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Keywords:
Intestinal transplantation (ITX) constitutes a salvage treatment for irreversible intestinal failure and failure of
parenteral nutrition. Chronic rejection (CR) remains the key obstacle for long-term intestinal graft survival but
the pathomechanisms are incompletely understood. This study systematically reviews experimental models ad-
dressing CR after ITX in order to summarize current knowledge on CR pathogenesis and identify promising ex-
perimental strategies. A systematic literature search was conducted in line with the PRISMA guidelines, and 68
out of 677 articles qualified for the final analysis. The average methodological quality of the studies was subop-
timal with 7 out of 11 points as assessed by a modified Oxford Centre for Evidence-BasedMedicine score. Histol-
ogy of the chronically rejected graft was almost universally integrated as outcome parameter but we found
significant heterogeneity in utilized transplant techniques, organ preservation, immunosuppression and time
points of CR-assessment. Several studies identified cellular and humoral immunologicmechanisms in chronic in-
testinal rejection. Yet, neither preventive nor therapeutic strategies against CR have been successfully introduced
into human intestinal transplantation highlighting the persistent need for optimized experimental models. In
this review, we aim to improve the translational value of forthcoming investigations on CR by discussing the ex-
perimental status quo and potential innovative approaches.

© 2019 Published by Elsevier Inc.
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1. Introduction

Although short term- and acute rejection (ACR)-related mortality
after ITX has declined in specialized intestinal rehabilitation and trans-
plantation centers over the last decades, the success of intestinal trans-
plantation to treat irreversible intestinal failure is hindered bymediocre
long termoutcomes and is failing to replace home total parenteral nutri-
tion (TPN) in many countries. The main cause of long-term graft failure
after human isolated intestinal transplantation is what has become
known as “chronic intestinal graft rejection” or “chronic allograft enter-
opathy” [1]. This notion of CR describes a progressive and irreversible
disease resistant to anti-rejection treatment ultimately requiring allo-
graft enterectomy and/or re-transplantation, the relative incidence of
chronic allograft enteropathy in human ITX has been identified in the
range of 7–17% as layed out in a recent review by Lauro et al. [2]. Graft
fibrosis, enteric neurodegeneration and obliterative arteriopathy are
the hallmark features of end-stage intestinal CR and ultimately result
in splanchnic hypoperfusion and intestinal dysmotility with functional
graft failure [3]. Despite the existence of the intestinal transplant regis-
try database which covers almost all ITX procedures performed world-
wide since 1985, the knowledge on the pathogenesis of human CR is
still incomplete [4]. While the functional and descriptive attributes of
intestinal CR have been well described, its underlying immunological
and physiologic mechanisms remain elusive. It is therefore necessary
to analyze CR pathogenesis and develop novel strategies for CR preven-
tion and treatment in experimentalmodelswith the aimof future trans-
lation into clinical practice. Many experimental models of CR after ITX
have been published and some may be better suited than others to ad-
dress the multifactorial complexity of CR after ITX. We hence identified
and compared the available literature with the goal to identify themost
accurate and promising experimental approaches to CR after ITX at
present. Furthermore, we aimed to identify optimal experimental
setup, methods, time points and readout parameters to evaluate the
onset and severity of CR. Summarizing the existing body of experimen-
tal data, we further studiedwhich pathophysiologicalmechanisms have
been described to contribute to CR and which different experimental
therapeutic approaches were attempted until today.

2. Material and methods

The systematic reviewwas conducted using the PRISMA guidelines
[5]. A systematic searchof theMEDLINE/PubMed, ExcerptaMedicadata-
BASE(EMBASE)andCochraneCentralRegisterofControlledTrials (CEN-
TRAL) databaseswasperformed covering a 58-year timespan from1960
to 2018 (Fig. 1) [6–8]. The search terms “small bowel”, “intestine”, and
“multivisceral” were combined with “transplantation”, “organ trans-
plant”, “chronic rejection”, “long term survival”, and “allograft injury”.
The literature searchwas restricted to animal studies. Only original full-
text papers assessing histologically proven chronic rejection in animal
modelswere considered. Chronic rejectionwasdefinedasgraft rejection
thatoccurredat least60daysafter intestinal transplantation.Ofnote,ear-
lier changesmay bemostly attributable to acute rejection and/or ische-
mia reperfusion injury or technical problems at time of transplant and,
typically, distinctive features of CR do not develop before thementioned
timeframe of 60 days postoperatively. As further inclusion criteria, all
studies had to report the use of allogenic combinations for transplanta-
tion. Publications that did notmeet the above defined inclusion criteria,
studies lacking a control group and review articleswere excluded. All el-
igiblestudieswereclassifiedaccordingtothelevelofevidencebyusingan
adapted Oxford Centre for Evidence-BasedMedicine score (Table 1) [9].
The methodological quality was independently assessed by two re-
viewers (KK andMVW) and discrepancies were resolved by a third re-
viewer (NS). One point eachwas given for any sufficiently covered item,
and consequently a maximum of 11 points could be reached. The final
scorewas then calculated as a percentage of fulfilled items.
3. Results

3.1. Methodological quality of reported studies

68 studies out of 677 screened publications qualified for this review
(Fig. 1). The mean methodological quality score was suboptimal with 7
out of 11 items or 63%. There were several quality items which were
attained in less than 20% of the included studies, these were “randomi-
zation of animals across groups”, “blinded outcome assessment”, and
“number of animals excluded from the analysis given”.
3.2. Technical characteristics of published CRmodels after experimental ITX

The majority of studies on chronic intestinal rejection was per-
formed after 1983 when clinical intestinal transplantation resurged
with the introduction of the novel immunosuppressants Cyclosporin A
and Tacrolimus.We categorized the identified studies in terms of the re-
spective species, strain combinations for the rat models, transplantation
and preservation technique as well as the overall study goal.

The main study goals as stated in the abstracts and full texts were
identified as a) establishment of an intestinal CR model (n = 13),
b) evaluation of intestinal CR pathogenesis (n = 26), c) testing thera-
peutic strategies against intestinal CR (n=27) and d) technical consid-
erations in intestinal CR (n=2). After initial studies in caninemodels in
the early era [10–19], rat ITX models were most commonly employed
since the 90ies [20].. Murine and pig models for ITX were utilized only
in a minority of the publications (Fig. 2) [21–26]. To further specify
the rat models, we analyzed the used strain combinations. Up to the
year 2006, various strain combinations were utilized in an attempt to
create a representative model for human chronic intestinal graft rejec-
tion but in the more recent studies dated after 2007 the research fo-
cused mainly on F344 (Fischer) rats as donors and Lewis rats as
recipients (Fig. 2) [27–33]. Orthotopic isolated ITX was found to be the
most frequently performed experimental transplant technique with
50 studies, while heterotopic isolated ITX was reported in 13 studies
(Fig. 2B). Only 5 studies reported experimental combined organ trans-
plantation with liver-intestine transplantation in 4 studies and
multivisceral transplantation in a single study (all were rat studies). De-
spite the widespread use of organ preservation solutions such as UW/
HTK as the gold standard of organ preservation in human intestinal
transplantation, normal saline or lactated Ringer's solution were rou-
tinely deployed in experimental organ preservation (Fig. 2B).



