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DEVELOPING AN IN VITRO MODEL ON THE INVESTIGATION
OF THE CROSSTALK AMONG BACTERIA, ENTEROCYTES AND

LEUKOCYTES NEAR THE INTESTINAL MUCOSA

ALEXANDR PARLESAK and CHRISTIANE BODE

Department of Physiology of Nutrition, Hohenheim University, Stuttgart, Germany

SUMMARY

In vitro models comprising human cells are potent tools to improve
our understanding on the crosstalk between enterocytes and bacteria on
the one hand and between leukocytes and enterocytes on the other. The
present manuscript deals with the possibility to develop a co-culture
model for the investigation of inflammatory processes near the intesti-
nal mucosa. One important demand on such a model is the spatial sepa-
ration of bacteria and leukocytes mimicking the morphologic conditions
in the intestine. This is achieved by the separation of the apical com-
partment with non-pathogenic bacteria from the basolateral compart-
ment with human leukocytes by a confluent monolayer of a differenti-
ated cell line of intestinal origin (Caco-2).

The gut-associated lymphoid tissue (GALT) comprises Peyer’s
patches, mesenteric lymph nodes, intra-epithelial lymphocytes, and
leukocytes of the lamina propria. The complex interaction of these four
compartments cannot be simulated by an in vitro model, but inflamma-
tory processes are likely to be initiated and controlled by alpha-beta T
cells in the lamina propria, the action of which is likely to be simulated
most closely by the present model.

Preliminary results on the kinetics of cytokines in the basolateral
compartment revealed a temporary occurrence of tumour-necrosis fac-
tor alpha, a steady increase in the concentration of interleukin (IL)-8
and a stable concentration of IL-6 and IL-10 after 24 hours. Cytokines
associated with the activation of Th1-cells (IL-2 and interferon gamma)
occurred after 24 h and steadily increased from that time. Th2-type cy-
tokines (IL-4, IL-5) were not detectable in the basal medium.

The present model offers chances in the investigation of drugs and
food ingredients on the enhancement or impairment of inflammatory
processes in the intestine avoiding differences between the immune re-
sponses of man and animals in e.g. feeding models with rodents.

INTRODUCTION

Background
To improve our understanding of

mechanisms inducing processes in the
intestine makes sense from different
points of view. First, events leading to

inflammatory bowel disease (IBD),
namely Crohn’s disease and ulcerative
colitis, are not completely understood.
Second, the need for developing new
strategies to take influence on the effi-
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cacy of the immune response by com
pounds or nutrients will increase. Espe
cially as the percentage of elderly people 
increases in industrialised countries, 
problems associated with the impaired 
immune response in these people (‘im
munosenescence’) have to be met. 

The systemic immune response in 
terms of resistance to pathogens can 
highly be improved by the application of 
probiotic organisms. In mice, the ap
plication of Lactobacillus casei prior to 
infection with Salmonella typhimurium 
(dose: 20 x LD50) prevented completely 
the occurrence of pathogens in the liver 
and spleen (Perdigon et al., 1991). As 
evident from these experiments, the ef
fect of e.g. probiotics can be immense 
but further investigations are necessary 
to understand the mechanisms standing 
behind these effects. Although insights 
can be achieved by using experiments 
with animals, considerable differences 
can occur in parameters of immune 
function between animals and man (Le
brec et al., 1995). Therefore, in vitro 
models using cells of human origin have 
become more important during the last 
two decades, but efforts in the de
velopment of such models mimicking 
the immune response in the intestine 
were very limited so far. Furthermore, 
at least at the primary stage of investi
gating immunomodulating properties of 
foodstuff, screening methods will be 
needed enabling first statements on their 
effectiveness. 

An important mediator of the sys
temic immune response is the gut-asso
ciated lymphoid tissue (GALT). This 
complex system, which is part of the 
mucosa-associated lymphoid tissue 
(MALT), comprises four different parts: 
The Peyer’s patches, mesenteric lymph 
nodes, intra-epithelial lymphocytes 
(IEL), and various leukocytes located in 
the lamina propria. Despite the fact that 
the latter two compartments are sepa
rated only by the thin basal membrane, 

they have to be distinguished clearly due 
to their immunological functionality. 
Developing an in vitro-model for the 
modulation of inflammatory processes 
in the intestine, one has to be aware 
which parts of this immune system 
should and can be simulated. 

Which part of the GALT action 
can be mimicked in an in vitro 
system? 

