
Immunology 1999 98 16–26

Vectorial function of major histocompatibility complex class II in a human
intestinal cell line
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SUMMARY

This study explores the expression and the function of major histocompatibility complex class II
in the intestinal epithelial cell line CaCo-2, which has been widely used as a model for the human
gastrointestinal epithelium. Human leucocyte antigen (HLA)-DR expression on CaCo-2 cells is
induceable by interferon-c (IFN-c), but responsiveness to IFN-c is dependent on cell differentiation
and IFN-c availability at the basolateral cell surface. HLA-DR expression is concentrated in
apical cytoplasmic vesicles and on the basolateral cell surface. Invariant chain is expressed in
apical vesicles but is absent from the cell surface. Immunoprecipitation studies show a slow rate
of dissociation of HLA-DR from Ii. Double labelling shows some overlap between HLA-DR
expression and basolateral endosomal markers but no overlap with apical endosomal markers.
Functional studies show processing and presentation of lysozyme endocytosed from the basolateral,
but not apical surfaces. CaCo-2 cells may provide a useful model with which to dissect the
antigen-processing pathways in polarized epithelial cells. The regulated access of antigens taken
up from the gut lumen to the processing compartments may prevent overloading the immune
system with antigens derived from normal gut contents.

INTRODUCTION epithelial cells results in T-cell activation, in T-cell anergy, or
in the induction of transforming growth factor-b (TGF-b)

The epithelium lining the gastrointestinal tract is one of the
-producing ‘suppressor’ cells. It is also well established that

major sites at which foreign antigens (entering the body via epithelial cells can produce a whole variety of immunological
the oral route) may gain access to the immune system, and mediators, including TGF-b, and thus play an active role in
thus induce an immune response or tolerance. There is very immunoregulation.11–13
considerable interest in understanding the immunological This study focuses on the biosynthesis, distribution and
events which occur at this site, for the purpose both of function of class II MHC in epithelial cells. One major
therapeutic intervention by the induction of tolerance,1 or difference between intestinal epithelial cells and the much more
prophylactic vaccination.2,3 Antigen uptake in the gut occurs extensively studied haematopoietic lineage antigen-presenting
preferentially through M cells overlying Peyer’s patches4 and cells lies in the polarized, and hence vectorial, nature of the
presentation of transcytosed antigen is then presumed to intracellular trafficking pathways in the epithelium. In order
involve ‘professional’ antigen-presenting cells (of dendritic to analyse processing pathways in a meaningful way, an in
lineage) in the underlying immunological tissue. However, vitro experimental model which retains the vectorial phenotype
intestinal epithelial cells other than M cells express major is therefore essential. One such model, which has been analysed
histocompatibility complex (MHC) class II molecules in both extensively in studies of epithelial transport properties, is the
normal and inflamed tissue, suggesting that these cells can human intestinal epithelial cell CaCo-2. Although this cell was
interact with CD4+ T cells,5–7 and epithelial antigen presen- initially derived from a colon carcinoma, it differentiates in
tation, resulting in activation of antigen-specific T cells, has vitro into a highly polarized cell exhibiting many of the
been reported both in vivo and in vitro.8–10 There is still characteristics of the small intestinal epithelium, including the
controversy, however, over whether in vivo presentation by development of microvilli at the luminal surface, tight junc-

tions, and restricted and polarized distribution of many cell
Received 11 January 1999; revised 12 March 1999; accepted membrane receptors and brush border enzymes.14–16 A detailed

12 March 1999. analysis of MHC distribution and function in this single cell
model identifies specialized features which relate to the polar-Correspondence: Dr B. Chain, Department of Immunology,
ized phenotype, and which should be further explored in futureWindeyer Institute of Medical Sciences, University College London,

46 Cleveland Street, London W1P 6BD, UK. studies using other in vitro or in vivo models.
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MATERIALS AND METHODS Double labelling for HLA-DR and endosomal/lysosomal
compartments

Cell culture
Transferrin and BSA (Sigma) were conjugated to FITC as

CaCo-2 cells were maintained in stock culture and grown on
follows.15 One millilitre of 100 m sodium carbonate buffer

Transwell inserts (6 mm filters; Costar U. K. Ltd, High
pH 9·2 was added to 10 mg protein in 1 ml water. FITC

Wycombe, Bucks, UK) as previously described.17 The differ-
(dissolved in ethanol ) was added to give a 20 molar excess.

entiated cells were used for experiments after 10–14 days.
After 2 hr at room temperature, the protein–FITC conjugate

Recombinant human interferon-c (IFN-c) at 1–3 ng/ml
was separated from unbound FITC by chromatography over

(PreproTech E. C. Ltd, London, UK) was added to the culture
Sephadex G25 (Pharmacia Biotech., St Albans, Herts., UK),

medium in either apical or basolateral compartments. IFN-c
and concentrated by dialysis against PEG 6000 (Sigma). For

was added for a certain time-interval only, unless otherwise
uptake of transferrin, filter-grown monolayers were washed

stated (see the Results). T-cell hybridomas IC5.1 and AOIT
and incubated in serum-free DMEM with 0·2% BSA for 2 hr

were maintained in RPMI-1640 supplemented with 10% fetal
at 37° to deplete any residual transferrin in the system. FITC-

calf serum (FCS), 2 m glutamine, penicillin/streptomycin.
BSA or FITC-transferrin were diluted 1 : 5 in 0·2% BSA/

