
idence for such stabilization has been seen in
solution studies, and direct MHC class II–
CD4 binding was not detected (31). These
results and the data presented here instead
suggest that the function of CD4 may be to
“boost” or “trigger” the early phase of acti-
vation. Once that process is under way, CD4
seems to be excluded from the central core of
the synapse, perhaps owing to the formation
of some lattice-like structure by the remain-
ing molecules.

References and Notes
1. A. Weiss and D. R. Littman, Cell 76, 263 (1994).
2. R. König, L. Huang, R. N. Germain, Nature 356, 796

(1992).
3. G. Cammarota et al., Nature 356, 799 (1992).
4. A. Kupfer and S. J. Singer, J. Exp. Med. 170, 1697

(1989).
5. P. Marrack et al., J. Exp. Med. 158, 1077 (1983).
6. J. Hampl, Y-H. Chein, M. M. Davis, Immunity 7, 379

(1997).
7. J. Madrenas, L. A. Chau, J. Smith, J. A. Bluestone, R. N.

Germain, J. Exp. Med. 185, 219 (1997).
8. J. M. Turner et al., Cell 60, 755 (1990).
9. D. B. Straus and A. Weiss, Cell 70, 585 (1992).

10. M. M. Davis et al., Annu. Rev. Immunol. 16, 523
(1998).

11. C. A. Janeway Jr., Annu. Rev. Immunol. 10, 645
(1992).

12. C. R. F. Monks, B. A. Freiberg, H. Kupfer, N. Sciaky, A.
Kupfer, Nature 395, 82 (1998).

13. A. Grakoui et al., Science 285, 221 (1999).
14. C. Wülfing, M. D. Sjaastad, M. M. Davis, Proc. Natl.

Acad. Sci. U.S.A. 95, 6302 (1998).
15. J. Kaye, S. Porcelli, J. Tite, B. Jones, C. A. Janeway Jr.,

J. Exp. Med. 158, 836 (1983).
16. GFP fusion constructs were transfected into D10 by

electroporation as described (32). After 1 to 2 weeks,
these cultures were expanded into 24-well dishes,
screened by flow cytometry, and sorted for GFP
expression. Established clones were subjected to phe-
notypic analysis by staining for CD4, CD3ε, TCR,
CD28, and CD25 as well as proliferation analysis
against CA 134-147 and the variant peptides E8T and
I5G.

17. Supplemental Web material is available at Science On-
line at www.sciencemag.org/feature/data/1050535.shl.

18. Clones were maintained by weekly restimulations as
described (15), except that cultures were typically
not supplemented with exogenous interleukin-2. Ac-
tivation experiments were performed from 5 to 10
days after the stimulation culture. CH27 is a B cell
lymphoma that expresses IAk, B7-1, and B7-2. Exper-
iments were done at 37°C as described (14).

19. GFP intensity data were corrected both for background
intensity and for photobleaching. Background level was
measured by imaging a dish in the absence of cells. This
background level was subtracted from intensity data to
obtain background-subtracted data sets. For bleaching,
a nonreactive cell was analyzed for surface intensity
over time, and the intensity over time was fitted to an
exponential decay curve (It 5 I010 kt, where k is the
decay constant, t is the number of times the fluoro-
phore was illuminated at a constant rate, and It and I0
are the initial intensities and intensities at time t ). The
decay constant k was used to calculate a correction
factor (1/10 kt ) for each time point in the experimental
data sets. Typical decay constants were ;0.01, giving
half-lives of about 30 illuminations. Typical experiments
involved about 60 to 80 illuminations.

20. Intensities from 340- and 380-nm excitations of
Fura-2 were used to make a ratio image. Background
calcium levels were obtained from at least five
frames before activation and were similar to nonre-
active cells from other portions of the field. Increases
of 30% above background were found to be well
above random fluctuations, and the onset of agonist-
driven reactions typically was characterized by at
least a 100% increase in a single 15-s time period.
Individual cells were analyzed for maximal pixel in-

tensities along the leading edge of cells by a line-scan
function. All collected z planes were analyzed and
compared to the average from three intensity line
scans (taken at different z planes) around the circum-
ference of the cell of interest. Background- and
bleach-corrected data were used for all analyses.
Rectangular x-y regions encompassing the estimated
interface were determined from the differential in-
terference contrast (DIC) image, and z stacks encom-
passing these regions were used for the interface
projections. Max Intensity Projections were used
(Metamorph, Universal Imaging, PA).

