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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. 
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Treatment of Murine Colitis by 
Lactococcus lactis Secreting 

Lothar Steidler,'*l Wolfgang Hans,'? Lieven Schotte,' 

Sabine Neirynck,' Florian Obermeier,' Werner Falk,' 


Walter Fiers,' Erik Remaut' 


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 t o  secrete the cytokine. lntragastric 
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 I L - l o p '  mice. This approach may lead t o  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 andior 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 
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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 internention. In this 
study we have tested a new method of deliver- 
ing IL-10: in situ synthesis by genetically engi- 
neered bacteria (Luctococcln lucris), in ~M.O 

mouse models of the disease, one involving 
treatment of chronic colitis induced by 5'/6 dex-
tran sulfate sodium (DSS) (11)and one involv- 
ing prevention of colitis that spontaneously de- 
velops in I L - 1 0  m i c e  (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. Iuctis is a nonpathogenic, noninvasive. 
noncolonizing Gram-positive bacterium, main- 
ly used produce fermented foods' We prey'-
ously constructed recombinant L. Iuctis strains 
for production and in vivo delivery of cytokines 
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(21-23). We have now engineered an L. lactis 
strain (LL-dLIO) for secretion of biologically 
active murine I L l O  (mIL-10) (Fig. 1) (24,25). 

To evaluate the efficacy of the new thera- 
peutic concept, we applied daily 'intragastric 
inocula (24) of 2 X lo7 LL-dLIO 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 

R E P O R T S  

least 3 months. The chronic phase of inflam- 
mation showed complete regeneration of the 
intestinal epithelial lining. The range of inflarn- 
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 = 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-dLlO given 
by gastric catheter, followed by 14 days of 
recovery, had an average histological score of 
-3. This represents a nearly 50% decrease 

1 2 3 4 5 6 7 8 2 4  
Hours after preparation 

Fig. 1. mlL-10 synthesis by LL-mlL10. (A) Western blot analysis of culture supernatant proteins from the 
mlL-10 producer strain LL-mlL10 (lane 1) and the vector control LL-TREX7 (lane 2) (24,25), revealed with 
anti-mlL-10 (Pepro Tech EC, London, UK). The position of mlL-10 is indicated. The concentration of 
mlL-10 in theculture supernatant was 3 igml, as determined by enzyme-linked immunosorbent assay. 
The bioloeical activitv in the culture supernatant was estimated at 10.000 Ulml in a cell proliferation 
bioassay iith the IL-j0-dependent ma& cell line MU9 (33). When compared with a standard of known 
activity (BioSource International Camarillo, California), the recombinant mlL-10 from the U-mlL70 
culture supernatant revealed full specific biological activity. The NH,-terminus of this protein was 
determined, by automated Edman degradation, to be Gln-Tyr-Ser-Arg-Glu, which is identical to that of 
native mlL-10. (B) A, (+), colony-forming units (CFU) (O), and mlL-10 concentration (A) for an 
U-mlL10 culture, prepared as for the inoculation of mice with 2 X lo7 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 mlL-10 in the culture supernatant and reduced 
the CFU count by 6 logarithmic units. No lysis was observed (25). 

Fig. 2. Intestinal histology of mu- 
rine colitis models. Images repre- 
sent sections of the distal colon 
(magnification, X100). Hematoxy- 
lin and eosin staining. (A to C) In- 
flammation in the DSS-induced co- 
litis model, established in female 
Balblc mice. Lymphocytic infiltrate 
and disturbance of tissue architec- 
ture was observed in untreated 
mice (A). After treatment by 14 
daily intragastric inocula of 2 X lo7 
U-mIL70 per mouse followed by 14 
davs of recoverv. the lvm~hocvtic 
infiltrate was riduced and' the >is- 
sue architecture was restored (B). 
Healthv control mice ICI. [D to- F) 

(P = 0.0 15 1) 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-dLIO-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-dLI 0 treatment 
was extended to 4 weeks; when the daily inoc- 
ulum was lo9 bacteria rather than 2 X lo7, the 
improvement in pathology was less pronounced 
(27). Mice with DSS-induced colitis occasion- 
ally developed adenomas (23, 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-dLIO. 