Dulbecco’s modified Eagle’s minimal essential mediumAntibodies
(DMEM) (final concentrations: transferrin-FITC, 1 mg/ml,The following primary antibodies were used in this study:
BSA, 4 mg/ml ) and added to either the apical or basalmouse monoclonal antibody (mAb) L243, specific for a mono-
compartments for 90 min at 37°. At the end of the incubation,morphic determinant expressed on mature MHC class II DR
filters were put on ice, washed in ice-cold PBS, fixed, quenchedmolecules;18 mouse mAb TAL14.1 Imperial Cancer Research
and processed as described above. In some experiments, theFund, specific for the monomorphic DRb chain, which recog-
FITC signal was amplified using an antibody against FITC,nizes predominantly unfolded or immature DR dimers;19
followed by a secondary antibody conjugated to FITC. Formouse mAb LN2 (Biotest Serum, Dreieich, Germany) specific
the experiments shown in Fig. 6(d), FITC-dextran (10 mg/ml,for the luminal portion of the invariant chain (carboxy ter-
Molecular Probes) was added to the basolateral compartmentminal );20 mouse mAb BU45 (Binding Site, Birmingham, UK),
of the filter-grown monolayers, and Mab-11 mAb (as unpuri-specific for the luminal portion of Ii; Mab-11, mouse mAb
fied culture supernatant) was added to the apical compartment.against the apical marker of CaCo-2 cells;21 CII, mouse mAb
Cells were incubated at 37° for 2 hr to allow internalizationagainst human collagen II (Dr R. Holmdahl, Lund University,
of both markers, washed, fixed and processed for indirectSweden) (used as a negative control ); HBB2/614/88, mAb
immunofluorescence using goat antimouse conjugated withanti-human sucrase-isomaltase (kind gift from Dr H-P. Hauri,
Texas-Red (Cambridge Biosciences) to visualize the Mab-11Basel, Switzerland); mouse mAb TIB93 (American Type
staining.Culture Collection, Rockville, MD), antimouse MHC class II

I-Ak; rabbit anti-fluorescein isothiocyanate (FITC) antibody
Radioimmunoassay(Cambridge BioSciences, Cambridge, UK), rabbit antibodies
Filters containing CaCo-2 monolayers were washed, fixed andagainst LMP-1 (gift of Dr S. Carlsson, University of Umea,
quenched with 50 m ammonium chloride as for immunofluo-Sweden), anti-mannose-6-phosphate receptor (gift of Dr B.
rescence labelling, and then blocked and permeabilized withHoflack, Heidelberg, Germany). For immunofluorescence, sec-
1% BSA/0·5% saponin/PBS. The filters were then cut in half,ondary antibodies were a rabbit antimouse immunoglobulin
and labelled with excess amounts of anti-class II antibodyG (IgG) Fc portion antibody; a swine antirabbit immunoglob-
L243. The filter pieces were washed overnight in blockingulin conjugated to FITC (both from Dako Ltd, High
solution on a shaker and then incubated with saturatingWycombe, Bucks., UK) and a goat antimouse IgG antibody
amounts of 125I-labelled second antibody (2×106 c.p.m./filterconjugated to Texas Red (Cambridge BioScience). For the
piece) for 30 min. The filters were washed again extensivelyradioimmunoassay, an affinity-purified goat anti-mouse IgG
with PBS (4–5 hr) to remove any non-specifically boundantibody (Jackson ImmunoResearch, Inc., Bar Harbour, ME)
antibody, and incorporated 125I was counted using a gamma-was iodinated by the chloramine T (Sigma Chemical Co.
counter (Nuclear Enterprises NE1600, Edinburgh, UK) overPoole, UK) method using 125I (ICN, Thame, Oxfordshire,
4 min.UK).

Immunofluorescence Immunoprecipitation
Differentiated CaCo-2 monolayers grown in Transwell filtersMonolayers of CaCo-2 cells grown on filters were processed

and labelled for single-colour or double-colour immunofluo- were treated for 10 days with IFN-c (3 ng/ml ). At the end of
this period, cultures were washed thoroughly with PBS, andrescence as previously described,17 except that bovine serum

albumin (BSA) was used as a blocking agent in place of the medium was replaced with DMEM lacking methionine
and cysteine, and supplemented with dialysed 2% FCS. Then,gelatin. Labelling with Concanavalin-A Texas-red conjugate