Fig. 1. Literature search results and study inclusion flow chart adapted from the PRISMA statement.
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3.3. Immunosuppression in CR models after experimental ITX

The immunosuppressive regimen is a crucial factor in avoiding
acute rejection while allowing for sufficient host immunocompetence
for the development of CR, as recently demonstrated at our institution
(8). Several different immunosuppressive regimens were found, most
of which relied on the use of calcineurin inhibitors. The most fre-
quently administered immunosuppressive strategies were compiled
from immunosuppressive regimens in index studies in Table 2. In
total, 38 studies reported the use of Cyclosporin A and 25 studies
Table 1
Methodological quality score assessment.

Item Description Points

1 Details of the animals used, including species, strain, sex, and
weight described?

1

2 Details of housing and husbandry described? 1
3 Animals randomized across groups? 1
4 Group characteristics clearly described? 1
5 Correct control group used? 1
6 Blinded outcome assessment? 1
7 Transplantation protocols, including TX technique, graft ischemia

time, preservation solutions clearly described?
1

8 Time and methods of outcome measurement clearly described? 1
9 Number of animals in each experiment / each group clear? 1
10 Number of animals excluded from analysis clear? 1
11 Details of the statistical methods used for each analysis described? 1

Total points: max 11
reported the use of Tacrolimus. The remaining 5 studies evaluated CR
after experimental ITX in an immunosuppressive-free model. While
Cyclosporine A and Tacrolimus were equally used from 1990 to 2006,
immunosuppression with Tacrolimus clearly dominated the more re-
cent studies. Cyclosporin A was combined with Prednisolone in one
study and with both Azathioprine and Prednisolone in a total of four
studies. Tacrolimus was also combined with Prednisone in one study
and with Rapamycin in another work. An overview of the different
CNI-based immunosuppressive regimens over time is given in Fig. 3
for all studies. For a subgroup of index studies, the detailed dosing reg-
imens are listed alongwith the outcomes and themethodological qual-
ity score in Table 2.

3.4. Time points of CR analysis in experimental studies

The optimal time point to assess end-stage CR in an experimental
model of intestinal transplantation would ideally show clear signs of
CR in a majority of animals without the punishment of high mortality
due to malnourishment and progressing intestinal graft failure while
minimizing laboratory animal discomfort. Therefore, it is a tradeoff be-
tween allowing for enough time for CR to develop and analyzing the
transplanted animals and grafts “on time”. Certainly, the type and
dose of immunosuppression is interrelatedwith the time of CRdevelop-
ment. For CR assessment, an interval of 60 days and longer was chosen
in 9 studies while an interval of 90 days or longer was reported in 29
studies. 18 studies analyzed graft rejection beyond 120 days and in 6
studies a time point of 200 days or over 365 days was reported,
respectively.



Fig. 2.A/B. Technical characteristics of published CRmodels after experimental ITX. 2A:Various animal specieswere historically used for experimental intestinal transplantation. In the last
decade, scientists focused on rat models to mimic CR in human intestinal transplantation, with the most frequently used strain combination being Fisher rats (F344) as donors and Lewis
rats (Lew) as recipient animals. 2B: Isolated orthotopic ITX was the most commonly employed transplant technique in experimental studies of chronic intestinal rejection. Many historic
studies did not use specifically designed organ preservation solutions (B).

Table 2
Immunosuppressive therapy for prevention and rescue treatment of ACR in index studies on experimental models of CR after ITX.

Author Species/strain Therapy, dosage Outcomes Qualityscore
(%)

Li, 2013 Rat, F344 to
LEW

Cyclosporine 5 mg/kg/d, day 0–13 FK 1 mg/kg/d survived up to POD 180 with classic signs of CR 64
FK506 0.3/0.5/1 mg/kg/d day 0–13, 20,27

Timmermann,
2000

Rat, BN to
LEW

FK506, 2.0 mg/kg/d, day 0–9 (long term) survived without any signs of CR (NPOD 200) 60

Bruin, 2000 Rat, DA to AS Cyclosporine, 5 mg/kg/d, (long term), 3times a
week until 50POD

delayed the development of CR (POD 100) 55

Lee, 1995 Rat, ACI to
LEW

FK506, 1.0 mg/kg/d, day 90–120 (rescue) halted smooth muscle proliferation, improved contractile activity and
neuromuscular transmission (POD 120)

64

Lee, 1993 Rat, BN to
LEW

FK506, 2.0 mg/kg/d, day 14,16 and 18 (rescue) prolonged survival by treating acute rejection, but all exhibited features of C.R.
(POD 200)

82

Langrehr,
1993

Rat, ACI to
LEW

FK506, 2.0 mg/kg/d, 5 days, (rescue), weight loss(50 g) occurred 70

Langrehr,
1993

Rat, ACI to
LEW

Cyclosporine, 15 mg/kg/d, 5 days, (rescue), did not improve survival (NPOD 80), weight loss(50 g) occurred 70

Langrehr,
1993

Rat, ACI to
LEW

Cyclosporine, 15 mg/kg/d, 4 weeks, (rescue) Improved survival temporary without histological alteration (NPOD 100),
weight loss(50 g) occurred

70
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Fig. 3. Evolution of the different CNI-based immunosuppressive regimens in CR models
after experimental ITX. Most studies used a CNI-based regimen, with FK 506
(Tacrolimus) being the most popular drug choice in the recent studies.

Table 3A
Cellular and molecular analysis in CR after experimental ITX.

Cytokines IL-2 receptor (1), IL-4 (1), IL-6 (1), IL-10 (1)
TNFa (1), bFGF (2), EGF (1), TGF-b (1), IFN-G (1)

Other RAGE, HMGB1 (1), Shh, VEGF (1), iNOS (1), Vimentin(1), Factor
VIII(1), CD3 (1), aSMA(1)
IgA(1), Enteric nervous system: NADPH, RT97 (2)

Antibodies No studies No donor specific antibody
studies

Cellular
markers

General Chimerism studies
(anti-donor)

T-cells (3) T cells (5)
CD4+ (5) CD4+ (3)
CD8+ (7) CD8+ (1)

CD11b(1)
B-cells (4)
NK-cells (4)

B-cells (2)
NK-cells (4)
CD3+ (1)

ED1+ (3) ED1+ (2)
ED2+ (2) ED2+ (1)
MHC class II (4) MHC class I (4)
Monocytes (3)
Mast cells (1)
ED3+ (1)
iCAM (1)
CD134+ (1)
Inflammatory cellular infiltrate
(1)
Recipient-derived cellular
infiltrate (1)
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3.5. Methods of CR assessment and outcome in experimental ITX

3.5.1. Clinical signs of CR
26 studies out of 69 studies (38%) described clinical signs of chronic

intestinal rejection as part of the outcome assessment. These signs in-
cluded weight loss (19 studies), diarrhea (14 studies), palpable abdom-
inal mass (5 studies), alterations in stoma color (1 study), hair loss (1
study) or even animal death in 5 studies.

