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Abstract Small intestinal epithelial 
cells (IEC) constitutively express 
MHC class I1 molecules. However, 
little is known about the role of IEC 
in intestinal allograft rejection. The 
present study examined whether 
IEC can induce the development of 

Donor-specific cytotoxicity induced 
by allogeneic intestinal epithelial cells 
in a sponge matrix model 

cytotoxic T cells in vivo using a 
sponge matrix model. IEC isolated 
from ACI (RTla) rats were injected 
into polyurethane sponges im- 
planted i. p. in Lewis (RT1') rats. 
Sponge grafts with ACI splenocytes 
or Lewis IEC were used as controls. 
The sponge grafts were removed and 
sponge-infiltrating cells (SIC) wcrc 
harvested on post-operative days 
(POD) 7,10, and 14. The phenotype 
of SIC was determined by FACS 
analysis and the cell-mediated cyto- 
toxicity was measured using a chro- 
mium release assay. Non-specific in- 
flammatory cells accumulated in the 
IEC sponge allografts during the first 
10 days. By POD 14, however, 61 % 
of SIC were T lymphocytes and 36 % 
expressed cytotoxic T cell marker 
(0x4). The cytotoxicity in IEC 
sponge allografts was detectable on 

POD 7 and POD 10, and markedly 
elevated on POD 14. The cytotoxi- 
city induced by allogeneic spleno- 
cytes appeared in the sponge grafts 
on POD 7, peaked on POD 10, and 
declined thereafter. The allospecific 
cytotoxicity induced by IEC was de- 
pendent on host macrophages as pre- 
trcatmcnt of animals with gadoli- 
nium, a rare earth metal that in- 
activates macrophages, abrogated 
the induction of cytotoxicity. We 
conclude that: (1) the migration and 
maturation of cytotoxic T cells can 
be induced in vivo by IEC and (2) 
IEC may contribute to the increased 
severity of intestinal rejection 
through interaction with macro- 
phages. 
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Introduction 

Despite recent advances in immunosuppression, graft 
rejection continues to be a major barrier to successful 
intestinal transplantation [28]. The factors contributing 
to the increased frequency and severity of graft rejection 
are still poorly defined. Graft rejection has been attrib- 
uted to the abundant lymphoid tissue in the small bowel, 
but depletion of lymphoid cells from the intestinal graft 
has failed to prevent graft rejection [12, 261. We hy- 
pothesized that small intestinal epithelial cells (IEC) 
bearing MHC class I1 molecules [5] may contribute to 
graft rejection by acting as antigen-presenting cells. 
Previous studies have shown that human colonic epi- 
thelial cells can induce proliferation of allogeneic T 

lymphocytes in vitro, although the degree of stimulation 
was 5- to 20-fold lower than that achieved with periph- 
eral blood adherent cells [IS]. A recent study in our la- 
boratory has shown that IEC can induce strong pro- 
liferation of allogeneic T cells when co-cultured with 
macrophages [17]. The present study was undertaken to 
examine the phenotype and the allospecific cytotoxicity 
of cells infiltrated in sponge matrix graft containing al- 
logeneic IEC. This model permits an assessment of in 
vivo immune response directly at the site of allostimu- 
lation [21]. 
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Materials and methods 
An i m a 1 s 

tion. This treatment decreased the number of macrophages and 
impaired macrophage function as previously described [9,22]. 

Inbred male Lewis (RTl') and ACI (RTla) rats were purchased 
from Harlan-Sprague Dawley (Indianapolis, Ind., USA). PVG 
(RTlC) rats were purchased from Bantin and Kingman (Fremount, 
Calif., USA). Animal use and care conformed to the guidelines es- 
tablished by the Canadian Council on Animal Care [lo]. 

Antibodies 

The following mouse anti-rat antibodies were obtained from Ce- 
darlane (Hornby, Ontario, Canada): OX-4, which binds to rat MHC 
class I1 molecule; OX-41, which binds to rat macrophages and 
granulocytes; OX-33, which binds to B cells; W3113, which binds to 
T cells; W3125, which stains CD4+ T lymphocytes and some of the 
macrophages; OX-8, which stains CDS+ T lymphocytes and NK 
cells; and FITC-conjugated goat anti-mouse IgG. FITC-conjugated 
anti-rat pan-cytokeratin antibody was purchased from Sigma 
(St. Louis, Mo., USA). 