The initiation of the specific immu
nity acquired within the GALT takes 
place in the Peyer’s patches (PP), which 
can be considered as classical secondary 
lymphoid organs. After controlled 
translocation of single bacteria by 
specialised M-cells, interdigitating 
dendritic cells (IDC) present antigens to 
T lymphocytes and macrophages mainly 
to B lymphocytes. During the matura
tion process, the primed cells leave the 
PP via the mesenteric lymph nodes to 
relocate after maturation in the lamina 
propria or other sites such as the mam
mary gland, the lacrimal gland and be
neath other mucosa surfaces of the 
body. The expression ‘homing’ termed 
for this process is not completely exact, 
as the cells never return to the site of 
their initiation but to places where they 
can fulfil their efferent immunological 
tasks. The main function of the cells 
having undergone this fate is the pre
dominant production of IgA. Evidently, 
this process involving differentiation 
processes in other tissues than near the 
intestinal mucosa cannot be mimicked in 
an in vitro model dealing with the im
mune response in the intestine. There
fore, investigations within such a model 
can only focus on actions of cells other 
than naïve T/B cells in PP and activated 
memory B lymphocytes and 
CD45RO+/CD45RBlow lymphocytes, 
which have lost their ability for being 
stimulated in terms of acute inflamma
tion (Abreu-Martin et Targan, 1996). 
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Figure 1: Arrangement of bacteria, Caco-2 cells and peripheral blood mononuclear cells (PBMC) 
for the investigation of immune responses near the intestinal surface 

Although an important part of the 
GALT, intra-epithelial lymphocytes 
(IEL), which comprise a considerable 
percentage of CD8-positive cells 
(>80%) expressing frequently the 
CD8αα+ receptor (Latthe et al., 1994), 
are also considered as being practically 
not being able to respond to TcR stimuli 
(Ebert, 1989). The low, but quite con
stant percentage of γδ-TcR cells (in hu
mans: ~10% of total T cells; Viney et 
al., 1990) seems also to be of inferior 
importance for intestinal inflammation, 
as αβ-TcR cell depleted mice failed to 
develop inflammation after Salmonella 
infection but not γδ-TcR cell depleted 
animals (Weintraub et al., 1997). 
Hence, an in vitro model focussing on 
inflammatory processes within the in
testine should mainly be oriented on the 
interaction among naïve LPL (and 
macrophages), enterocytes and the in
testinal flora. 

Which kind of cells can be used 
in the co-culture model? 

To achieve the best possible results 
in experiments concerning reproducibil
ity and similarity to conditions in the 

intestine, the following demands should 
be met by cells representing the three 
parts of the system mentioned above: 
Leukocytes should mainly comprise 
human naïve αβ-T cells and cells of the 
monocyte/macrophage lineage being 
susceptible for an inflammatory chal
lenge. An acceptable source for these 
leukocytes is peripheral blood mononu
clear cells (PBMC), which can easily be 
obtained in large amounts from cell-en
riched plasma (‘buffy coats’). 
Enterocytes are only appropriate for an 
in vitro model of intestinal inflammation 
if they can maintain the separation of 
two compartments: the ‘outer’ (apical) 
compartment with bacteria and the ‘in
ner’ (basolateral) compartment with 
leukocytes. This will only succeed with 
cells that keep their proliferation only 
until confluence and are able to develop 
a polar differentiation. Caco-2 cells meet 
these requirements and are able to form 
desmosomes, microvilli, and tight 
junctions (Hidalgo et al., 1989). Addi
tionally, this extremely well-defined cell 
line (Pinto et al., 1989) keeps its viabil
ity also in media suitable for incubation 
of leukocytes such as DME medium. 
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The Caco-2 cells have to be kept for 
growth until confluence and differentia
tion on a semi-permeable membrane 
until the end of incubation to enable 
signalling between leukocytes and the 
enterocyte-like cell line by soluble fac
tors. To guarantee that bacteria cannot 
transmigrate through the membrane, a 
pore diameter below the average size of 
bacteria (e.g. 0.4 Hm) is suitable for this 
purpose. 
Bacteria found in the intestine are very 
inhomogeneous and their composition 
can differ significantly between single 
hosts. Apart from studies where differ
ences among specific rods are to be in
vestigated, the application of one non
pathogenic, well-characterised bacteria 
species that is able to evoke an immu
nological response within the described 
system seems appropriate. The immu
nomodulating effect of drugs or nutri
ents to be investigated can than be as
sessed by enhancement or impairment 
of the immunological response to the 
standardised bacterial challenge. Evi
dently, the germs have to be impaired in 
their growth to avoid destruction of the 
Caco-2 cell monolayer. A major prob
lem in this context is the question in 
how far the growth of the applied bacte
ria can be reduced without changing the 
induced immune response. Antibiotics 
damaging the integrity of the bacterial 
membrane should be avoided, as the 
bacterial lysate is likely to cause modifi
cations of the induced immuno-activa
tion. A sketch of the co-culture model is 
given in Figure 1. 