3.5.2. Macroscopic graft appearance
In 20 studies (29%), macroscopic changes in graft appearance were

reported on organ harvest at the predetermined study end or at time
of animal death. Intestinal wall thickening of the graft was mentioned
in 14 studies. Macroscopic thickening of the graft mesentery and mes-
enteric lymph nodes were reported in 12 and 9 studies, respectively.
Less common features were intensified adhesion formation (6 studies),
scarring/depletion of Peyer's patches and development of ascites (3
studies each) as well as splenomegaly and marked bowel dilation (2
studies each).

3.5.3. Graft histology
Expectedly, all except 2 studies included a histologic evaluation of

the chronically rejected intestinal grafts. Obliterative vasculopathy (42
studies) was the most commonly reported feature, followed bymesen-
teric fibrosis or inflammation (23 studies), tunica muscularis fibrosis or
inflammation (20 studies), villous blunting (16 studies), andmesenteric
lymph node fibrosis (13 studies). Epithelial apoptotic bodies were
counted in 7 studies and 6 studies found mucosal ulcerations. We rec-
ommend the inclusion of more histologic features (for example goblet
cell depletion, scarring of Peyer's patches and more), possibly imple-
mented in a scoring system to be used by two independent reviewers
as outlined in the discussion section.

3.5.4. Graft function
Graft nutritive and contractile function was evaluated only in 17 of

the included 69 studies. In 12 studies, an enteral absorption test was
performed: maltose absorption was done in 6 studies, a D-xylose ab-
sorption test was carried out in 3 studies and fat absorption, glutamine
absorption and evaluation of the lactulose/mannitol absoption ratio
were performed in 1 study each. 7 studies measured myoelectrical ac-
tivity of the intestinal graft muscularis and 6 studies assessed graft jeju-
nal contractility.
3.5.5. Cell population analysis and molecular observations
A great variety of cellular and molecular analysis was performed to

assess CR. A synopsis of all evaluated factors is given in Table 3A. Of
note, even though B-cells were studied, we found no animal studies
that evaluated the significance of antibody-mediated rejection or the
presence of preformed or de-novo donor-specific antibodies in chronic
intestinal rejection. We then further correlated the biomarkers with
the findings of the included studies and classified them into two main
categories: factors observed in association with more severe CR as op-
posed to factors associated with ameliorated CR (Fig. 3B). The experi-
mental key studies on CR amelioration were additionally categorized
into (i) attempts to induce chimerism, (ii) studies on the “liver protec-
tive effect” and (iii) others (see Supplement 1) (Table 3B).
4. Discussion

CR currently constitutes the highest and still unresolved hurdle for
successful human intestinal transplantation. Themechanisms of chronic
graft dysfunction and chronic rejection remain incompletely under-
stood: Firstly, because human intestinal transplantation is less common
than transplantation of other solid organs. Secondly, experimental data
on CR is limited and difficult to compare. Lastly, no consensus exists on
either the definition of CR after experimental ITX, the ideal choice of the
technically challenging experimental model or the optimal characteri-
zation of the chronically rejecting intestinal graft.

This systematic review of the literature summarizes the experimen-
tal body of work published on CR after ITX. We identified 68 studies
with an acceptable quality according to predefined criteria and collate
the results in this article. From this work, conclusions can be drawn
about (i) the suitability of the available experimental models, (ii) eluci-
dation of known pathomechanisms of CR and (iii) pathognomonic attri-
butes and biomarkers of CR. Equally important, we highlight missing
pieces in our understanding of chronic graft failure and rejection after
intestinal transplantation to possibly stimulate necessary future
research.



Table 3B
Protective and aggravating factors of CR in experimental ITX.

Associated with less CR (protective effect) Associated with more CR
(aggravating effect)

Anti-CD154+ antibody + donor-specific
Splenocyte preconditioning

Heterotopic graft position

Combined costimulation blockade +
busulfan + bone marrow infusion

Ischemia-reperfusion injury

Bone marrow transfusion (undepleted) Graft irradiation
Bone marrow transfusion (T-cell depleted) Episodes of acute rejection
Treatment with antilymphocyte serum Cytomegalovirus infection
Co-transplantation of the liver Impaired reabsorption of bile acids
Lymphatic reconstruction Mucosal B-cell depletion
Treatment with poly-unsaturated fatty
acids

Mucosal NK cells

Treatment with anti-Shh antibodies Mast cells (IL-4 expression,
histamine release→ graft fibrosis)

Short course FK506 treatment Endothelial vimentin
Long term FK506 treatment Endothelial factor VIII expression
Long term CyA treatment Inflammatory cellular infiltrate in

lamina propria
Preserved tight junctions Enteric neuron damage
iNOS expressing monocytes/macrophages TGF-b, bFGF (fibrosis)
Increased cholesterol synthesis
EGF Rage, HMGB-1
TGF-β (immunosuppression) Shh

VEGF
aSMA
IL6, TNFα, IFN-γ, IL-10 (?)
CD3+, CD4+, CD8+, CD68+
ICAM-1
MHC class II
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4.1. Which species and technique can be used to assess CR in an experimen-
tal model?

The technique of experimental intestinal transplantation has been
historically developed in large animal models including dogs and pigs,
but the rat has emerged as the species in which the procedure can be
performed in a standardized manner with good survival and an accept-
able tradeoff between cost, spatial requirements and technical feasibil-
ity. As far as rat strain combinations are concerned, the F344 donor /
Lewis recipient model is the most widely used combination to study
chronic intestinal rejection in the more recent literature [27–33]. This
is best explained by the fact that the F344 donor / Lewis recipient
model has a lower immunogenicity and is therefore thought to be
more suitable for studies on CR in contrast to the ACR-prone BN donor
/ Lewis recipient model. However, the main disadvantage of rat models
at present is the paucity of transgenic tools for in-depth immunologic
analysis in contrast tomousemodels. So far, due to technical limitations,
no large series of ITX or MVTX in mice has been published.

Generally, it should be kept in mind that experimental ITX is techni-
cally demanding. The experimental surgeon undergoes a considerable
learning curve before technical variability is kept to a minimum which
is a prerequisite for valid results. A controversial point is raised by the
choice of orthotopic versus heterotopic ITX: For several reasons and
backed by our own experience, we favor orthotopic intestinal trans-
plantation with portocaval venous drainage and restoration of enteral
continuity as gold-standard technique of experimental intestinal trans-
plantation, because it best mimicks the human ITX scenario [34]. The
main disadvantage of heterotopically transplanted intestinal grafts is
the disruption of the normal gastrointestinal transit resulting in muco-
sal atrophy and significant changes in the microbiome with profound
effects on inflammatory processes in the intestine and thus possibly
influencing immune processes in the graft [35,36]. Heterotopic ITX
holds its' own technical challenges and shortcomingswith regard to an-
imal survival or morbidity due to increased stoma complications that
have been described [37]. Thus orthotopic ITX remains the preferred
technique in the author's opinion, a view which is also reflected in the
literature where we identified 50 studies with orthotopic ITX and only
13 studies with heterotopic ITX. However, if co-transplantation with
other organs is the goal to study mechanisms like GVHD or the
immunoprotective effect of combined liver/intestinal or multivisceral
allografts, choosing a heterotopic model might be a feasible option.
4.2. How can CR be characterized in experimental models?

