
197© The Author(s) 2015
K. Verhoeckx et al. (eds.), The Impact of Food Bio-Actives on Gut Health,
DOI 10.1007/978-3-319-16104-4_18

     Chapter 18   
 Co-culture Caco-2/Immune Cells 

                           Charlotte     R.     Kleiveland    

    Abstract     Numerous cell types are involved in maintenance of the intestinal tissue. 
However, the main players are cells of the epithelial lining and from the immune 
system. All these cells are communicating with each other and are strongly infl u-
enced by interactions with neighboring cells. Mono-cultivation of cells may provide 
valuable information as to understanding basic biology, but co- cultivation of more 
than one type of cells gives an opportunity to investigate effects of intercellular 
communication. Examples of systems for co-cultivation of epithelial cells and 
immune cells for the investigation of both direct cell–cell contact and communica-
tion with soluble factors will be discussed in this chapter. In addition, co-cultivation 
systems for differentiation to more specialized epithelial cells as microfold cells 
(M-cells) will be described.  

  Keywords     Epithelial cells   •   Immune cells   •   M-cells   •   Co-culture   •   Intercellular 
communication  

18.1         Origin, Features and Mechanisms 

 The models described in this section include the cell lines Caco-2 and THP-1 in 
addition to peripheral mononuclear cells (PBMCs) and dendritic cells (DCs). 
   Description of the origin, features and mechanisms of these cells are included in 
previous sections, and further information can be found in Chap.   10     for Caco-2, 
Chap.   14     for THP-1, Chap.   15     for PBMCs and Chap.   17     for DCs.  
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18.2     Relevance to Human In Vivo Situation 

18.2.1     Co-culture Caco-2 and Dendritic Cells 

 Precise regulation of the intestinal barrier function is important for the maintenance 
of mucosal homeostasis and prevents the onset of uncontrolled infl ammation 
(Pastorelli et al.  2013 ). A balanced and fi ne-tuned cross-talk between intestinal epi-
thelial cells (IECs), immune cells and the intestinal microbiota is necessary to main-
tain the intestinal homeostasis (Artis  2008 ). Different immune cells communicate 
with each other as well as with epithelial cells by an impressive network of regula-
tory signals. The complexity of the mucosal immune system is diffi cult to mimic 
in vitro, but a co-culture system makes it possible to elaborate mechanisms involved in 
communication between epithelial cells and cells of the immune system. It is possible 
to study effects of soluble molecules as well as contact dependent mechanisms. DCs 
are professional antigen-presenting cells central to the regulation of both innate 
and adaptive immune responses at mucosal surfaces (Coombes and Powrie  2008 ). 
The intestinal epithelium is not only a barrier to microorganisms entering via the 
oral route, but epithelial cells are directly infl uencing the activating properties of 
mucosal DCs (Rimoldi et al.  2004 ). Communication between immune cells and 
epithelial cells can be studied by co-cultivation of Caco-2 cells with CD14 +  mono-
cyte-derived dendritic cells (mDC), PBMCs or THP-1 cells, a human monocytic 
cell line (described in Chap.   14    ). CD14 +  monocytes isolated from blood are differ-
entiated into DCs by stimulation with GM-CSF and IL-4. The phenotype of these 
in vitro differentiated DC resembles that of infl ammatory DCs (Segura et al.  2013 ). 
Infl ammatory DCs differentiate from monocytes recruited to infl amed tissue from 
blood during an infl ammation. Therefore the CD14 +  monocytes are phenotypically 
distinct from the bone marrow-derived DC precursors which give rise to tissue 
resident DCs (Steinman and Idoyaga  2010 ; Miller et al.  2012 ) (see Chap.   17     for 
further information on DCs).  

18.2.2     Co-culture Caco-2 and B-cells (Raji) 

 The follicle-associated epithelium (FAE) overlying the organized lymphoid follicles 
of the gut-associated lymphoid tissues (GALT) including Peyer’s patches, are 
 specialized for sampling luminal content. Approximately 10 % of the cells within 
the FAE are microfold (M) cells. M cells have unique morphological features that 
include a reduction in both glycocalyx and microvilli compared to other parts of the 
epithelial lining. They are highly specialized for phagocytosis and transcytosis of gut 
luminal content across the epithelium. Beneath the M-cell’s basolateral membrane 
there is an intraepithelial pocket where the luminal content samples are released 
after transcytosis. This dome structure contains various populations of lympho-
cytes, macrophages and dendritic cells. M-cells therefore provide an effi cient 
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delivery of gut luminal microorganisms and antigens to the underlying mucosal 
tissue and are therefore essential for mucosal immune responses (Gullberg et al. 
 2000 ; Kerneis et al.  1997 ). Cells with a M cell-similar phenotype can be obtained 
by co-cultivation of Caco-2 cells with Raji B cells (Gullberg et al.  2000 ).   

