VA is bioactive and suggests that the LL-OVA-induced
-cell proliferation is mediated by APC.

Active Intestinal Delivery of OVA by L lactis
To quantify the in vivo secretion of OVA, small

ntestines, cecums, and colons were obtained 1 hour after
he final inoculation. CFU numbers and OVA concentra-
ions were determined within the entire intestine, includ-
ng its luminal content as well as within the intestinal
issue, ie, the mucus and mucosa. No live L lactis bacteria
ere found in the proximal small intestine, whereas, in

amples of luminal content from the distal small intes-
ine, the cecum, and the colon, CFU averaged 7.25 � 109,
.49 � 109, and 3.49 � 109, respectively. Relatively few
iable L lactis were found in contact with mucus or within
he mucosa of the distal small intestine (4.16 � 106

FU), cecum (7.03 � 107 CFU), and colon (1.41 � 106

FU) (Table 1). The largest amount of OVA derived from
L-OVA was detected in the colon (48 ng per colon), but
nly a small fraction of the colon-delivered OVA (3 ng per
olon) was found in the intestinal tissue. A smaller
mount of OVA was found in the distal part of the small
ntestine, but this was localized entirely in the mucus
nd/or mucosa. No OVA was detected in the proximal
mall intestine (Figure 2). This indicates that L lactis
ctively produced OVA in vivo, which was mostly recov-
red from the mucus and/or mucosa of the small bowel
nd in the lumen of the large intestine.

able 1. In Vivo Detection of Live L Lactis Bacteria

CFU LL-OVA Distal small in

ntire intestine, including luminal content 7.25 � 0.14

ntire intestine, excluding luminal content 4.16 � 0.25 � 10
Administration of LL-OVA Significantly
Suppresses OVA-Induced DTH
OVA-specific DTH reactions in the ear are accu-

ately reflected in ear swelling.21,22 Using an intragastric
atheter, OVA-immunized mice were fed BM9 (as a neg-
tive control), 200 mg OVA on day 8, 1 mg OVA on days
–5, 1 �g OVA on days 1–5 and 8 –12, or LL-pT1NX (as
ector control) or LL-OVA on days 1–5 and 8 –12. On day
1, mouse ears, after measurement of thickness, were

njected with 10 �g OVA. Ear thickness was measured
gain after 24 hours, and swelling was measured as the
ncrease in ear thickness. Control mice were significantly
ensitized to OVA, as evidenced by ear swelling, but daily
ntragastric administration of LL-OVA significantly re-
uced this swelling (15 � 10�2 mm vs 1 � 10�2 mm,
espectively, P � .0152) (Figure 3). Ear swelling was also
omewhat reduced in LL-pT1NX-treated mice compared
ith controls (BM9) (6.5 � 10�2 mm vs 15 � 10�2 mm,

espectively). Remarkably, mice that were fed either a low
ose of OVA (10 � 1 �g), comparable with the amount
f OVA secreted by the LL-OVA, or a high dose (1 � 200
g or 5 � 1 mg) did not show a significant reduction in

welling compared with the control group. These data
trongly indicate that LL-OVA can suppress systemic
-cell responses in DO11.10 mice and that this effect is

e Cecum Colon

9 2.49 � 0.15 � 109 3.49 � 0.015 � 109

igure 2. OVA is actively produced by LL-OVA in the intestine and is
elivered to the small and large intestines. Balb/c mice (n � 4) received
0 serial inocula of 2 � 109 CFU of LL-OVA in 100 �L suspension at

ntervals of 30 minutes. One hour after the final inoculation, live bacteria
Table 1) and OVA (Figure 2) were quantified in the entire small intes-
ines, cecums, and colons, including their luminal contents (solid bar),
nd in the intestinal tissue (open bar), as described in the Materials and
ethods section. Detection limit of the ELISA � 1.5 ng. Results are

epresentative of 2 individual experiments.
testin

� 10

6 7.03 � 0.17 � 107 1.41 � 0.10 � 106
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n part because of the apparent intrinsic tolerogenic ef-
ect of L lactis.

