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The liver is the largest solid organ in the body and commands
a large blood supply that is rich in bacterial products, environ-
ment toxins, and food antigens, which are repeatedly scanned
by cells within the liver. In addition, the regenerative capa-
bility of liver tissue makes it unique in comparison to other
internal organs. In contrast to these unlike properties, the
liver is one of the most common sites for metastatic diseases;
it supports chronic viral infections caused by hepatitis B and
C and can also promote tolerance against external antigens
in animal models. Furthermore, liver transplantation often
requires less immunosuppression compared to kidney and
other solid organ transplantations. Despite these properties,
the study of liver immunology remains in its infancy, and
many questions remain unanswered. In that special issue,
authors try to find answers in various subjects about immune
response in liver under the approach of infection, malig-
nancy, and transplantation.

In case of research articles, T. Nakano et al. aimed to
clarify the role of autoantibodies in autoimmune hepatitis
on liver allograft rejection and acceptance. Additionally they
investigated whether there is a relationship between the
elevation on anti-nuclear antibodies and the function of

regulatory T cells in this phenomenon. In another research, F.
Miao et al. try to find an association ofHLApolymorphism in
spontaneous clearance of hepatitis B Qidong Han population
in China by genotypingHLA-A, -B, and -C loci of individuals
with HBV persistent infection and individuals with sponta-
neous clearance of HBsAg.

It is well known that anti-HLA antibodies and anti-
bodies against major histocompatibility complex (MHC)
class I-related chain A (MICA) antigens are crucial in renal
transplantation not only during pre-op but also in post-
op periods. However, we have less amount of knowledge
about the role of these antibodies on liver transplanta-
tion. M. Ciszek et al. from Medical University of War-
saw clears that question in their long-term survey. In an
interesting observation performed by T. V. Sharkova et
al. immunomorphologic manifestations in liver and liver
failure during highly pathogenic H5N1 avian influenza
virus infection in mice were presented. Y. Nobuoka et al.
address the usefulness of monitoring immunological aspects
by IMK assay CYP3A5 genotype assay not only in living
donor liver transplantation but also in renal transplant
patients.
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Most cases of hepatocellular carcinoma (HCC) patients
are detected in their late stages and become ineligible for
surgical resection. It is known that more than 50% of HCC
patients have persistent hepatitis B virus infection. In order to
improve early diagnosis N. Pan et al. have used the knowledge
of natural killer (NK) cell’s important role on controlling viral
hepatitis and its consequences on the pathogenesis of liver
injury and inflammation. Since persistent inflammation has
been recognized as a driving force in HCC genesis, N. Pan
et al. assume that NK cell activation may also be involved in
HBV-related HCC development. At that point we know that
killer cell immunoglobulin-like receptors (KIR) are involved
in the regulation of NK cell activation through recognition
of their human leukocyte antigen (HLA) class I ligands. N.
Pan et al. try to answer whether the KIR and HLA genetic
background could also influence the onset age ofHBV-related
HCC or not.

Besides those research articles, authors discuss the
immunological reactions and the role of different factors
in liver diseases and liver transplantation in review articles.
Concerning that, B. Liu et al. address the role of chemokines
in chronic liver allograftdysfunction pathogenesis andpoten-
tial use of these chemotactic factors as therapeutic agents.
In another review, E. C. Cunningham et al. discussed the
development of tolerance in liver transplant patients and
marked dose effect theory and its use in clinics by combining
a novel gene therapy. In case of tumor progression andmetas-
tasis, M. Pancione et al. suggest new hypotheses that favour
the growing impact of tumor infiltrating cells on tumor
progression, acquisition of differentmarkers on tumor cells to
enhance the interaction with tumor microenvironment, and
their effect on therapy.

Overall we believe that this special issue will be beneficial
for clinicians and all scientists working on liver immunology.

Basak Kayhan
Sukru Oguz Ozdamar

Winfried Padberg
Uner Kayabas
Rina Aharoni

Saied Mirshahidi
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Over the past decade, growing evidence indicates that the tumor microenvironment (TME) contributes with genomic/epigenomic
aberrations of malignant cells to enhance cancer cells survival, invasion, and dissemination. Many factors, produced or de novo
synthesized by immune, stromal, or malignant cells, acting in a paracrine and autocrine fashion, remodel TME and the adaptive
immune response culminating in metastasis. Taking into account the recent accomplishments in the field of immune oncology
and using metastatic colorectal cancer (mCRC) as a model, we propose that the evasion of the immune surveillance and metastatic
spread can be achieved through a number of mechanisms that include (a) intrinsic plasticity and adaptability of immune and
malignant cells to paracrine and autocrine stimuli or genotoxic stresses; (b) alteration of positional schemes of myeloid-lineage
cells, produced by factors controlling the balance between tumour-suppressing and tumour-promoting activities; (c) acquisition
by cancer cells of aberrant immune-phenotypic traits (NT5E/CD73, CD68, and CD163) that enhance the interactions among
TME components through the production of immune-suppressive mediators. These properties may represent the driving force
of metastatic progression and thus clinically exploitable for cancer prevention and therapy. In this review we summarize results and
suggest new hypotheses that favour the growing impact of tumor-infiltrating immune cells on tumour progression, metastasis, and
therapy resistance.

1. Introduction

More than 1.2 million colorectal cancers (CRCs) are diag-
nosed every year worldwide, accounting for approximately
10% of all cancers [1, 2]. The death rate from CRC has
been dropping for more than 20 years, mostly due to earlier
screenings and improved treatments. In spite of this, CRC
remains the fourth most common cause of cancer-related
death in western countries [1–5]. Recent evidence suggests
that accumulation of genetic and epigenetic alterations in
malignant colonic cells progresses through at least three dis-
tinct pathways: chromosomal instability (CIN),microsatellite

instability (MSI), and CpG island methylator phenotype
(CIMP) [6–8]. CIN is the most common type of genomic
instability occurring in 60%–80% of CRCs and results in
an imbalance of the chromosome number “manifested as
aneuploidy.”MSI is an alternative pathway, accounting for 15–
20% of sporadic CRCs in which the characteristic signature
is deletion of repetitive regions of DNA that in most cases
generates frameshift mutations in the coding sequences of
genes leading to their inactivation. CIMP is a novel molec-
ular instability pathway characterized by the widespread
hypermethylation of CpG islands at several genomic loci
[6–8]. Up to date, massive genomic studies have discovered
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ERBB2 and IGF2 amplifications as novel potential therapeutic
targets; extensive molecular profiling studies have identified
clinically and molecularly distinct subtypes of CRC [9–11]. In
addition to cancer genome abnormalities, also the formation
of an inflammatory microenvironment plays a pivotal role
in CRC development and progression [12, 13]. CRC survival
is highly dependent on the tumour stage at the time of
diagnosis; over one-third of patients die within five years
from the initial diagnosis and most of fatal outcomes result
from liver metastases [14–17]. The metastatic process is a
multistep event that entails cancer cells to escape from the
primary tumour, survive in the circulation, seed at distant
sites, and grow [14, 15]. It is well established that themetastatic
spread is promoted by communications between tumour
and immune cells via the secretion of cytokines, growth
factors, and proteases that remodel the tumour microenvi-
ronment (TME) [12, 13]. Consistent with this idea, driver
gene mutations (APC, TP53, SMAD4, PIK3CA, and KRAS)
along with genomic and epigenomic instability determine
tumour initiation, while the interaction of cancer cells with
microenvironmental stimuli provided by nontransformed
cells is needed to evolve towards a metastatic cancer [15–19].
The underlying molecular mechanism by which cancer cells
acquire the ability to escape the primary tumour site, evade
immune system eradication, and reestablish a new order is
currently under intense investigation [19–23]. A number of
studies have shown that infiltration and density of immuno-
logic cells within primary tumours aremostly associated with
patients’ prognosis and sensitivity to therapy [19–23]. In par-
ticular, tumour associated-macrophages (TAMs), regulatory
T cells (Treg), and the so-called purinergic signaling cascade
are considered attractive targets for antitumour interven-
tions [19–26]. This field is drawing increasing attention to
identify new pharmaceutical targets and improve therapies’
efficacy. In this review, we present results and suggest new
hypotheses that underscore the growing impact of tumour-
infiltrating immune cells in CRC progression. Furthermore,
we discuss the advances in our understanding as to how
the reciprocal communications between cancer and stromal
cells impact liver metastasis formation and response to the
therapy.

2. Infiltrating Immune Cells and
CRC Progression

Most of cancer hallmarks are sustained to varying degree by
genetic and epigeneticmodifications of colon cancer cells and
by stromal and immune cell types that contribute to generate
a specific TME. A recent model proposed by Yamauchi et al.
suggests that the CRC molecular features gradually change
along bowel subsites and factors such as the interactions
with the gut microbiota, biochemical components, innate
immune system, and epithelial cells might trigger the ini-
tiating molecular events or, alternatively, influence tumour
microenvironment to promote neoplastic progression [27]
(Figure 1). CRC and other solid tumours contain infiltrates
of diverse leukocyte subsets including both myeloid- and
lymphoid lineages that do not conform to the classical picture

Rectum

Bowel microenvironment 
(microbiome, food 

debris, and fermentation)

Epithelial and
immune cells 

interactions

Ascending
colon

Caecum

Colon 
tumorigenesis

MSS
CIMP-L

KRAS CIMP-H
MSI-H
BRAF+

Figure 1: Bowel microenvironment influences CRC molecular
features and progression. The CIMP-high, MSI-high, and BRAF
mutations frequencies gradually increase from the rectum to
ascending colon. Caecal cancers seem to represent a distinct subtype
characterized by a higher frequency of KRAS mutations, a MSS,
and CIMP-L phenotype. In the bowel microenvironment, changes
in the balance between (1) microbiome, food debris, and bacterial
fermentation products and (2) interactions with host cells (epithelial
and immune cells) might predispose colon epithelial cells to certain
molecular insults and differentially influence tumour development
according to molecular features in preneoplastic cells. CpG island
methylator phenotype: CIMP;microsatellite instability:MSI; CIMP-
low: CIMP-L.

of an inflammatory immune response.The evidence provided
is particularly robust for tumour infiltrating T lymphocytes
(TILs) or tumour associatedmacrophages (TAMs) suggesting
that both adaptive and innate antitumour immune responses
play key roles in cancer progression [28]. By contrast,
the potential role in human cancers of short-lived innate
immunity cells, such as dendritic cells or tumor-associated
polymorphonuclear neutrophils (TAN), has received poor
attention. However, recent studies have revealed the existence
of potential neutrophil subsets in CRC patients showing a
tumor-promoting (N2) or tumor-inhibiting (N1) phenotype
in response to the transforming growth factor-𝛽 (TGF-
𝛽) [29, 30]. In addition, evidence supports the ability of
TAN to express cytokine, chemokine-encoding genes, and
a wider array of growth factors such as tumour-necrosis
factor (TNF), hepatocyte growth factor (HGF), and vascular
endothelial growth factor (VEGF), suggesting a potential
role in tumor progression and angiogenesis [28–30]. A
striking finding is that an elevated neutrophils blood count in
either tumour or blood has a prognostic significance in sev-
eral neoplasms. Accordingly, also the neutrophil/lymphocyte
ratio has been associated with poor clinical outcome in
CRC [30]. The significance of TAN in human cancers
remains to be fully clarified and needs further experimental
confirmation.
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3. T-Cell Signature and Immune Escape
in CRC

Tumour tissues infiltration by immune cells, particularly
those of the lymphoid-lineage, has extensively been studied
and associatedwith the destruction of tumour cells, reduction
of the tumour burden, and improved clinical prognosis [31].
Unfortunately, the underlying rationale of these observations
remains elusive. Functional studies have established the
existence of a tight interplay between genetic instability
of tumour cells and the degree of antitumour immune
responses mediated mainly by CD8+ T cells, also referred
to as cytotoxic T cells (CTLs) [20, 31–33]. Moreover, the
local immune infiltration appears to be closely associated
with the different genetic instability signature (MSI and CIN)
[32, 33]. CRCs with high levels of MSI (MSI-H+ CRC) are
characterized by a strong local immune reaction, mainly by
peritumoural lymphoid nodules (Crohn’s-like reaction) and a
dense infiltration of TILs, part of which are “activated and/or
cytotoxic” [20, 31–38]. CIN+ CRCs, instead, exhibit reduced
expression of cytotoxic T-cell markers and intratumoural
density of Foxp3-positive regulatory T cells (Treg cells) [38–
43].