18.3     Stability, Consistency and Reproducibility 

 Co-culture systems of epithelial cells and immune cells have not been much in use 
for investigation of food bioactive components, despite several methodological 
reports on such systems. This might indicate that the system gives inconsistent data 
or has a low level of reproducibility. Some of the co-culture systems described here 
combine the use of cell lines and primary cells. The cells lines will represent a stable 
and reproducible system with low variability from experiment to experiment. 
However, the response of PBMCs and monocyte derived DCs will depend on the 
donor and can lead to increased variability between experiments. 

 The Caco-2/Raji B cell model is a simplifi ed model that induces cells with M 
cell-like morphology. A gene expression study comparing the Caco-2/Raji model 
with human FAE suggest that the Caco-2 differentiation model is associated with 
some functional features of M cells. However the genes induced refl ect the acquisi-
tion of a more general FAE phenotype (Lo et al.  2004 ). However, this is an easy 
accessible in vitro model system to study M cell-mediated translocation.  

18.4     General Protocol 

18.4.1     Co-culture of Caco-2/Human Monocyte Derived DCs 
(Include Contact Dependent Events) 

 In this co-cultivation system, the cells will be able to make direct cell–cell contacts 
between the immune cells and the basolateral side of the epithelial cells. Co-cultivation 
of the cells in this way makes it possible to investigate effects of both direct interac-
tions between DCs and epithelial cells and communication by soluble factors. 

 Caco-2 cells are seeded on the backside of fi lter inserts with 3 μm pores. 3 × 10 5  
Caco-2 cells in 100 μL RPMI 1640 with 10 % FCS, are placed on the bottom side 
of the inserts placed in an inverted orientation. After overnight incubation, to allow 
attachment of the Caco-2 cells, the inserts are transferred to their normal orientation 
in a 24 well plate. The Caco-2 cells now face the lower chamber and are cultured as 
this for the next 14 days. Every other day the medium has to be exchanged with 
fresh RPMI 1640 with 10 % FCS. At day 14 add 1 × 10 6  CD14 +  human monocytes 
in 500 μL RPMI 1640 with 10 % FCS, 25 ng/mL IL-4 and 50 ng/mL GM-CSF. 
At day 4 of co-cultivation remove the medium in the upper chamber and replace it 
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with 500 μL RPMI 1640 with 25 ng/mL IL-4 and 50 ng/mL GM-CSF. The RPMI 
1640 in the lower chamber should be exchanged every other day. Maintain the 
 co-culture for 6 days before the experiments are conducted. Depending on the test 
compound, it could be added to either compartment. The lower chamber will refl ect 
the apical side and the upper chamber the basolateral side of the intestinal epithe-
lium. Incubation time for the test compound will depend on the type of compound 
and the read out system to be used and will have to be decided for each compound.  

18.4.2     Caco-2/Human Monocyte Derived DCs 
(Soluble Factors) 

 In comparison with the above mentioned system co-cultivation of cells in this way 
will only make it possible to study effect of communication caused by soluble factors. 
The epithelial cells and the DCs will not be able to be in direct contact with each 
other and communication can therefore only happen by soluble factors diffusing 
through the fi lter. 

 300 μL of a 1 × 10 6 /mL Caco-2 cells suspended in RPMI 1640 with 10 % FCS, 
are seeded on fi lter inserts with 0.4 μm pores. The cells are maintained at 37 °C in 
5 % CO 2  atmosphere for 14 days. The medium in both compartments should be 
exchanged with fresh RPMI 1640 with 10 % FCS, every other day. At day 14, 
1 × 10 6  CD14 +  human monocytes in RPMI-1640 with 10 % FCS, 25 ng/mL IL-4 and 
50 ng/mL GM-CSF are added to the lower chamber, facing the basolateral side of 
the epithelial monolayer. The medium in the lower chamber is exchanged with fresh 
RPMI 1640 with 10 % FCS, 25 ng/mL IL-4 and 50 ng/mL GM-CSF at day 4 of the 
co-cultivation. Maintain the co-culture for 6 days before experiments are conducted. 
Continue to exchange the medium in the upper chamber with fresh RPMI 1640 with 
10 % FCS every second day. 