Reduction of DTH Response by Treatment
With LL-OVA Is Accompanied by an OVA-
Specific Increase in IL-10 Production
Immediately after measuring DTH, cervical lymph

ode cells draining the ears of OVA-challenged mice were
ooled and restimulated with OVA. This led to higher
L-10 production in the LL-OVA-treated mice than in the
M9 (control) and LL-pT1NX mice (Figure 4A).
IL-10 production by isolated bulk spleen and gut-

ssociated lymph node cells (GALT) following 40-hour ex
ivo OVA restimulation was also assessed immediately
fter DTH measurement. Production of IL-10 was signif-
cantly higher in restimulated bulk spleen cells from
L-OVA-treated mice than in the negative control and in
he groups receiving 1 �g OVA or LL-pT1NX. Similar
esults were obtained using restimulated GALT cells (Fig-
re 4B). The observed production of IL-10 was antigen
pecific because no differences in IL-10 production were
bserved after restimulation with anti-CD3/anti-CD28
Figure 4C). In summary, we found that the production
f IL-10 in OVA-stimulated cervical lymph nodes, spleno-
ytes, and GALT cells was significantly higher in mice
hat were treated with LL-OVA.

Oral Feeding With L lactis Suppresses the
OVA-Specific Proliferative Capacity of
Splenocytes and Decreases IFN-� Production
Analysis of OVA-specific proliferation of spleno-

igure 3. Oral feeding of LL-OVA significantly reduces DTH responses
n CFA on day 1. Mice were orally treated with 200 mg OVA on day 8, 1
L-pT1NX on days 1–5 and 8–12. Control mice received BM9. On day
ar and with 10 �L saline in the other. DTH responses are expressed
aline-injected ears. Results summarize data of 4 independent experim
ytes was used to examine peripheral immune responses. g
ulk splenocytes of mice treated with BM9, LL-pT1NX,
r LL-OVA were isolated on day 12, and the OVA-specific
roliferative response was assessed. Control mice were
learly sensitized and showed a high proliferative re-
ponse. Daily intragastric administration of LL-OVA sig-
ificantly reduced the OVA-specific proliferative response

P � .002) (Figure 5). Noteworthy, the OVA-induced
roliferative response was also significantly reduced (P �

022) after intragastric administration of LL-pT1NX in
omparison with the BM9 control group.

The lower proliferative response of spleen cells was
ccompanied by a significant down-regulation of IFN-�
roduction after ex vivo OVA restimulation, both in the
L-pT1NX- and the LL-OVA-treated mice (Figure 5, upper
anel). These data indicate that LL-OVA and LL-pT1NX
reatments are both able to suppress systemic T-cell re-
ponses in DO11.10 mice.

Feeding With LL-OVA Suppresses the OVA-
Specific Proliferative Responses of CD4�

Splenic T Cells Mediated by TGF-� and
CD4�CD25� T Cells
To determine whether the reduced proliferative

esponse of bulk splenocytes was related to reduced re-
ponsiveness of the CD4� T cells, splenic CD4� T cells
rom the mice treated with BM9, LL-pT1NX, or LL-OVA
ere isolated on day 12, and OVA-specific proliferative

esponses were assessed. The OVA-specific proliferative
esponse of splenic CD4� T cells was lower after LL-OVA
reatment than in the BM9 and LL-pT1NX control

11.10 mice were sensitized by subcutaneous injection of 100 �g OVA
VA on days 1–5, 1 �g OVA at days 1–5 and 8–12, or with LL-OVA or
ice were challenged with 10 �g OVA in 10 �L saline in the auricle of 1
e mean difference in ear swelling between the OVA-injected and the
including 6 mice per group per experiment.
. DO
mg O
11, m
as th
roups (Figure 6A). Because blocking with neutralizing
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igure 4. OVA-specific increase in IL-10 production after restimulation of cervical lymph node, spleen, and GALT cells. IL-10 secretion of pooled
ervical lymph node cells was determined in the supernatants 24, 48, and 72 hours after restimulation. Data are represented as means of IL-10
ecretion in pg/mL of at least 2 separate experiments (A). IL-10 production by bulk spleen and GALT cells was measured after ex vivo restimulation.
ice were fed BM9, 1 �g OVA, LL-pT1NX, or LL-OVA as described in Figure 3, and DTH was determined. Thereafter, bulk cell populations were