21. C. Wülfing and M. M. Davis, unpublished
observations.

22. iiii , Science 282, 2266 (1998).
23. A. Viola, S. Schroeder, Y. Sakakibara, A. Lanzavecchia,

Science 283, 680 (1999).
24. S. Caplan, S. Zeliger, L. Wang, M. Baniyash, Proc. Natl.

Acad. Sci. U.S.A. 92, 4768 (1995).
25. M. M. Rozdzial, B. Malissen, T. H. Finkel, Immunity 3,

623 (1995).
26. J. R. Cochran, T. O. Cameron, L. J. Stern, Immunity 12,

241 (2000).

27. J. J. Boniface et al., Immunity 9, 459 (1998).
28. M. D. Bootman, M. J. Berridge, P. Lipp, Cell 91, 367

(1998).
29. Z. Reich et al., Nature 387, 617 (1997).
30. P. A. Negulescu, N. Shastri, M. D. Calahan, Proc. Natl.

Acad. Sci. U.S.A. 91, 2873 (1994).
31. N. Barclay and P. A. van der Merwe, unpublished

observations.
32. J. Kaye and S. M. Hedrick, Nature 336, 580 (1988).
33. A. Viola and A. Lanzavecchia, Science 273, 104

(1996).
34. M. F. Krummel, M. D. Sjaastad, C. Wülfing, M. M.

Davis, data not shown.
35. We are grateful to J. Huppa, C. Sumen, and L. Richie

for critical comments and advice. We thank C. Ter-
horst and J. Parnes for supplying the cDNAs for CD3z
and CD4, respectively. We also thank the Stanford
Shared FACS Facility for assistance in cell sorting.
Supported by a postdoctoral award from the Nation-
al Institutes of Health (M.F.K.) and by the Howard
Hughes Medical Institute and NIH.

20 March 2000; accepted 13 July 2000

Treatment of Murine Colitis by
Lactococcus lactis Secreting

Interleukin-10
Lothar Steidler,1*† Wolfgang Hans,1† Lieven Schotte,1

Sabine Neirynck,1 Florian Obermeier,2 Werner Falk,2

Walter Fiers,1 Erik Remaut1

The cytokine interleukin-10 (IL-10) has shown promise in clinical trials for
treatment of inflammatory bowel disease (IBD). Using two mouse models, we
show that the therapeutic dose of IL-10 can be reduced by localized delivery
of a bacterium genetically engineered to secrete the cytokine. Intragastric
administration of IL-10–secreting Lactococcus lactis caused a 50% reduction in
colitis in mice treated with dextran sulfate sodium and prevented the onset of
colitis in IL-102/2 mice. This approach may lead to better methods for cost-
effective and long-term management of IBD in humans.

Inflammatory bowel disease (IBD), including
Crohn’s disease and ulcerative colitis, is a sig-
nificant public health problem in Western soci-
eties, affecting 1 in 1000 individuals, yet its
etiology remains poorly understood. IBD is
characterized clinically by chronic inflamma-
tion in the large and/or small intestine, the
symptoms of which include diarrhea, abdomi-
nal pain, weight loss, and nausea. Death can
result, in extreme cases, from malnutrition, de-
hydration, and anemia. IBD is thought to arise
from interacting genetic and environmental fac-
tors (1) and may involve abnormal T cell re-
sponses to commensal microflora (2–4). Bio-
logically based therapies such as antibodies to
tumor necrosis factor (TNF), which is a strong

proinflammatory mediator (5–7), and recombi-
nant IL-10 (8) can ameliorate the disorder.

Because IL-10 has a central role in down-
regulating inflammatory cascades (9) and ma-
trix metalloproteinases (10), it is a likely can-
didate for use in therapeutic intervention. In this
study we have tested a new method of deliver-
ing IL-10: in situ synthesis by genetically engi-
neered bacteria (Lactococcus lactis), in two
mouse models of the disease, one involving
treatment of chronic colitis induced by 5% dex-
tran sulfate sodium (DSS) (11) and one involv-
ing prevention of colitis that spontaneously de-
velops in IL-102/2mice (12). We show that this
approach, which depends on in vivo synthesis
of IL-10, requires much lower doses than sys-
temic treatment. Neither mouse model mimics
all aspects of human IBD, but such models are
essential for development of new therapeutic
approaches to IBD (13–20).