(100 mg/ml; Molecular Probes, Eugene, OR) was carried out 250 mCi of 35S Translabel (a mixture of 80% methionine/20%
cysteine, ICN Biomedicals Co., Oxfordshire, UK) was addedon ice for 30 min, followed by three washes in phosphate-

buffered saline (PBS). Slides were examined using a Zeiss to the basolateral compartment of each culture, and the cells
incubated at 37° for 3 hr. Filters were washed to remove allfluorescence microscope with a MRC-600 scanning laser

confocal apparatus (Bio-Rad Microscience Ltd, Hemel medium containing free label, and the cultures were kept in
complete medium, at 37°, for the chase period. Groups of fourHempstead, UK). Images were transferred to a PowerPC,

processed using NIH-Image software and photographed using filters were used for each chase step (15 min, 3, 16 and 24 hr).
After the chase, incubation filters were washed in PBS, anda Nikon FM camera.
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the cells lysed for 30 min at 4° in 0·5% nonidet P-40, 10 m (HEL, grade V, Sigma), or a synthetic peptide containing the
amino acid residues 46–61 or 74–85 of lysozyme, was addedethylenediamine tetraacetic acid (EDTA), 0·15  Tris buffer,

pH 7·4, containing the protease inhibitors leupeptin (50 mg/ml; to either the upper (basolateral ) or lower (apical ) chamber of
the Transwell and cultured with the CaCo-2 cells for 18 hr, atSigma), and PefaBloc (1 m; Pentapharm A.G., Basel,

Switzerland). After lysis, the nuclei were removed by centrifu- 37°. Both chambers were then thoroughly washed, and 105
cells of the lysozyme-specific T hybridoma line IC5.1 (a giftgation (1000 g, 20 min) and the cell lysates frozen until

required. For immunoprecipitation, cell lysates were sequen- of D.Wraith, Cambridge, UK), specific for the HEL 46–61
epitope, or the T hybridoma line AOIT, specific for the HELtially precipitated with 20 ml protein A–Sepharose (Sigma),

preloaded with rabbit anti-mouse immunoglobulin (Dako), 74–85 epitope, were added to the upper chamber. The cocul-
tures were incubated for a further 24 hr, and supernatantsand either with mAb anti-HLA-DRa (TAL14.1); or mAb

anti-Ii (BU45) or normal mouse serum (as negative control ). were collected from both upper and lower chambers and tested
for interleukin-2 (IL-2) using the IL-2-dependent CTLL lineThe beads were washed extensively in lysis buffer, resuspended

in sample buffer, and boiled for 5 min before loading on a as previously described.24 In some experiments CaCo-2–AV7.21
monolayers were fixed with 0·05% gluteraldehyde for12·5% polyacrylamide gel.
30 seconds, followed by addition of 0·2  lysine for 2 min and
washed with PBS. In order to determine if the intestinalFlow cytometry

CaCo-2 cells grown on Transwells were treated with IFN-c epithelial cells were non-specifically immunosuppressive for
T-cell responses, murine (CBA) spleen cells (used as antigen-(3 ng/ml ) for 6–7 days. Cells were detached from filters using

1 m EDTA, and washed in cold PBS. Approximately, 106 presenting cells), T hybridomas and antigen were cocultured
with or without CaCo-2 monolayers and supernatants werecells were used per staining. For analysis of surface expres-

sion of the IAk molecule on transfectants, CaCo-2 and assayed for IL-2. The presence of CaCo-2 cells did not alter
IL-2 production in cultures.CaCo-2–AV7.21 cells were stained with specific mAb TIB-93,

and mAb CII as control, in PBS with 1% FCS/0·1% NaN3, at
4° for 30 min. For intracellular staining, cells were initially
fixed in 4% paraformaldehyde, and permeabilized in PBS with RESULTS
0·1% saponin/1% FCS/0·1% NaN3 (permeabilizing buffer).

MHC II expression by CaCo-2 cells requires induction by
Cells were stained with anti-HLA-DR (L243); Ii (LN2) and

IFN-c
intracellular adhesion molecule-1 (ICAM-1)22 diluted in per-
meabilizing buffer, at 4° for 30 min. A non-specific, isotype- Differentiated monolayers of CaCo-2 cells (after ±7–10 days

of in vitro culture) showed the characteristic polarized distri-matched antibody (anti-CII ) was used as negative control. All
washes were done in permeabilizing buffer. FITC-conjugated bution of the apical markers P100 (not shown) and sucrose-

isomaltase (not shown) and expressed class I HLA at therabbit antimouse immunoglobulin (Dako) was used as a
second layer antibody. Stained cells (5000 events) were ana- basolateral surface (not shown). However, immunofluores-

cence using the monomorphic anti-human class II (HLA-DR)lysed on a Becton and Dickinson fluorescence-activated cell
sorter (FACScan) flow cytometer (Becton-Dickinson, Cowley, antibody L243, failed to detect expression of HLA-DR mol-

ecules on either undifferentiated CaCo-2 cultures (not shown)Oxford, UK).
or fully differentiated CaCo-2 monolayers.

Since the cytokine IFN-c has previously been shown toAntigen processing and presentation assay
In order to assay antigen processing and presentation by induce class II MHC on the non-polarized epithelial cell line

HT-29,7,25 CaCo-2 monolayers were allowed to differentiateCaCo-2 cells we transfected these cells with the I-Ak murine
class II molecule. Cells were transfected by electroporation and were then incubated in the presence of 3 ng/ml IFN-c.