Outcome analysis of ITX and evaluation for CR is currently based on
three main parameters: clinical observation of the transplanted animal,
macroscopic intestinal graft morphology and intestinal graft histology.
Of all clinical parameters, weight loss due to nutrient malabsorption is
most frequently reported as a valid element of chronic intestinal rejec-
tion. Great caremust be taken to complywith ethical animal care guide-
lines, and fixed endpoints and criteria for discontinuation of the
experiment in case of persistent diarrhea or obvious animal deteriora-
tion should be defined beforehand.

Macroscopic evaluation of the intestinal graft should be performed
in a uniformmanner after enterectomy. Mesenterial fibrosis or scarring
and mesenteric lymph node atrophy are well established features of CR
in the intestinal allograft. A standardized score sheet or high quality
photographs can be helpful to assess these morphologic alterations
and distinguish between grafts already displaying CR versus still healthy
grafts as it is well-known that significant interindividual variation oc-
curs between animals in experimentalmodels of intestinal CR. Intestinal
graft histology remains the gold standard to describe the severity of CR.
As clearly described in a review by Ruiz, the knowledge on pathologic
features of human chronic allograft enteropathy largely stems from
explanted grafts [38].

Among other features, microvilli fibrosis and a marked
arteriolopathy with perivascular fibrosis and intimal hyperplasia espe-
cially in the submucosal and mesenteric arterioles is pathognomonic
for intestinal CR and assumed to result from extravasation and
subendothelial accumulation of lymphocytes, monocytes and macro-
phages into the vesselwall [39].One of the fewsequential rodent studies
showed mesenterial inflammation after 4 weeks, which consecutively
progressed to severe graft fibrosis [40]. Loss of goblet cells and a deple-
tion of Peyer's patches has been also described and the option to follow
the same individual through the course of CR may provide valuable in-
sight [41,42]. The intestinal samples should be graded for CR, ideally in
a blinded fashion by two independent reviewers, using standardized
grading systems for CR analogous to the Wu score in acute rejection
but in an adapted fashion for evaluation of CR as described in works by
Ma et al. and Schraut to facilitate reproducible histologic assessment
[29,43,44]. For immunologic analyses, T, B and NK-cells can be isolated
from the graft lamina propria or from the mesenteric lymph nodes
(Rumbo, M: personal communication). It seems therefore important to
sample peyer's patches and mesenterial tissue. In our experience, isola-
tion of lymphoid and myeloid cells from the mesenteric lymph nodes
(mLN) is technically easier than such sampling from the intestinal wall
compartments. Importantly, the mLN may represent the “first frontier
of recipient/donor leucocyte interaction”, and chimerism and other
CR-related changes may be detected here. Depending on the
researcher's focus and interest, further analyses can be performed with
the freshly prepared graft tissue: intestinalwholemounts for evaluation
of cellular infiltrate into the tunica muscularis can be prepared [45] and
also used for a standardized in-vitro measurement of graft contractility
[46]. Motor graft function can be further analyzed using electrophysio-
logic measurements [47]. Interestingly, functional graft assessment
was only performed in aminority of published studies. Nutrient absorp-
tion, amajor outcome factor in intestinal transplantation, reflectsmuco-
sal graft function and can be measured both in vivo and in vitro
[17,20,22,26,48].



179K. Kitamura et al. / Transplantation Reviews 33 (2019) 173–181
4.3. Which immunosuppression should be used?

To prevent ACR and allow for the development CR, a standardized
but time-limited immunosuppressive protocol might be advisable.
Both Cyclosporin A and Tacrolimus are effective to prevent ACR in
orthotopic ITX models and several protocols for immunosuppression
have been proposed to induce CR. All published protocols share that,
in order to induce CR, immunosuppression was withdrawn at some
point. However, after a comprehensive analysis of the included studies
we conclude that an ideal protocol for CR induction after experimental
ITX does not exist. At present, the use of CNI-based protocols might be
closest to the current standard in human ITX.

4.4. Does an ideal time point of analysis exist?

The heterogeneity of the published work on CR after experimental
ITX makes it difficult to draw conclusions on the optimal time point
for analysis. Yet, the pathogenesis of CR may not be fully characterized
by horizontal studies looking at end-stage CR of the intestinal graft
only. Longitudinal studies including earlier time points (before the full
histological manifestation of CR) might be better suited to clarify CR
pathogenesis, establish a predictive biomarker profile and possibly de-
velop preventive strategies for intestinal CR.

4.5. Which factors are known to impact on CR?

From the data of the included studies, it becomes evident that sev-
eral clinical conditions impact on the onset, severity and progression
of CR in the transplanted intestine. Most of these rely on immunological
mechanisms which can involve cellular or humoral pathways or, most
likely, both. Profound ischemia and reperfusion injury is believed to
trigger an inflammatory process in the intestinal graft that may not
fully resolve in some instances and thus facilitate the development of
CR [49]. This hypothesis is supported by the observation that a plethora
of inflammatory markers such as interleukin 6 (Il-6), tumor necrosis
Fig. 4. Optimized experimental model to evaluate chronic intestinal rejection. Several limitat
experimental CR after ITX. We propose certain parameters and considerations that might be h
factor α (TNF-α) and interferon γ (IFN-γ) as well as high mobility
group box 1 (HMGB-1) have been described as aggravating factors of
CR. The alarmin HMGB-1 is released by the extracellular matrix during
cellular stress or damage and acts as an endogenous ligand of toll-like
receptor 4 (TLR4), a central pattern recognition receptor with down-
stream proinflammatory signaling [50]. The triggered proinflammatory
milieu links the innate to the adaptive immune system as Il-6 promotes
Th17 generation and disfavors stabilization of newly generated T regu-
latory cells [51,52]. The enhanced Th1 milieu may perpetuate
allorecognition pathways consequently promoting CR. Similar phenom-
ena might apply to amplified antigenicity of heterotopic transplanted
grafts with a lack ofmicrobiome (and also TLR4)-mediated immune ho-
meostasis. CMV infections and cellular damage with increased graft an-
tigen exposure (for example by recurrent episodes of ACR) are
hypothesized as aggravating factors in CR [35,40,53]. Whether ACR ep-
isodes shortly after ITX can lead in the contrary to clonal exhaustion
with subsequent operational or true tolerance is unclear [54].

On a cellular level, CR has been noted to correlate with an increased
infiltration of monocytes, CD8+- and CD4+ t-cells as well as NK- and
mast cell infiltration into the intestinal graft [24,55,56]. However, it is
not known which of these cell populations are pivotal for the processes
of CR. It may be speculated that the host monocytic cell compartment
could constitute one possible crosslink between limited ischemia/
reperfusion-induced inflammatory changes and irreversible graft de-
struction by adaptive immune mechanisms. These cells are recruited
into the graft and can serve as precursors of dendritic cells [57]. The
monocyte-derived DC have the capability of presenting graft antigens
to recipient T-cells, which would in turn explain the subsequent upreg-
ulation of an anti-donor adaptive immune responsewith CR as the com-
mon endpoint.