These observations would explain why MSI-H+ CRCs
tend to be more immunogenic than CIN+ CRCs and suggest
that a dense infiltration of CTLs within TME could effectively
mediate tumour cells destruction by releasing their lytic
components [39–46]. Several studies have shown that MSI-
H+ CRCs are associated with a better prognosis than CIN+
CRCs. Conversely, our own data indicate that some MSI-
H+ CRCs are extremely aggressive and characterized by a
reduced infiltration of “TILs,” suggesting that the mechanism
underlying immune surveillance is only partially dependent
on the MSI signature [46, 47]. The higher immunogenicity
associated with MSI-H+ CRCs is currently explained by
frameshift mutations in coding microsatellites that would
render tumour cells vulnerable to recognition and attack by
the host’s immune system. In agreement, truncating muta-
tions affecting the genes coding for human leukocyte antigen
(HLA) class I antigen components have been identified as
the major mechanism mediating HLA antigen presenta-
tion impairment in MSI-H+ CRC that has been found in
about 30–60% of the lesions [48, 49]. Antigen presentation
abrogation by HLA class I antigens, therefore, represents a
potent mechanism of immune evasion that protects tumour
cells from the attack by cytotoxic T cells. Concomitantly,
mismatch repair (MMR) deficiency provokes a strong local
and systemic antitumoural immune response, the so-called
“Th1-response” due to the generation of frameshift peptide
antigens or novel tumour-specific antigens.This suggests that
HLA class I alterations, while offering protection against
local antitumoural immune responses, might interfere with
the ability to form distant metastases. Whether MSI-H+
CRCs infiltrating T cells are recruited from the periphery or
locally expanded due to cytokines or chemokines generated
by tumour cells remains unknown at present.

4. Tumour Associated Macrophages and
CRC Progression

Macrophages are one of the most common nontumour
cell types present in the TME and play a central role in
inflammation and tumour development. The significance of
macrophages in the metastatic process has recently been
emphasized and drawn a great deal of interest [50–54].
Tumour infiltrating macrophages, also indicated as TAMs
(Figure 2(a)), derive from circulating monocytic precursors
and are recruited to tumour sites by several molecules,
such as the chemokines CCL2 and CCL5, VEGF, TGF-𝛽,
and colony stimulating factors (GM-CSF and M-CSF) [53,
55]. Tumours also recruit a variety of immature myeloid
cells, often referred to as myeloid-derived suppressor cells
(MDSCs), thought to create a permissive environment for
subsequent invasion and tumour growth [56–58]. Interest-
ingly, recent findings have shown that mononuclear MDSCs
can further mature into macrophages [53–57]. At least
two TAMs phenotypes contribute to cancer initiation and
promotion: M1 proinflammatory macrophages have pro-
nounced antitumour activity being cytotoxic to tumour cells.
Persistence of an inflammatory response, however, can be
detrimental and help cancer initiation and/or progression
through the generation of mutation-inducing reactive oxy-
gen species and nitrogen-free radicals. Macrophages can be
subverted to a tumour-promotingM2 phenotype in response
to immune-suppressive cytokines secreted by tumour tis-
sues that can foster metastasis through extracellular matrix
remodeling, angiogenesis, and suppression of antitumour
immune responses (Figure 2(a)) [58–62]. M-CSF, PGE2,
TGF-𝛽, IL-6, and IL-10 have the potential to modulate
and polarize monocytes mainly into M2 macrophages by
influencing fundamental aspects ofCRCbiology [57–62].The
protumoural effects of TAMs are due to the fact that they
synthesize a large array of growth factors including epidermal
growth factors (EGF), TGF-𝛽, VEGF, and several proteolytic
enzymes such as matrix metalloproteinases (MMPs) that
degrade ECMproteins.These factors, in turn, promote tumor
expansion, neoangiogenesis switch, motility, and invasion
(Figure 1(a)). Recent evidence suggests that TAMs are edu-
cated to perform tasks that enhance metastasis through the
construction of a premetastatic niche that represents a new
environment favourable to seeding and growth of tumour
cells (Figure 1(b)) [52–58]. Macrophages density in CRC
has also been linked with patients’ prognosis; although a
considerable body of data has been produced, their role in
colorectal cancer is still controversial [61–65].

5. Polarized TAMs and Development of
Liver Metastasis

Taking into account the recent trends in cancer immunology,
we report here some representative examples of the roles that
TAMs play in fostering metastasis and maintaining evasion
of the immune surveillance.We propose that themany TAMs
distinct functions during tumour progressionmay depend on
their intrinsic adaptability to positional schemes obtained by
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factors controlling the balance between tumour-suppressing
and tumour-promoting activities (Figures 2(a) and 2(b)) [60,
66]. In normal conditions, the interplay between colonic cells
and host immune system is preserved by a highly structured
organization with specialized macrophages residing in well-
defined niches to fulfill their physiological functions. In
primary tumours, either oncogenic alterations or changes in
TMEestablish a new equilibrium that can be furthermodified
during metastatic progression. We suggest that at least two
mechanisms underlie the TAMs prometastatic functions: (1)
M2-macrophages can form a dense barrier around invasive
cancer cells resulting in heterotypic interactions between
tumour cells and the surrounding stroma that compromise
the integrity of the host tissues; (2) invasive cancer cells
can acquire immunophenotypic traits, for example, due to
fusion of macrophages with cancer cells, which facilitate
homotypic interactions between the host stroma and TAMs
(Figure 2(b)). Collectively, these observations suggest that
TAMs protumour activity is associated with distinct mecha-
nisms that are independent of theMSI signature, as suggested
by our own data (Figure 2(c)). Accordingly, an increased M1-
macrophages infiltration at the tumour front has recently
been correlated with a better prognosis in CRC patients [65].
The antitumour effects of TAMs could then potentially be
due to the presence of a significant number of M1-polarized
macrophages, able to mediate killing of tumour cells in
peritumoural areas. In contrast, a density ofM2-macrophages
at the invasive front higher than in intraepithelial regions of
the tumour leads to enhanced invasion through secretion of
chemokinetic growth factors that remodel the extracellular
matrix, thus shortening patients’ survival (Figures 2(b) and
2(c)). In conclusion, still little is known about themacrophage
subtypes and their associated molecular profiles in cancer.
Given that multiple subpopulations of TAMs exist within a
tumour, a promising field of research is focused on ques-
tioning as to how the phenotypic equilibrium temporally and
spatially changes over the course of tumour progression.

6. The Evolution of the Cancer Niche and
Immune Suppressive Pathways

According to the linear progression model of tumour devel-
opment, genetic damages, mutations, and deregulated sig-
naling pathways establish the initiation step. Subsequently,
the immune cell populations that infiltrate the tumour mass
exert a primary suppressive role; however, these immune
cells, due to their intrinsic plasticity, can undergo phenotypic
changes that enhance tumour cell dissemination and metas-
tasis depending on the presence of accessory stromal cells,
the local cytokine milieu, and tumour-specific interactions
(Figure 2(a)). Several lines of evidence suggest that MDSCs
establish cell clusters called “premetastatic niche” that pre-
cede the arrival of even a single metastatic tumour cell at
distant sites; whether MDSCs have a direct role in enhancing
themetastatic process is only at the beginning to be elucidated
[66–68]. In this perspective, it has been suggested that the
properties of an “invasive niche” are already established
within the primary tumour, where cancer cells, macrophages,

and endothelial cells establish a special setting in which
paracrine signaling loops lead to increased intravasation and
dissemination of cancer cells [66–73]. Accordingly, the ability
to metastatic dissemination could be viewed as the evolution
of the cancer niche in which (1) interactions of a geneti-
cally initiated cancer cell with specific host cells facilitate
survival and a malignant behavior; (2) inflammation-driven
phenotypic plasticity alters the antigenic landscape of tumour
cells; (3) secreted factors, such as chemokines, cytokines,
and exosomes, generate a “microenvironment” that remod-
els local tissues by promoting malignant phenotypes and
immune escape. Intriguingly, the recently proposed mecha-
nisms to explain both metastatic niche evolution and tumour
immune escape include (1) malignant cells that acquire
functional and phenotypic characteristics of immune cells
by expressing the macrophage scavenger receptors CD163
or CD68; (2) aberrant activation of oncogenic pathways in
cancer cells which facilitates the interaction with stromal
cells; (3) production of anti-inflammatory cytokines and
immunosuppressive metabolites (adenosine) that ultimately
generates a poorly immunogenic TME [26, 68–73].