Limited expression was observed after 48–72 hr of culture,with an expressing vector containing both the I-Ak a- and
b-chains, each driven independently by the cytomegalovirus but expression continued to increase in intensity, and the

strongest expression of HLA-DR became apparent afterpromoter,23 and also containing the hygromycin-resistance
gene. Hygromycin-resistant cells were cloned by limiting 6–7 days (Fig. 1a). In parallel, IFN-c also increased the

expression levels of invariant chain (Ii) and ICAM-1 (CD54),dilution, and assayed for I-Ak expression by flow cytometry.
For presentation experiments, the CaCo-2 I-Ak-expressing two molecules which are co-ordinately regulated by IFN-c in

other cell types (Fig. 1a).clone AV7.21, or untransfected parental cells were initially
seeded onto Transwell inserts (12 mm; 3 mm pore size, coated Importantly, IFN-c only induced expression of HLA-DR

when applied to the basolateral compartment of the cell, andwith collagen), set normally the ‘right-way up’ in plates or set
‘upside-down’ in individual containers. For the ‘upside-down’ not when added to the apical surface (Fig. 1b). The presence

of IFN-c for up to 7 days did not affect the permeability ofcultures, cells were allowed to attach to the Transwell mem-
brane for a period of 24 hr before filters were then inverted the monolayers to horseradish peroxidase (not shown) con-

sistent with previous reports that although IFN-c increasedand transferred to 12-well plates. Cells were cultured for a
further 14 days, either with or without IFN-c, with change of membrane conductance it did not affect epithelial integrity

when used at low doses.26media every 2 days.
Confocal immunofluorescent staining of the 14 day cultures The induction of MHC class II by IFN-c occurred only

after CaCo-2 cells were allowed to differentiate, since HLA-DRshowed that by this time the CaCo-2 cells were confluent, but
formed an inverted monolayer in which the basal surface of expression was not observed in those cell monolayers exposed

to IFN-c within the first 6 days of seeding (not shown). Athe cells was uppermost, and exposed to the upper chamber
through the 3 mm holes in the filters. Hen egg white lysozyme concentration of 1–3 ng/ml IFN-c in the culture medium was

© 1999 Blackwell Science Ltd, Immunology, 98, 16–26
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Figure 1. Expression of HLA-DR in CaCo-2 cells. (a) Flow cytometry of CaCo-2 cells. Differentiated CaCo-2 cell monolayers
were treated with IFN-c (3 ng/ml ), for 6–7 days (filled profiles) or left untreated (open profiles). Cells from three filters were
pooled, fixed, permeabilized and stained for expression of HLA-DR (L243 mAb); Ii (BU45 mAb), or ICAM-1. CII mAb was
used as an non-specific isotype control (top left panel ). Rabbit anti-mouse-FITC conjugate was used as second layer antibody.
staining with second layer antibody alone gave a similar profile to that using the non-specific mAb (one experiment of three). (b)
IFN-c acts only at the basolateral surface of CaCo-2 cells. Cells were grown on filters and IFN-c (1 ng/ml ) was added either to
the apical or basolateral chamber of duplicate filters, for 6–7 days. At the end of the culture period, the filters were fixed, cut in
half, permeabilized and labelled with L243 mAb (HLA-DR), followed by iodinated anti-mouse IgG antibody. The bars show the
range of duplicate samples (one experiment of four).

optimal for HLA-DR induction, and 10 ng/ml showed no HLA-DR by confocal microscopy (due to low-intensity stain-
ing), the association of these two molecules was demonstratedfurther increase in MHC class II induction, and appeared to

be somewhat toxic to the cells (not shown). using immunoprecipitation.

Immunoprecipitation of class II/Ii trimers from CaCo-2Distribution of HLA-DR and Ii in CaCo-2 cells

The distribution of HLA-DR at the CaCo-2 cell membrane is CaCo-2 monolayers were incubated in the presence of IFN-c,
and the biosynthesis of HLA-DR and Ii investigated by pulse-examined in detail in Fig. 2. HLA-DR expression on the

basolateral membrane (Fig. 2c), adjacent to the filters (equival- chase immunoprecipitation (Fig. 4). An antibody to the
b-chain of HLA-DR precipitated a trimer which consisted ofent to the serosal side of the intestinal mucosa), colocalized

with basolateral Concanavalin A staining (Fig. 2d), although the two chains of HLA-DR, together with an associated
invariant chain.27 Some Ii was still associated with HLA-DRexpression was heterogeneous within the monolayer. In con-

trast, no expression was observed at the apical (or luminal ) after 16 hr, indicating a rather slow rate of HLA-DR matu-
ration, but by 24 hr, substantially less HLA-DR was boundsurface (Fig. 2a). The reverse pattern was observed for the