IEC isolation 

A modification of the method described by Bjerknes et al. was used 
[4]. The thoracic cavity was opened and the animal was perfused 
through the left ventricle of the heart with 100 ml of calcium-mag- 
nesium-free Hanks' balanced salt solution containing 10 mM 
EDTA (CMF-HBSS-EDTA) for 15 min. The inferior vena cava was 
cut for subsequent drainage. The jejunum and ileum were removed, 
dissected free of fat, mcscntery, and Peyer's patches, then opened 
lengthwise and cut into I- to 2-cm pieces. The epithelium was re- 
leased from the underlying tissue by gentle vortex and further di- 
gested with Dispase (Boehringer, Laval, Quebec, Canada) at 37°C 
for 20 min. The supernatant was pooled and the epithelial cells were 
further purified using discontinuous Percoll gradients (Pharmacia, 
Uppsala, Sweden). Cells from the interface of 10130 % gradients 
were harvested and used in this study. 

Sponge graft implantation 

The procedurc described by Robarts and Hayry [21] was used with 
slight modifications. Briefly, a polyurethane sponge (10 x 10 x 
15 mm) was implanted intraperitoneally (i.p.) into each Lewis rat. 
Before closure of the abdominal wall, each sponge graft was in- 
jected with 2 x 10' ACI splenocytes or IEC in 0.5 ml phosphate- 
buffered saline. Lcwis rats bearing sponge grafts injected with the 
same number of IEC from Lewis rats were used as a control. Each 
group had contained three animals. The sponge grafts that were well 
vascularized on post-operative day (POD) 3 were removed on 
POD 7, 10, and 14. The sponge-infiltrating cells (SIC) were har- 
vested by repeated pressing of the sponge grafts in a tissue culture 
dish. The red blood cells were lysed using red blood cell lysing buffer 
and remaining cells were washed and used for phenotypic and cy- 
totoxic analysis. 

Gadolinium treatment 

Animals were treated with two doses of gadolinium chloride 
(15 mg/kg; Aldrich Chemicals, Milwaukee, Wis., USA) dissolved in 
phosphate-buffered saline i. p. for 7 days before sponge implanta- 

Flow cytometry 

Cells harvested from sponge grafts were stained with the following 
mouse anti-rat antibodies: OX-4,OX-8,OX-41,0X-33, W3113, and 
W3125 at 4°C for 45 min. The cells were washed twice with phos- 
phate-buffered saline and further stained with FITC-conjugated 
goat anti-mouse IgG. Control preparations were stained with FITC- 
conjugated goat anti-mouse IgG alone. The cells were washed and 
analyzed using FACS. Results were expressed as percentage of po- 
sitive cells. For each sample, 2 x lo4 viable cells were counted. 

Cytotoxicity assay 

The chromium release assay was used [1]. Target cells were pre- 
pared by culturing splenocytes (5 x lo6 cellsiinl) with Concanavalin 
A (Con A; 5 pgiml, Sigma) for 48 hand were labeled with 51Cr (250- 
500 mCilmg; Amersham, UK). The 5'Cr-labeled target cells 
(4 x lo4 cells/well) were placed into 96-well round-bottom culture 
plates (Linbro, McLean, Va., USA) along with effector cells to 
achieve the effectodtarget cell ratio of 100 : 1. Total culture volume 
was 0.2 ml in each well and all assays were performed in triplicate. 
After 4 h of incubation at 37 "C, the plates were centrifuged at 700 g 
for 10 min and 0.1 ml supernatant was removed from each well and 
counted in a gamma counter (Beckman, Fullerton, Calif., USA). 
Total counts were determined by lysing the target cells with 0.1 % 
Triton-100 (Sigma). The supernatant from target cells cultured with 
medium alone was used to determinc the spontaneous release. 
Background "Cr release was 10 Y0-15 YO. Cytotoxicity was calcu- 
lated using the formula: 