We also evaluated the ability of LL-dLIO to 
prevent the onset of colitis in IL10-I- 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 much 
depletion from goblet cells. Other work has 
shown that treatment of 3-week-old &lo-I- 
mice with recombinant mIL-10, interferon? 
mAbs, or IL-12 mAbs prevents the onset of 
colitis (16, 28). In our studies, the untreated 
L10-I- mice showed less severe inflammation 
than that observed by other workers (16, 29). 
We treated 3-week-old mice (n = 5) by daily 
intragastric inocula of 2 X lo7 or 1 O9 LL-dL1 0 
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-mILIO-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- 

Image; from 7-weeklid ' femal; 
129SvIEv 11-lo-'- mice. Lympho- 
cytic infiltrate is apparent in un- 
treated mice (D) and mice treated 
for 4 weeks by daily intragastric 
inocula of 2 x io7 U - 7 ~ ~ x 1  (E) but 
not in mice treated for 4 weeks by daily intragastric inocula of 2 X lo7 U-mlL10 ( F ) .  
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cacy was the same for both inocula concentra- 
tions (27). 

We confirmed that the therapeutic effect was 
due to &lo synthesized de novo by L L  
mILl0 rather than to residual amounts of mIL- 
10 in the inocula. Indeed, because of the culture 
conditions used, a minor amount of &lo (40 
ng) (Fig. 1B) was present in the supernatant of 
the inoculum. The fate of this residual &lo is 
likely acid denaturation, followed by breakdown 
in the stomach and duodenum (25). Diseased 
mice @SS-induced colitis) treated for 2 or 4 
weeks with ultraviolet 0 - k i l l e d  LLmILlO 
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 LLmILI 0. 

We also investigated the synthesis of re- 
combinant mIL-10 by LL-mILIO in the intestine 
of IL-lo-'- mice, which cannot themselves 
synthesize &lo. After administration of a 
total of 2.4 X 10'' LL-mILIO (as serial inocu- 
la), we detected 7 X lo8 LLmILlO and 7 ng of 
mIL-10 in the colon (25). Hence, these bacteria 
can actively produce &lo 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 (39. 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- 
mILl0-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 X lo7 LL-mILIO 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 X lo4 U per mouse). 

We propose two possible routes by which 
&lo might reach its therapeutic target. The 
lactococci may produce &lo 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 &lo secretion 
by lymphoid cells, as shown by transfer of Trl 
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 usehl for 
intestinal delivery of other protein therapeutics 
that are unstable or difficult to produce in large 
quantities. 

Fig. 3. Statistical evaluation of 
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grouped numbers were analyzed ; 5. statistically. Bars represent the 
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0.0151. (A) Histological scores 
(sum of epithelial damage and 2 3- lymphoid infiltrate, both ranging 
from 0 to 4) for the distal colon 2- 
of groups (n = 10) of control 
female Balblc mice (white bar) 

'1 and of female Balblc mice with 
DSS-induced colitis that were 0 
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methasone: 5 pg per mouse per day; rat IgG: 5 pg per mouse per day). Mice treated daily for 2 or 
4weeks (wk) with 2 X l o7  mlL-10-producing LL-mlL70 showed significantly reduced inflammation 
when compared with untreated or control-treated (LL or LL-TREX7) mice. This effect was not 
observed when LL-mlL70 cultures were UV-killed (+UV). (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) of 7-week-old untreated (hatched bar), 
LL-TREX7-treated, or LL-mlL7O-treated female 129 SvIEv IL-10-'- mice (black bars). LL-mlL70- 
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 (I), 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 
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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 fiom 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 
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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 naYve 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 
fiom 1 (=dissimilar) to 5 (=similar). The 
scores of the different observers were signif- 
icantly similar (Kappa = 0.34, z = 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 the; 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 nonmatchmg interactions, 80% of the in- 
terwhlstle 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 = 0.291, P < 0.025) (Fig. 
2). A randomization test (1 7) showed that this 
number of matching interactions was signifi- 
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