apical cell surface marker recognized by mAb Mab-1121 to Ii (see lane 4).The identity of the 33 000 MW middle band
was confirmed by direct immunoprecipitation with anti-Ii(Fig. 2e–h), indicating that there was no intrinsic problem in

staining the apical surface of the monolayer. antibody ( lanes 5–8), which also precipitated a minor band
probably corresponding to an alternative splicing variant ofA substantial amount of HLA-DR staining was found

intracellularly within the CaCo-2 cells, predominantly in a Ii.27 The Ii chain did not coprecipitate HLA-DR since this
antibody does not efficiently recognize Ii complexed togroup of vesicles situated in the apical cytoplasmic region of

the cell, lying just above the nucleus (Fig. 3a). Ii detected HLA-DR.
using antibody (BU45) which recognizes an epitope on the
luminal portion of Ii, which is lost during the proteolytic

The position of HLA-DR molecules in the endocytic pathway
cleavage which precedes the dissociation of Ii from the mature
MHC class II dimer, also stained apical cytoplasmic ves- CaCo-2 cells contain two independent endocytic pathways,

accessed from the apical and basolateral surfaces althoughicles similar to those stained with anti-HLA-DR antibodies
(Fig. 3b). In addition, Ii was found in a tubular, vesicular both pathways have been shown to share a common late

endosomal/lysosomal compartment.21 The transferrin receptorstructure underlying the basolateral membrane (Fig. 3c), but
no colocalization with the plasma membrane itself was is expressed exclusively at the basolateral surface, and is

consequently a convenient marker for the early basolateralobserved. Although it proved difficult to colocalize Ii and

© 1999 Blackwell Science Ltd, Immunology, 98, 16–26
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Figure 2. Distribution of HLA-DR on the membranes of CaCo-2
cells.Cells were grown on filters in the presence of IFN-c as described
in the Materials and Methods, and labelled by immunofluorescence
for the presence of HLA-DR with L243 antibody (a and c) or Mab-11
(e and g) together with Concanavalin A Texas Red conjugate (b, d, f
and h). Confocal sections were taken parallel to the monolayer, and
representative sections at the apical (a/b and g/h) and basolateral (c/d
and e/f ) are shown. The Concanavalin A staining labelled all cell
membranes non-specifically, and was useful in identifying the plane
of the membranes, especially when staining for a specific marker was
negative. Note that no apical staining for HLA-DR was detected,
while a ‘cobblestone’ pattern is seen on the basolateral membrane. In
contrast, Mab-11 stained only the apical but not the basolateral
surface. Results are from one experiment of eight.

endocytic pathway. FITC-transferrin labelled a population of
endosomes close to the basal plasma membrane which are
class II MHC negative. However, some labelling of vesicles in

(a)

(b)

(c)

the apical cytoplasm was also observed and a small proportion
Figure 3. Intracellular distribution of HLA-DR and Ii. Cells were grownof these vesicles colocalized with class II MHC (Fig. 5a). A
on filters in the presence of IFN-c as described in the Materials andsimilar degree of colocalization was observed when the baso-
Methods, and labelled by immunofluorescence for the presence of

lateral endocytic pathway was labelled with FITC-BSA, a HLA-DR (a) or Ii (b and c). (a) and (b) show optical sections taken
generalized fluid-phase marker of the endosomal/lysosomal though the cells above the nucleus, where the cytoplasm is full of hetero-
compartment (Fig. 5b). When FITC-BSA was applied only to geneous vesicular structures. (c) is taken just above the filter, showing
the apical surface this marker labelled a heterogeneous popu- the basolateral surface labelled with Concanavalin A Texas Red, to-
lation of vesicles in the apical cytoplasm of the cell. Although gether with submembrane tubular vesicular structures stained for Ii

(green). Bars represent 1 mm. The results are from one experiment of four.these vesicles were sometimes very closely juxtaposed to Class

© 1999 Blackwell Science Ltd, Immunology, 98, 16–26
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Figure 4. Immunoprecipitation of class II/Ii trimers in CaCo-2 cells. Filter-grown cells, induced with IFN-c, were incubated with
Translabel for 1 hr, and then in ‘cold’ medium for various times as shown. Samples were immunoprecipitated with either TAL14.1
(anti HLA-DRb) or BU45 (anti-Ii) and analysed by SDS–PAGE. The arrows show, from top to bottom, the position of the
a-chain of HLA-DR (34 000 MW ), the major invariant chain isoform (31 000 MW ), and the b-chain of HLA-DR (29 000 MW ).
No bands were precipitated in this region by a control antibody. Results are from one experiment of three.

