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Figure 1: CD3-positive T
cells in the lamina propna of
human fetal colon of20
weeks gestation
(immunoperoxidase stain).

Abstract
An organ culture model has been used to study
the effects of T cell activation in the human
colon. Lamina propria T cells in explant
cultures of human fetal colon (11 to 23 weeks
gestation) were activated in situ using poke-
weed mitogen or an anti-CD3 monoclonal
antibody, and compared with unstimulated
controls. After three days of culture, there was
a two to four-fold increase in crypt epithelial
cell proliferation in T cell stimulated explants
of more than 15 weeks gestation, associated
with a fall in crypt goblet cell numbers of up to
20-fold. By three days, the surface epithelium
of stimulated explants appeared thin with loss
of goblet cells, and by day 7, severe and
extensive mucosal damage was observed by
light and electron microscopy. These changes
did not occur in control cultures and explants
deficient in T cells (less than 16 weeks gesta-
tion), and were inhibited by cyclosporin A.
These experiments indicate that the increase
in epithelial cell proliferation and accompany-
ing goblet cell depletion observed in colorectal
crypts in chronic inflammatory bowel disease
may be mediated by activated T cells.

There is now considerable evidence that
immunological mechanisms play a major role in

the pathogenetic changes which occur in chronic
inflammatory bowel diseases such as ulcerative
colitis and Crohn's disease.' In particular,
attention has focused on mucosal T cell immuno-
regulation in these conditions, and it has been
suggested that T cell activation is one of the
mechanisms by which mucosal damage is
mediated.4

In the present study, we have used an organ
culture system to investigate the effects ofT cell
activation in human large intestine, as an exten-
sion ofour previous studies in the small bowel.5
The presence of mucosal T cells in specimens of
fetal colon of 11 to 23 weeks gestation was first
confirmed using specific monoclonal antibodies.
These cells were then stimulated in situ by
treating cultured colonic explants with poke-
weed mitogen or an anti-CD3 monoclonal anti-
body. The effects were monitored by light
microscopy and ultrastructural examination.
Cell proliferation in the cultures was assessed
immunohistochemically using the monoclonal
antibody Ki67.

Methods

COLLECTION OF TISSUE
These studies were carried out with the approval
of the Ethical Committee of the City and
Hackney Health Authority, and conformed to
the Department of Health and Social Security
guidelines on the use of human fetal tissue, as
outlined in The use offetuses andfetal materialfor
research (HMSO SBN 11 320478 7). Specimens
of bowel were obtained from fetuses of 11 to 23
weeks gestation undergoing therapeutic abortion
by curettage, and colon was differentiated from
small bowel using the appendix as a landmark.

IN VITRO ORGAN CULTURE
The specimens were transported to the labora-
tory on ice in serum free CMRL-1066 tissue
culture medium (Flow Laboratories Inc,
McLean, VA, Canada), modified according
to the technique described by Autrup et al.'°
The bowel was then placed in a Petri dish, and
cut into segments 4-5 mm in length. Several of
these specimens (day 0) were snap frozen in
liquid nitrogen and stored at -70°C. The
remaining segments were bisected longitudinally
to expose the lumen, and trimmed into explants
measuring 2 mm x 2 mm. The colonic explants so
obtained were maintained in an organ culture
system previously described by Menard and
Arsenault." " Between eight and 10 explants
were placed in 7 ml of the modified CMRL- 1066

230



Activation oflamina propria Tcells induces crypt epithelial proliferation and goblet cell depletion in cultured humanfetal colon

medium in 5 cm diameter tissue culture dishes
(Sterilin; Scientific Supplies Co Ltd, Vine Hill,
London), and cultured at 37°C in a 95% oxygen:

5% carbon dioxide atmosphere for up to seven
days. The morphological appearance of the
explants was assessed daily by microscopy. After
the desired period of culture, the explants were
removed from each dish and placed on top ofone
another on filter paper to absorb excess moisture.
They were then either snap frozen in liquid
nitrogen and stored at -70°C, or fixed in formal
saline for paraffin histology, or 3% gluteralde-
hyde for electron microscopy.