x 100 Experimental cpm - spontaneous cpm 
Total cpm - spontaneous cpm 

Cell proliferation assay 

Mixed lymphocyte culture was performed in 96-well round-bottom 
tissue culture plates with RPMI 1640 medium containing 5 % FCS, 
100 U/ml penicillin and streptomycin, 25 mM Hepes, and 2 x lo-' 
M 2-ME. IEC from ACI rats irradiated with 2500 rads were used as 
stimulator cells. Varying numbers of stimulator cells were mixed in 
triplicate with T lymphocytes (2 x lo5) purified from the spleen of 
Lewis rats using nylon wool columns. (FACS analysis showed 95 YO 
of the responder cells expressed W3113 T cell marker. The purity of 
T cells was further confirmed by lack of a proliferative response to 
the stimulation of Con A). The total culture volume was 0.2 ml in 
each well. In some experiments. peritoneal macrophages isolated 
from Lewis rats were added. The cells were cultured at 37 "C in a 5 YO 
CO, humidified incubator for 5 days and 18 h before cell harvesting 
each well was pulsed with 1 pCi of 'H-TdR (40-60 Ciimmol; 
Amersham, UK). The cultures were harvested and counted using a 
scintillation counter (Beckman). 

Statistical analysis 

The data are expressed as mean i SD of three animals in each group 
and compared using an analysis of variance with a P value below 
0.05 as significant. 
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POD 7 Results 

Epithelial cell isolation and characterization 

Fluorescence intensity 

The in vivo perfusion and in vitro Dispase digestion 
method was adapted to purify IEC in single cell suspen- 
sion with high viability, good yield, and optimal purity. 
Microscopic examination after CMF-HBSS-EDTA 
treatment showed depletion of the epithelium with ex- 
cellent preservation of the lamina propria and the 
crypts. FACS analysis showed high purity of epithelial 
cells with 97 % positive for cytokeratin staining and less 
than 0.1 Yo OX-33+ cells (B cells), less than 0.1 % OX- 
41+ cells (macrophages and granulocytes), and 2.5 % 
W3/13+ cells (T cells). Thirty-six percent of cells were 
OX-4+ (MHC class 11). The viability of IEC was greater 
than 70% as determined by the trypan blue exclusion 
method. 

POD 10 

Phenotype of cells infiltrating IEC sponge allografts 

Fluorescence intensity 

POD 14 

Fluorescence intensity 

Fig.1 The phenotye of cells infiltrating intestinal epithelial cells 
(IEC) sponge allografts analyzed by FACS 

In sponge grafts injected with syngeneic IEC, the major- 
ity of SIC were macrophages and granulocytes at all time 
points. As shown in Fig. 1, macrophages and granulocytes 
predominated the cellular infiltrates in IEC sponge allo- 
grafts on POD 7 (92%). The phenotype of SIC main- 
tained the same pattern on POD 10 with only a slight in- 
crease in the T-cell population. On POD 14, however, 
61 % of SIC were T lymphocytes and 36 % expressed cy- 
totoxic T cell marker (0x4). Macrophages decreased to 
40 Y on POD 14. B lymphocytes were less than 6 % at all 
time points. After gadolinium treatment, there was an 
early influx of granulocytes in IEC sponge allografts and 
the macrophage population was less than 10 % at all time 
points. A high percentage of B cells (33 YO) was present in 
IEC sponge grafts on POD 14. T lymphocytes showed 
almost the same kinetics of infiltration as in untreated 
animals. 

