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Introduction

Summary

Immunological responses in human intestinal allografts are poorly understood
and accurate diagnosis of acute cellular rejection remains difficult. Here,
human intestinal allografts were analyzed by multi-color quantitative fluores-
cent immunohistochemical morphometry in order to monitor the clinical
course of rejection. Morphometry gave two-dimensional plots based on size
and circularity, and identified phenotypes of individual cells infiltrating the
allograft by fluorescent staining. Using this method, invariant TCRVo24"
NKT (iNKT) cells were observed in the intestinal allograft during rejection.
Because these were not identified in the normal donor intestine before sur-
gery, this finding was considered to be a signature of acute cellular rejection
of the intestinal allograft. Infiltrating iNKT cells released IL-4 and IL-5, Th2-
related cytokines that antagonize the Thl responses that induce acute cellular
rejection. Histological observation suggested eosinophilic enteritis in the
mucosa with elevation of IL-4 and IL-5. In conclusion, iNKT cells were
recruited to the intestine; however, because higher levels of IL-4 and IL-5
may contribute to eosinophilic enteritis, timely steroid administration is
recommended for allograft injury due to enteritis, as well as acute cellular
rejection.

Histological diagnosis is a reliable and sensitive method
for detecting rejection. The major histological finding of

Intestinal transplantation is a commonly accepted stan-
dard therapy for patients with irreversible parenteral
nutrition complications following intestinal failure or
short-bowel syndrome [1-3]. In recent years, the 1-year
patient survival has improved, and it is now possible
for more than half of children who survive a transplant
to be weaned off parenteral nutrition [4]. However,
acute cellular rejection (ACR) remains the major cause
of intestinal graft failure after transplantation, and for
most patients with severe acute rejection, sufficient
recovery of mucosal absorption function remains diffi-
cult [5].
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acute rejection is mixed inflammatory cell infiltrate, includ-
ing activated large lymphocytes and crypt apoptosis [6-8].
In the present study, we applied an established grading sys-
tem developed by a Pittsburgh University Group [6], and
we delineated immune responses in the allograft with refer-
ence to clinical and immunological data and inflammatory
cytokine production. The objective of this study was to pre-
cisely evaluate specific immune responses.

We focused on the behavior of invariant TCRV024"
NKT (iNKT) cells in the intestinal allograft. iNKT cells
share the characteristics of both T and natural killer cells,
and constitute a unique class of the T lymphocyte lineage
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[9]. They have a very restricted T cell receptor (TCR) & = 2

repertoire consisting of an invariant Vo24-Jal8 chain El o % g
(formerly Va24-JaQ) paired with a VP11 chain in human g <3 g g
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tal cancer [15]. On the other hand, intestinal NKT cells E é_ % A2Z2088 J8A&/EE 3 c
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during acute cellular rejection. g E : E
Here, we aimed to identify and investigate the roles of 2 Blz22222 22222 é g
iNKT cells in intestinal allograft rejection and to under- To|REEEEE EEREEE ?84:%
stand the immunological features of intestinal allografts. é £ g
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ileum. When patients complained of fever (>37 °C) and
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their C-reactive protein (CRP) in peripheral blood
increased to >1.0 mg/10~" I, endoscopic examination was
performed.

Along with clinical evaluation, pathological examina-
tion was performed. Specifically, every day or every other
day from postoperative days 7-20, endoscopic examina-
tion including biopsy was performed. After a histological
diagnosis of ACR, patients received combined immuno-
suppressant therapy consisting of tacrolimus (baseline,
20 ng/ml) and methylprednisolone (Table 1).

Multivariate morphometric analysis

Images were obtained by microscopy (PROVIS-AX80;
Olympus, Tokyo, Japan). Cytoplasm and cell membranes
were stained with fluorescent substances, including fluo-
roisothiocyanate-labeled streptavidin, phycoerythrin-labeled
streptavidin (Vector Laboratories, Burlingame, CA, USA)
and Alexa 350 (Invitrogen, Carlsberg, CA, USA), which
were used for labeling of surface antigens, and fluores-
cence intensity was quantitatively measured as relative
fluorescence units (RFU).