4.6. What might be interesting approaches for the future?

From the available experience, themechanisms of CR should be ide-
ally studied in a technically feasible model with potential for
ions in design and reporting minimized the translational value of the historic studies on
elpful to design experiments on CR in the future.
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immunologic in-depth analysis. Introducing a defined modified antigen
in a transgenic rat strain would be a feasible option.With the recent ad-
vent of the CRISPR/Cas technology, the availability of such models will
most likely rapidly increase and be within reach for the transplant sci-
entist in the near future [58]. Using a predefined transgenetically intro-
duced antigen in an otherwise inbred strain combination, antigen-
specific T-cell infiltration and expansion could be easily studied using
flow-cytometry. It has become possible to differentiate between
donor- and recipient-derived T-cells of standard BN (RT1.Ac), F344
and Lewis rats (RT1.A1) by using specific antibodies against MHC
Class I alleles [59,60], but the utilization of T- or NK-cell reporter strains
would immensely simplify immunologic studies in a model of CR. As an
example, in human ITX the role and relevance of humoral alloimmunity,
especially by donor-specific antibodies (DSA) for the induction and
progress of CR is discussed intensively, yet to our knowledge and con-
firmed by our search we could not identify any experimental studies
that aim to mechanistically address this topic in experimental ITX.
New immunologic approaches could facilitate studies to this end. Pe-
ripheral tolerance mediated by the four principles clonal deletion, igno-
rance, T cell anergy and active suppression is still discussed to be key to
allograft tolerance [61]. Specifically for the active suppression of T cells,
regulatory T cells which are phenotypicallymarked by the expression of
the master transcription gene forkhead box 3 (Foxp3+ CD4+ CD25+
Treg) are suggested to be important for intragraft immune quiescence
[62]. Foxp3 has shown potential as a surveillance marker for absence
of rejection in non-intestinal solid organ transplantation in humans
[63]. To our knowledge, no studies on the role of Treg in experimental
CR have been attempted. Tregs have been linked to B regulatory cells,
which in turn can control T-cell dependent inflammation [64]. Impor-
tantly, unregulated B cell activity with generation of preformed or de-
novo donor specific antibodies has recently been identified as a risk fac-
tor for graft failure in human ITX [65]. Thus, both the role of Tregs and
the aspect of antibody mediated rejection would be worthwhile study
parameters in future models of experimental CR.

The “liver protective effect”, in which simultaneous transplantation
of the liver results in functional protection of the intestinal graft and sig-
nificantly ameliorates rejection, is a clinically known phenomenon
[48,66–69]. This effect has been observed in human intestinal and
other solid organ transplantation but its mechanism remains unre-
solved [70,71]. It has been proposed that the amount of transplanted
donor mass and chimerism might play a role (45). The protective effect
of immunomodulation by bone marrow transfusion in contrast to the
deleterious promotion of CR by graft irradiation supports the role of chi-
merism for graft acceptance [72]. In the review by Lauro et al., the liver
protective effect ismentioned in greater detail as a possible opportunity
for research on CR prevention [2]. An experimental study in rats showed
near normal architecture in the intestines of rats that had received a si-
multaneous liver graft as compared to isolated intestinal grafts [68],
however similar to the aforementioned dearth of experiments on the ef-
fects of Tregs and humoral immunologic factors in intestinal CR, there
are no ongoing studies aiming to elucidate the “liver protective effect”
in an experimental setting. Hence, experimental multivisceral trans-
plantation approaches with a focus on CR might provide valuable
insights.

5. Conclusion

In summary, CR is one important cause of long-term graft failure
after human isolated ITX. Historically, rodent models have been mainly
used to evaluate CR pathogenesis and test therapeutic strategies. Al-
though both innate and adaptive immune processes have been identi-
fied to be involved, no effective strategies for prevention or treatment
of intestinal CR have found theirway into clinical practice. After system-
atically reviewing the body of experimental literature on intestinal CR,
we conclude that innovative new studies combining microsurgical ex-
pertise with in-depth immunologic techniques are warranted to better
understand intestinal CR. We aimed to facilitate future research on CR
in experimental ITX by proposing an optimised experimental model
that can be used as a blueprint for further studies (See Fig. 4). Subse-
quent translation of new experimental knowledge into clinical practice
could aid in improving long-term outcome and graft survival of human
intestinal transplantation.

Disclosure

The authors have no conflicts of interest to disclose

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.trre.2019.04.001.

References

[1] Abu-Elmagd KM, Costa G, Bond GJ, Soltys K, Sindhi R, Wu T, et al. Five hundred in-
testinal and multivisceral transplantations at a single center: major advances with
new challenges. AnnSurg 2009;250:567–81. https://doi.org/10.1097/SLA.
0b013e3181b67725.

[2] Lauro A, OlteanM,Marino IR. Chronic rejection after intestinal transplant: where are
we in order to avert it? Dig Dis Sci 2018;63:551–62. https://doi.org/10.1007/
s10620-018-4909-7.

[3] Parizhskaya M, Redondo C, Demetris A, Jaffe R, Reyes J, Ruppert K, et al. Chronic re-
jection of small bowel grafts: pediatric and adult study of risk factors and morpho-
logic progression. Pediatr Dev Pathol Off J Soc Pediatr Pathol Paediatr Pathol Soc
2003;6:240–50. https://doi.org/10.1007/s10024-002-0039-4.

[4] Intestinal Transplant Registry (ITR). http://www.intestinaltransplant.org/itr/; 2015,
Accessed date: 25 November 2019.

[5] PRISMA Guidelines. http://www.prisma-statement.org/, Accessed date: 2 April
2019.

[6] Medline/PubMed. http://www.ncbi.nlm.nih.gov/pubmed, Accessed date: 2 April
2019.

[7] EMBASE. https://www.elsevier.com/solutions/embase-biomedical-research,
Accessed date: 2 April 2019.

[8] Cochrane Central Register of Controlled Trials. http://www.cochranelibrary.com/
about/central-landing-page.html, Accessed date: 2 April 2019.

[9] Centre for Evidence Based Medicine. http://www.cebm.net/, Accessed date: 31
March 2016.

[10] Sugitani A, Bauer AJ, Reynolds JC, Halfter WM, Nomoto M, Starzl TE, et al. The effect
of small bowel transplantation on the morphology and physiology of intestinal mus-
cle: a comparison of autografts versus allografts in dogs. Transplantation 1997;63:
186–94.

[11] Sugitani A, Reynolds JC, Nomoto M, Starzl TE, Todo S. Intestinal neurons in acute and
chronic rejection after small bowel transplantation in dogs. Transplant Proc 1996;
28:2543.

[12] Benchimol D, Pesce A, Delque-Bayer P, Saint-Paul MC, Bennani Y, Giudicelli J, et al.
Segmental small intestine transplantation in dogs: comparison between a jejunal
graft and an ileal graft. Ann Chir 1992;46:29–43.