solated, and 1 � 105 cells were restimulated ex vivo with 0.5 mg/mL OVA (B). To determine antigen-specific IL-10 secretion, cells were restimulated

ith anti-CD3/anti-CD28 (C). Data summarize 3 independent experiments including 6 mice per experiment.
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nti-IL-10 did not reverse the reduction in the prolifera-
ive response of bulk splenocytes (data not shown), we
nvestigated whether TGF-� was involved. Blocking with
GF-� neutralizing monoclonal antibody did not signif-

cantly alter the proliferative response of the CD4�

plenic T cells in the BM9 and LL-pT1NX groups but

igure 6. Feeding with LL-OVA reduces the OVA-specific proliferation o
he reduction is mediated by CD4�CD25� cells and TGF-�. DO11.10 m
ubcutaneous injection of 100 �g OVA in CFA at day 1. They were tr
L-OVA, or LL-pT1NX on days 1–5 and 8–12. On day 12, spleens were iso
, CD4�CD25high, CD4�CD25intermediate, and CD4�CD25� T cells were
roliferation of CD4� and CD4�CD25� T cells from all groups were assay
aterials and Methods section. Proliferative response of CD4� and CD

tudied while blocking TGF-� with anti-TGF-� neutralizing antibody (1 �
ponses are expressed as the proliferation relative to that of CD4� T cells
fter 72 hours of culture, supernatants were collected from the proliferatio

FN-� production (B). Data represent at least 2 separate experiments

igure 5. Feeding of LL-OVA or LL-pT1NX significantly reduces the OV
ice were immunized by subcutaneous injection of 100 �g OVA in CFA
n days 1–5 and 8–12. On day 12, bulk splenocytes were isolated and
t different OVA concentrations, and for IFN-� production after 72-hour
separate experiments, including 4 mice per group per experiment.
ntracellularly stained for Foxp3 and CTLA-4, and flow cytometry was performed
eversed the reduction in proliferation in the LL-OVA
roup.

Importantly, the reduction in proliferation because of
L-OVA treatment was maintained after depleting
D4�CD25� T cells (Figure 6A). Moreover, the prolifer-
tive response of the CD4�CD25� T cells in the LL-OVA

� splenic T cells.
ere sensitized by
orally with BM9,

and splenic CD4�

ed. OVA-specific
described in the
25� T cells was
). Proliferative re-
e BM9 group (A).
ys and tested for
day 12, isolated

ecific proliferation and IFN-� production of bulk splenocytes. DO11.10
y 1. Mice were treated orally with BM9 (control), LL-OVA, or LL-pT1NX
d for OVA-specific proliferation, which is expressed as the mean cpm
o stimulation with 33 �g/mL OVA (upper panel). Data represent at least
f CD4
ice w

eated
lated
isolat
ed as
4�CD
g/mL
of th

n assa
. On

D4�CD25� T-cell subsets of the mice treated with BM9, 1 �g OVA, LL-pT1NX, or LL-OVA were
A-sp
on da
teste

ex viv
(C).
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roup significantly increased after blocking TGF-� with a
pecific neutralizing monoclonal antibody (P � .028).
hese proliferation data are supported by the IFN-�
roduction data (Figure 6B). To analyze further the in-
uced CD4�CD25� regulatory T cell (Treg) population,
e defined the percentage of CD4�CD25� lymphocytes

xpressing 2 major Treg markers: Foxp3 and CTLA4. For
his purpose, we stained the isolated CD4�CD25� T cells
rom mice treated with BM9 or 1 �g OVA, LL-pT1NX, or
L-OVA on day 12 and gated them on the Foxp3 and
TLA4� subpopulation. A de novo expansion of
D4�CD25� Foxp3� and CD4�CD25� CTLA4� is ob-

erved only in the LL-OVA-treated group (Figure 6C).
his indicates that CD4�CD25� regulatory T cells ex-
ressing Foxp3 and CTLA4 are induced following LL-
VA treatment and that, in vitro, the CD25� cells medi-

te OVA-specific tolerance through a TGF-�-dependent
echanism.