How to measure the extent of the 
immune response? 

Concerning the readout of the ex
periments, the middle-termed immune 
response can be assessed by measure
ment of cytokines in the medium. First 

experiments with this model by Haller et 
al. (2000) revealed that practically all 
cytokines are secreted into the baso
lateral but not the apical compartment. 
Out of the numerous cytoki
nes/chemokines, those indicating acute 
inflammation [tumour necrosis factor 
alpha (TNF-α), Interleukin 1 beta (IL
1β), IL-8)], immunomodulation [IL-10, 
transforming growth factor beta (TGF
β), IL-6], activation of Th1 cells (IL-2, 
interferon gamma (IFN-γ)], and activa
tion of Th2 cells (IL-4, IL-5, IL-13) 
might be of special importance for the 
assessment of changes in the immune 
response. For a profound understanding 
of the interaction between these cy
tokines and the eukaryotic cells of the 
system, the recording of a time kinetic 
of each cytokine is necessary. The in
volvement of the enterocyte-like cell line 
can be estimated by (semi-)quantitative 
measurement of mRNA expression for 
some of the cytokines mentioned above 
(i. E. IL-8 and TNF-α, Haller et al., 
2000). 

Further important information can be 
obtained by measuring the release of 
reactive oxygen species (ROS). The ac
tivation of phagocytotic cells, which are 
also part of the PBMC (monocytes, 
~20-35%), results in the pentose phos
phate shunt, NADPH production, and 
the massive release of ROS. As ROS 
are known as potent reagents being able 
to modify DNA, especially mechanisms 
leading to the high coincidence of 
chronic inflammatory bowel disease 
(IBD) and malignant neoplasiae in the 
colon might be elucidated by investiga
tions with the present model. The re
lease of ROS can easily be measured 
online by the application of chemilumi
nescence-enhancing techniques (Parle
sak et al., 1998). 
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MATERIAL AND METHODS
 

Cell culture 
The cell line Caco-2 was obtained 

from the ‘Deutsche Sammlung von 
Mikroorganismen und Zellkulturen’ 
(Braunschweig, Germany: DSMZ No. 
ACC169). Cells were cultured in inserts 
on a semi-permeable PET membrane 
(Falcon, Becton-Dickinson, Le Pont De 
Claix, France). Inserts were placed into 
cavities of six-well plates (Greiner, 
Frickenhausen, Germany), which were 
filled with cell culture medium that con
sisted of Dulbecco’s Modified Eagle 
Medium (DMEM) and heat-inactivated 
(56°C for 30 min) foetal calf serum 
(FCS) (Gibco BRL/Life Technologies, 
Karlsruhe, Germany). FCS was con
trolled for endotoxin content (<0.2 
ng/ml: LAL Test, Chromogenix, 
Mölndal, Sweden). Confluency was 
checked by measurement of transepi
thelial electrical resistance (TEER; 
Haller et al., 2000) and visual control of 
cell layer integrity under the micro
scope. After complete differentiation, 
which lasted for further 10 days, co-in
cubation experiments were performed. 

As a stimulus, the non-pathogenic 

rod Escherichia coli K12 was used at 
the stationary growth phase. Gentamicin 
(120 Hg/ml; Gibco BRL/Life Tech
nologies) was added to the medium to 
avoid uncontrolled growth that would 
lead to destruction of the Caco-2 cell 
monolayer (Haller et al., 2000). 

Mononuclear leukocytes from pe
ripheral venous blood (PBMC) of 
healthy donors (n=3) were isolated from 
buffy coats (cell-enriched plasma) by 
density gradient centrifugation (Ficoll® 

solution, Seromed/Biochrom, Berlin, 
Germany). After centrifugation, mono
nuclear leukocytes were taken from the 
interface and washed three times with 
cell culture medium. 

Each experiment was performed as a 
triplicate. Incubations with non-patho
genic bacteria (E. coli K12, 2.0 x 107 

CFU) were applied either apically or 
basolaterally with PBMC (4.0 x 106). 
The release of cytokines into the baso
lateral compartment was measured by 
commercially available ELISA kits (BD 
Pharmingen, Heidelberg, Germany). 
The resulting values were compared to 
the corresponding control experiments. 