Nuclei were stained with DAPI for cell counting and to
distinguish lymphocytes according to their size and circu-
larity. Obtained images were saved as TIF files, and data
were analyzed using CELAVIEW software (Olympus),
with individual cell signals expressed in terms of RFU,
and morphometric data displayed as stained area and cir-
cularity. Individual cell data were represented by pixel
intensities of the nucleus and cytoplasm. As a morpholog-
ical control for analysis of iNKT cells, data for CD3"-
stained lymphocytes in the allograft were used for valida-
tion of the circularity index. Data sets for individual cells
on a single slide were represented by two-dimensional
scatter plots based on flow cytometry. Plots were further
gated according to fluorescence intensity, size and circu-
larity on the scattergram. Circularity was calculated based
on Heywood circularity factor using the formula, P/
(4mA)"Y? [18]. Here, the perimeter (P) of individual cells
was divided by the circumference of a circle with the
same area (A), with the real circle factor being equivalent
to 1.0. As the boundary of a binary image is composed of
discrete pixels, IMAQ Vision (National Instruments Cor-
poration, Austin, TX, USA) was used to sub-sample the
boundary points to approximate a smoother, more accu-
rate perimeter. The closer the shape of the cross section of
cells is to a disk, the closer the Heywood circularity factor
is to one. Individual data were expressed as means + SD.

Sampling and storage of biopsy specimens

All specimens were sampled from the mucosa 5-10 cm
from the stoma in the course of endoscopic examination.

© 2012 The Authors

Cytokine production in the intestinal allograft

Reviewed biopsy samples are shown in Table 1. All sampled
specimens were subjected to immunohistochemistry for
CD3, CD4 and CD8. A total of 282 biopsy specimens (28,
32, 24, 16, 8, 14 and 19 samples from injured regions show-
ing endoscopic findings, and the same number of samples
from intact mucosa showing no distinct endoscopic find-
ings from eight individual grafts). As normal controls, we
utilized five donors (patients’ mothers) for histological
examination. Twenty cut sections were prepared for H&E
staining and immunohistochemistry and were assessed
individually. Residual tissues were stored at —80 °C and
were subjected to cytokine production assay.

Diagnosis of ACR

We examined the immunohistology of all specimens and
investigated the early histological symptoms of ACR for
early immunosuppression before the development of
crypt apoptosis. Histology of intestinal grafts was assessed
according to previously reported criteria [6,7]. To accu-
rately detect apoptotic bodies, TUNEL staining of graft
specimens was also performed. Normal allograft status
was defined as the absence of crypt apoptosis. We esti-
mated rejection severity as indeterminate, mild, moderate
or severe, according to the criteria of the University of
Pittsburgh Group.

Routine immunohistochemistry and counting stained cells

The fluorescent staining method for iNKT cells was as
reported previously using the CSA system (DAKO, Gost-
rup, Denmark) [15]. In this study, we used frozen section
samples. For primary reagents, we used monoclonal anti-
body C15 (TCR-Vo24; Immunotech SA, Marseilles,
France). To confirm a diagnosis of ACR, antibodies
against CD3, CD4 and CD8 were purchased from DAKO,
and DAB staining was performed for signal visualization.
Negative controls for primary antibodies were IgG1, 1G2a
and IgG2b (Cat No. X0931, X0943 and X0944; DAKO).