7. Novel Immune Suppressive Pathways
and Metastatic Evolution: A Key Role of
NT5E/CD73

Among the factors capable of evading immune surveil-
lance and altering the tumour cell antigenic landscape,
NT5E/CD73 has recently received great attention [74–78].
NT5E/CD73 encodes a GPI-anchored cell surface enzyme
abundantly expressed in hematopoietic and endothelial cells
that converts ATP to adenosine, a potent immunosuppressor.
Adenosine exerts its tumour-promoting effects in a paracrine
and autocrine fashion by activating its cognate receptors (the
adenosine receptors) expressed by tumour, endothelial, or
immune cells [76–78]. Interestingly, NT5E/CD73 is the rate-
limiting enzyme in the production of extracellular adeno-
sine, thus, representing a checkpoint in the conversion of
proinflammatory ATP into immunosuppressive adenosine
[76–78]. By applying a new bioinformatic approach, we
recently identified NT5E/CD73 as a novel CRC prognostic
biomarker [79]. Elevated NT5E/CD73 levels in either malig-
nant epithelial cells or TME strongly correlate with poor
patients’ outcome [79]. Consistently, NT5E/CD73 expression
is higher in liver metastasis than in primary tumour or nor-
mal mucosa and is significantly linked with TAMs expression
profile but not with the MMR status (Figures 3(a) and 3(b)).
Our findings and those reported in the literature suggest
a schematic and simplified model in which NT5E/CD73
metastasis-promoting actions appear to be the result of a
close cooperation between cancer, stromal, and inflamma-
tory cells (Figure 3(c)). A variety of protumorigenic path-
ways (hypoxia-inducible factor (HIF-1𝛼), Wnt/𝛽-catenin,
and TNF-𝛼/NF𝜅B) can synergize to induce NT5E/CD73
expression in malignant cells enhancing paracrine/autocrine
interactionswithmalignant colonic, hematopoietic, and non-
hematopoietic cells to sustain immune surveillance evasion,
premetastatic-niche evolution, and cancer cell migration.
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Figure 2: Recruitment of tumour-promoting immune cells contributes to progression and metastasis. (a) Representative images of tissue
sections (normal colonic mucosa, carcinoma, and liver metastases) immunostained with CD68, a marker of macrophages with a M2-
phenotype. (b) A schematic and simplified model as to how TAMs might contribute to tumour development and metastasis. CRC arises by
genetic damages,mutations, and deregulated signaling pathways;metastatic spread, instead, is promoted by communications between tumour
and immune cells. Normal colonic tissues show specialized macrophages residing in well-defined niches. The functions of TAMs during
tumour progressionmay depend on their intrinsic plasticity and adaptability mediated by factors controlling the balance between theM1 and
M2 phenotype.We suggest that at least twomechanismsmay play a role in the prometastatic function of TAMs: (1)M2-macrophages produce
a dense layer surrounding invasive cancer cells resulting in heterotypic interactions between the tumour and the host stroma; (2) invasive
cancer cells can acquire immunophenotypic traits (i.e., CD68) due to cell fusion betweenmacrophages and cancer cells facilitating homotypic
interactions with the host stroma and TAMs. (c) Polarized, CD68 positive, M2-macrophages may have distinct functions depending on
their density or distribution between the invasive edges and intraepithelial areas (ratio IM/IE ×100). CD68 expression is not confined to the
infiltrating TAMs but is extended to a significant fraction of the malignant cells.These parameters correlate with the mismatch repair (MMR)
status and patients’ disease specific survival in our cohort of 82 CRC patients. IE: intraepithelial; IM: invasive margin; MMR pro and MMR
neg indicate MMR proficient and deficient tumours, respectively. The 𝑃 value is reported in each graph.
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andmetastasis. (a) Representative images of NT5E/CD73 immunostaining in a primary carcinoma and corresponding liver metastasis.White
and black arrows indicate the immunostaining in the stromal compartment and malignant colonic cells, respectively, magnification 10X.
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correlates with CD68 infiltration. NT5E/CD73 expression is not correlated with the MMR status in our cohort of CRC patients. (c)
Schematic drawing of the proposed mechanism(s) involved in metastasis-promoting actions of NT5E/CD73. In physiological conditions,
NT5E/CD73 hydrolyzes AMP to adenosine, an important mediator that binds A2A receptors on activated CD4 effector T-cells, decreasing
their proliferation and cytokine production, hencemediating immunosuppressive effects. NT5E/CD73 is expressed in a variety of stromal cells
(macrophages, endothelial cells, B-lymphocytes, and Treg-cells). A variety of oncogenic pathways can induce ectopic NT5E/CD73 expression
in CRC cells, enhancing paracrine/autocrine interactions (activation of A2B receptors) between malignant colonic, hematopoietic, and
nonhematopoietic cells to sustain immunosurveillance escape and cancer cell migration. PPAR𝛾 (peroxisome proliferator-activated receptor
gamma) has been suggested as a possible NT5E/CD73 antagonist through still unknownmechanisms. IE: intraepithelial; IM: invasivemargin;
Liv Met: liver metastases; MMR pro and MMR neg indicate MMR proficient and deficient tumours, respectively. The 𝑃 value is reported in
each graph.
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production (purinergic pathways). In addition, tumour tissue damage, following cytoreductive therapy, results in epigenetic alterations, DNA
damage response, increased expression of drug transporters, and DNA-repair enzymes in malignant cells which contribute to protect against
cytotoxic drugs and result in therapy resistance and tumour relapse.

Only limited information is available about NT5E/CD73
downregulation; we recently suggested PPAR𝛾 (peroxisome
proliferator-activated receptor 𝛾) as a possible NT5E/CD73
repressor [79]. All together these results suggest that multiple
mechanisms affect NT5E/CD73 expression in cancer and
stromal cells (endothelial cells, fibroblasts, and TAM) con-
tributing to the evolution of metastatic niches and evasion of
immune surveillance (Figure 3(c)). Further studies and new
model systems are required to study the dynamic changes
occurring in stromal cells that enable initiated tumour cells
to survive and progress towards metastasis.

8. Tumour Microenvironment Plasticity as a
Determinant of the Response to Therapy

Over the past decade, the scenario of metastatic CRC
(mCRC) treatment has deeply changed.The benefits of classic
anticancer agents have been strenghtened by novel, target-
oriented molecules whose efficacy, in combination with
standard chemotherapy, has been demonstrated [80–84]. An
emerging concept in anticancer therapy involves the mobi-
lization of several types of MDSCs following treatment with
traditional or targeted therapies that may contribute either
to a lack of response or to an acquired drug resistance [84–
88]. Although it is still unknown how MDSCs mobilization
occurs, it has been demonstrated that MDSCs precursors
are recruited to metastases by VEGFA signaling through
VEGFR2 [84, 85].

Endothelial cells, among the stromal cell types, are crucial
to metastatic dissemination and outgrowth; accordingly,
drugs able to target these cells are the most advanced in clin-
ical trials [84–89]. A VEGF antagonist, commercially known
as “Bevacizumab,” increases survival in patients with mCRC
when combined with chemotherapy, in particular with flu-
oropyrimidines, Irinotecan, and Oxaliplatin [84]. Recently,
a wide range of new molecules targeting angiogenesis have
been tested in clinical trials. Interestingly, two drugs, “Afliber-
cept”, a VEGF and PIGFs-antagonist, and “Regorafenib”, a
multi-Tyrosine Kinase Inhibitor, have significantly improved
the progression free survival in a Phase III randomized trial
[89–92].

Therapeutic blockade of macrophage recruitment or
chemokine signalling has recently been shown to improve
survival after chemotherapy [88–94]. Accordingly, the anti-
cancer agent “Trabectedin,” employed in the treatment of soft
tissue sarcomas, selectively depletes TAMs in vivo [95]. TAMs
or MDSCs, in contrast, can activate the “inflammasome”
through the release of cathepsin B and IL1𝛽 in response to 5-
FU, a mechanism that reduces the anticancer activities of this
drug [85].The effects of other classic cytotoxic agents such as
Oxaliplatin and Irinotecan on TAMs remain to be elucidated.
Furthermore, anti-EGFR therapy activates M2-macrophages
or MDSCs, resulting in release of immunosuppressive and
tumour-promoting mediators (Figure 4) [85, 96]. According
to these data, irradiated macrophages produce signals that
include CD95 ligand, TNF𝛼, nitric oxide, and superox-
ide, suggesting a model based on the intrinsic adaptability
of immune and cancer cells in response to a genotoxic
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therapy [87, 88, 97]. Anticancer drugs can determine rapid
or slow interactions among TME components promoting
DNA damages or epigenetic modifications, which result
in increased expression of drug transporters, DNA-repair
enzymes, and chromosomal instability genes, all mechanisms
leading to tumour regrowth (Figure 4). In spite of the trans-
lational promise of the targeted therapy, our understanding
of the relationships between mechanisms of resistance and
TME remodeling remains very limited. This reinforces the
importance of a full comprehension of the intricacy of cell
interactions occurring in TME.

9. Immunogenic Cell Death and the Purinergic
Signalling in Cancer Therapy

Collectively, MDSCs can either enhance or antagonize
the antitumour efficacy of cytotoxic chemotherapy, cancer-
cell targeting antibodies, and immuno therapeutic agents
depending on the treatment and tumour type. Therapy
resistance has been linked with a new concept defined
as “immunogenic cell death” (ICD) [24, 26], an event
mainly mediated by damage-associated molecular patterns
(DAMPs). DAMPs are either secreted or released (such as
ATP); some become enriched or are de novo exposed on the
outer leaflet of the plasma membrane (such as calreticulin
(CRT) and heat shock protein 90 (HSP90). This mechanism
is characteristic of dying, stressed, or injured cells and these
molecules can act as either adjuvant or danger signals for
the innate immune system [24, 26]. Studies have shown
their interactions with phagocytosis, purinergic and pattern-
recognition receptors (PRRs), are required for ICD that
ultimately leads to the activation of a potent anticancer
immunity. In this context, accumulating data underscore the
therapeutic potential for targeting the adenosinergic system
[26, 76, 77], in particular, the key molecule NT5E/CD73.
Numerous studies in a variety of murine tumour models
have also highlighted that loss of NT5E/CD73 function
can efficiently delay tumour growth and confer metastasis
resistance [76, 77, 79]. In the TME, a shift towards ATP
accumulation might be crucial in mediating an effective
antitumour response; thus, depletion of NT5E/CD73 may be
clinically relevant as an ICD inducer, supporting the notion
that the adenosinergic system is a relevant target in can-
cer. Blocking NT5E/CD73 signaling could have two impor-
tant effects: to rescue the endogenous adaptive antitumour
immune responses and to inhibit the metastatic potential of
tumour cells. Therefore, investigations aimed at elucidating
the mechanisms underlying the signalling activated by the
adenosinergic system-ICD interactions not only will improve
our understanding of this important process but will also
contribute to the development of new strategies for cancer
therapy.

10. Concluding Remarks

Genetic and epigenetic alterations are the key driver events
in the initial transformation of normal colonocytes; growing
lines of evidence suggest that the stromal and inflammatory

cells within the tumour microenvironment and the circu-
lation play a fundamental role in metastatic dissemination.
In fact, a large series of factors, routinely synthesized or
de novo expressed by the microenvironment during tumour
development, act in paracrine and autocrine fashion and
induce immunosuppression, immune-mediated tumour pro-
gression achieving a new metastable order. On the basis of
the various trends developed over the past decade in the
cancer immune surveillance field, cancer inflammation, and
cancer therapy, we suggest a list of biologic properties that
are crucial to modify the tumour microenvironment and
educate malignant, stromal, and inflammatory cells towards
a metastatic phenotype: (1) the intrinsic plasticity of immune
cells in response to paracrine and autocrine signals and adapt-
ability to novel and adverse environmental conditions (i.e.,
response to genotoxic stimuli); (2) alterations of positional
schemes by factors controlling the balance between tumour-
suppressing and tumour-promoting activities (i.e., evolu-
tion of a premetastatic niche); (3) acquisition of immune-
phenotypic traits (NT5E/CD73, CD68, and CD163) by cancer
cells that enhance the interactions with TME components
through the production of immune-suppressive mediators.
If confirmed, this working hypothesis could be used to
stratify patients carrying defined genetic lesions and identify
molecular profiles of TME subtypes in cancer biopsies before,
during, and after therapy. The mechanisms regulating TME
functions in normal conditions and in response to therapy,
however, are still far to be completely understood, especially
for the possibility to exploit such information in the clinical
management of patients and development of new strategies
of cancer therapy.
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Seventy living donor liver transplantation (LDLT) and 39 kidney transplantation (KT) patients were randomly screened by using
the peripheral blood CD4+ adenosine triphosphate activity (ATP) assay (IMK assay). The patients were divided into 2 groups in
each organ transplantation with low IMK ATP level (<225 ng/mL) or high (>225) (LT-L: 𝑛 = 23, KT-L: 𝑛 = 19, LT-H: 𝑛 = 47, and
KT-H: 𝑛 = 20, resp.). The incidence of bacterial and/or viral infection was significantly higher in LT-L group than in LT-H group
(74.0 versus 8.5%: 𝑃 < 0.001). Occurrence of total viral infection in KT-L was also significantly higher than that in KT-H (36.8
versus 10%: 𝑃 = 0.046).The sensitivity and specificity of the IMK assay for identifying risk of infection was 0.810 and 0.878 in LDLT
patients and 0.727 and 0.607 in KT patients.The percentage of LDLT patients with cytochrome P450 3A5 (CYP3A5) ∗1/∗1 or ∗1/∗3
genotype (expressors) was significantly higher in LT-L group than in LT-H group (53.8 versus 20.7%: 𝑃 = 0.032). In both LDLT
and KT patients, the IMK assay can be useful for monitoring immunological aspects of bacterial and/or viral infection. CYP3A5
expressors in LT-L group are related to postoperative infections.