IMMUNOHISTOCHEMISTRY
Immunohistochemical staining was carried out
on 6 ,tm frozen sections using the immuno-
peroxidase technique described elsewhere. 15
Four monoclonal antibodies were used: Ki67
(Dako Ltd, High Wycombe, Bucks), which
recognises a nuclear antigen common to all
dividing human cells; anti-HLA-DR (Dako
Ltd), as a measure ofMHC Class II expression;
the pan-T cell antibody anti-CD3 (anti-Leu 4,
Becton Dickinson & Co, Mountain View, CA,
USA); and the IL2-receptor antibody anti-CD25
(TAC, Dako Ltd), a marker ofT cell activation.
All frozen sections were prepared so as to obtain
a plane of section in which the maximal number
of crypts possible were sectioned along their
longitudinal axes in the majority of explants
under study. Paraffin embedded sections were
also prepared for standard histochemical stain-
ing with haematoxylin and eosin (H&E) and
Schiffs reagent (PAS stain).

ELECTRON MICROSCOPY
After fixation in 3% gluteraldehyde, explants
were processed for electron microscopy using
standard techniques described elsewhere.'4

IN VITRO T CELL ACTIVATION
In situ activation of mucosal T cells within the
colonic explants was achieved by adding one of
two agents to the culture dishes: pokeweed
mitogen (Flow Laboratories Inc), 50 pg/7 ml
culture medium, and anti-CD3 monoclonal anti-
body (Serotec Ltd, Kiddington, Oxford), 1 [tg/
ml. Cyclosporin A (Sandoz Pharmaceuticals,
Feltham, Middlesex), a potent suppressor of T
cell function,'5 was added to a number of culture
dishes at concentrations of 0-1-10 [tg/ml, either
alone, or in the presence ofpokeweed mitogen or
anti-CD3 antibody.

DATA ANALYSIS
Explants were assessed histologically after 0, 72,
and 168 hours of culture. The number of CD3+
and CD25 + cells was noted per high power field
(magnification x400), and the intensity of anti-
HLA-DR staining was graded from + to + + +.
The intensity of epithelial cell division in the
crypts of Lieberkuhn was determined by count-
ing the number of Ki67+ nuclei present in all
well orientated, longitudinally sectioned crypts
using the x 40 objective on a Leitz Dialux

microscope, as described previously.9 Only those
crypts extending down as far as the muscularis
mucosae in which the lumen could be clearly
identified along the whole crypt length were used
for counting purposes. At least 10 crypts were
counted per frozen section, and each specimen
was assessed blindly. In addition, the ratio of
crypt goblet cells to epithelial cells was calculated
for each group by comparing the total number
of PAS staining cells (goblet cells) present to
the total number of crypt cell nuclei. Finally,
the appearance and thickness of the surface
epithelium was assessed using electron micro-
scopy after 24, 48, and 72 hours of culture.

STATISTICAL ANALYSIS
Cell counts from individual colonic specimens
(CD3+ and CD25+ cell counts) are expressed as
the mean ± 1 SD. All pooled data (Ki67+ and
goblet cell counts) are expressed as the mean (for
normally distributed data) or median (for non-
parametric data), together with the 95% confi-
dence interval (95% CI) about the mean/median.
Differences in the number of goblet cells and
proliferating crypt epithelial cells between T cell
activated explants and controls have been com-
pared using the Mann-Whitney U test. All
statistical analyses were carried out on a Compaq
microcomputer, using a CIA microcomputer
program (British Medical 7ournal, London) for
calculating the means, medians, and confidence
intervals,'6 and a Microstat statistical program
(Ecosoft, Indianapolis) for performing the
Mann-Whitney U tests.

Results

T CELLS IN HUMAN FETAL COLON

Immunohistochemistry showed the presence of
CD3+ T cells in the mucosa of day 0 specimens
of human fetal colon from 14 weeks gestation
onwards (Fig 1). In addition, the number of
CD3+ cells in the lamina propria was found to
increase with gestational age (Table I).

T CELL ACTIVATION

Activation of T cells in explants treated with
pokeweed mitogen or anti-CD3 was confirmed
by the appearance of CD25+ cells in the lamina
propria after three days of culture (Table II), the
numbers of which increased directly with gesta-
tional age. No CD25+ cells were observed in

TABLE I Mean number ofmucosal CD3-positive cells per
high powerfield (HPF x400) in day 0 specimens ofhuman
fetal colon related to gestation age

Fetal colon Specimens CD3+ cellslHPF
(gestation/weeks) (n) (SD)

11 1 0
12 1 0
14 1 <1
15 1 5-1(2-4)
16 2 9-8 (4-2)
17 2 11-1(3-9)
18 3 15-6 (3-7)
19 2 18-8(6-1)
20 1 18-5 (3-0)
23 1 25-1(7-4)
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TABLE II Mean number ofmucosal CD25-positive cells per
high powerfield (HPF x 400) in explants fromfive human
fetal colons ofvarying gestation culturedfor three days after
T cell activation with anti-CD3 monoclonal antibody