Microdissection

Microdissection-based sampling was performed using fro-
zen specimens with immunostaining. Serial 4-pm sections
were cut from embedded tissue. TCRV224" cells were sepa-
rately obtained by manual microdissection using a micro-
dissection system (LM200; Olympus). For routine analysis,
genomic DNA was extracted and treated with a REPLI-g
Kit (QIAGEN, Hilden, Germany) for amplification of
whole genomic DNA. To confirm the dissection of iNKT
cells, PCR was performed using the primers for the V24JQ
TCR chain according to the method of Oishi et al. [19].
PCR amplification was carried out under the following
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conditions in a thermal cycler (Perkin-Elmer, Waltham,
MA, USA): after denaturation at 95 °C for 2 min, 35 cycles
of amplification were performed consisting of denaturation
at 94 °C for 40 s, primer annealing at 56 °C for 40 s, and
chain elongation at 72 °C for 1 min, followed by a final
elongation step at 72 °C for 10 min. Amplicons were elec-
trophoresed on 2.0% agarose gel.

Multiplex-25 bead array assay for ELISA

Graft tissue samples were frozen at —80 °C. Before use,
100 ng of residual tissues were stored in PBS buffer, after
which they were added to 1 ml of the appropriate assay
diluent provided in the human cytokine multiplex-25
bead array assay kit (Luminex Biosource, Nivelles, Bel-
gium) used for the detection of cytokines [20], specifically
IL-4, IL-5, IL-10 and IFN-y. Antibodies were purchased
from Pharmingen (Oxford, UK).

Assay was performed in a 96-well filter plate using all
assay components provided in the kit. First, the filter
plate was pre-wetted with 200 pl of a working washing
solution, and the solution was then aspirated from the
wells. Beads (25 pl) were pipetted into each well, and
the filter plate wells were washed twice with washing
buffer. Incubation buffer (50 pl) and 1:5 diluted fluid
intestinal mucosal (30 pg) samples (in 50 pl of buffer as
assay diluent) were pipetted into the wells, followed by
incubation for 2 h with the beads. Wells were washed,
and biotin-conjugated antibody (diluted 1:10) was added
for detection. After 1h, beads were washed again and
were incubated for 30 min with streptavidin conjugated
to the fluorescent protein R-phycoerythrin (Streptavidin-
RPE, diluted 1:10). After washing, beads were analyzed.
To validate assay data, whole protein contents were
standardized against 200 ng of residual frozen tissue
contents after preparation of histologic specimens.

Statistical analysis

All data are expressed as means + SD. Data analyses were
performed by one-way analytic variance (ANova) and
Spearman’s correlation test. All P values were two-sided,
and were considered to be statistically significant at
<0.05. P values were not adjusted for multiple testing.
StATVIEW-J5.0 software (SAS Institute, Cary, NC, USA)
was used for all analyses.

Results

Recruitment of TCRVa24-positive invariant T cells

to intestinal allograft undergoing ACR

A representative clinical course is shown in Fig. la
(Patient 2). Histological diagnosis of ACR was made

Tsuruyama et al.

based on the degree of inflammation and the number of
apoptotic bodies per ten crypts at 100 postoperative days
(Table 1) [6,7]. To identify the phenotypes of inflamma-
tory cells specifically involved in ACR, T/NK-lymphocytic
populations in the mucosa of eight allografts were stained
using antibodies against CD3, CD4, CD8, CD56 and
TCRVa24. Although TCRVo24-positive invariant T cells
do not reside in normal human intestine, TCRVo24-posi-
tive invariant T cells were observed during ACR and were
significantly reduced following high-dose steroid adminis-
tration (Fig. 1b, Table 1). The specimens studied included
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Figure 1 T cells and NK cells in intestinal allografts. (a) Representa-
tive clinical course and biopsy data (Patient 2). Trough levels of the
immunosuppressive agent tacrolimus are shown. Biopsy was per-
formed eight times during the shown course (Table 1). Solid, dotted,
and grey lines indicate C-reactive protein level (mg/10~" 1), tacrolimus
trough level (ng/ml), and white blood cell (WBC) number (x103),
respectively. (b) Counts of CD3-, CD4-, CD8-, TCRVa24- and CD56-
positive cells per mm? in intestinal grafts (mean + SD, n = 282 from
eight grafts). Normal: donor intestine before transplantation. (c) Rep-
resentative images of combined immunohistochemical staining with
anti-TCRVa24 (magnification: left, x200; center x600) in intestinal
allografts undergoing ACR (Patient 3). Signals were visualized with
DAB. (d) RT-PCR assay for detection of recombination of TCRVa24.
NC: normal donor intestine; onset: at onset of ACR; 48 h, 72 h: 48 or
72 h after steroid pulse for immunosuppressive therapy. This assay
was performed using biopsy specimens obtained from 12 episodes of
ACR during examinations performed 72 h after immunosuppression.
Three replicates were tested for each biopsy specimen.
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five control specimens (from five donor intestines), 16
ACR specimens (from eight engrafted intestines), and 12
specimens obtained 72 h after immunosuppression (from
eight engrafted intestines). In addition, PCR analysis for
detection of T cell receptor subsets was performed, and
recombination of TCRVo24 was confirmed (Fig. lc).
Thus, infiltration of TCRVa24-positive invariant T cells
was confirmed to be a feature of ACR in the intestinal
allograft.