Cytotoxicity induced by allogeneic IEC in vivo 

As shown in Fig. 2, cytotoxicity in IEC sponge allografts 
was present at a detectable level on POD 7 and POD 10, 
and markedly elevated on POD 14. No cytotoxicity was 
detected in sponge grafts injected with syngeneic IEC at 
any time point. Cytotoxicity induced by allogeneic sple- 
nocytes appeared in sponge grafts on POD 7, peaked on 
POD 10, and then declined thereafter. SIC isolated from 
IEC sponge allografts showed a detectable level of cy- 
totoxicity against donor (ACI) as well as third-party 
(PVG) target cells on both POD 7 and POD 10. The cy- 
totoxic effect of SIC was donor-specific and no cytotoxi- 
city was detected against third-party target cells on 
POD 14 ( P  < 0.05; Fig. 3). The allospecific cytotoxicity of 
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Fig.2 Cytotoxicity of cells from sponge grafts implanted in Lewis 
rats. Cells harvested from sponge grafts injected with ACI spleno- 
cyte ( O ) ,  ACI IEC (.), or Lewis TEC ( m )  were used as effector 
cells. The "Cr-labeled T lymphoblasts of ACI rats were used as tar- 
get cells. The effectoritargct cell ratio was 100 : 1. The specific kill- 
ing was dctcrmined by chromium release. The data are presented as 
mean k SD of three animals in each group 
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Fig.3 Cytotoxicity of cells from IEC sponge allografts against do- 
nor (ACZ, .) or third-party (PVG, 0)  target cells. Sponge-in- 
filtrating cells (SIC) were harvested from IEC sponge allografts 
implanted in Lewis rats and mixed with "Cr-labeled ACI or PVG 
target cells at a ratio of 100 : 1. The specific killing was determined 
by chromium rclease 

SIC harvested from TEC sponge allografts on POD 14 
was not affected by depletion of adherent cells (Fig. 4), 
suggesting that the cytotoxic cells are T lymphocytes. In 
order to determine whether macrophages were involved 
in the induction of cytotoxicity by IEC, animals were 
pre-treated with gadolinium to block the macrophage 
function. As shown in Fig. 5 ,  this treatment inhibited the 
development of cytotoxicity in the IEC sponge allo- 
grafts. In contrast, cell-mediated cytotoxicity in spleno- 
cyte sponge allografts was not affected by this treatment 
( P  < 0.05). 
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Fig.4 Cytotoxicity of SIC ( .) or nonadherent cells ( 0 )  isolated 
from IEC sponge allografts on POD 14. SIC were harvested from 
IEC sponge allografts. The nonadherent cells were prepared 
by adherent culture to deplete macrophages. The cytotoxicity of 
SIC or nonadherent cells against donor target cells (ACZ) was as- 
sayed 
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Fig.5 Cytotoxicity of cells from sponge allografts after gadolinium 
treatment. The Lewis rats were treated with gadolinium for 7 days 
and then implanted with sponge grafts containing ACI splenocytes 
( 0 )  or ACI IEC ( . ). SIC were harvested and assayed for cyto- 
toxicity against ACI target cells 

Macrophages in IEC-induced allogeneic T-cell 
activation in vitro 

We further examined the interaction of IEC and macro- 
phages in allogeneic T-cell activation in vitro. IEC were 
co-cultured with macrophages syngeneic to responder T 
cells. As shown in Fig. 6, both syngeneic macrophages 
and allogeneic IEC failed to induce significant T-cell 
proliferation. However, when IEC and macrophages 
were mixed and co-cultured with responder T cells, a 
strong T-cell proliferation was induced. Macrophages 
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Fig.6 The effect of macrophages (MAC) on IEC-induced T-cell 
proliferation. Responder T cclls (2 x lo5) from Lewis rats were 
mixed with equal numbers of IEC (ACI), in which various numbers 
of MAC were added, as indicatcd. Responder T cells mixed with 
syngeneic MAC were included as a control 

treated with gadolinium prior to cell culture failed to in- 
duce significant T-cell proliferation when stimulated by 
IEC (data not shown), suggesting that the activation of 
allogeneic T cells stimulated by IEC requires functional 
macrophages. 

Discussion 

The present study has demonstrated that IEC expressing 
MHC class I T  antigens can induce the migration and ma- 
turation of cytotoxic T cells in vivo and that this process 
requires the presence of functional macrophages, sug- 
gesting that IEC may contribute to the increased severity 
of intestinal rejection through interaction with macro- 
phages. 