1. Introduction

In solid organ transplantation, including liver transplantation
(LT) and kidney transplantation (KT), graft and patient sur-
vival has been greatly improved during recent two decades,
mainly due to the introduction of a variety of immunosup-
pressive agents including calcineurin inhibitors (CIs) as well
as the advances in surgical technique and perioperative man-
agement. However, CIs have a narrow therapeutic window,
and too little use of immunosuppressive agent may increase
the risks of acute and chronic rejection [1], whereas toomuch

immunosuppression may cause infection, malignant disease,
and other undesirable adverse effects [2, 3]. The measuring
trough levels of CIs combined with laboratory data is widely
accepted practice for monitoring solid organ transplants [4,
5], although neither of them is always sensitive or specific for
assessing the current immunosuppressive status.

The ImmuKnow (IMK) assay, which was approved by the
Food and Drug Administration in 2002, can monitor CD4+
T cell function by measuring the intracellular concentration
of adenosine triphosphate (ATP). This assay has been used
for identifying transplant patients at risk for infection (with
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low IMKATP levels) or rejection (with high IMKATP levels)
[6, 7], whereas others argue against its predictive usefulness
[8, 9]. In each organ transplant recipient, the true benefit of
IMK assay for monitoring of immunological aspects needs to
be clarified.

In LT and KT patients, most widely used immunosup-
pressive drug is tacrolimus, which is mainly metabolized
by cytochrome P450 (CYP) 3A4 and CYP3A5 in the small
intestine and the liver [10, 11]. In other words, in LT but
not KT patients, the CYP3 genotypes of recipients as well as
donors affect the blood concentration of tacrolimus. LT often
requires less immunosuppression compared to KT and other
solid organ transplantations, and one of the reasons might be
metabolism of tacrolimus in LT patients. Although CYP3A5
plays a key role in the pharmacokinetics of tacrolimus
especially in living donor LT (LDLT) patients [12] as well
as KT patients [13, 14], the influence of CYP3A5 genotype
on immune function following transplantation still remains
unclear.

We hypothesized that the IMK assay can be useful
for monitoring of immunological aspects in LT as well as
KT patients and that the CYP3A5 genotypes also affect
postoperative immune functions following KT in addition to
LT. The aim of this study is to evaluate the immune reaction
after LT comparing KT by using the IMK assay and CYP3A5
genotype.

2. Patients and Methods

2.1. Patients. Ninety-eight LDLT (March 2002 to December
2012) and 39KT (October 1980 to December 2012) patients,
who underwent operation and had been followed as an
outpatient at theMieUniversity Hospital, were candidates for
this study.The inclusion criteria were LDLT and KT patients,
who happened to be treated either as inpatients or who had
return visits to the clinic during the period of January 2010 to
December 2012.Theonly exclusion criterionwas if the patient
was followed at another center than the Mie University
Hospital. This study was retrospective cohort study. A total
of 70 LDLT patients and 39KT patients were screened using
the IMK assay and observed clinically. According to the
previous report [6] that 225 ng/mL was the cutoff ATP level
for identifying risk of infection, we classified these patients
into four groups as follows: LT-L group: LDLT patients in
whom at least 1 IMKATP level was <225 ng/mL, LT-H group:
LDLT patients in whom no IMK ATP level was <225 ng/mL,
KT-L group: KT patients in whom at least 1 IMK ATP level
was <225 ng/mL, and KT-H group: KT patients in whom
no IMK ATP level was <225 ng/mL. The complete medical
records of each patient were obtained. Infection was defined
as a patient who required antibiotics and/or antiviral agents.
Acute cellular rejection was defined by the 9-point Banff
rejection activity index [15] as mild, moderate, or severe
based on a liver biopsy at the time of undergoing the IMK
assay when rejection was suspected clinically. The CYP3A5
genotypes were examined in 42 LT and 23KT patients who
underwent transplantation after September 2005 [16]. This
study (IMK assay and CYP3A5 genotypes) was approved by

institutional review board at Mie University Hospital and
each patient’s consent was obtained.

2.2. ImmuKnow (IMK) Assay. Blood samples were collected
in sodium heparin tubes, and the intracellular adenosine
triphosphate activity (ATP) level was measured by using
IMK assay kit (MBL, Nagoya, Japan). Blood samples were
processed on the day of sample collection. Briefly, 250 𝜇L of
anticoagulated whole blood was diluted with the provided
sample diluent to make a final volume of 1000 𝜇L. Samples
were added to wells of a 96-well plate and incubated for
15 to 18 h with phytohemagglutinin at 37∘C and 5% CO

2

atmosphere. After enrichment of CD4+ T cells by addi-
tion of magnetic particles coated with an anti-human CD4
monoclonal antibody (Dynabeads, Dynal, Oslo, Norway),
cells were washed and lysed to release intracellular ATP.
Released ATP was measured with a luciferin/luciferase assay
in a luminometer. The patient’s level of immune response
was expressed as the amount of ATP (ng/mL). According
to the previous report [6], we used the cutoff ATP level of
225 ng/mL for identifying risk of infection and 525 ng/mL for
rejection, and we defined a target immunological response
zone ranging 226–525 ng/mL.

2.3. Immunosuppression. In LT patients, the immunosup-
pression protocol consisted of tacrolimus and low-dose
steroids. The target blood trough level for tacrolimus was
10 to 12 ng/mL during the first 2 weeks, approximately
10 ng/mL thereafter, and 5 to 10 ng/mL from the second
month after LDLT. If their liver functionwas stable, recipients
were weaned off steroids at 3 months after LDLT. In KT
patients, twenty-nine (74.4%) patients used tacrolimus and
8 (20.5%) used cyclosporine. The target blood trough level
for tacrolimus was around 5 ng/mL. Two (5.1%) patients did
not use a calcineurin inhibitor. Twenty-nine (74.4%) patients
received mycophenolate mofetil.

2.4. Evaluation of Tacrolimus Blood Concentration and Con-
centration/Dose (𝐶/𝐷) Ratio. The tacrolimus blood con-
centration was then measured by using a semiautomated
microparticle enzyme immunoassay (IMx, Abbott Co., Ltd.,
Tokyo, Japan). The daily dose of tacrolimus was recorded
and its weight-adjusted dosage (mg/kg per day) was cal-
culated. Then, the measured blood tacrolimus concentra-
tion was normalized by the corresponding dose per body
weight 24 h before blood sampling to obtain the concentra-
tion/dose (𝐶/𝐷) ratio, which was then used for estimating
the tacrolimus dose needed to achieve the target trough
concentration.

2.5. Genotyping of Cytochrome P450 3A5. According to
our previous report [16], the CYP3A5 A6986G (rs776746)
polymorphismwas analyzed for the detection of the ∗3 allele,
because CYP3A5 ∗3 is the major defective allele and because
of the fact that other functional exonic SNPs are rare in the
Japanese population [17]. With regard to the CYP3A5 geno-
type, patients were allocated into 2 groups: CYP3A5 ∗1 / ∗1
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Table 1: Backgrounds of LDLT patients.

LT-L group (𝑛 = 23) LT-H group (𝑛 = 47)
𝑃 value

IMK < 225 IMK > 225
Average age 43.6 (3–65) 41.7 (1–68) NS
Male/female 16/7 32/15 NS
MELD score 14.1 (9–32) 16.0 (8–35) NS
Etiology of LDLT

HCV (HCC) 8 (5) 15 (8) NS
HBV (HCC) 2 (0) 4 (2)
PBC 3 10
BA 1 6
Alcohol 4 (2) 4
Others 5 8

CMV serology test
R-seropositive 5 (21.7%) 12 (25.5%) NS
D-positive/R-negative 8 (37.8%) 15 (31.9%)
D-negative/R-negative 10 (43.5%) 20 (42.5%)

R-CYP3A5
∗1∗1 or ∗1∗3 7 (53.8%) 6 (20.7%) 0.032
∗3∗3 6 23

D-CYP3A5
∗1∗1 or ∗1∗3 6 (46.2%) 13 (44.8%) NS
∗3∗3 7 16

Median months after LDLT 39.2 (1.4–71.4) 43.1 (1.8–67.5) NS
IMK: ImmuKnow, MELD: model for endstage liver disease, LDLT: living donor liver transplantation, HCV: hepatitis C, HCC: hepatocellular carcinoma, HBV:
hepatitis B, PBC: primary biliary cirrhosis, BA: biliary atresia, CYP3A5: cytochrome P450 3A5, CMV: cytomegalovirus, R-: recipient, and D-: donor.

or CYP3A5 ∗1 / ∗3 (expressors) and CYP3A5 ∗3 / ∗3 (nonex-
pressors).

2.6. Definitions of Cytomegalo Virus (CMV) and Bacterial
Infection. CMV infection was defined as a febrile illness
in the presence of clinical symptoms and the detection of
CMV in the blood (by quantitative nucleic acid testing
or antigenemia). When the patient was positive for pp65
antigenemia or had more than 10,000CMV copies/𝜇L in the
blood, we administered a 2- to 4-week course of intravenous
ganciclovir followed by oral valganciclovir after hospital
discharge. Bacterial infection was defined as a febrile illness
with clinical symptoms and the detection of bacteria in
sputum, abdominal fluid, or blood. When the patient had
a bacterial infection, antibiotics against susceptible bacteria
were administered until the clinical symptoms improved.

2.7. Statistical Analyses. All values were expressed as the
mean ± standard deviation (SD) and median as appropriate.
Pearson’s correlation coefficient was used to determine the
relationship between the blood concentration of tacrolimus
and the dosage of tacrolimus and between the blood con-
centration of tacrolimus and the IMK ATP levels in LT and
KT patients. Fisher’s exact tests were used for categorical
factors. Student’s 𝑡-test was used to compare ATP levels and
tacrolimus𝐶/𝐷 ratio between LT-L and LT-H, KT-L and KT-
H. The data were analyzed using statistics computer soft-
ware Pharmaco Analyst II (Hakuhousha Co., Tokyo, Japan).

A 𝑃 value < 0.05 was considered to indicate a statistically
significant difference.

3. Results

Patients’ characteristics of LDLT patients were shown in
Table 1. There were 23 patients in LT-L group and 47 in LT-
H group. The two groups were similar in age, male/female
ratio, themodel for end-stage liver disease (MELD) score, and
etiology of LDLT.There were also no differences between the
two groups in CMV serology tests in each donor and recip-
ient. The CYP3A5 genotypes were examined in 42 patients
(LT-L group: 13 and LT-H group: 29) who underwent LDLT
after September 2005. In LDLT recipients, the percentage
of them with ∗1 / ∗1 or ∗1 / ∗3 genotype (expressors) was
significantly higher in LT-L group than in LT-H group (53.8%
versus 20.7%, 𝑃 = 0.032). In LDLT donors, there was no
significant difference between the 2 groups. There was no
significant difference in median interval time after LDLT.