Fetal colon Specimens CD25+ cellsIHPF
(gestationlweeks) (n) (SD)*

14 1 <1
17 1 6-2 (2 9)
19 1 1-0(3 3)
20 1 14-5 (2 8)
23 1 29-3(4 1)

*No CD25+ cells were observed in the mucosa of any control
explants.

day 0 specimens, or in unstimulated day 3
controls. The number of CD3+ cells per high
power field also increased in stimulated explants
by day 3 compared with controls, indicating that
T cell proliferation had taken place (data not
shown). In addition, class II expression (anti-
HLA-DR staining) was enhanced in the mucosa
of T cell activated explants, correlating directly
with increasing gestational age.

CRYPT CELL PROLIFERATION
The effect of T cell activation on the rate of cell
proliferation in the crypts of Lieberkuhn is
shown in Figure 2. The mean number of Ki67+
cells per crypt has been plotted against time
using data pooled from 10 separate experiments
involving colon of 16 to 20 weeks gestation. A
two to four-fold increase in Ki67 staining was
observed in the crypts ofT cell activated explants
by day 3 of culture compared with controls. The
increase in cell proliferation rate was directly
related to increasing gestational age, and also
correlated directly with the number of lamina
propria cells expressing CD25. The mean Ki67+
cell count per crypt in pokeweed mitogen stimu-
lated explants (seven) was 49-8 (95% CI 45-3-
54'3) compared with 23 5 (95% CI 21-0-25-0) in
controls (p<0-001), and 42-5 (95% CI 39*3-
45 6) in anti-CD3 stimulated explants (three)
compared with 20-2 (95% CI 18-5-21-9) in
controls (p<0001). The number of Ki67+ cells
per crypt remained fairly constant in control
explants by day 7 of culture, but fell in pokeweed
mitogen and anti-CD3 treated explants to a level
below that of controls.

GOBLET CELLS
There was a marked fall in crypt goblet cell

Figure 2: Time course ofthe
changes in the number of
Ki67+ cells in the crypts of
Lieberkuhn in cultured
explants ofhuman fetal
colonfollowing T cell
activation with pokeweed
mitogen (seven specimens) or
anti-CD3 monoclonal
antibody (three specimens).
Data pooledfrom 10
separate experiments using
colon of16-20 weeks
gestation. The vertical bars
above and below the points
relate to the 95% confidence
interval about the meanl
median.
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numbers of up to 20-fold in T cell-activated
explants by day 3 of culture (Fig 3), which was
maintained up to day 7. In addition, many PAS
positive goblet cells were observed in the culture
medium surrounding stimulated explants.
Figure 4 shows the change in the number of
crypt goblet cells per 100 crypt cell nuclei with
time for both stimulated and control explants,
using data pooled from the same 10 experiments
as Figure 2. The crypt goblet cell per 100 crypt
nuclei count fell from 32-7 (95% CI 31 -8-33-7) to
10-7 (95% CI 8-8-13-7) in pokeweed stimulated
explants by day 3 (p<0-001) and from 32-0 (95%
CI 30 4-33-6) to 8-7 (95% CI 5-3-12-1) in anti-
CD3 stimulated explants (p<0001). In contrast,
the respective day 3 control counts of 31-9 (95%
CI 30 3-33-6) and 30 5 (95% CI 27 0-33 9) did
not differ significantly from the day 0 values, and
crypt goblet cell numbers were still well main-
tained in control explants by day 7 of culture.

ULTRASTRUCTURE
Electron microscopy showed thinning of the
surface epithelium in T cell activated explants by
day 3 of culture, associated with the presence of
apoptosis in the epithelium and lamina propria
(Fig Sb). These changes were not present in
control explants, although some epithelial cell
vacuolation and swelling of the intercellular
spaces was observed (Fig Sa) as a direct conse-
quence of normal absorption of water from the
culture medium leading to tissue oedema in the
absence of lymphatic and venous drainage.
Such dilatation of the epithelial cell intercellular
spaces has been described previously as a conse-
quence of water absorption in the rat ileum
under experimental conditions.'7 Table III sum-
marises the sequential morphological and ultra-
structural changes observed in control and T
cell-stimulated explants of 22 week gestation
fetal colon cultured for three days.