[13] Banner B, Dean P, Williams J. Morphologic features of rejection in long-surviving ca-
nine small bowel transplants. Transplantation 1988;46:665–9.

[14] Fujiwara H, Grogan JB, Raju S. Total orthotopic small bowel transplantation with cy-
closporine. Transplantation 1987;44:469–74.

[15] Fujiwara H, Raju S, Grogan JB, Lewin JR, Johnson WW. Total orthotopic small bowel
allotransplantation in the dog. Features of atypical rejection and graft-versus-host
reaction. Transplantation 1987;44:747–53.

[16] Millard PR, Dennison A, Hughes DA, Collin J, Morris PJ. Morphology of intestinal al-
lograft rejection and the inadequacy of mucosal biopsy in its recognition. Br J Exp
Pathol 1986;67:687–98.

[17] Diliz-Perez HS, McClure J, Bedetti C, Hong HQ, de Santibanes E, Shaw BW, et al. Suc-
cessful small bowel allotransplantation in dogs with cyclosporine and prednisone.
Transplantation 1984;37:126–9.

[18] Craddock GN, Nordgren SR, Reznick RK, Gilas T, Lossing AG, Cohen Z, et al. Small
bowel transplantation in the dog using cyclosporine. Transplantation 1983;35:
284–8.

[19] Reznick RK, Craddock GN, Langer B, Gilas T, Cullen JB. Structure and function of small
bowel allografts in the dog: immunosuppression with cyclosporin a. Can J Surg J Can
Chir 1982;25:51–5.

[20] Lee KK, Schraut WH. Structure and function of orthotopic small bowel allografts in
rats treated with cyclosporine. Am J Surg 1986;151:55–60.

[21] Pakarinen MP, Kuusanmäki P, Lauronen J, Paavonen T, Halttunen J. Effects of ileum
transplantation and chronic rejection on absorption and synthesis of cholesterol in
pigs. Pediatr Surg Int 2003;19:656–61. https://doi.org/10.1007/s00383-003-1024-3.

[22] Iwanami K, Ishikawa T, Nalesnik MA, Okuda T, Neto JS, Zhu Y, et al. Long-term func-
tion and morphology of intestinal autografts and allografts in outbred dogs. Am J
Transplant Off J Am Soc Transplant Am Soc Transpl Surg 2003;3:1083–90.

[23] Guo Z, Meng L, Kim O, Wang J, Hart J, He G, et al. CD8 T cell-mediated rejection of
intestinal allografts is resistant to inhibition of the CD40/CD154 costimulatory path-
way. Transplantation 2001;71:1351–4.

https://doi.org/10.1016/j.trre.2019.04.001
https://doi.org/10.1016/j.trre.2019.04.001
https://doi.org/10.1097/SLA.0b013e3181b67725
https://doi.org/10.1097/SLA.0b013e3181b67725
https://doi.org/10.1007/s10620-018-4909-7
https://doi.org/10.1007/s10620-018-4909-7
https://doi.org/10.1007/s10024-002-0039-4
http://www.intestinaltransplant.org/itr/
http://www.prisma-statement.org/
http://www.ncbi.nlm.nih.gov/pubmed
https://www.elsevier.com/solutions/embase-biomedical-research
http://www.cochranelibrary.com/about/central-landing-page.html
http://www.cochranelibrary.com/about/central-landing-page.html
http://www.cebm.net/
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0050
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0050
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0050
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0050
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0055
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0055
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0055
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0060
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0060
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0060
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0065
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0065
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0070
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0070
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0075
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0075
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0075
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0080
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0080
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0080
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0085
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0085
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0085
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0090
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0090
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0090
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0095
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0095
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0095
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0100
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0100
https://doi.org/10.1007/s00383-003-1024-3
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0110
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0110
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0110
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0115
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0115
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0115


181K. Kitamura et al. / Transplantation Reviews 33 (2019) 173–181
[24] He G, Hart J, Kim OS, Szot GL, Siegel CT, Thistlethwaite JR, et al. The role of CD8 and
CD4 T cells in intestinal allograft rejection: a comparison of monoclonal antibody-
treated and knockout mice. Transplantation 1999;67:131–7.

[25] Lauronen J, Kuusanmäki P, PakarinenMP, Halttunen J, Paavonen T. Mesenteric alter-
ations in pigs with chronically rejecting small bowel allografts. Transplant Proc
1998;30:2582–3.

[26] Kuusanmäki P, Lauronen J, Paavonen T, PakarinenM, Yilmaz S, Häyry P, et al. How to
diagnose chronic rejection. A study in porcine intestinal allografts. Scand J Immunol
1997;46:514–9.

[27] Li X, Chen Y, Tian L, Lui VCH, Tam PKH. Increased iNOS-expressing macrophage in
long-term surviving rat small-bowel grafts. Am J Surg 2007;194:248–54. https://
doi.org/10.1016/j.amjsurg.2006.09.032.

[28] Wang M, Li Q, Wang J, Li Y, Zhu W, Li N, et al. Intestinal tight junction in allograft
after small bowel transplantation. Transplant Proc 2007;39:289–91. https://doi.
org/10.1016/j.transproceed.2006.10.200.

[29] Ma H, Wang J, Wang J, Li Y, Li J. Features of chronic allograft rejection on rat small
intestine transplantation. Pediatr Transplant 2007;11:165–72. https://doi.org/10.
1111/j.1399-3046.2006.00635.x.

[30] Chen Y, Li X, Tian L, Lui VCH, DallmanMJ, Lamb JR, et al. Inhibition of sonic hedgehog
signaling reduces chronic rejection and prolongs allograft survival in a rat orthotopic
small bowel transplantation model. Transplantation 2007;83:1351–7. https://doi.
org/10.1097/01.tp.0000262568.73590.81.

[31] Zhu Y, Wei W, Li Y. FK506 treatment in a long-term chronic rejection rat model of
small bowel transplantation. Clin Investig Med Médecine Clin Exp 2010;33:
E168–73.

[32] Li Q, Zhang Q, Wang C, Tang C, Zhang Y, Li N, et al. Fish oil enhances recovery of in-
testinal microbiota and epithelial integrity in chronic rejection of intestinal trans-
plant. PloS One 2011;6:e20460. https://doi.org/10.1371/journal.pone.0020460.

[33] Wei W, Chen M, Zhu Y, Wang J, Zhu P, Li Y, et al. Down-regulation of vascular
HMGB1 and RAGE expression by n-3 polyunsaturated fatty acids is accompanied
by amelioration of chronic vasculopathy of small bowel allografts. J Nutr Biochem
2012;23:1333–40. https://doi.org/10.1016/j.jnutbio.2011.08.002.

[34] Kitamura K, von Websky MW, Ohsawa I, Jaffari A, Pech TC, Vilz T, et al. Orthotopic
small bowel transplantation in rats. JVisExp 2012. https://doi.org/10.3791/4102.

[35] Heeckt PF, Halfter WM, Schurer B, Schraut WH, Beger HG, Bauer AJ. Heterotopic in-
testinal transplantation aggravates the insult of chronic rejection. Transplantation
1998;65:354–62.