In KT patients, 19 patients were in KT-L group and 20
were in KT-H group (Table 2). There was no significant
difference in age, male/female ratio, type of KT, ratio of ABO-
incompatible, ratio of tacrolimus use, andCMVserology tests
in each donor and recipient. The CYP3A5 genotypes were
examined in 23KT patients (KT-L group: 11 and KT-H group:
12); there was no significant difference between the 2 groups.
There was also no significant difference in median interval
time after LDLT.
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Table 2: Backgrounds of KT patients.

Group KT-L (𝑛 = 19) Group KT-H (𝑛 = 20)
𝑃 value

MK < 225 IMK > 225
Average age 48.8 (35–75) 48.9 (22–68) NS
Male/female 12/7 15/5 NS
Type of KT

Living donor KT 2 (10.5%) 7 (35%) NS
Deceased donor KT 17 13

ABO-incompatible 4 (21.1%) 3 (30%) NS
Tacrolimus use 14 (73.7%) 15 (75%) NS
CMV serology test

R-seropositive 11 (68.7%) 10 (66.7%) NS
D-positive/R-negative 5 5

R-CYP3A5
∗1∗1 or ∗1∗3 5 (45.5%) 3 (33.3%) NS
∗3∗3 6 9

Median months after KT 19.1 (3.5–385) 22.4 (1.2–322) NS
KT: kidney transplantation, IMK: ImmuKnow, CMV: cytomegalovirus, CYP3A5: cytochrome P450 3A5, R-: recipient, and D-: donor.

3.1. Pharmacokinetics of Tacrolimus and IMK ATP Level.
There was no statistically significant relationship between
the blood concentrations of tacrolimus and the dosage of
tacrolimus in LDLT recipients (𝑅 = 0.154, 𝑃 = 0.158) (Fig-
ure 1(a)) and in KT patients who used tacrolimus (𝑅 = 0.292,
𝑃 = 0.1162) (Figure 1(b)). There was also no statistically
significant relationship between the blood concentrations of
tacrolimus and the IMK ATP levels in LDLT recipients (𝑅 =
0.147, 𝑃 = 0.181) (Figure 2(a)) and in KT patients who used
tacrolimus (𝑅 = 0.284, 𝑃 = 0.2745) (Figure 2(b)). Clinically,
there were no samples that behave like outliers in Figures 1
and 2.

3.2. IMK ATP Level and Tacrolimus 𝐶/𝐷 Ratio in LT and
KT Patients. The mean ATP levels in LT-L patients were
significantly lower than those in LT-H (185.7 (82–310) ng/mL
versus 442.7 (238–966), 𝑃 < 0.01), and KT-L patients had
also lower IMK ATP levels than KT-H patients (225.6 (80–
359) ng/mL versus 488.6 (277–770), 𝑃 < 0.01) (Figure 3(a)).
The mean tacrolimus 𝐶/𝐷 ratios were 184.5 (43–366) ng/mL
per mg/kg/day in LT-L patients and 130.5 (41–460) in LT-H
without any significant difference 𝑃 = 0.091. There was also
no significant difference between KT-L and KT-H (62.2 (30–
131) ng/mL per mg/kg/day versus 76.0 (26–248), 𝑃 = 0.440)
(Figure 3(a)).

3.3. Occurrence of Rejection and Infection in LT and KT
Patients. Histologically proven rejection occurred in 3 cases
(13%) in LT-L group and in 8 cases (17%) in LT-H group
during this survey period.There was no significant difference
between the two groups (𝑃 = 0.668). No rejection occurred
in both KT-L and KT-H patients (Figure 4(a)).The incidence
of bacterial and/or viral infection was significantly higher in
LT-L group (74%) than in LT-H group (8.5%) (𝑃 < 0.001).
Posttransplant infection occurred in 8 patients (42%) in KT-
L group compared to 3 patients (15%) in KT-H group (𝑃 =
0.061) (Figure 4(b)).

3.4. Occurrence of Infection in LT and KT Patients according to
IMKATP Levels. During this survey, 20 LDLT patients expe-
rienced bacterial infection and 17 suffered fromviral infection
including CMV infection and recurrence of hepatitis C
(HCV) (Table 3). In LDLT patients, occurrences of all kinds
of infections in LT-L were significantly higher than those in
LT-H (𝑃 < 0.01). In KT patients, 2 experienced bacterial
infection and 9 suffered from viral infections. Occurrence of
total viral infection in KT-L was significantly higher than that
in KT-H (𝑃 = 0.046).

When we used cutoff ATP level of 225 ng/mL for identi-
fying risk of infection according to the previous report [6],
diagnostic accuracy of IMK was favorable with sensitivity of
0.810 and specificity of 0.878 in LDLT patients and was also
satisfactory with sensitivity of 0.727 and specificity of 0.607
in KT patients.

4. Discussion

Infectious diseases for all types of transplant patients remain
important and sometimes serious complications mainly due
to monitoring immunosuppressive status [18]. In addition
to trough levels of CIs combined with laboratory data, the
IMK assay is a potentially useful tool for predicting the
development of infections and rejection episodes in LT
recipients [19]. On the other hand, anothermeta-analysis [20]
suggested that IMK is not able to identify individuals at risk of
infection or rejection and additional studies are still needed to
clarify the usefulness of this test, though there is a significant
heterogeneity between studies including different allograft
types, control groups, and cutoff values. In the current study,
we evaluated IMK assay for both LT and KT patients at the
same institution by using the same cutoff value (the IMK
ATP level: 225 ng/mL), because there might be differences in
posttransplant immune reaction between LT and KT, and we
focused on the differences in each organ transplant.
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(b) KT patients using tacrolimus (𝑛 = 29)

Figure 1: Relationship between the blood concentration of tacrolimus and dose of tacrolimus. There was no statistically significant
relationship between the blood concentrations of tacrolimus and the dosage of tacrolimus in LDLT recipients (𝑅 = 0.154, 𝑃 = 0.158) (a)
and in KT patients who used tacrolimus (𝑅 = 0.292, 𝑃 = 0.1162) (b).
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(b) KT patients using tacrolimus (𝑛 = 29)

Figure 2: Relationship between blood concentration of tacrolimus and IMKATP levels.There was also no statistically significant relationship
between the blood concentrations of tacrolimus and the IMK ATP levels in LDLT recipients (𝑅 = 0.147, 𝑃 = 0.181) (a) and in KT patients
who used tacrolimus (𝑅 = 0.284, 𝑃 = 0.2745) (b).

In our study, we had 23 (32.9%) LDLT patients with low
immune reaction (LT-L) and most of them had experienced
bacterial and/or viral infections, though there was no dif-
ference in tacrolimus 𝐶/𝐷 ratio between LT-L and LT-H.
The diagnostic accuracy of IMK assay for identifying risk of
infection was also favorable in LDLT patients. These results
suggested that the IMK assay was a useful diagnostic tool
for identifying risk of infection in LDLT patients, as previous
report [19]. Regarding the LDLT patients with HCV, which
is specific pathogenesis of the graft liver after LDLT, 5 out of
6 recurrent HCV cases were belonging to LT-L group. The
IMKassay also can be additional valuable tool to discriminate
recurrent HCV and acute rejection.

In KT patients, there were 19 (48.7%) recipients with
low immune reaction (KT-L) and 8 out of them (42%)
had experienced bacterial and/or viral infections with no
significant difference between KT-L and KT-H except for

total viral infection cases. The sensitivity and specificity of
the IMK assay for identifying risk of infection were also
satisfactory in KT patients, but lower than those in LDLT
patients. In KT but not LT patients, the true benefit of
IMK assay for monitoring of immunological aspects is still
controversial. Although several studies suggested that the
IMK assay may be a potentially useful predictor for the
adverse events after KT [6, 7], Huskey et al. [8] reported that
single time point IMK assay does not aid in the prediction of
future opportunistic infections by using the same cutoff value
(225 ng/mL) as our study.The IMK levels in KT patients were
relatively low comparing to LT patients, and the cutoff level
for identifying risk of infection might be better to define as
lower than 225 ng/mL.

When we focused on the occurrence of infection in LT
and KT patients according to IMK ATP levels, LT patients
tend to suffer from infection though the IMK ATP levels in
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Figure 3: IMK ATP levels and tacrolimus 𝐶/𝐷 ratio in LT and KT patients. (a)The mean ATP levels in LT-L patients was significantly lower
than that in LT-H (185.7 (82–310) ng/mL versus 442.7 (238–966), 𝑃 < 0.01), and KT-L patients had also lower IMK ATP levels than KT-H
patients (225.6 (80–359) ng/mL versus 488.6 (277–770), 𝑃 < 0.01). (b) The mean tacrolimus 𝐶/𝐷 ratios were 184.5 (43–366) ng/mL per
mg/kg/day in LT-L patients and 130.5 (41–460) in LT-H without any significant difference 𝑃 = 0.091. There was also no significant difference
between KT-L and KT-H (62.2 (30–131) ng/mL per mg/kg/day versus 76.0 (26–248), 𝑃 = 0.440).

0

20

40

60

80

(%
)

n.s. n.s.

KT-L
(n = 19)

LT-H
(n = 47)

LT-L
(n = 23) (n = 20)

KT-H

0 (0%) 0 (0%)

8 (17%)
3 (13%)

(a) Rejection

0

20

40

60

80

(%
)

P = 0.061
P < 0.01

KT-L
(n = 19)

LT-H
(n = 47)

LT-L
(n = 23) (n = 20)

KT-H

17 (74%)

4(8.5%)

8(42%)

3(15%)

(b) Infection

Figure 4: Occurrence of rejection and infection in LT and KT patients. (a) Histologically proven rejection occurred in 3 cases (13%) in LT-L
group and in 8 cases (17%) in LT-H group during this survey period.There was no significant difference between the two groups (𝑃 = 0.668).
No rejection occurred in both KT-L and KT-H patients. (b) The incidence of bacterial and/or viral infection was significantly higher in LT-L
group (74%) than in LT-H group (8.5%) (𝑃 < 0.001). Posttransplant infection occurred in 8 patients (42%) in KT-L group compared to 3
patients (15%) in KT-H group (𝑃 = 0.061).

LT patients were relatively high comparing to KT patients.
This might be because the liver plays a role of metabolism of
immunosuppressive drugs, besides the difference in surgical
stress between LT and KT.

CYP3A5 is known to play a key role in the pharma-
cokinetics of tacrolimus in LT [12] and KT patients [13, 14],

and intestinal CYP3A5 as well as hepatic CYP3A5 plays an
important role in the first-pass effect of orally administered
tacrolimus until 35 days [21]. In KT patients, the liver
and intestinal functions are usually normal even during
perioperative period, on the other hand, LT patients some-
times encounter graft liver and/or intestinal dysfunction due
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Table 3: Occurrence of infection in LT and KT patients according to IMK ATP levels.