L. lactis is a nonpathogenic, noninvasive,
noncolonizing Gram-positive bacterium, main-
ly used to produce fermented foods. We previ-
ously constructed recombinant L. lactis strains
for production and in vivo delivery of cytokines
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(21–23). We have now engineered an L. lactis
strain (LL-mIL10) for secretion of biologically
active murine IL-10 (mIL-10) (Fig. 1) (24, 25).

To evaluate the efficacy of the new thera-
peutic concept, we applied daily intragastric
inocula (24) of 2 3 107 LL-mIL10 or control L.
lactis (25) to mice in which chronic colitis had
been induced by four cycles of administration
of DSS in the drinking water for 7 days, alter-
nating with 10-day periods of recovery (11,
26). Treatment was arbitrarily initiated at day
21 after the fourth DSS administration. The
predominant epithelial damage was loss of gob-
let cells and crypts (Fig. 2A) (25). A lympho-
cytic infiltrate was largely restricted to the
thickened mucosa of the middle and distal co-
lon; submucosa was affected in about 10% of
mice. Inflammation typically persisted for at

least 3 months. The chronic phase of inflam-
mation showed complete regeneration of the
intestinal epithelial lining. The range of inflam-
mation is shown in histological images from the
distal colon (Fig. 2A) and middle colon (25).

Histological scores were devised to allow
quantification of histological changes (Fig. 3A).
Scores from individual mice (n 5 10) after
treatment with different L. lactis strains were
recorded after blinded interpretation of sections
from the distal colon (26). Untreated healthy
mice had a histological score of 1, whereas
mice with the induced chronic colitis and
mock-treated control mice had a score of ;5.
Mice treated for 14 days with LL-mIL10 given
by gastric catheter, followed by 14 days of
recovery, had an average histological score of
;3. This represents a nearly 50% decrease

(P 5 0.0151) in pathological symptoms, a more
pronounced improvement than that obtained
with standard systemic treatment with TNF
monoclonal antibodies (mAbs), which leads to
a 30 to 40% decrease in inflammation (26). In
the LL-mIL10–treated group, colons of 4 of 10
mice had the histological characteristics of
healthy mice, and 4 showed minor patchy rem-
nants of inflammation (25); in 2 mice, larger
areas remained affected. No further improve-
ment was observed when LL-mIL10 treatment
was extended to 4 weeks; when the daily inoc-
ulum was 109 bacteria rather than 2 3 107, the
improvement in pathology was less pronounced
(27). Mice with DSS-induced colitis occasion-
ally developed adenomas (25), corresponding
to development in humans of adenocarcinoma
often seen associated with ulcerative colitis. By
contrast, no adenomas were seen in mice treat-
ed for 14 days with LL-mIL10.

We also evaluated the ability of LL-mIL10 to
prevent the onset of colitis in IL-102/2 mice,
which spontaneously develop colitis at age 3 to
8 weeks (12). This progressive disease is char-
acterized by multifocal inflammatory cell infil-
trates (mononuclear cells and neutrophils), mod-
erate epithelial hyperplasia, and slight mucin
depletion from goblet cells. Other work has
shown that treatment of 3-week-old IL-102/2

mice with recombinant mIL-10, interferon-g
mAbs, or IL-12 mAbs prevents the onset of
colitis (16, 28). In our studies, the untreated
IL-102/2 mice showed less severe inflammation
than that observed by other workers (16, 29).
We treated 3-week-old mice (n 5 5) by daily
intragastric inocula of 2 3 107 or 109 LL-mIL10
or control L. lactis as for the DSS-induced co-
litis model (Fig. 2) (25). Untreated mice had a
mean histological score of ;4.5, whereas the
LL-mIL10–treated group had a mean score of
1.5, which only slightly exceeds values reported
for control mice (16) (Fig. 3B). In contrast to
results with DSS-induced colitis, treatment effi-