Quantitative morphometric analysis of iNKT cells

For quantification of histologic observation, we developed
morphometric software to count and analyze invariant T
cells, which were identified by double staining of
TCRVa24-positive invariant T cells with antibodies
against TCRVo24 and CD56 (Fig. 2a). Our quantitative
morphometric analysis was performed to identify and
count double stained cells. First, DAPI-stained nuclei
were automatically recognized (Fig. 2b, first image) and
counted (Fig. 2b, second image). By detecting the stained
area for recognition of cell shape (Fig. 2b, third image),
the perimeter of individual cells was measured to estimate
circularity (Fig. 2b, fourth image). Two-dimensional scat-
ter plot analysis was performed (Fig. 2¢), and gating was
performed to exclude nuclei with significantly low- or
high-intensity signals, or nuclei with distinct differences
from circularity. Cells selected by gating were analyzed,
and TCRV024 signals and CD56 signals of individual cells
were further measured. A mean 163 + 12 nuclei were rec-
ognized in each observation of single specimens (a total
of 289 specimens from eight intestinal allografts). The
results showed that 90% =+ 6% (SD) of these invariant
cells were positive for CD56 in allografts undergoing ACR
(16 episodes of eight allografts). This suggests that most
invariant TCRVo24" cells are iNKT cells.

IL-4 and IL-5 production activity of recruited iNKT cells

Subsequently, quantitative fluorescent morphometric anal-
ysis was used to determine which cytokines were produced
by iNKT cells in intestinal allografts. The majority of iNKT
cells were positive for both IL-4 and IL-5, and the numbers
of IL-4*/IL-5"-iNKT cells were significantly lower after ste-
roid administration. In contrast, the number of IFN-y- or
IL-10-producing iNKT cells was very low, and was inde-
pendent of ACR (16 episodes of 8 allografts, Fig. 3a).

In order to validate the above analysis, multiplex-25 bead
array ELISA was retrospectively performed using biopsied
samples. For reliable ELISA data, we analyzed samples
obtained from grafts during ACR (16 episodes of 8 allo-
grafts), in a resolved state at 72 h after immunosuppression
(12 episodes in 8 allografts, Table 1), and from normal