FIRST RESULTS AND CONCLUSION
 

First results from experiments with 
this model revealed that findings ob
tained in this model cannot be compared 
with those achieved by bacteria-leuko
cyte or bacteria-enterocyte co-incuba
tions. Haller et al. (2000) stimulated the 
differentiated Caco-2 cell monolayer in 
the described trans-membrane system 
with different bacteria (Lactobacillus 
johnsonii, L. sakei, and E. coli) with 
and without leukocytes in the basolateral 
compartment. Messenger RNA for IL-8 
and monocyte chemoattractant protein 1 
(MCP-1) was expressed in Caco-2 cells 
only if leukocytes were present in the 
basal compartment and only by E. coli 

and L. sakei but not by L. johnsonii. 
Hence, the Caco-2 cells can distinguish 
between single bacteria species only if 
mononuclear leukocytes are present in 
the basolateral compartment. Further 
actual findings with this model 
demonstrated that IL-2, which cannot be 
produced by the enterocyte-like cell line 
(Jung et al., 1995), is produced in the 
basolateral compartment only if the 
Caco-2 cell monolayer separates bacteria 
and leukocytes. If bacteria have cell-cell 
contact to the leukocytes, practically no 
IL-2 production occurs within the first 
68 h after challenge. 
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Figure 2: Kinetics of cytokine release into the basolateral compartment of the co-culture model 
after apical stimulation with E. coli K12 (4.0 x 107 bacteria); the absolute concentrations of the 
single cytokines are not identical. 

These findings underscore the diver
sity of the present model compared to 
models where the spatial separation 
between bacteria and leukocytes by a 
cell monolayer comparable to the intes
tinal mucosa does not occur. Further
more, from the results motioned above a 
three-step mechanism can be concluded 
in the activation of the eucaryotic cell 
‘crosstalk’. First, the leukocytes secrete 
unidentified soluble factors sensitising 
the Caco-2 cells for selective activation 
by bacteria. Second, leukocytes are 
activated by soluble factors from Caco-2 
cells, enhancing the production of 
cytokines already produced by the 
enterocyte-like cell line (TNF-α, IL-8, 
IL-6 and others) and initiating the 
production of cytokines that cannot be 
synthesised by the Caco-2 cells (IL-2, 
IL-10, IFN-γ and others). In the third 
step, changes in the concentration of 
cytokines in the basolateral compartment 
regulate the activation status of 
enterocytes. 

Using a non-pathogenic rod as a 
standard, a characteristic pattern of cy
tokine concentrations that depends on 
the incubation time will be evoked. The 

single cytokines differ significantly in 
some orders of magnitude regarding 
their absolute concentration. As can be 
expected, out of the measured cytokines 
(TNF-α, IL-1β, IL-12, IL-8, IL-6, IL
2, IL-10, IFN-γ, IL-4, IL-5, and TGF
β) those having a systemic effect (IL-6) 
or being important for chemotaxis (IL
8) contribute a major part of the pro
duced cytokine mass (ng/ml range; 
>90%) while cytokines with local effi
cacy occur only at clearly inferior con
centrations (pg/ml-range). Cytokines 
associated to the activation of Th2 cells 
(IL-4 and IL-5) were not detected in the 
basolateral medium at all. A schematic 
overview of the time kinetics of the in
vestigated cytokines is given in Figure 
2. 

To further elucidate the differences 
of the present model as compared to 
models of leukocyte challenge by direct 
contact with bacteria, further experi
ments were performed. Keeping the 
number of leukocytes constant, the di
rect cell-cell challenge with bacteria (E. 
coli K12) without Caco-2 cells resulted 
in the production of about 12,000 to 
20,000 pg/ml TNF-α after 16 h. The 
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presence of soluble factors produced by 
the differentiated Caco-2 cells reduced 
this production by about 45%. The spa
tial separation of the bacteria from the 
leukocytes by the semi-permeable 
membrane only reduced the TNF-α 
production by about 80%. Separation of 
leukocytes and bacteria by the semi
permeable membrane and the differenti
ated, confluent Caco-2 cell monolayer 
reduced the TNF-α synthesis to about 
80 to 300 pg/ml (~1 to 2%), which was 
still significantly higher than the value 
resulting from the incubation of Caco-2 
cells and leukocytes solely (2-30 

pg/ml). Evidently, investigations on ef
fects of e.g. nutrients on immuno
modulation in the intestine with the pre
sent model are performed in a com
pletely different inflammatory ‘range’ 
than those where leukocytes are chal
lenged directly by bacteria or bacterial 
products. 

In conclusion, from the primary ex
perimental results obtained with the de
scribed co-culture model it can be seen 
suitable for the assessment of immuno
modulation near the intestinal mucosa 
by food ingredients, drugs, and differ
ent bacteria species. 
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