Fig. 1. mIL-10 synthesis by LL-mIL10. (A) Western blot analysis of culture supernatant proteins from the
mIL-10 producer strain LL-mIL10 (lane 1) and the vector control LL-TREX1 (lane 2) (24, 25), revealed with
anti–mIL-10 (Pepro Tech EC, London, UK). The position of mIL-10 is indicated. The concentration of
mIL-10 in the culture supernatant was 3 mg/ml, as determined by enzyme-linked immunosorbent assay.
The biological activity in the culture supernatant was estimated at 10,000 U/ml in a cell proliferation
bioassay with the IL-10–dependent mast cell line MC/9 (33). When compared with a standard of known
activity (BioSource International, Camarillo, California), the recombinant mIL-10 from the LL-mIL10
culture supernatant revealed full specific biological activity. The NH2-terminus of this protein was
determined, by automated Edman degradation, to be Gln-Tyr-Ser-Arg-Glu, which is identical to that of
native mIL-10. (B) A600 (}), colony-forming units (CFU) (F), and mIL-10 concentration (Œ) for an
LL-mIL10 culture, prepared as for the inoculation of mice with 2 3 107 bacteria (24). Open symbols are
for corresponding profiles of an identical culture that was UV-irradiated 3 hours after preparation.
UV-irradiation immediately blocked the accumulation of mIL-10 in the culture supernatant and reduced
the CFU count by 6 logarithmic units. No lysis was observed (25).

A B C

D E F

Fig. 2. Intestinal histology of mu-
rine colitis models. Images repre-
sent sections of the distal colon
(magnification, 3100). Hematoxy-
lin and eosin staining. (A to C) In-
flammation in the DSS-induced co-
litis model, established in female
Balb/c mice. Lymphocytic infiltrate
and disturbance of tissue architec-
ture was observed in untreated
mice (A). After treatment by 14
daily intragastric inocula of 2 3 107

LL-mIL10 per mouse followed by 14
days of recovery, the lymphocytic
infiltrate was reduced and the tis-
sue architecture was restored (B).
Healthy control mice (C). (D to F)
Images from 7-week-old female
129Sv/Ev IL-102/2 mice. Lympho-
cytic infiltrate is apparent in un-
treated mice (D) and mice treated
for 4 weeks by daily intragastric
inocula of 2 3 107 LL-TREX1 (E) but
not in mice treated for 4 weeks by daily intragastric inocula of 2 3 107 LL-mIL10 (F).
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cacy was the same for both inocula concentra-
tions (27).

We confirmed that the therapeutic effect was
due to mIL-10 synthesized de novo by LL-
mIL10 rather than to residual amounts of mIL-
10 in the inocula. Indeed, because of the culture
conditions used, a minor amount of mIL-10 (40
ng) (Fig. 1B) was present in the supernatant of
the inoculum. The fate of this residual mIL-10 is
likely acid denaturation, followed by breakdown
in the stomach and duodenum (25). Diseased
mice (DSS-induced colitis) treated for 2 or 4
weeks with ultraviolet (UV)-killed LL-mIL10
cultures (Fig. 1B) (25) showed no difference in
colon histology compared with control mice
positive for colitis (Fig. 3A). This result indi-
cates that the therapeutic effects require physi-
ologically active LL-mIL10.

We also investigated the synthesis of re-
combinant mIL-10 by LL-mIL10 in the intestine
of IL-102/2 mice, which cannot themselves
synthesize mIL-10. After administration of a
total of 2.4 3 1010 LL-mIL10 (as serial inocu-
la), we detected 7 3 108 LL-mIL10 and 7 ng of
mIL-10 in the colon (25). Hence, these bacteria
can actively produce mIL-10 in the colon, albeit
at a lower yield than that observed in culture.
This result agrees well with recent findings that
L. lactis is metabolically active in all compart-
ments of the intestinal tract (30). Although
LL-mIL10 organisms were present in other
areas of the gastrointestinal tract (cecum,
ileum, jejunum, and stomach), mIL-10 was
not detectable there. Perhaps mIL-10 reached
detectable levels only in the colon because in

this part of the intestine the protein is not de-
graded, and the contents move slowly enough
to allow its accumulation.