Infection Group LT-L (𝑛 = 23) Group LT-H (𝑛 = 47)
𝑃 value

IMK < 225 IMK > 225
Bacterial infection 17 (73.9%) 3 (6.4%) <0.01
Viral infection 15 (65.2%) 2 (4.2%) <0.01

CMV 10 (43.5%) 1 (2.1%) <0.01
HCV 5/8 (62.5%) 1/15 (6.7%) <0.01

Infection Group KT-L (𝑛 = 19) Group KT-H (𝑛 = 20) 𝑃 value
IMK < 225 IMK > 225

Bacterial infection 1 (5.3%) 1 (5%) n.s.
Viral infection 7 (36.8%) 2 (10%) 0.046

BKV 1 (5.3%) 2 (10%) n.s.
CMV 3 (15.8%) 0 n.s.
VZV 2 (10.5%) 0 n.s.
HSV 1 (5.3%) 0 n.s.

CMV: cytomegalovirus, HCV: recurrence of hepatitis C infection, BKV: BK virus, VZV: varicella-zoster virus, HSV: herpes simplex virus, and n.s.: not
significant.

to postoperative complications including rejection, portal
hypertension, or vascular complications, especially on early
phase after LT.

We previously reported that the tacrolimus 𝐶/𝐷 ratio
was significantly lower in subjects with CYP3A5 ∗1 alleles
(expressor) than in those with the CYP3A5 ∗3 allele (nonex-
pressor), suggesting that high dose of tacrolimus is required
in expressors to achieve the target trough levels [16]. In LT
patients of our study, the percentage of CYP3A5 expressors as
well as the occurrence of infections was significantly higher
in LT-L group than in LT-H group, which means that LT-L
patients with expressors tend to be over immunosuppressive
because of achieving the target trough levels, resulting in
infections. However, in KT patients, there was no association
between CYP3A5 and infectious complication despite the
small number. One of the reasons of this result might be
inadequate cutoff value of the IMK ATP levels but still
remains unknown.

Our study has some limitations including the small
sample size, its retrospective nature, and the use of single
time point measurements of the IMK ATP levels in some
patients. The IMK assays were undergone at sometimes
haphazard times and no clear reasons for this assay could be
identified, which means either inadequate ancillary studies
or questionable indications for the IMK assays. None of
allograft rejection episodes inKT rendered the analysis of this
subgroup very difficult. In addition, the CYP3A5 genotypes
were examined in only 42 LDLT patients (60%) and 23KT
patients (59%).

5. Conclusion

In conclusion, our study identifies that the IMK assay can
be useful for monitoring immunological aspects of bacterial
and/or viral infection for both LT and KT patients. CYP3A5
expressors, affecting tacrolimus pharmacokinetics, in LT-L
group are related to postoperative infections.
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Concanavalin A (Con A) is a lectin originating from the jack-bean and well known for its ability to stimulate T cells and induce
autoimmune hepatitis.We previously demonstrated the induction of immunosuppressive antinuclear autoantibody in the course of
Con A-induced transient autoimmune hepatitis.This study aimed to clarify the effects of Con A-induced hepatitis on liver allograft
rejection and acceptance. In this study, we observed the unique phenomenon that the induction of transient de novo autoimmune
hepatitis by Con A injection paradoxically overcomes the rejection without any immunosuppressive drug and exhibits significantly
prolonged survival after orthotopic liver transplantation (OLT). Significantly increased titers of anti-nuclear Abs against histone
H1 and high-mobility group box 1 (HMGB1) and reduced donor specific alloantibody response were observed in Con A-injected
recipients. Induction of Foxp3 and IL-10 in OLT livers of Con A-injected recipients suggested the involvement of regulatory T
cells in this unique phenomenon. Our present data suggest the significance of autoimmune responses against nuclear histone
H1 and HMGB1 for competing allogeneic immune responses, resulting in the acceptance of liver allografts in experimental liver
transplantation.

1. Introduction

Liver is permanently exposed to gut-derived antigens, includ-
ing pathogens, toxins, and harmless food antigens, and
immune responses against the dietary or bacterial antigens
from the gut are unusual [1, 2]. However, the immune system
should be activated to prevent liver damage when the liver

is suffering from harmful pathogens such as hepatitis B
and C viruses. The mechanisms for balancing tolerance and
immunity in the liver have not been fully elucidated, but
the unique repertories of nonparenchymal cells including
liver antigen-presenting cells (e.g., dendritic cells (DCs),
Kupffer cells, and liver sinusoidal endothelial cells) and
unconventional lymphoid cells (e.g., NK cells, B-1 cells, and
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𝛾𝛿 T cells) that are rarely present in the blood may explain
the immune privilege of the liver [3]. Furthermore, it has been
known that the liver does not always obey the normal rules of
transplant rejection (Medawar’s rule of transplantation) [4].

In a rat orthotopic liver transplantation (OLT) model,
Piebald Virol Glaxo (PVG) (MHC haplotype; RT1c) recipi-
ents spontaneously accept donor Dark Agouti (DA) (RT1a)
livers in the absence of extra immunosuppressive treatment,
while other organ allografts in this combination are promptly
rejected [5–7]. In contrast, recipient Lewis (LEW) (RT1l)
rats usually reject a donor DA rat liver within 14 days after
OLT [8–10]. In our previous studies, we have compared the
serum protein profiling in these OLT models (tolerogenic
DA-PVG versus rejecting DA-LEW) and demonstrated the
spontaneous induction of autoantibody (auto-Ab) against
nuclear histone H1 and high-mobility group box 1 protein
(HMGB1) in the DA-PVG natural tolerance model [11–14].
Further research has demonstrated that the survival of heart
allografts into histone H1-immunized rats was significantly
prolonged along with the elevation of the anti-histone H1
Ab titer in the DA-LEW rejection combination [15, 16]. In
addition to the involvement of Ab response against nuclear
histone H1 in liver transplant tolerogenicity [17], anti-histone
H1 Ab was found to be expressed spontaneously in sera
during the recovery stage from Concanavalin A (Con A-)
induced transient liver injury, suggesting the significance
of anti-histone H1 Ab as a regulatory Ab (Abreg) for both
protection and recovery from autoimmune hepatitis [18].

Autoimmune hepatitis is characterized by a chronic
inflammatory disease with elevation of serum auto-Ab (e.g.,
antinuclear Ab, smooth muscle Ab, and liver-kidney micro-
some Ab), with hypergammaglobulinemia and liver pathol-
ogy showing necroinflammatory disease and fibrosis [19,
20]. Currently, the only viable treatments for autoimmune
hepatitis are immunosuppressant application and liver trans-
plantation. In addition, the development of newly created
(de novo) autoimmune hepatitis has been reported after liver
transplantation since 1998 [21]. Patients who develop de novo
autoimmune hepatitis do not have a satisfactory response to
standard antirejection regimens, but they do respond to the
standard treatment for autoimmune hepatitis (steroids and
azathioprine) in combination with a low dose of calcineurin
inhibitor [22]. However, little is known about the immuno-
logical aspects of de novo autoimmune hepatitis on liver
allograft rejection and acceptance in liver transplantation.

In this study, we performed OLT in the rejection com-
bination (DA-LEW) and then induced transient de novo
autoimmune hepatitis by Con A injection three days after
OLT to evaluate the effects of transient de novo autoimmune
hepatitis on liver allograft survival and immune responses.

2. Materials and Methods

2.1. Animals. Male DA (RT1a) and LEW (RT1l) rats at 4
weeks of age were obtained from Japan SLC (Hamamatsu,
Japan) and the National Laboratory Animal Breeding and

Research Center (Taipei, Taiwan), respectively. All animals
were maintained in special pathogen-free animal facilities
with water and commercial rat food provided ad libitum.

Our experimental design was reviewed and approved by
the Institutional Animal Care and Use Committee, and the
committee recognizes that the proposed animal experiment
follows theAnimal Protection Law by the Council of Agricul-
ture, Executive Yuan, Taiwan, and the guideline as shown in
the Guide for the Care andUse of Laboratory Animals as pro-
mulgated by the Institute of Laboratory Animal Resources,
National Research Council, USA.

2.2. Orthotopic Liver Transplantation (OLT) and the Induction
of De Novo Autoimmune Hepatitis. OLT was carried out
following the technique previously described by Kamada and
Calne [23] in theDA to LEW (DA-LEW) combination, which
is known as an acute rejectionmodel. All serum samples were
stored at −80∘C until analysis.

To induce de novo autoimmune hepatitis, 20mg/kg
of Con A (type IV) (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA) dissolved in PBS was administered
intravenously via the penile vein [18, 24] into the recipient
LEW rats at day 3 after OLT or into the näıve LEW rats. In
the control group, PBS was injected on the same schedule as
the Con A group.

2.3. Histological Evaluation. Liver tissues were taken at post-
operative day 7 (rejection phase) from the DA-LEW OLT
rats with PBS or Con A injection, fixed in formaldehyde and
embedded in paraffin wax prior to sectioning. In addition,
liver tissues from long surviving rats were taken at >200 days
after OLT from DA-LEW OLT rats with Con A injection.
Liver tissues from naı̈ve DA rats were used as a control.
For histological evaluation, paraffin sections (3𝜇m thick)
were heated for 15 min at 56∘C, deparaffinized, rehydrated,
and stained with hematoxylin (Merck KGaA, Darmstadt,
Germany) and eosin (Sigma, St. Louis, MO, USA) according
to the manufacturer’s protocol. All sections were examined
using a light microscope (Olympus, Tokyo, Japan).

2.4. Circulating Levels of Nuclear Histone H1 and HMGB1.
The levels of serum histone H1 and HMGB1 were deter-
mined by enzyme-linked immunosorbent assay (ELISA) as
described previously [25]. For the quantitative determination
of histone H1, 0.1 𝜇g of anti-histone H1 polyclonal Ab (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) in 100mM
NaHCO

3
(pH 9.3) was coated onto a 96-well microtiter

plate (Nalge Nunc International, Roskilde, Denmark) by
overnight incubation at 4∘C. The plate was then blocked
with SuperBlock T20 (PBS) Blocking Buffer (Thermo Fisher
Scientific Inc., Rockford, IL, USA), and serum samples
(50𝜇L, ×25 dilution with 10mM Tris-HCl (pH 8.0), 0.9%
(w/v) NaCl, 0.5% (w/v) Tween 20) were added to the wells.
Calf thymus histone H1 (Upstate, Charlottesville, VA, USA)
was used as a standard. The mixture was incubated at room
temperature for 1 hr. Anti-histone H1 monoclonal Ab (×500
dilution; Abcam, Cambridge, MA, USA) was then added,
and the mixture was incubated at room temperature for
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1 hr. Peroxidase-conjugated anti-mouse IgG (×2,000 dilution;
Santa Cruz Biotechnology) was then added, and the mixture
was incubated at room temperature for 1 hr, followed by the
addition of 1-Step Ultra TMB substrate solution (Thermo
Fisher Scientific Inc.). For the quantitative determination of
HMGB1, a rat HMGB1 ELISA kit (MyBioSource Inc., San
Diego, CA, USA) was used according to the manufacturer’s
protocol. The absorbance (450 nm) was then measured using
a Victor X4 Multilabel Plate Reader (PerkinElmer, Shelton,
CT, USA).