[36] Abreu MT. Toll-like receptor signalling in the intestinal epithelium: how bacterial
recognition shapes intestinal function. Nat Rev Immunol 2010;10:131–44. https://
doi.org/10.1038/nri2707.

[37] Stringa P, Moreno AM Andrés, Lausada N, Pastor Oliver C, Abate JC, Rumbo M, et al.
Small bowel transplantation in rats, A multicenter experience summarizing the pit-
falls to be overcome. Trends Transplant 2017;10. https://doi.org/10.15761/TiT.
1000217.

[38] Ruiz P. Updates on acute and chronic rejection in small bowel and multivisceral al-
lografts. Curr Opin Organ Transplant 2014;19:293–302. https://doi.org/10.1097/
MOT.0000000000000075.

[39] Heeckt PF, Halfter WM, Schraut WH, Bauer AJ. Chronic rejection alters morphology
and function of orthotopic and heterotopic small bowel grafts. Transplant Proc
1994;26:1512.

[40] Orloff SL, Streblow DN, Soderberg-Naucler C, Yin Q, Kreklywich C, Corless CL, et al.
Elimination of donor-specific alloreactivity prevents cytomegalovirus-accelerated
chronic rejection in rat small bowel and heart transplants. Transplantation 2002;
73:679–88.

[41] Langrehr JM, Banner B, Lee KK, Schraut WH. Clinical course, morphology, and treat-
ment of chronically rejecting small bowel allografts. Transplantation 1993;55:
242–50.

[42] de Bruin RW, Stein-Oakley AN, Kouwenhoven EA, Maguire JA, Jablonski P, Jin XJ,
et al. Functional, histological, and inflammatory changes in chronically rejecting
small bowel transplants. Transpl Int Off J Eur Soc Organ Transplant 2000;13:1–11.

[43] Rosemurgy AS, Schraut WH. Small bowel allografts. Am J Surg 1986;151:470–5.
https://doi.org/10.1016/0002-9610(86)90106-6.

[44] Wu T, Abu-Elmagd K, Bond G, Nalesnik MA, Randhawa P, Demetris AJ. A schema for
histologic grading of small intestine allograft acute rejection. Transplantation 2003;
75:1241–8.

[45] Vilz TO, OverhausM, Stoffels B, vonWebskyM, Kalff JC,Wehner S. Functional assess-
ment of intestinal motility and gut wall inflammation in rodents: analyses in a stan-
dardized model of intestinal manipulation. J Vis Exp JoVE 2012. https://doi.org/10.
3791/4086.

[46] Schaefer N, Tahara K, von Websky M, Wehner S, Pech T, Tolba R, et al. Role of resi-
dent macrophages in the immunologic response and smooth muscle dysfunction
during acute allograft rejection after intestinal transplantation. Transpl Int Off J Eur
Soc Organ Transplant 2008;21:778–91. https://doi.org/10.1111/j.1432-2277.2008.
00676.x.

[47] Klaus A, Klima G, Margreiter R, Pernthaler H. Myoelectric activity during chronic
small bowel allograft rejection in rats. Dig Dis Sci 2002;47:2506–11.

[48] Murase N, Demetris AJ, Matsuzaki T, Yagihashi A, Todo S, Fung J, et al. Long survival
in rats after multivisceral versus isolated small-bowel allotransplantation under FK
506. Surgery 1991;110:87–98.
[49] Meyer D, Gasser M, Heemann U, Otto C, Ulrichs K, Thiede A. Investigating chronic re-
jection processes after experimental liver/small bowel transplantation. Transplant
Proc 2002;34:2261–2.

[50] Klune JR, Dhupar R, Cardinal J, Billiar TR, Tsung A. HMGB1: endogenous danger sig-
naling. Mol Med Camb Mass 2008;14:476–84. https://doi.org/10.2119/2008-00034.
Klune.

[51] Gautreau L, Chabannes D, Heslan M, Josien R. Modulation of regulatory T cell-Th17
balance by plasmacytoid dendritic cells. J Leukoc Biol 2011;90:521–7. https://doi.
org/10.1189/jlb.0810455.

[52] Longhi MS, Liberal R, Holder B, Robson SC, Ma Y, Mieli-Vergani G, et al. Inhibition of
interleukin-17 promotes differentiation of CD25− cells into stable T regulatory cells
in patients with autoimmune hepatitis. Gastroenterology 2012;142. https://doi.org/
10.1053/j.gastro.2012.02.041 1526–35.e6.

[53] Lee KK, Langrehr JM, Stangl MJ, Banner B, Lee TK, Müller A, et al. Successful treat-
ment of ongoing intestinal allograft rejection permits recovery of graft structure
and function. Am J Surg 1993;165:131–6.

[54] Starzl TE. Chimerism and tolerance in transplantation. Proc Natl Acad Sci U S A 2004;
101:14607–14. https://doi.org/10.1073/pnas.0404829101.

[55] Meyer D, Otto C, Rummel C, Gassel HJ, TimmermannW, Ulrichs K, et al. “Tolerogenic
effect” of the liver for a small bowel allograft. Transpl Int Off J Eur Soc Organ Trans-
plant 2000;13:S123–6.

[56] de Bruin RW, Stein-Oakley AN, Kouwenhoven EA, Maguire JA, Jablonski P, Jin XJ,
et al. Functional, histological, and inflammatory changes in chronically rejecting
small bowel transplants. Transpl Int Off J Eur Soc Organ Transplant 2000;13:1–11.

[57] Oberbarnscheidt MH, Zeng Q, Li Q, Dai H,Williams AL, ShlomchikWD, et al. Non-self
recognition by monocytes initiates allograft rejection. J Clin Invest 2014;124:
3579–89. https://doi.org/10.1172/JCI74370.

[58] Ma Y, Zhang X, Shen B, Lu Y, Chen W, Ma J, et al. Generating rats with conditional
alleles using CRISPR/Cas9. Cell Res 2014;24:122–5. https://doi.org/10.1038/cr.2013.
157.

[59] Hurt P, Walter L, Sudbrak R, Klages S, Müller I, Shiina T, et al. The genomic sequence
and comparative analysis of the rat major histocompatibility complex. Genome Res
2004;14:631–9. https://doi.org/10.1101/gr.1987704.

[60] Matsumoto Y, FujiwaraM. Absence of donor-type major histocompatibility complex
class I antigen-bearing microglia in the rat central nervous system of radiation bone
marrow chimeras. J Neuroimmunol 1987;17:71–82.

[61] Jiang S, Lechler RI, He X-S, Huang J-F. Regulatory T cells and transplantation toler-
ance. Hum Immunol 2006;67:765–76. https://doi.org/10.1016/j.humimm.2006.07.
013.

[62] Joffre O, Santolaria T, Calise D, Al Saati T, Hudrisier D, Romagnoli P, et al. Prevention
of acute and chronic allograft rejectionwith CD4+CD25+Foxp3+ regulatory T lym-
phocytes. Nat Med 2008;14:88–92. https://doi.org/10.1038/nm1688.