We compared the performance of LL-
mIL10–mediated mIL-10 delivery with that
of standard anti-inflammatory methods: sys-
temic treatment (five daily intraperitoneal in-
jections) with recombinant mIL-10, IL-12
mAbs (31), or dexamethasone. All therapies
decreased inflammation in DSS-induced co-
litis by ;50% (Fig. 3A). Our method, how-
ever, required a much lower amount of mIL-
10. We estimated that 14 daily inoculations
of 2 3 107 LL-mIL10 delivered ;1 U of
mIL-10 per mouse (25), i.e., an amount that is
several orders of magnitudes lower than the
optimized total amount of intraperitoneally
injected mIL-10 (1.25 3 104 U per mouse).

We propose two possible routes by which
mIL-10 might reach its therapeutic target. The
lactococci may produce mIL-10 in the lumen,
and the protein may diffuse to responsive cells
in the epithelium or the lamina propria. Alter-
natively, the lactococci may be taken up by M
cells (bacterial size and shape would allow
this), and the major part of the effect may be
due to recombinant mIL-10 production in situ
in intestinal lymphoid tissue. Both routes may
involve paracellular transport mechanisms that
are enhanced in inflammation. After transport,
mIL-10 may directly down-regulate inflamma-
tion. Alternatively, autocrine mIL-10 secretion
by lymphoid cells, as shown by transfer of Tr1
cells (32), epithelial cells, or both, may be
induced and may enhance repair.

In summary, the method described here—
cost-effective localized delivery of a therapeu-
tic agent that is actively synthesized in situ by
food-grade bacteria—may have potential clini-
cal applications for treatment of IBD, particu-
larly as an alternative to systemic treatment. In
principle, the method may also be useful for
intestinal delivery of other protein therapeutics
that are unstable or difficult to produce in large
quantities.
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Fig. 3. Statistical evaluation of
colon histology. Colon sections
were randomly numbered and
interpreted in a blinded manner.
Scores from individual mice were
subsequently decoded, and re-
grouped numbers were analyzed
statistically. Bars represent the
mean 6 SEM. *P , 0.025; **P 5
0.0151. (A) Histological scores
(sum of epithelial damage and
lymphoid infiltrate, both ranging
from 0 to 4) for the distal colon
of groups (n 5 10) of control
female Balb/c mice (white bar)
and of female Balb/c mice with
DSS-induced colitis that were
untreated (hatched bar), treated
with the indicated L. lactis cul-
tures (black bars), or treated
with five daily intraperitoneal in-
jections of the compounds indi-
cated (gray bars) (mIL-10: 5 mg
per mouse per day; anti–IL-12: 1
mg per mouse per day; dexa-
methasone: 5 mg per mouse per day; rat IgG: 5 mg per mouse per day). Mice treated daily for 2 or
4 weeks (wk) with 2 3 107 mIL-10–producing LL-mIL10 showed significantly reduced inflammation
when compared with untreated or control-treated (LL or LL-TREX1) mice. This effect was not
observed when LL-mIL10 cultures were UV-killed (1UV ). (B) Histological scores (sum of the
degrees of inflammation in the proximal, middle, and distal colon, all ranging between 0 and 4)
obtained after blinded interpretation of groups (n 5 5) of 7-week-old untreated (hatched bar),
LL-TREX1–treated, or LL-mIL10–treated female 129 Sv/Ev IL-102/2 mice (black bars). LL-mIL10–
treated mice showed significantly less inflammation than untreated mice.
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Whistle Matching in Wild
Bottlenose Dolphins
(Tursiops truncatus)

Vincent M. Janik

Dolphin communication is suspected to be complex, on the basis of their call
repertoires, cognitive abilities, and ability to modify signals through vocal
learning. Because of the difficulties involved in observing and recording indi-
vidual cetaceans, very little is known about how they use their calls. This report
shows that wild, unrestrained bottlenose dolphins use their learned whistles in
matching interactions, in which an individual responds to a whistle of a con-
specific by emitting the same whistle type. Vocal matching occurred over
distances of up to 580 meters and is indicative of animals addressing each other
individually.