CD4�CD25� Regulatory T Cells Induced
After LL-OVA Treatment Can Transfer OVA
Tolerance in vivo
To assess the functional activity of the differ-

nt CD4�CD25 subsets in vivo, we fed DO11.10 mice
ith LL-OVA as described above, and we adoptively

ransferred CD4�CD25high, CD4�CD25intermediate, and
D4�CD25� subsets from their spleens into Balb/c mice

ensitized by SC injection with 100 �g OVA in CFA on
ays 0 and 1. Five days thereafter, mouse ears were in-

ected with 10 �g OVA, and ear thickness was measured
4 hours later. Remarkably, only adoptive transfer of the
D4�CD25� T cells caused a reduction of DTH (P �

0317) (Figure 7). Together, these data strongly suggest
hat intragastric administration of OVA-secreting L lactis
nduces OVA-specific immune tolerance that is mediated
y CD4�CD25� regulatory T cells.

Discussion
Our data indicate that genetically modified L lactis

an be used for mucosal delivery of antigens and that this
uppresses local and systemic antigen-specific T-cell re-
ponses in both antigen-specific and nonspecific man-
ers. Antigen-specific suppression induced by OVA-se-
reting L lactis is mediated by CD4�CD25� “adaptive”
reg and seems to be dependent on TGF-�. Importantly,
VA dose feeding alone (either high dose or low dose)
as less efficient than LL-OVA in reducing the DTH

esponse in our model, indicating that the mode of
ucosal delivery of an antigen to the immune system

ritically determines subsequent immune responses.
Induction of Treg is a major goal for immunotherapy

or autoimmune diseases and several inflammatory dis-
ases, and it can be achieved by exposing the mucosal
mmune system to low doses of antigen. It has been
ifficult to apply antigen-specific mucosal tolerance for

he treatment of human diseases. Mucosal tolerance de- s
ends critically on several factors, including the purity,
ource, and dose of antigen and the mode of antigen
resentation to the mucosal immune system.4 Here, we
ropose a novel therapeutic strategy: active intestinal
ynthesis and delivery of an antigen by genetically engi-
eered L lactis, which obviates the need for large scale
urification of human (auto)antigens and circumvents
urrent issues related to induction of oral tolerance in
umans.
The in situ fate of the bacteria as well as the distribu-

ion of OVA produced by the LL-OVA was determined
y multiple intragastric administrations to Balb/c mice.
xcept for the proximal part of the small intestine, viable
lactis were found throughout the intestine, with most

acteria located in the distal part of the small intestine
nd in the cecum. In a study performed by Droualt et al,
nly 10%–30% of the L lactis administered survived the
uodenal transit.23 Here, we show that more than 50% of
he administered L lactis was recovered from the intestine.

e believe that the BM9 inoculation buffer used in our
xperiments partially protects the bacteria against the
xtreme gastrointestinal conditions. The largest amounts
f OVA were detected in the colonic lumen, with only
mall amounts in the intestinal tissue. Less OVA was
ound in the distal part of the small intestine, but much
f it was in the intestinal tissue, indicating that the OVA

s efficiently taken up by the small intestine. We have not

igure 7. Adoptive transfer of CD4�CD25� T cells of LL-OVA-treated
ice into sensitized Balb/c mice induces OVA-specific tolerance in vivo.
hree CD4�CD25 subpopulations were sorted: CD4�CD25high,
D4�CD25intermediate, and CD4�CD25�. On day 7, 5 � 104 cells of each
ubpopulation were adoptively transferred into Balb/c mice that had
een sensitized by subcutaneous injection of 100 �g OVA in CFA on
ays 0 and 1. Five days later, DTH measurements of the ear were
erformed.
tudied uptake of OVA and/or L lactis by the distal small
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ntestine in detail, but it is possible that OVA peptide
nd/or lactococcal antigens were either taken up by M
ells located in Peyer’s patches or that whole L lactis were
irectly sampled by intraluminal extensions of mucosal
C.24 Interestingly, most viable bacteria and the largest