2.5. Measurement of Anti-Histone H1 and HMGB1 Ab Titer
by ELISA. We used an ELISA to evaluate the anti-histone
H1 and HMGB1 Ab titers as described previously [11–14]
with minor modifications. To evaluate the anti-histone H1
and HMGB1 Ab titers, 2 𝜇g/mL of calf thymus histone H1
(Upstate) or recombinant humanHMGB1 (Sigma) in 100mM
NaHCO

3
(pH 9.3) was coated onto a 96-well microtiter plate

(Nalge Nunc International) by incubation at room temper-
ature for 1 hr. The plate was then blocked with SuperBlock
T20 (PBS) Blocking Buffer (Thermo Fisher Scientific Inc.),
and serum samples (50 𝜇L, ×100 dilution with 10mM Tris-
HCl (pH 8.0), 0.9% (w/v) NaCl, 0.5% (w/v) Tween 20)
from the recipient LEW rats after OLT or nontransplanted
LEW rats with Con A injection were added to the wells.
The mixture was incubated at room temperature for 1 hr.
Secondary peroxidase-conjugated anti-rat IgG (×2000 dilu-
tion; Biosource International, Camarillo, CA, USA) was then
added, and the mixture was incubated at room temperature
for 1 hr, followed by the addition of ABTS substrate solution
(Sigma). The absorbance (405 nm) was then measured using
a Victor X4 Multilabel Plate Reader (PerkinElmer).

2.6. Measurement of Donor Specific Alloantibody (DSA)
Response afterOLT. TheDSA responsewasmeasured by flow
cytometry on a single cell suspension from DA rat spleno-
cytes, as described previously [26] with minor modifications.
To evaluate the DSA response after OLT, 50 𝜇L of aliquots
containing 5 × 105 splenocytes was incubated with 50𝜇L of
diluted naı̈ve or post-OLT sera for 45min at 4∘C.The washed
cells were treated with 50𝜇L of amixture of FITC-conjugated
goat Ab specific for the Fc portion of rat IgG (×100 dilution)
and PE-conjugated goat Ab specific for the 𝜇 chain of rat IgM
(×100 dilution) (Jackson Immunoresearch Laboratories,West
Grove, PA, USA) in PBS containing 1% BSA and 0.02%NaN

3
.

After staining, the cells were washed, fixed, and analyzed
using a LSRII flow cytometer (BD Biosciences, San Jose, CA,
USA).

2.7. RNA Isolation and Real-Time PCR. RNA from a
transplanted donor DA liver harvested at the rejection phase
(postoperative day 7: 𝑛 = 5) or a nontransplanted LEW liver
at day 4 after Con A injection was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Total RNA (2 𝜇g) was reverse-
transcribed into cDNA with high capacity cDNA reverse
transcription kit (Life Technologies, Carlsbad, CA, USA).
The rat-specific PCR primers are as follows: GAPDH (sense),
5-CCATGGAGAAGGCTGGGG-3, and (antisense),

5-CAAAGTTGTCATGGATGACC-3; Foxp3 (sense),
5-CCCAGGAAAGACAGCAACCTT-3, and (antisense),
5-CTGCTTGGCAGTGCTTGAGAA-3; IL-10 (sense),
5-CAGACCCACATGCTCCGAGA-3, and (antisense), 5-
CAAGGCTTGGCAACCCAAGTA-3. Quantitative PCR of
GAPDH, Foxp3, and IL-10 was performed using a 7500 Fast
Real-Time PCR System (Applied Biosystems Inc., Foster, CA,
USA). The GAPDH reference gene was used to normalize
the data. The 2−Δ⋅CT value, which corresponds to the
expression of each gene compared to GAPDH, and 2−Δ⋅Δ⋅CT,
which corresponds to the expression ratio of each gene in the
experimental group compared to the control, were calculated.

2.8. SDS-PAGE and Western Blot Analyses. To detect the
protein expression of Foxp3 in livers, näıveDA livers and liver
allografts at rejection (postoperative day 7) or acceptance
(>200 days) were manually homogenized with T-PER Tissue
Protein Extraction Reagent (Thermo Fisher Scientific Inc.)
supplemented with protease inhibitor complete (RocheDiag-
nostics, Mannheim, Germany). After centrifugation, liver
extracts (100 𝜇g) were run on a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel using a
mini gel apparatus (Bio-Rad, Burlington, MA, USA), and
fractionated proteins were electronically transferred onto a
polyvinylidene fluoride transfer membrane (GE Healthcare
Bio-Sciences Corp.). The membrane was blocked using 5%
skim milk at room temperature for 1 hr and immuno-
probed with mouse monoclonal Ab against Foxp3 (×2000;
Santa Cruz Biotechnology) followed by incubation with
peroxidase-conjugated goat anti-mouse IgG (×10000; Santa
Cruz Biotechnology). Signals were visualized using an ECL
Plus Western Blotting Detection System (GE Healthcare
Bio-Sciences Corp.), and relevant bands were quantified by
densitometry using aG:BOX Image Station iChemiXLdevice
(Syngene, Cambridge, UK).

2.9. Statistical Analysis. Unpaired two-tailed Student’s t-tests
were used to determine the significance of the difference
between the normally distributed means of value in the two
groups. Each sample was tested in triplicate, and the results
are indicated as mean ± SD.

The actual liver allograft survival was calculated using
the Kaplan-Meier product limit estimator. The log-rank test
(Mantel-Cox) was used to test the equality of the graft
survival curves.

3. Results

3.1. Prolongation of Allograft Survival by the Induction of
De Novo Autoimmune Hepatitis. Con A-induced acute liver
injury is known as a model for autoimmune hepatitis and
the peak time of hepatic inflammation is at 24 hr after Con
A injection. Such hepatic inflammation is spontaneously
recovered at 3 to 7 days after Con A injection with transient
elevation of antinuclear Abreg against histone H1 [18]. To
evaluate the effects of such transient induction of de novo
autoimmune hepatitis on liver allograft survival, we per-
formed OLT in the rejection combination (DA-LEW) and
induced transient de novo autoimmune hepatitis by Con A
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Figure 1: The prolongation of allograft survival by the transient induction of de novo autoimmune hepatitis. (a) The DA liver allograft
survival of DA-LEW OLT with Con A injection (𝑛 = 5) was significantly prolonged (𝑃 = 0.001, log-rank test) compared with the survival in
the control PBS group (𝑛 = 10). (b) Paraffin sections of näıve and OLT livers at rejection (day 7) or acceptance (>200 days) were stained with
hematoxylin and eosin. The data are representative examples of three (naı̈ve and OLT at day 7) or two (>200 days) individual liver sections
(40x magnification, bar = 20 𝜇m).

injection three days after OLT. As shown in Figure 1(a), liver
allograft survival was significantly prolonged by Con A injec-
tion. Liver histology demonstrated the massive infiltration of
immune cells and damage to the hepatic parenchyma during
the rejection phase (day 7) after OLT both in the control
PBS and the Con A groups, while mild inflammation but not
severe hepatic damage was confirmed in the liver allografts of
long surviving rats (>200 days after OLT) (Figure 1(b)).

3.2. Suppression of Circulating Nuclear Histone H1 and
HMGB1 by Con A Injection. The release of nuclear antigens

into the blood stream has been associated with the progres-
sion of several diseases, and our previous study demonstrated
the elevation of nuclear histone H1 and HMGB1 during the
rejection phase (day 7) after OLT [25]. As shown in Figure 2,
Con A injection after OLT significantly suppressed the
circulating levels of nuclear histone H1 and HMGB1.

3.3. Induction of Antinuclear Antibodies after Con A Injection.
Anti-histone H1 and HMGB1 Abs are known as immune
Abreg for overcoming rejection and subsequent liver allograft
acceptance [13, 14]. To characterize the effects of antinuclear
Abs on the prolongation of liver allograft survival, we next
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Figure 2: The circulating levels of nuclear histone H1 (a) and HMGB1 (b) during the rejection phase after OLT. For the quantitative
determination of histone H1 and HMGB1, sandwich ELISA was performed as described in the Materials and Methods section. The results
are expressed as the mean of three independent experiments ± SD. ∗∗Significantly different compared with the control PBS group (𝑛 = 5)
(𝑃 < 0.01, Student’s t-test).

evaluated the Ab response against nuclear histone H1 and
HMGB1. As shown in Figure 3(a), most (4/5) of Con A-
injected recipients expressed higher titer of anti-histone H1
Ab at day 7 after OLT and remained at an elevated level
compared with the baseline (day 0), while anti-histone H1
Ab was not detected in the serum of OLT (DA-LEW) without
Con A treatment or transiently induced in the course of Con
A-induced autoimmune hepatitis (Figure 3(c)) [13, 14, 18].
On the other hand, anti-HMGB1 Ab was upregulated at day
14 after OLT in 3/5 of Con A-injected recipients and also
remained at an elevated level, similar to the anti-histone
H1 Ab (Figure 3(b)). No such elevation of anti-HMGB1 Ab
was observed in the control group (DA-LEW without Con
A treatment) (data not shown). Notably, long surviving
recipients (2/5; >200 days) showed the highest titer of both
anti-histone H1 and HMGB1 Ab in the course of OLT. These
results suggest the significance of Ab response against nuclear
histone H1 and HMGB1 for the prolongation of allograft
survival by Con A injection.

3.4. Suppression of Alloantibody Response by Con A Injection.
We next evaluated whether the induction of antinuclear
Abreg affects the donor specific alloantibody (DSA) response
during the rejection phase (day 7) after OLT. As shown in
Figure 4, the percentage of DA splenic cells recognized by
DSA (IgG and IgM) in the sera of OLT without Con A
injection was high but significantly reduced by Con A
injection. These results suggest that the induction of Ab
response against histone H1 and HMGB1 may reduce the

DSA response associated with the rejection response after
OLT.

3.5. Induction of Foxp3+ Regulatory T Cells in OLT Livers by
Con A Injection. To explore the roles of regulatory T cells
(Tregs) for liver allograft prolongation in Con A-injected
recipients, we next evaluated the hepatic levels of Foxp3 and
the inhibitory cytokine IL-10 at rejection phase after OLT.
As shown in Figure 5, we have confirmed the elevation of
both Foxp3 and IL-10 in liver allografts at day 7 after OLT
(i.e., at day 4 after Con A injection) while Con A injection
itself was no such elevation of those factors. Hepatic level of
Foxp3 protein was also increased in the long surviving liver
allografts (Figure 5(c)).These results suggest the involvement
of synergistic effects of autoimmune hepatitis and acute cel-
lular rejection in liver allografts for Treg-mediated immune
regulation, resulting in the long-term acceptance of liver
allografts in Con A-injected recipients.

4. Discussion

Therelease of nuclear antigens and its suppression by neutral-
ized Abs are proposed to be important in the initiation and
regulation of immune responses. Wang et al. first reported
the proinflammatory role of HMGB1 in endotoxin lethality
in mice and in septic patients [27]. Since then, accumulating
evidence has suggested the significance of HMGB1 in both
innate immunity and adaptive immunity and as a therapeutic
target for immune regulation [28].The critical role ofHMGB1
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Figure 3: The induction of Ab against nuclear histone H1 (a) and HMGB1 (b) after OLT by the transient induction of de novo autoimmune
hepatitis. Anti-histone H1 and HMGB1 Ab titers (optical density at 405 nm) were measured by ELISA as described in the Materials and
Methods section. The results are expressed as the mean of three independent experiments (ratio to day 0) ± SD. The dotted line indicates
cutoff values (𝑃 < 0.05) of 2SD above the mean of baseline (𝑛 = 15) (a: 1.35; b: 1.25). (c) No elevation or transient induction of anti-histone
H1 Ab titer was observed in the serum of DA-LEW OLT without Con A injection or nontransplanted LEW rats with Con A injection. The
results are expressed as the mean of three independent experiments (ratio to naı̈ve LEW) ± SD. ∗∗Significantly different compared with the
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in the pathogenesis of Con A-induced acute liver injury was
also recently demonstrated [29]. On the other hand, the
roles of histones in immune responses are poorly understood
in comparison with HMGB1, whereas our previous studies
strongly suggested the significance of Ab response against
histone H1 for overcoming rejection [11–17] and for the
protection of Con A-induced acute liver injury [18]. Our
subsequent study has demonstrated that the translocation
of histone H1 from nucleus to cytoplasm and the release of
their own histone H1 are necessary for the maturation of
DCs and for the activation of T cells [30]. This function
is also similar to the role of HMGB1 in DC maturation
[31]. Recent work has clearly demonstrated the induction of
inflammatory responses by extracellular histones from dying
cells via TLR2 and TLR4 in acute kidney injury [32]. Taken

together, these results indicate that the induction of Abreg
against nuclear antigens such as histone H1 and HMGB1
must be one of the homeostatic phenomena that abrogate the
inflammatory responses and may not be associated with any
clinical manifestations.