Bottlenose dolphins show many cognitive
and communicative skills that are rare among
animals. They are capable not only of gener-
alizing rules, developing abstract concepts
and syntactic understanding in an artificial
communication system (1), but also of vocal
learning, i.e., the ability to modify the struc-
ture of a vocal signal as a result of experience
with those of other individuals (2). Although
extensive studies in nonhuman primates have
not been able to present convincing evidence
for vocal learning, this prerequisite for the
evolution of spoken language has been dem-
onstrated with much less research effort in
bottlenose dolphins (2). Dolphins are capable
of imitating new sounds accurately at their
first attempt, and they keep this ability
throughout their life (3). Vocal learning is
also an important factor in the ontogeny of an
individually distinctive signature whistle that
each individual develops in the first few
months of its life (4). Studies on captive
individuals have shown that signature whis-
tles are primarily used if animals are out of
sight of each other, and they are therefore
thought to function in group cohesion and
individual recognition (5–7). However, be-
cause bottlenose dolphins are capable of vo-
cal learning, individual signature whistles can

be found in the repertoire of more than one
individual in captive dolphins (6, 8).

I investigated whether such shared whis-
tles occur in matching whistle interactions
between wild dolphins, a phenomenon indic-
ative of their use in addressing specific indi-
viduals. Matching interactions were defined
as an occurrence in which two whistles of the
same type produced by separate individuals
occurred within 3 s of each other.

There is often a clear effect of observer
presence on dolphin behavior when methods
such as tagging or boat pursuits are applied
(6, 9). I used a noninvasive passive acoustic
localization technique (10) to locate calling
bottlenose dolphins (11). This method uses
the differences in the time of arrival of the
same sound at different widely spaced hydro-
phones. Signals from different recording
channels were cross-correlated to determine
the difference in the time of arrival of a sound
at the two corresponding hydrophones. The
time-of-arrival comparisons of three pairs of
hydrophones then result in three hyperbolas
of possible sound source locations. These
hyperbolas intersect at the true location of the
whistling dolphin. This analysis was conduct-
ed with SIGNAL software (Engineering De-
sign, Belmont, Massachusetts). Recordings
were conducted in the Kessock Channel of
the Moray Firth, Scotland. All data were
acquired from the shore, so that no boats or
humans were present around the animals.

Vocal interactions between individuals
were identified by comparing the distance of

the source locations of two successive whis-
tles (minus twice the maximum localization
error of 13 m) with the distance that a bot-
tlenose dolphin could travel at its maximum
reported swimming speed of 7.5 m/s (12) in
the interwhistle interval. If the distance be-
tween two whistle sources could not have
been covered by one individual in the time
interval between those whistles, they must
have been produced by different individuals.

Five naı̈ve human observers were used to
rate the similarity of each whistle interaction
using only the extracted contours (13) of the
whistles; this method is more reliable than
computer-based methods that have been used
in dolphin whistle studies (14). They were
allowed to rate whistle similarity on a scale
from 1 (5dissimilar) to 5 (5similar). The
scores of the different observers were signif-
icantly similar (Kappa 5 0.34, z 5 16.9, P ,
0.00001). Only whistle pairs that reached an
average score of more than 3.0 were consid-
ered to be matching interactions (15).

In a total recording time of 258 min and 43 s
from seven different days in July and August
1994 and 1995, a total of 1719 whistles was
recorded. These recordings were made with an
average of 10 animals present in the channel
(quartiles: 7, 10, and 15). Independent counts
conducted by a second observer from a higher
observation point using binoculars showed that
these counts were highly accurate. I could not
identify individuals in this study, but a photo-
identification study showed that at least 14 dif-
ferent individuals were using this area on a
regular basis and that occasionally groups of
more than 20 animals were present (16). Nine
hundred ninety-one of the recorded whistles
had a sufficient signal-to-noise ratio on all hy-
drophones for their source location to be deter-
mined. In this sample, 176 whistle interactions
were found, of which 39 were classified as
matching interactions (Fig. 1). In both matching
and nonmatching interactions, 80% of the in-
terwhistle interval was less than 1 s. The mean
distance between matching individuals was
179 m (standard error: 22.8 m); the maximum
was 579 m. Distances between animals in
matching interactions were significantly small-
er than those of animals in nonmatching inter-
actions (Kolmogorov-Smirnov Two-Sample
Test, two-tailed, D 5 0.291, P , 0.025) (Fig.
2). A randomization test (17) showed that this
number of matching interactions was signifi-
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