 The upper chamber will refl ect the apical side and the lower chamber the 
basolateral side of the intestinal epithelium. Incubation time for the test compound 
will depend on type of compound and the read out system to be used and will have 
to be decided for each compound.  

18.4.3     Caco-2/THP-1 (Soluble Factors) 

 300 μL of a 1 × 10 6 /mL Caco-2 cells suspended in RPMI 1640 with 10 % FCS, are 
seeded on fi lter inserts with 0.4 μm pores. The cells are maintained at 37 °C in 5 % 
CO 2  atmosphere for 21 days, exchanging the medium with fresh RPMI 1640 con-
taining 10 % FSC every other day. At day 18 the THP-1 cells are plated at a density 
of 2 × 10 5  cells/mL in RPMI 1640 with 10 % FCS, 200 ng/mL IL-4, 100 ng/mL 
GM-CSF, 20 ng/mL TNF-α and 200 ng/mL ionomycin in a 24 well plate for 3 days. 
At day 21 the medium of the THP-1 cells is exchanged with RPMI 1640 with 10 % 
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FCS and the fi lter inserts with polarized Caco-2 monolayers are placed into the 
wells together with the differentiated THP-1 cells. 

 The upper chamber will refl ect the apical side and the lower chamber the baso-
lateral side of the intestinal epithelium. Incubation time for the test compound will 
depend on type of compound and the read out system to be used and will have to be 
decided for each compound.  

18.4.4     Caco-2/PBMCs (Soluble Factors) 

 300 μL of a 1 × 10 6 /mL Caco-2 cells suspended in RPMI-1640 with 10 % FCS are 
seeded on fi lter inserts with 0.4 μm pores. The cells are maintained at 37 °C in 5 % 
CO 2  atmosphere for 21 days with exchanges of the medium with fresh RPMI 1640 
with 10 % FSC every other day. At day 20, PBMCs are plated in the basolateral 
compartment at a density of 1–2 × 10 6  cells/mL RPMI-1640 with 10 % FCS. PBMCs 
can be activated by anti-CD3/CD28, mitogenic lectins or LPS (see Chap.   15     
PBMCs). 

 The upper chamber will refl ect the apical side and the lower chamber the baso-
lateral side of the intestinal epithelium. Incubation time for the test compound will 
depend on type of compound and the read out system to be used and will have to be 
decided for each compound.  

18.4.5     Caco-2/B Cells 

 300 μL of a 1 × 10 6 /mL Caco-2 cells suspended in RPMI-1640 with 10 % FCS are 
seeded on fi lter inserts with 3.0 μm pores. The inserts are placed in a 24 well plate 
with 1 mL of RPMI 1640 with 10 % FCS. The cells are maintained at 37 °C in 5 % 
CO 2  atmosphere for 14 days with exchanges of the medium with fresh RPMI 1640 
with 10 % FSC, every other day. At day 14, 1 × 10 6  Raji cells in RPMI 1640 with 
10 % FCS are added to the lower chamber, facing the basolateral side of the epithe-
lial monolayer. Maintain the co-culture for 6 days. Continue to exchange the 
medium in the upper chamber with fresh RPMI 1640 with 10 % FCS every 
second day. 

 The upper chamber will refl ect the apical side and the lower chamber the baso-
lateral side of the intestinal epithelium. To investigate uptake through M-cells the 
test compound should be added to the apical side. The incubation time for the test 
compound must be investigated different compounds, but are usually in the range of 
minutes to a few hours. 

 In all of the above-mentioned systems, the effects of test compounds on co- cultures 
should be compared with effects on matched fi lters with Caco-2  monocultures. 
This will make it possible to identify whether the effects of the test compounds are 
related to cell–cell communication in the co-culture systems.   
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18.5     Assess Viability 

 The integrity of the Caco-2 monolayers should always be checked by measurement 
of TEER values, and fi lters with a TEER value below 300 Ω cm 2  should not be used 
for further experiments. 

 The paracellular transport marker Lucifer Yellow (LY) is used to measure changes 
in the integrity of the Caco-2 cell layer. LY is added to the apical compartment at a 
concentration of 100 μM, in control wells and wells treated with test compound. 
The fl uorescence of the LY transported to the basolateral side is then measured with a 
fl uorescence microplate reader (Calatayud et al.  2012 , and Chap.   10    ). 