© 2012 The Authors
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Figure 2 Identification of iNKT cells in intestinal allografts undergoing
ACR. (a) Representative serial scheme of automated morphometry of
iNKT cells in grafts. Left photo shows anti-TCRVa24 (green with FITC)
and anti-CD56 (red with PE) staining. A merged photo of staining
with anti-CD56 and an isotype control anti-mouse IgG1 is shown on
the right. (b) Process of automated recognition of invariant T cells.
Left images show DAPI-staining and TCRVo24-stained cells. Right
images show automatically recognized nuclei based on circularity and
DAPI signals for a single cell. The perimeter was measured based on
the right photo for evaluation of objective circularity. (c) Representa-
tive scattergram of gated cells. The vertical axis represents the circu-
larity index, and the horizontal axis represents cell size on the basis of
CD56 staining. Circularity index of the CD45R* lymphoid cells was
1.34 + 0.12 (SD) (n = 16 episode of ACR shown in Table 1, from the
eight allografts) and cells within this range were gated (within boxed
area). The cells analyzed in the upper and lower morphometry plots
were subjected to TCRVe24 staining and fluorescent staining, respec-
tively (d). (d) Representative scattergram of gated cells (c) doubly
stained with FITC-labeled anti-TCRVa24 or isotype control IgG1 and
PE-labeled anti-CD56. The vertical axis represents the mean relative
fluorescent unit for the FITC-labeled cells, and the horizontal axis
represents that of the PE-labeled cells. Data from anti-TCRVa24 and
isotype control anti-mouse IgG1 stainings are shown in the upper and
lower panels, respectively.

Transplant International © 2012 European Society for Organ Transplantation 25 (2012) 537-544 541



Cytokine production in the intestinal allograft

Tsuruyama et al.

(a) (b) 100 Tsuruyama T
14 ag
& Mormal & Mormal
121 & I saw T I = ACR
HE 104 & 1 72 haafter pulse 'E ;D 72 h after pulie
D ||
=z 8 - g 50
8 &4 £ 404
30
% 1 g. 20 | |
21 - - 10 =
04— = o - R 0+ r T - .
NI
¢ & & & & AR
N o ch b o
‘\6@ AR “é\ o
\\," o
(c)
% 40 & 20- 2
R?=0.01432
2% £ 307 ¢
E 20 E 20- W
R?=0.47417
10 ¢ & 2 10- L L
?
0 5 10 15 20 25 = 0 5 10 15 20 25
IL-4 (pg/mil) 1L-10 (pg/ml)
Figure 3 Cytokine production by iINKT
40+ 25+ . A
'E E cells in grafts. (a) Count of iINKT cells or
%- 304 =‘-E- 201 3 g & non-iNKT cells positive for IL-4 and IL-5
] 4 15+ Q\G\H in grafts per mm?. Normal: donor intes-
£ R? = 0.67361 ki A3 & | grers p : :
= i ; R? = 0.05645 tine before transplantation [also in (B)].
.z. ] + 51 & (b) Total cytokine concentration in sam-
=0 r r T r 1 E 0 - - - ) pled tissue. (c) Graphs show plots of
o 5 g ;"[ Pm'l'l'”l]s an: B o o i lpa.lffnll s amounts of IL-4, IL-5, IFN-y and IL-10
d (pg/mg), counts of IL-4*-, IL-5"-, IFN-y*-
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resent linear regression between the
amount of cytokine and iNKT cell count.

donor intestines before transplantation (n = 6), in which
the measured cytokines were above 10 pg/mg. IL-4/IL-5
transiently and significantly increased during ACR; in con-
trast, neither IFN-y nor did not IL-10 significantly differ
during ACR (16 episodes in 8 allografts, Fig. 3b). Quantita-
tive morphometric analysis was performed using iNKT cells
stained with antibodies against IL-4/IL-5 and TCRVa24.
The numbers of IL-47/IL-5" cells were significantly corre-
lated with total amounts of IL-4/IL-5 in the graft. On the
other hand, the numbers of IFN-y* iNKT cells and IL-10*
iNKT cells were not significantly correlated with total
amounts of IFN-y or IL-10 in the graft (16 episodes in 8 al-
lografts, Fig. 3c). In parallel with the increases in IL-4 and
IL-5, eosinophilic infiltrates were observed at onset of ACR
(16 episodes in 8 allografts, Fig. 3d).

Squares of correlation coefficients in
individual analyses are shown next to
the lines. (d) H&E staining of grafts with
elevated IL-4 and IL-5 levels [magnifica-
tion: left x40; right x400]. Scale bars
are shown.