mounts of mucosal OVA were present in the distal small
ntestine, which is the predominant location of the in-
estinal sampling DC network.25,26 In addition, L lactis

ight serve as a bioadhesive delivery vehicle that delivers
he antigen at the intestinal sampling network or in-
ensifies contact with the mucosa. This would increase
he antigen concentration gradient and ensure imme-
iate absorption without dilution or degradation in
he luminal fluid. The large difference between the
mmune responses to oral OVA and L lactis-delivered

VA indicates that these routes may be pivotal for
nduction of L lactis-mediated oral tolerance.

Both DC and Treg are critically involved in tolerance
nduction.27–31 Our experiments demonstrate that L lactis
nfluences APC-mediated, OVA-specific, T-cell prolifera-
ion because LL-OVA could induce OVA-specific prolif-
ration, but OVA protein could not even at a concentra-
ion that was 2000-fold higher than that secreted by
L-OVA. Recently, we demonstrated that L lactis can im-
rint a regulatory phenotype on human monocyte-de-
ived DC and that this effect is greatly boosted by engi-
eered L lactis secreting IL-10 (Braat H, Steidler L,
eirynck S, Huibregtse I, Smits H, Zaat B, Kapsenberg
L, van Deventer S, de Jong E, manuscript submitted).

ogether, these data suggest that exposure to L lactis
lters DC function, which in the presence of simulta-
eous exposure to a DC-presented antigen might result

n the generation of an antigen-specific Treg subset.
We further demonstrated that both LL-pT1NX and

L-OVA reduce the DTH response and OVA-specific pro-
iferation of bulk splenocytes and splenic CD4� T cells.
his reduction was not observed after feeding OVA pro-

ein, and it was much more pronounced in the LL-OVA-
han in the LL-pT1NX-treated mice. Moreover, it was
nly in the LL-OVA-treated mice that we observed anti-
en-specific production of IL-10 by OVA-stimulated cer-
ical lymph node cells, splenocytes, and GALT cells, as
ell as TGF-�-dependent, OVA-specific, CD4� T-cell sup-
ression. Moreover, LL-OVA treatment induced within
he CD4�CD25� population a T-cell subset that ex-
resses the typical Treg markers Foxp3 and CTLA-4. We
lso proved that the suppressive activity resident in the
D4�CD25� Treg population could be transferred to

ensitized Balb/c mice. These data indicate that L lactis
an condition the mucosal immune system toward tol-
rance induction and boost antigen-specific induction of
reg by the codelivered antigen.
Different studies have demonstrated the efficacy of

enetically modified L lactis to abrogate Th2-type re-
ponses induced in allergic mice models using nontrans-

enic Balb/c mice. However, in these studies the allergic p
esponses were diminished by the induction of counter-
egulatory Th1 immune responses.32–35 In fact oral pre-
reatment of mice with natural L lactis plus soluble anti-
en or antigen-secreting L lactis abrogated the oral
olerance induced by antigen alone, demonstrating a Th1
djuvant effect of these noncolonizing bacteria.34 Appar-
ntly, L lactis has not such a Th1 adjuvant effect in
O11.10 OVA TCR transgenic mice. Recently, we dem-

nstrated that the Th1 adjuvant effect of L lactis observed
n nontransgenic Balb/c mice is absent in Balb/c mice fed
ver a long period with natural L lactis (Snoeck et al,
anuscript in preparation). L lactis is not a normal con-

tituent of the microflora or diet of laboratory mice. As
uch, it can be considered as a foreign microorganism in

ice. In contrast, L lactis has been extensively consumed
y humans and has never been associated with any form
f pathology. Its main use lies in the manufacture of
ermented milk, vegetable, and meat production. It is
herefore granted a “generally regarded as safe” status,
nd, thus, it is acceptable to believe that L lactis will not
ave any Th1 adjuvant effect in humans. Currently, we
re evaluating the L lactis delivery vehicle for the induc-
ion of antigen-specific immune tolerance in L lactis con-
itioned nontransgenic Balb/c mice.
Several phenotypically and functionally distinct Treg

ubsets have been implicated in suppression of intestinal
nflammation and induction of oral tolerance.2,36,37