 In comparison with polarized Caco-2 cells M-cells will lack microvilli on their 
apical surface which can be inspected by transmission electron microscope (TEM) or 
scanning electron microscope (SEM). Staining of the Caco-2 monolayer with fl uoro-
chrome-labeled Wheat Germ Agglutinin (WGA) or phalloidin (actin label) will give 
a continuous staining in a monoculture of Caco-2, however after co- cultivation of 
Caco-2 cells with Raji, M-cells are identifi ed as a discontinuations in the staining 
pattern. This is due to the absence of microvilli. Corresponding monocultures of 
Caco-2 cells on matched fi lter inserts should be used as controls. 

 Lactate dehydrogenase (LDH) is also a marker of cytotoxicity and its release can 
be determined in the supernatant of the cell cultures (Decker and Lohmann-Matthes 
 1988 ). There are several commercial kits for determination of LDH concentration in 
culture supernatants.  

18.6     Experimental Readout 

 Several methodological reports are describing co-culture conditions between Caco-2 
and CD14 +  monocyte derived DCs, THP-1 or PBMCs (Araujo and Sarmento  2013 ; 
Leonard et al.  2010 ; Schimpel et al.  2014 ; Antunes et al.  2013 ; Kerneis et al.  2000 ; 
Parlesak et al.  2004 ). However, there are still few reports where these co- culture 
systems have been used to scrutinize communication between epithelial cells and 
immune cells. 

 Apical TLR ligation on intestinal epithelial cells and its effect on PBMCs have 
been studied by co-cultivation of HT-29 and PBMCs (de Kivit et al.  2011 ). The TLR 
ligands are added to the apical side of the epithelial monolayer, whilst the PBMCs 
are stimulated with anti-CD3/CD28 antibodies and LPS. The release of cytokines to 
the culture supernatants, both in the basolateral and apical compartments, were 
investigated by ELISA. There is also a report on the effect of the anti-infl ammatory 
drugs ibuprofen and prednisolone in a co-culture system of Caco-2 monolayers in 
co-culture with whole blood (Schmohl et al.  2012 ). 

 There is one report using a co-culture model of Caco-2 monolayers and THP-1 
cells to study the function of the immediate-early response gene 1 (IEX-1) (Ishimoto 
et al.  2011 ). Overexpression or knock down of the IEX-1 gene in Caco-2 cells were 
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induced by Lentivirus infection. Caco-2 cells were differentiated for 14 days on 
semi-permeable fi lter inserts. The THP-1 cells were differentiated for 4 days and 
then the fi lter inserts with Caco-2 were placed in the well with differentiated THP-1 
cells. After co-cultivation, mRNA was extracted from both Caco-2 cells and THP-1. 
Changes in expression of genes coding for cytokines were investigated by qPCR. 

 The Caco-2/B cell model is widely used to study translocation of bacteria over 
M-cells. Translocation of fl uorescence-labelled carboxylated latex or dextran particles 
was used to confi rm in vitro induction of the M-cell like phenotype. Translocation of 
bacteria was measured by serial dilutions of basolateral culture medium on agar plates 
2 h after addition of bacteria to the apical compartment (Finn et al.  2014 ). How dietary 
components affect translocation of bacteria over M-cells have also been investigated 
(Roberts et al.  2013 ). The test compound was added to the apical compartment for 
30 min before infection with bacteria. After 2–4 h, the basolateral medium was har-
vested and bacteria enumerated following serial dilution on agar plates.  

18.7     Advantages, Disadvantages and Limitations 

 These co-culture systems give the opportunity to study cell–cell communication, 
and most cell laboratories will have the possibility to establish at least some of these 
co-cultivation systems. The use of monocyte-derived DCs or PBMCs have the 
advantage of responding well with the production of cytokines, whilst THP-1 on the 
other side produce a limited number of cytokines. These protocols are time- 
consuming and therefore not suitable for high throughput screening. As for other 
in vitro culturing systems the data should be interpreted with care as they do not 
represent the complexity found in the in vivo situation.  

18.8     Conclusions 

 The co-cultivation systems described here needs to be carefully validated in order to 
be able to harvest reliable experimental data related to communication between 
immune cells and epithelial cells. They can be used for screening purposes, how-
ever, due to time consumption they are generally unsuitable for high throughput 
screening. Co-culture of Caco-2 and Raji cells generates cells with a M-cell like 
phenotype. Such cells can give useful information regarding transport of test com-
pounds through M-cells, however such studies will eventually have to be confi rmed 
in an in vivo system.     

  Open Access   This chapter is distributed under the terms of the Creative Commons Attribution 
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in 
any medium, provided the original author(s) and source are credited.  
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