Conclusions

We successfully confirmed the presence of iNKT cells in
intestinal grafts by multi-color staining. Although immu-
nofluorescent staining identified cytokines and pheno-
typic surface antigens, overlapping signals on single cells
were difficult to distinguish and evaluate without using
quantitative morphometry for precise counting of
stained cells. This methodology was effective for the
quantitative evaluation of the behavior of iNKT cells. By
combining the shape based on circularity and the area
of DAPI-stained cells, cells could be precisely recognized
and distinguished. Using this approach, morphometric
analysis was essential for the precise identification of
iNKT cells.

© 2012 The Authors
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In the present study, resident intestinal iNKT cells
had the potential to produce IL-4, which antagonizes
INF-y, and contributes to the development of type 2
helper T cells [21]. Higher levels of IL-4 prior to and
shortly after transplantation have been reported, and IL-
4 may have protective effects on kidney graft survival
[22]. Indeed, INKT cells have been implicated in toler-
ance in experimental mouse models with induction of
chimerism in allogenic cardiac transplant models [14],
in acceptance of rat-islet xenografts in mice [23] and in
autoimmune diabetes [24]. On the other hand, IFN-y
production remained at low levels relative to normal
donor intestine and did not change during the course of
ACR development. Although IL-10 production was
higher relative to INF-y production, close correlations
were not observed between iNKT cell count and total
IL-10 production in the grafts. Among IL-4, IL-10 and
IFN-vy, iNKT cells predominantly released IL-4 and may
have contributed to suppression of responses by Thl
and cytotoxic T cells. Asaoka et al. exhaustively analyzed
gene expression profiles in intestinal allografts undergo-
ing ACR. They reported the activation of cytotoxic T
lymphocytes (CTLs) in granzyme B/perforin-mediated
graft injury. Therefore, release of Th2-related cytokines
by INKT cells may antagonize this activation. In the
experimental KO mouse model, the processes involved
in tolerance induction are observed in recipient mice
with IFN-y KO iNKT, IL-4 KO iNKT and IL-10 KO
iNKT cells [14,25], indicating that tolerance cannot be
attributed to a single cytokine, but combined cytokine
production may be essential.

Bowel grafts possess their own mucosal immune sys-
tem, the gut-associated lymphoepithelial tract (GALT),
which comprises high endothelial venules (HEV) located
in the inter-follicular region (IFR) around the Peyer’s
patch (PP). GALT immunity is composed of an exquisite
balance between activation and suppression through the
release of cytokines [26]. At the onset of Crohn’s disease,
mucosal T cells appear to mount a typical Thl response
that resembles an acute infectious process and is lost with
progression to late Crohn’s disease. This suggests that
mucosal T-cell immunoregulation varies with the course
of human inflammatory bowel disease (IBD) [27,28].
Therefore, further assessments are required by monitoring
of cytokine production [29-31].

The significance of iINKT cell infiltrates
unclear. However, it is likely that unknown humoral fac-

remains

tors recruit iNKT cells to the graft mucosa in order to
suppress allograft rejection. iNKT cells have the ability to
release IL-4 and antagonize Thl and CTL responses
[25,31]. However, because the released IL-4 and IL-5 may
injure the allograft via eosinophilic enteritis, appropriate
immunosuppression is necessary for recovery. We there-
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fore investigated humoral rejection. Humoral and acute
vascular rejection (AVR) has been proposed by Ruiz et al.
[7]. In our cases, distinct AVR was not observed on
immunohistochemistry with C4d (data not shown). How-
ever, this is an important issue when following the graft,
and iNKT cell infiltrates may modulate such ACR via the
release of cytokines.

In conclusion, decreases and apoptosis in iNKT cells
indicate active rejection. We believe that this study sup-
ports clinical intervention in the event of rejection and
may lead to better prognosis. A two-dimensional plot is
typically used by researchers and provides useful informa-
tion on the phenotype of stained cells. Our research thus
provides an effective technique for pathological diagnosis.
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