II DR-positive vesicles (Fig. 5c), overlap of the two labels was HEL-specific T-cell hybridomas (added at the basolateral
surface of CaCo-2 cells). As shown in Fig. 7, CaCo-2–AV7.21not seen. Similar results were obtained using FITC-dextran

labelling for various time periods (not shown), indicating that pulsed overnight either with whole HEL or HEL 46–61 peptide
at the basolateral side were able to stimulate the T cells,the lack of colocalization was not due to rapid BSA

degradation. resulting in release of IL-2 into the upper chamber. Surprisingly
however, no antigen presentation was observed when HEL orIn order to confirm that the confocal technique we were

using was indeed capable of detecting true overlapping popu- HEL peptides were added to the apical compartment of
CaCo-2–AV7.21 cultures (Fig. 7b,d). The parental CaCo-2lations of vesicles, cells were loaded from the basolateral

surface with FITC-dextran, and apically with the mAb cells failed to present either of the forms of the antigen added
to the cultures from either of the compartments (Fig. 7a,c).Mab-11. Previous studies using electron microscopy have

shown that under these conditions both markers colocalize to The low levels of measurable IL-2 in the lower chamber
confirm that during the culture period the CaCo-2 cells havea common population of lysosomes.15,21 As shown in Fig. 5(d),

under these conditions extensive colocalization of the two formed a tight monolayer and no macromolecular leakage
between compartments was seen.markers was observed, labelling vesicular structures which

were quite different in appearance from the larger HLA-DR- The degree of stimulation by CaCo-2–AV7.21 was, in
general, lower if HEL was added as intact/native rather thancontaining vesicles.

In order to identify further the nature of the HLA-DR- in the peptide form, and much higher concentrations of intact
lysozyme were required for processing/presentation. Similarcontaining vesicles, the CaCo-2 monolayers were double

stained for HLA-DR and either the lysosomal marker LMP-1 results were obtained in the absence or presence of IFN-c (not
shown), perhaps reflecting the presence of some Ii even in(Fig. 5e) or the cation-independent mannose-6-phosphate

receptor (Fig. 5f ). Antibodies to LMP-1 labelled small HLA- unstimulated CaCo-2 cells (Fig. 1a). However, basolateral
presentation of intact HEL was abrogated by prior fixation ofDR-negative structures which are likely to represent lysosomes,

as well as showing some limited colocalization with HLA-DR. the cells, while fixed monolayers still presented peptides effec-
tively, confirming the ability of CaCo-2 cells to process HELThe mannose-6-phosphate receptor antibody labelled many

of the large characteristic HLA-DR vesicles, although (Fig. 8a,b).
CaCo-2–AV7.21 cells were further tested for antigen pres-populations which expressed HLA-DR, but not mannose-

6-phosphate receptor, and vice versa could be observed. entation using another T hybridoma line – AOIT, specific for
an epitope sequence within the HEL 74–85 peptide. As pre-
viously shown (unpublished information), this peptide requires

Antigen processing of basolateral versus apical antigen
some limited further processing to stimulate AOIT cells. As
shown in Fig. 8(c), HEL 74–85 peptide added at the basolat-CaCo-2 cells were transfected with a plasmid expressing both

chains of the murine H-2 I-Ak molecule in order to study eral compartment of CaCo-2–AV7.21 cultures was also pre-
sented to AOIT cells, and such presentation was also abrogatedantigen processing and presentation of a nominal antigen

(HEL) by CaCo-2 cells, using the response of murine T-cell by previous fixation of the monolayer.
In contrast to the experiments above, in which ‘upside-hybridomas as a read out. As shown in Fig. 6 the transfectants,

but not the parental cells, expressed H-2 I-Ak as detected by down’ monolayers were used, when CaCo-2–AV7.21 mono-
layers were set up in the ‘right-way up’, so that T cells addedflow cytometry. Confocal immunofluorescence analysis showed

that surface expression and intracellular distribution of I-Ak to the Transwells were in contact with the apical cell surface,
no stimulation was observed from filters pulsed with HEL orwere very similar to that of the endogenous IFN-c-induced

HLA-DR (not shown). Preliminary immunoprecipitation peptides added from either compartment (c.p.m.<1000 with
or without antigen).experiments have also established that the murine MHC class

II molecule associates normally with the human invariant
chain (data not shown). For the functional studies, differen-

DISCUSSION
tiated ‘upside-down’ monolayers of either the transfectants
(CaCo-2-AV7·21), or the parental CaCo-2 cells were incubated This study is a detailed analysis of antigen processing in a cell

of human intestinal epithelial origin. The results highlight awith HEL or HEL peptides and subsequently cocultured with

© 1999 Blackwell Science Ltd, Immunology, 98, 16–26
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Figure 5. The distribution of HLA-DR and endocytic tracers in CaCo-2 cells. Induced CaCo-2 monolayers were labelled as
described in Materials and Methods. Two-colour optical sections were taken through the cells above the nucleus. Labelling for
both markers is indicated by yellow pseudocolour. Experiments shown in (a)–(c) were carried out five times, while those in (d)–(f )
were carried out twice. (a) Transferrin-FITC (green) endocytosed at the basolateral surface, followed by immunolabelling with
HLA-DR (red). Note occasional colocalization. (b) BSA-FITC endocytosed at the basolateral surface followed by immunolabelling
with HLA-DR (red). (c) BSA-FITC endocytosed at the apical surface followed by immunolabelling with HLA-DR (red). Note
lack of colocalization. (d) FITC-Dextran (green) endocytosed at the basolateral surface, and Mab-11 antibody endocytosed from
the apical surface for 1 hr. Endocytosed Mab-11 was visualized using anti-mouse immunoglobulin Texas-Red conjugate (red).
Note extensive colocalization. (e) Immunolabelling of HLA-DR (green) and the lysosomal marker LMP-1 (red). Note the presence
of small red structures which are HLA-DR negative, and the presence of larger HLA-DR-containing vesicles which also contain
LMP-1. (f ) Immunolabelling of HLA-DR (green) and the mannose-6-phosphate receptor (red). Both singly and doubly labelled
vesicles are visible. Bars represent 1 mm.