FETAL COLON OF DIFFERENT AGES
The changes described above were only observed
in colonic explants of 16 weeks or greater
gestation. They did not occur in three experi-
ments in which colonic specimens from 11, 12,
and 14 week old fetuses were studied, presum-
ably because of their paucity ofT cells (Table I).
One 15 week gestation specimen was found to
contain T cells on day 0 staining (Table I), but

* Control (pokeweed mitogen)-v-- Pokeweed
- Control (CD3)

---- CD3
I mmmmmmmi
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Figure 3: Morphological
appearance of the mucosa of
20 week gestation human insufficient tissue was available for organ
fetal colon culturedfor 72 culture.
hours in medium alone (A) or
with anti-CD3 monoclonal
antibody (B), showing
marked depletion ofcrypt CYCLOSPORIN A
goblet cells in the anti-CD3- Addition of 10 Fg/ml cyclosporin A to the
stimulated explants (H&E culture medium in three separate experimentsstain).~ ~ ~ 1 Q onW ^9 solo nbaiiahcrool1xlOi, Lu, ana L.5 weeKS gesaLLion) successIu11y

inhibited the appearance ofCD25+ cells in both

Figure 4: Time course ofthe
changes in the ratio ofcrypt
goblet cells to crypt epithelial
cell nuclei in cultured
explants ofhuman fetal o
colon after T cell activation
with pokeweed mitogen en
(seven specimens) or anti-
CD3 monoclonal antibody
(three specimens). Data
pooledfrom 10 separate o
experiments using colon of
16-20 weeks gestation. The
vertical bars above and
below the points relate to the
95% confidence interval
about the meanlmedian.

pokeweed and anti-CD3 stimulated explants,
and prevented the associated crypt hyperplasia
and goblet cell depletion. In addition, HLA-DR
expression was suppressed to the level of day 3
control explants. Addition of 0 1, l, and 10 ig/
ml cyclosporin A to cultured explants of 23
weeks gestation inhibited the effects of T cell
activation in a dose related fashion (Table IV).

Discussion
We have previously shown that activation of T
cells in the lamina propria of human fetal small
intestine in organ culture results in crypt cell
hyperplasia, villus atrophy and an increase in the
number of mucosal lymphocytes.7'9 The conse-
quences ofT cell activation in human fetal colon
have not previously been explored. Fetal colon
is anatomically distinct from fetal small bowel
as early as sixth week of embryonic gestation,
and there are substantial differences in cellular
morphology between colonic epithelium and
that of the small intestine as early as the 12th
week of gestation.'8 '9

In the present study, we have shown the
presence of mucosal T cells in human fetal colon
by immunohistochemistry, and have carried out
the first quantitative assessment of colonic T
lymphocyte ontogeny. In addition, our experi-
ments show, for the first time, that specific
activation of lamina propria T cells in cultured
explants of human colon results in an increase in
crypt cell proliferation rate, goblet cell deple-
tion, and thinning of the epithelium. These
changes were directly related to the gestational
age of the fetal tissue studied, and must be
attributed to the direct consequences of T cell
activation as they were not observed in explants
from specimens deficient ofT cells (< 16 weeks).
Of great interest is the striking goblet cell

depletion which occurred within three days of
culture in T cell activated explants. The mecha-
nism by which this mucus depletion occurs is
not clear, although immunologically mediated
reactions have been shown to directly effect
goblet cell function, and can precipitate mucus
release.2"23 The marked fall in the crypt goblet
cell:epithelial cell ratio accompanying the rise in
crypt cellular proliferation after T cell activation
is also interesting. Both the columnar and goblet

Control (pokeweed mitogen)
---> Pokeweed
--Control (CD3)

CD3

0 1 2 3 4 5 6 7

Time in culture (days)

I m~~~~~~~~~~~~~
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TABLE III Morphological and ultrastructural changes
observed in the mucosa ofcontrol and T cell activated explants
from 22 week gestation fetal colon culturedfor three days

Apical Inter- Lamina
Crypt Degree of cytoplasmic epithelial proprza
depth apoptosis vacuoles cell spaces oedema

Controls
Day I + - yes ++ yes
Day 2 + - yes + + yes
Day 3 + yes + yes

Pokeweed
Day I ++ ++ yes - no
Day 2 + + + yes - yes
Day 3 +++ + + yes - no

Anti-CD3
Day I + + + yes + + yes
Day 2 + + + + yes - no
Day 3 +++ + + yes - no

B

m|A..:

Figure 5: Electron micrographs ofthe surface epithelium of22 week gestation human fetal colon
cultured for 48 hours in medium alone (A), or after T cell activation on day 0 (B). The position
ofthe epithelial basement membrane is indicated in each (arrow-heads), as is the presence of
aohto.ti.s (thick arrows) in the T cell stimulated explants.

cell lineages are believed to be derived from the
same stem cell precursor in colonic and small
bowel crypts,2F26 but the mechanisms control-
ling their differentiation are unclear. It has been
suggested that in normal bowel, mesenchymal
stimuli may play a role in crypt epithelial cell
differentiation,27 30 possibly originating from the
pericryptal myofibroblasts.3' 33 The present
study provides further evidence formesenchymal
influences on crypt epithelial cells. We cannot
yet determine, however, whether the goblet cell
depletion is caused by simple inhibition of
maturation in this lineage, or whether stem cell
differentiation has been redirected towards the
columnar lineage. Our results do, however,
support previous research which has shown that
immunological mechanisms may effect entero-
cyte turnover and differentiation as well as
physiological function.34 35
The mechanism by which the changes in

epithelial morphology occur in this model is also
intriguing. One possibility is that the increase in
cellular proliferation induced by T cell activation
results in a rapid migration of relatively imma-
ture, cuboidal cells from the crypt bases to the
surface epithelium, which are more susceptible
to shedding than mature cells. Second, the
presence of apoptosis in both pokeweed mitogen
and anti-CD3 treated explants by day 3 shows
that cell death was occurring, which may have
resulted in the epithelial changes observed.
Apoptosis must have been directly related to T
cell activation, as the phenomenon did not occur
in control explants and was inhibited by cyclo-
sporin A, and may have been mediated by the
release of cytokines. This hypothesis is sup-
ported by the recent observation that human
colonic mucosal T cells activated with anti-CD3
monoclonal antibody in vitro produce a combi-
nation of cytokines which are cytotoxic for the
human colonic epithelial cell line HT-29.36
The effects of T cell activation in cultured

human fetal colon appear to differ from those
previously reported in small bowel7 in two
important respects. First, goblet cell depletion is
not observed in mitogen treated small intestinal
explants. This may reflect the fact that the
greatly increased number of goblet cells in the
colon makes any depletion which occurs more
striking, although a careful histological compari-
son of T cell activated explants from small and
large bowel suggested that this is not the case.
Second, previous work has also failed to reveal
evidence of epithelial thinning or cell damage
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TABLE IV Dose related effect ofcyclosporin A on CD25+and Ki67+ cell counts per high
power field (SD), goblet cell numbers andHLA DR expression in the mucosa ofexplants of23
week gestation colon culturedfor three days after the addition ofcyclosporin A (CyA) and anti-
CD3 monoclonal antibody

CD25+ Ki67+ HLA DR Goblet cell
cells cells expression* depletion

Day 0 specimen 0 18-7(2 3) + None
Day 3 controls 0 17-3 (4 3) + None
Day 3 CyA 0I1tg/ml only 0 18-6 (3 7) + None
Day 3 CyA 1 [tg/ml only 0 18-5 (3 4) + None
Day 3 CyA 10 [sg/ml only 0 19-5 (2 3) + None
Dav 3 Anti-CD3 Ab only 29-3 (±4-1) 50 9 (14-1) + + + Severe
Day 3 Anti-CD3 Ab+CyA 0-1 sg/ml 23-8 (±4 5) 35-3 (8 4) + +/+ + + Mod-severe
Day 3 Anti-CDs Ab+CyA 1 tsg/ml 13-0 (±2 7) 26-6 (8-1) + Mild-mod
Day 3 Anti-CD3 Ab+CyA 10 ,g/ml < 1 18-7 (3-9) + None

*+ =slight, + + =moderate, + + + =marked.

after T cell activation in cultured small bowel.9
These observations suggest that colonic epithe-
lium does indeed differ substantially from that of
the small intestine from early in fetal gestation,
as previously reported.1'8
The histological abnormalities observed in

this model are common to a number of disorders
associated with inflammatory disease of the
colon. Epithelial proliferation and goblet cell
depletion are well recognised in the mucosa of
patients with ulcerative colitis,37 and are par-
ticularly prominent during resolution of inflam-
mation. Possible stimuli for these adaptive/
reparative responses have, until now, remained
unclear. The results of the present study indicate
that such responses can be mediated by activated
lamina propria T cells. This suggestion is sup-
ported by the fact that we have recently been able
to show the presence of many CD25+ activated
T cells in the mucosa of bowel resected from
patients with active chronic inflammatory bowel
disease.4'
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