GF-� has long been known to have a pivotal role in the
nduction of oral tolerance, both as a secreted cytokine
nd in the form of a latency-associated peptide corre-
ponding to the aminoterminal domain of the TGF-�
recursor protein.38 – 42 Moreover, TGF-�-dependent Treg
re efficiently induced by low doses of antigen.5 Previously,
t has been demonstrated that oral tolerance induced by
eeding OVA was only partly blocked by CD25 depletion
ut completely abrogated by blocking of TGF-�.43 Re-
ently, it was shown that antigen-specific, TGF-�-produc-
ng Th3 cells drive the differentiation of antigen-specific
oxp3� regulatory cells in the periphery and play a
rucial role in inducing and maintaining peripheral
olerance.44 Although TGF-� partially mediates the
uppressive effects of several types of Treg, both latency-
ssociated peptide and (membrane-associated) TGF-� are
ntimately involved in the suppression mediated by a
pecific subset of GALT-derived CD4�CD25� Tregs that
an induce oral tolerance.45 These cells suppress the co-
itis induced by transfer of CD4�CD45RBhigh T cells into
CID mice,46 and they are expanded after oral adminis-
ration of low-dose anti-CD3 antibody to mice. Here, we
emonstrate that oral administration of OVA-secreting L

actis induces a similar Treg population residing within
he CD4�CD25� compartment; but, in contrast to oral
dministration of anti-CD3 antibodies, the induced reg-
latory cells are antigen specific and Foxp3 and CTLA-4

ositive.
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The exact mechanism by which intestinal CD4�CD25�

reg interfere with antigen-induced inflammatory reac-
ions needs to be determined, and different possible

echanisms have been proposed. Effector T cells may be
irectly antagonized through the induction of immuno-
uppressive cytokines or by cell-cell contact, ie, by the
ctivity of membrane-bound TGF-�.45,47 Suppression can
lso result via induction of “secondary” Treg that may
epend on IL-10 production.48,49 Foxp3�CD25� Th3 reg-
latory T cells represent a different cell lineage from
hymus-derived CD25� Tregs in the periphery but may
lay an important role in their maintenance.50 Moreover,
GF-�-dependent conversion of peripheral CD4�CD25�

cells into CD25�CD45RB�/low suppressor cells has also
een reported.51 The mechanism by which CD4�CD25�

ells function needs to be determined, but both orally ad-
inistered anti-CD3 and LL-OVA-induced CD4�CD25�

egulatory cells clearly can suppress systemically induced
nflammatory responses.

Therapeutic induction of Treg is a promising strategy
or treating or restoring tolerance in patients suffering
rom autoimmune diseases. Current strategies for thera-
eutic induction of antigen-specific suppressor cells face
onsiderable hurdles and usually require techniques to
solate, handle, and transfer adequate numbers of regu-
atory cells.9,10,52 The L lactis antigen delivery system cir-
umvents these problems and effectively induces antigen-
pecific Treg.

In conclusion, our data demonstrate that mucosal de-
ivery of OVA by genetically modified L lactis induces
uppression of local and systemic OVA-specific T-cell
esponses in DO11.10 mice and that this effect does not
epend solely on the secreted OVA but also on the pres-
nce of L lactis. Oral administration of an antigen by

lactis resulted in the induction of systemic tolerance
ediated by CD4�CD25� regulatory T cells that seem to

unction through a TGF-�-dependent mechanism. Im-
ortantly, the intestinal delivery system by L lactis is
uperior to oral administration of soluble antigen be-
ause both low- and high-dose antigen feeding were not
ble to diminish the DTH response as significant as
L-OVA treatment in this model. These data indicate
hat engineered L lactis could be an effective tool for
nducing antigen-specific tolerance, with possible appli-
ation in the treatment of antigen-induced autoimmune
iseases.
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