number of unusual features of the antigen-processing machin- on T84 cells.9 However, other studies using light immunohisto-
chemistry have reported HLA-DR on both surfaces of theery in this cell line, which are discussed in detail below.

A first striking feature observed was the polarized nature intestinal epithelium, and this question clearly needs further
study to resolve these apparent contradictions. The resultsof class II HLA-DR expression, with surface expression almost

entirely restricted to the basolateral surface. This distribution further suggest that the functional IFN-c receptor, as well as
HLA-DR, is expressed only at the basolateral surface. Such ais consistent with the site of T-cell/epithelial cell interaction in

vivo, and has been reported in some electron microscope polarized distribution has already been documented for the
human intestinal cell lines T84 and HT29,26,30 and is consistentstudies of HLA distribution,28,29 as well as in a recent study
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CaCo-2 cells seem to differ from conventional antigen-
presenting cells, however, in that the degree of access allowed
between the endocytic pathway and the class II-containing
compartments is much more limited, and particularly that
apical endosomal traffic on its way to the lysosome does not
intersect significantly with the MHC-containing vesicles. In
contrast, a previous study,32,33 using ex vivo intestinal explants,
did report colocalization of protein taken up from the luminal
surface and endogenous HLA Class II. It seems likely that, in
vivo, the uptake and processing by epithelial cells are regulated
by other factors, perhaps from the underlying lymphocyte

CaCo-2

Log fluorescence

C
el

l n
o.

CaCo-2-AV7.21

population. Increased apical antigen uptake and transport by
Figure 6. Flow cytometric analysis of I-Ak expression in

CaCo-2 cells in response to signals from mucosal lymphocytesCaCo-2–AV7.21 cells. CaCo-2 or CaCo-2–AV7.21 cells were stained
have in fact been recently reported.34 Similarly, the nature ofwith mAb TIB-93 (I-Ak; filled profile) or with non-specific antibody
the antigen may also determine the efficiency of apical oras control (CII; empty profile), and cells analysed by flow cytometry.
basolateral processing.9,35Rabbit anti-mouse-FITC conjugate was used as second layer antibody.

Both immunoprecipitation and immunofluorescence giveStaining with second layer antibody alone gave a similar profile to
the control antibody. only indirect evidence on the antigen-processing function of

CaCo-2 cells. In order to analyse the processing and presen-
tation by CaCo-2 cells directly, we transfected CaCo-2 cellswith the in vivo microenvironment, where T-cell-derived cyto-

kines are presumably found only at the basolateral surface of with an exogenous murine MHC molecule. Although the
introduction of a murine restriction model into a human cellthe epithelium.

It was also interesting that HLA-DR expression could not line might potentially complicate the interpretation of our
studies, previous studies have demonstrated that murine classbe induced in undifferentiated CaCo-2 cells. A linkage between

acquisition of the mature enterocyte phenotype, and HLA-DR II molecules associate normally with human invariant chain
and present normally to mouse cells.36expression is also observed in vivo, where it results in the well-

documented role in the graded distribution of class II MHC One advantage to this approach, rather than using the
endogenous HLA-DR molecules, is that we could then useobserved along a small intestine villus.31 Further studies will

determine whether this linkage is due to graded expression of the very well-characterized, I-Ak-restricted, lysozyme-specific
hybridomas as a read-out of antigen presentation. However,the IFN-c receptor, or to differentiation-linked expression of

some intracellular component of the IFN-c signalling pathway. the more important advantage of our system is that these
murine hybridoma T cells are much less dependent on ‘secondThe majority of the MHC class II molecules were appar-

ently localized to a population of vesicles in the apical cyto- signals’ via accessory molecules on their surface, and therefore
our experiments focus more precisely on the antigen-processingplasm of the cell, which were similar to those identified by

antibody to Ii. It seems likely that these vesicles are a compart- abilities of the CaCo-2 cells, rather than on their subsequent
efficiency of antigen presentation. Our results using this modelment within the HLA-DR biosynthetic pathway, from which

mature HLA dimers are then transported to the basolateral of epithelial antigen are consistent with the conclusions drawn
from the immunofluorescence experiments described above.cell surface (the equivalent to the antigen-loading compartment

described in other conventional antigen-presenting cell Antigen taken up basolaterally is processed and presented to
responding T cells. The concentrations of antigen required aretypes32). The results of the immunoprecipitation experiments,

however, as well as the relative amounts of class II intracellul- high, as for other non-professional antigen-presenting cells
which use non-specific fluid-phase endocytosis for antigenarly and at the cell surface, suggest that formation of mature

class II dimers is a relatively slow process. uptake. However, it was not possible to detect presentation of
antigen taken up from the apical surface. The mechanisms forThe results of colocalization studies also suggest that the