[63] Pons JA, Revilla-Nuin B, Baroja-Mazo A, Ramírez P, Martínez-Alarcón L, Sánchez-
Bueno F, et al. FoxP3 in peripheral blood is associated with operational tolerance
in liver transplant patients during immunosuppression withdrawal. Transplantation
2008;86:1370–8. https://doi.org/10.1097/TP.0b013e318188d3e6.

[64] Yanaba K, Bouaziz J-D, Haas KM, Poe JC, Fujimoto M, Tedder TF. A regulatory B cell
subset with a unique CD1dhiCD5+ phenotype controls T cell-dependent inflamma-
tory responses. Immunity 2008;28:639–50. https://doi.org/10.1016/j.immuni.2008.
03.017.

[65] Abu-Elmagd KM, Wu G, Costa G, Lunz J, Martin L, Koritsky DA, et al. Preformed and
De Novo donor specific antibodies in visceral transplantation: long-term outcome
with special reference to the liver: DSA and intestinal transplantation. Am J Trans-
plant 2012;12:3047–60. https://doi.org/10.1111/j.1600-6143.2012.04237.x.

[66] Meyer D, Gasser M, Heemann U, Otto C, Ulrichs K, Thiede A. Investigating chronic re-
jection processes after experimental liver/small bowel transplantation. Transplant
Proc 2002;34:2261–2.

[67] Meyer D, Otto C, Gasser M, Gassel HJ, Timmermann W, Ulrichs K, et al. Concomitant
liver transplantation reduces the rate of chronic small bowel allograft rejection.
Transplant Proc 2002;34:1040–1.

[68] Meyer D, Otto C, Rummel C, Gassel HJ, TimmermannW, Ulrichs K, et al. “Tolerogenic
effect” of the liver for a small bowel allograft. Transpl Int Off J Eur Soc Organ Trans-
plant 2000;13:S123–6.

[69] Meyer D, Baumgardt S, Loeffeler S, Czub S, Otto C, Gassel HJ, et al. Apoptosis of T lym-
phocytes in liver and/or small bowel allografts during tolerance induction. Trans-
plantation 1998;66:1530–6.

[70] Grant D, Abu-Elmagd K, Mazariegos G, Vianna R, Langnas A, Mangus R, et al. Intesti-
nal transplant registry report: global activity and trends. Am J Transplant Off J Am
Soc Transplant Am Soc Transpl Surg 2015;15:210–9. https://doi.org/10.1111/ajt.
12979.

[71] Wu G, Cruz RJ. Liver inclusion improves outcomes of intestinal retransplantation in
adults. [corrected]. Transplantation 2015;99:1265–72. https://doi.org/10.1097/TP.
0000000000000488.

[72] Murase N, Ye Q, Nalesnik MA, Demetris AJ, Abu-Elmagd K, Reyes J, et al.
Immunomodulation for intestinal transplantation by allograft irradiation, adjunct
donor bone marrow infusion, or both. Transplantation 2000;70:1632–41.

http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0120
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0120
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0120
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0125
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0125
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0125
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0130
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0130
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0130
https://doi.org/10.1016/j.amjsurg.2006.09.032
https://doi.org/10.1016/j.amjsurg.2006.09.032
https://doi.org/10.1016/j.transproceed.2006.10.200
https://doi.org/10.1016/j.transproceed.2006.10.200
https://doi.org/10.1111/j.1399-3046.2006.00635.x
https://doi.org/10.1111/j.1399-3046.2006.00635.x
https://doi.org/10.1097/01.tp.0000262568.73590.81
https://doi.org/10.1097/01.tp.0000262568.73590.81
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0155
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0155
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0155
https://doi.org/10.1371/journal.pone.0020460
https://doi.org/10.1016/j.jnutbio.2011.08.002
https://doi.org/10.3791/4102
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0175
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0175
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0175
https://doi.org/10.1038/nri2707
https://doi.org/10.1038/nri2707
https://doi.org/10.15761/TiT.1000217
https://doi.org/10.15761/TiT.1000217
https://doi.org/10.1097/MOT.0000000000000075
https://doi.org/10.1097/MOT.0000000000000075
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0195
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0195
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0195
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0200
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0200
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0200
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0200
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0205
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0205
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0205
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0210
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0210
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0210
https://doi.org/10.1016/0002-9610(86)90106-6
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0220
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0220
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0220
https://doi.org/10.3791/4086
https://doi.org/10.3791/4086
https://doi.org/10.1111/j.1432-2277.2008.00676.x
https://doi.org/10.1111/j.1432-2277.2008.00676.x
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0235
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0235
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0240
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0240
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0240
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0245
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0245
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0245
https://doi.org/10.2119/2008-00034.Klune
https://doi.org/10.2119/2008-00034.Klune
https://doi.org/10.1189/jlb.0810455
https://doi.org/10.1189/jlb.0810455
https://doi.org/10.1053/j.gastro.2012.02.041
https://doi.org/10.1053/j.gastro.2012.02.041
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0265
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0265
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0265
https://doi.org/10.1073/pnas.0404829101
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0275
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0275
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0275
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0280
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0280
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0280
https://doi.org/10.1172/JCI74370
https://doi.org/10.1038/cr.2013.157
https://doi.org/10.1038/cr.2013.157
https://doi.org/10.1101/gr.1987704
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0300
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0300
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0300
https://doi.org/10.1016/j.humimm.2006.07.013
https://doi.org/10.1016/j.humimm.2006.07.013
https://doi.org/10.1038/nm1688
https://doi.org/10.1097/TP.0b013e318188d3e6
https://doi.org/10.1016/j.immuni.2008.03.017
https://doi.org/10.1016/j.immuni.2008.03.017
https://doi.org/10.1111/j.1600-6143.2012.04237.x
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0330
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0330
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0330
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0335
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0335
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0335
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0340
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0340
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0340
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0345
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0345
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0345
https://doi.org/10.1111/ajt.12979
https://doi.org/10.1111/ajt.12979
https://doi.org/10.1097/TP.0000000000000488
https://doi.org/10.1097/TP.0000000000000488
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0360
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0360
http://refhub.elsevier.com/S0955-470X(18)30103-4/rf0360

	Chronic rejection after intestinal transplantation: A systematic review of experimental models
	1. Introduction
	2. Material and methods
	3. Results
	3.1. Methodological quality of reported studies
	3.2. Technical characteristics of published CR models after experimental ITX
	3.3. Immunosuppression in CR models after experimental ITX
	3.4. Time points of CR analysis in experimental studies
	3.5. Methods of CR assessment and outcome in experimental ITX
	3.5.1. Clinical signs of CR
	3.5.2. Macroscopic graft appearance
	3.5.3. Graft histology
	3.5.4. Graft function
	3.5.5. Cell population analysis and molecular observations


	4. Discussion
	4.1. Which species and technique can be used to assess CR in an experimental model?
	4.2. How can CR be characterized in experimental models?
	4.3. Which immunosuppression should be used?
	4.4. Does an ideal time point of analysis exist?
	4.5. Which factors are known to impact on CR?
	4.6. What might be interesting approaches for the future?

	5. Conclusion
	Disclosure
	Appendix A. Supplementary data
	References