The sponge matrix model has been extensively used to 
analyze the local cellular events involved in graft rejec- 
tion. In the sponge grafts injected with allogeneic 
lymphoid cells, the host T-helper cells are activated in 
response to allogeneic MHC class 11 antigens and pro- 
duce cytokines necessary for the local development of 
cytotoxic T cells [l]. Recent studies have demonstrated 
that specifically sensitized lymphocytes preferentially 
migrate from host lymphoid organs to the site of antigen 
deposition [2,14,20]. In the IEC sponge allograft model, 
we demonstrate the generation of allospecific cytotoxi- 
city stimulated by parenchymal rather than lymphoid 
cells. Our data suggest that the local maturation of sensi- 
tized T lymphocytes appears to contribute to the allo- 
specific cytotoxicity in IEC sponge allograft, since ani- 
mals bearing sponge graft with allogeneic IEC have no 

detectable cytotoxicity outside of the sponge graft at any 
time point. In contrast, animals bearing sponge allograft 
with splenocytes develop significant cytotoxicity in the 
host spleen prior to the development of maximal cyto- 
toxicity in the sponge graft. This difference is probably 
due to trafficking of cells out of the splenocyte sponge 
allograft into host central immune compartments where 
host T cells are sensitized. 

The kinetics and phenotype of cellular infiltrate in 
IEC sponge allograft are similar to changes seen after 
intestinal grafting. The initial cells that accumulate in the 
sponge graft injected with allogeneic IEC are mainly 
non-specific inflammatory cells with a predominance of 
macrophages. The sensitized T cells are not present in 
IEC sponge allograft until 14 days after implantation. 
Early intestinal rejection is likewise characterized by a 
massive mononuclear cell infiltration and macrophages 
predominate the cellular infiltrate throughout the rejec- 
tion process [15,16]. At the onset of maximal clinical re- 
jection, macrophages are observed in all graft compart- 
ments, particularly epithelium [16, 231. The mucosal in- 
flammation that occurs with graft rejection is accom- 
panied by increased MHC class I1 expression on IEC [24, 
251. Therefore, the development of cytotoxic T cells, as 
observed in the sponge matrix grafts, may take place in 
intestinal epithelium during graft rcjcction. 

The induction of cytotoxicity in the IEC sponge allo- 
graft involves a maturation period and functional mac- 
rophages are required for this process since pre-treat- 
ment of animals with gadolinium chloride, a rare earth 
metal that has been shown to decrease the number of 
macrophages and impair macrophage function [9, 221, 
prevents the generation of cytotoxic T cells. Several me- 
chanisms may explain these findings. First, MHC class I1 
antigens on the surface of IEC may be processed and 
presented by sponge-infiltrating macrophages to host T- 
helper cells in the context of self MHC class 11 molecules. 
The activated T-helper cells then produce cytokines that 
are required for the local development of cytotoxic T 
cells. This pathway has been described in vitro [11, 29, 
311. Second, IEC bearing MHC class I1 molecules may be 
unable to generate costimulatory signals required for T- 
helper cell activation because naive T-helper cell activa- 
tion depends upon the recognition of MHC class I1 and 
antigen complex in the presence of costimulatory signals 
provided by antigen-presenting cells [19, 27, 301. Thus, 
the activation of T-helper cells by IEC and subsequent 
generation of cytotoxic T cells may depend upon the 
costimulatory signals provided by sponge-infiltrating 
macrophages. Third, the induction of allospecific cyto- 
toxicity by IEC may be MHC class I-dependent since 
IEC also express high-level MHC class I molecules. It 
has been shown that freshly isolated allogeneic hepato- 
cytes that are MHC class I+ and class 11- stimulate the 
development of cytotoxic T cells in the presence of mac- 
rophages [ M I .  
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The immunogenicity of solid organ transplants has 
been traditionalIy attributed to passenger leukocytes. 
There is increasing evidence that graft parenchymal cells 
also contribute to the rejection process, particularly 
when these cells express or can be induced to express 
MHC class I1 antigens [3, 8, 131. The present study has 
shown that IEC can induce donor-specific cytotoxicity in 
vivo and that macrophages play a critical role in this 
process. Thus, techniques to prevent mucosal inflamma- 
tion may reduce the risk of intestinal allograft rejection. 

Furthermore, strategies to inhibit macrophage migration 
and accumulation at the site of IEC deposition may also 
prevent epithelial cell damage in free cellular allo- 
trasplantation. 
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