HLA-DR-containing compartments are part of the biosynth- this vectorial processing have not been completely resolved; in
part, they may reflect the lower rates of endocytosis from theesis pathway, and distinct from the major endocytic pathways

of either the basolateral or apical surfaces. Thus the basolateral apical surface. However, the results are also consistent with
the results discussed above which suggested that apical endoso-endosomal compartment, identified with the markers to trans-

ferrin (early endosome) or BSA-FITC or dextran-FITC (later mal traffic on its way to the lysosome does not intersect
significantly with the MHC-containing vesicles. The results areendosomal markers), showed only a limited degree of overlap

with the class II-containing vesicles. No significant overlap also consistent with another recent study suggesting the exist-
ence of two distinct pathways for antigen presentation bycould be detected between class II expression and BSA or

dextran-FITC loaded through the apical compartment. intestinal epithelial cells.8
This study demonstrates that the CaCo-2 cell line, whenNevertheless, as described previously, the apical and endoso-

mal endocytic pathways do share a common lysosomal end- cultured in the presence of IFN-c, contains the major compo-
nents of the class II antigen-processing pathway, but differs inpoint.15,21 In CaCo-2 cells therefore, as in many other cell

types, the intracellular MHC Class II compartments are part several significant respects from conventional antigen-
presenting cells. This conclusion raises two important ques-of the biosynthetic, as opposed to the endocytic, pathways

and although sharing some markers, are distinct from the tions. The first is the degree to which the results obtained on
the CaCo-2 cell line can be generalized to the physiologicallysosomal degradative organelle (identified in this study as

LMP-1-positive, HLA-DR-negative vesicles). situation in vivo. Although similar studies on other cell lines9
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Figure 7. Antigen processing and presentation of antigen added to apical or basolateral compartments of CaCo-2 cells. Antigen
processing was assayed as described in the Materials and Methods. (a) and (c) show assay of the CaCo-2 parental line, and (b)
and (d) show assay of the I-Ak-transfected CaCo-2–AV7.21 cells. HEL (200 m, a,b) or HEL 46–61 (2 m; c,d) was added to
either the apical or basolateral chamber of Transwell cultures of CaCo-2.The antigen was added to the CaCo-2 cells (parental or
transfectant) for 18 hr prior to addition of the HEL-specific T-cell hybridoma IC5·1. Culture supernatants were collected from
both basolateral (solid line) and apical (broken line) chambers, and tested for IL-2 by titration on CTLL cells as described. The
results show mean±SEM of [3H]thymidine incorporation from triplicate CTLL IL-2 indicator cultures and represent one
experiment of five. Supernatants from CaCo-2 or CaCo-2–AV7.21 cultures incubated with medium alone gave c.p.m. of less
than 2000.

may provide some further information, this question can only luminal gut contents to the immune system. In contrast, when
the epithelial integrity is broken, either by pathogens whichbe satisfactorily answered by studies on antigen processing in

the intestinal epithelium in vivo, which are limited by available infect the epithelial cells themselves, or under conditions when
antigens can leak through the epithelial barrier and gain accesstechnology. The second question is the physiological signifi-

cance of these specializations, and to what extent they reflect to the basal side of the epithelium, antigen can be processed
more efficiently and in these situations processing and presen-adaptations to the epithelial microenvironment. The polarized

expression of the MHC, the molecular signals for which remain tation by the epithelial cells may contribute to an enhanced
local immune response.completely unknown, is consistent with a functional interaction

between the epithelium and CD4 T cells in the underlying
ACKNOWLEDGMENTSlamina propria. A further specialization may result in a high

level of segregation of the apical fluid-phase endocytic pathway We thank Dr K. Rutault for help with immunoprecipitation gels. This
from the antigen-processing pathway: such a segregation would work was supported by the Arthritis and Rheumatism Council, the
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Figure 8. Fixation abrogates antigen processing by CaCo-2–AV7.21 cells. Antigen processing by non-fixed and fixed CaCo-2–AV7.21
cells was assayed as described in the Materials and Methods. Data are from cell cultures pulsed with antigen at the basolateral
compartment, for 18 hr. (a) HEL (200 m); (b) HEL 46–61 (2 m); (c) HEL 74–85 (2 m). In (a) and (b), CaCo-2–AV7.21 cells
were cocultured with IC5.1 hybridoma cells specific for the 46–61 epitope, while in (c) the T-cell hybridoma AOIT, specific for
74–85, was used. The results show mean±SEM of [3H]thymidine incorporation from triplicate CTLL IL-2 indicator cultures in
presence of supernatants collected from basolateral chamber only. Supernatants collected from the apical side of the same cultures
showed counts <2000, as did supernatants from cultures incubated in the presence of medium alone.
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