The recurrence of autoimmune hepatitis or de novo auto-
immune hepatitis has been characterized by the induction
of auto-Abs [19, 20], but the precise roles of auto-Abs in
the clinical manifestation of autoimmune hepatitis are still
uncertain. Most researchers may speculate that the induc-
tion of de novo autoimmune hepatitis would accelerate the
rejection response due to the synergistic effect of rejection
and inflammatory responses. In this study, however, we
observed the unique phenomenon that the transient induc-
tion of de novo autoimmune hepatitis by Con A injection
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paradoxically overcomes the rejection after OLT. However,
despite prolonged survival of OLT (DA-LEW) with Con
A injection, liver histology demonstrated that the massive
infiltration of immune cells into the liver allografts was
observed at day 7 after OLT (DA-LEW)with ConA injection,
which was similar to that of liver graft of OLT (DA-LEW)
without Con A injection. These results suggest that rejec-
tion with inflammatory responses in the early stage of Con
A injection following OLT may play important roles for
immune regulation. Similarly to our study, Li et al. recently
reported the unique phenomenon that the acute rejection
response after OLT was attenuated in the rats with hepatic

alveolar echinococcosis infection, suggesting interference
between the parasite infection and the rejection response
[33].We recently confirmed that the liver histology in theDA-
PVG natural tolerance model also revealed a similar rejec-
tion pattern to the observations in the DA-LEW rejection
combination at day 7 after OLT [34], suggesting that the
involvement of the rejection and inflammatory responses is
necessary to overcome rejection and subsequently induce
tolerance without immunosuppressive drugs.

Additionally, Con A injection following OLT may lead
the host immune system to a tolerogenic status with not
only the suppression of DSA response but also the induction
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LEW + Con A (days)Näıve DA-LEW OLT (day 7)

PBS Con A

(a)

IL
-1
0

35

30

25

20

15

10

5

0

40

∗∗
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of Abreg against nuclear histone H1 and HMGB1. As we
have mentioned in our recent review article [25], an initial
mechanism for the induction of antinuclear Abs is the release
of nuclear antigens, and the primary source of nuclear
antigens would be damaged hepatic cells due to peritrans-
plant ischemia/reperfusion injury, post-transplant rejection,
and Con A-induced autoimmune hepatitis. Nuclear antigens
including histone H1 and HMGB1 may act as “nuclear
weapon” for induction of innate and adaptive immune
responses. In this condition, the induction of corresponding
auto-Abs may neutralize those nuclear antigens, resulting in
the amelioration of inflammation and rejection. Thus, we
speculate that the competitive balance between autoimmu-
nity and alloimmunity is important for the prolongation
of allograft survival. Another possibility for liver allograft
acceptance is the activation of regulatory cells capable of
suppressing proliferation of other cells by lectins [35, 36].
The prolonged allograft survival after transplantation by

mitogenic lectins such as phytohemagglutinin, lentil lectin,
and Con A has been reported in renal, skin, pancreas, and
heart transplantation in mice, rats, and dogs [37], while it
has not yet been explored in liver transplantation. However,
in a murine model of Con A-induced autoimmune hepatitis,
the mechanisms of Treg-mediated tolerance induction in
response to liver inflammation are mentioned [1, 38, 39].
The putative mechanisms of lectin-induced allograft accep-
tance are not completely verified; however, we may explain
possible immunosuppressive mechanisms by lectins through
the induction of Abreg against nuclear histone H1 and
HMGB1which negatively regulates harmful T cell response in
partly collaboration with Treg [40], resulting in the induction
of allograft acceptance.

The induction of CD4+CD25+Foxp3+ Tregs, which pri-
marily produce IL-10, is proposed as a possible mechanism
for the protection and recovery from hepatic injury after
Con A injection [1]. Furthermore, Fujii et al. reported the
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induction of autoantibody-producing B cells (i.e., B-1 cells)
in the course of Con A-induced hepatic injury [41]. The
therapeutic potential of naturally occurring IgM auto-Abs for
prevention of autoimmune diabetes and for promotion of
allograft survival has been recently reported [42]. B-1 cells
are also known to produce the anti-inflammatory cytokine
IL-10 [43]. Taking these results together, Con A injection
after OLT may induce IL-10-producing Tregs and B-1 cells
for the protection and recovery from acute rejection as well
as autoimmune hepatitis. In this study, however, we have
only confirmed the elevation of hepatic levels of Foxp3 and
IL-10. Therefore, further studies including the hepatic and
circulating levels of L-10-producingTregs andB-1 cells should
be performed to clarify the fundamentalmechanisms of Tregs
and B-1 cells in liver allograft acceptance.

In summary, our present data suggest that the transient
induction of de novo autoimmune hepatitis by Con A injec-
tion after OLTmay regulate the balance of autoimmunity and
alloimmunity to overcome rejection and subsequently induce
liver allograft acceptance. Although this study has revealed
unique phenomena for prolongation of liver allograft sur-
vival, there are several limitations in this study including
the transient induction of de novo autoimmune hepatitis
by Con A injection, which may not completely mimic the
clinical manifestation of de novo autoimmune hepatitis. In
addition, much work remains to understand the mechanisms
of immune modulation by the involvement of the Abreg
against nuclear histone H1 and HMGB1 on Treg. We need to
clarify the balance of autoimmunity and alloimmunity as well
as the response to infectious diseases and liver inflammation
in patients after liver transplantation to evaluate liver allograft
rejection and acceptance.
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Highly pathogenic avian influenza H5N1 (HPAI H5N1) viruses can infect mammals, including humans, causing severe systemic
disease with the inhibition of the immune system and a high mortality rate. In conditions of lymphoid tissue depletion,
the liver plays an important role in host defence against viruses. The changes in mice liver infected with HPAI H5N1 virus
A/goose/Krasnoozerskoye/627/05 have been studied. It has been shown that the virus persistence in the liver leads to the expression
of proinflammatory cytokines (TNF-𝛼, IL-6) and intracellular proteases (lysozyme, cathepsin D, and myeloperoxidase) by Kupffer
cells. Defective antiviral response exacerbates destructive processes in the liver accelerating the development of liver failure.

1. Introduction

Influenza takes a special place in the human infectious
pathology because it has no equivalent in prevalence and
incidence of diseases. The causative agent of the highly
pathogenic avian influenza A/H5N1 (HPAI H5N1) is of
particular interest. Its characteristic features are wide geo-
graphical distribution and high pathogenicity to humans
causing the severe disease with high mortality in the absence
of specific immunity in the human population [1–3]. There
is a constant threat of a pandemic, due to the constant
evolution of influenza viruses, the high population density in
areas of active circulation of HPAI H5N1, its ability to direct
transmission from birds to humans, and the possibility of
reassortment with viruses adapted in the human population
[4–6].

An infectious disease caused by HPAI H5N1 viruses
occurs with damage to many organs and systems of the
organism and severe symptoms of intoxication [7, 8]. When
studying the distribution of HPAI H5N1 viruses in tissues of
internal organs of infected animals in a number of studies, it
was shown that they are able to replicate not only in the lung,
but also in extrapulmonary organs including liver, kidney,
spleen, and brain [9–11]. The incubation period typical for

HPAI H5N1 is too brief for the occurrence of primary
humoral response [12], and the initial period of the disease
occurs with the inhibition of the interferon response and
reduction of interferon in the blood [10]. At the same time,
many researchers have reported significant depletion of lym-
phoid tissue as a result of massive apoptosis of lymphocytes
under the infection [13, 14]. In this connection, a special role
acquires nonspecific protectionmechanisms of the organism,
particularly cells of the mononuclear phagocyte system, a
significant pool of which is concentrated in the lungs and liver
[12]. Macrophages can phagocytize viruses, destroying them
[12, 15]; however, in cases of infection with highly pathogenic
viruses, including HPAI H5N1, their successful replication
occurs in macrophages with the development of cytopathic
effect expressed in many organs, which often results in fatal
outcome [16].

Because of pneumotropic influenza viruses, most studies
are devoted to the investigation of morphological manifesta-
tions of HPAI H5N1 in the lungs [1, 2, 8, 16, 17]. However, the
liver being the central organ of detoxification and immunity is
an important barrier to the spread of viruses in the organism.
Kupffer cells, which are the resident macrophages of the liver,
in addition to phagocytic function, have a high secretory
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activity. Among the products of secretion themost important
are inflammatory (IL-1, IL-6, TNF-𝛼, IL-8, IL-12) and anti-
inflammatory (IL-10, TGF) cytokines [18].

Due to the developed lysosomal apparatus, macrophages
are showing microbicidal activity by the secretion of lyso-
somal proteases. In the conditions of viral infections the
most important are proteolytic enzymes from the group of
endopeptidase (lysozyme, cathepsin D, and myeloperoxi-
dase), asking for intracellular disintegration of the protein
structures of viruses [18, 19].

Thus, the high pathogenicity of HPAI H5N1 in mam-
mals is associated with the features of immune response.
Structural and functional state of the liver cells play the
important role in this process. Aforesaid the purpose of
this research was to study the structural and functional
changes in the cells of the liver (Kupffer cells, hepatocytes,
and endothelial cells) of mice infected with HPAI H5N1 virus
A/goose/Krasnoozerskoye/627/05.

2. Materials and Methods

The study has been conducted on 240 6–8-week-old outbred
white male mice from the laboratory animal nursery of FBRI
SRC VBVector. Animals were housed in standard conditions
with free access to food and water. Period of animal adap-
tation to housing conditions before the experiment was two
weeks. The investigation was conducted in accordance with
theDeclaration ofHelsinki international principles.Themice
were taken out of the experiment through the dislocation of
the cervical spine vertebrae under ether narcosis.

A/goose/Krasnoozerskoye/627/05 (H5N1) influenza
virus (hereinafter referred to as A/H5N1 virus), isolated
from the lung of a goose which died in September 2005
during avian influenza epizootic in Krasnoozerskoe village,
Novosibirsk Region, Russia, was used as infectious agent.
Mice were intranasally infected with 10 MLD

50
of A/H5N1.

Experimental works with studied HPAI H5N1 virus
strain have been performed in accordance with sanitary
regulations on safe work with microorganisms of III-IV
pathogenicity group and helminthes. The study has been
conducted in three experiments on 80 mice in each—
first group (control) consisted of intact animals (20 mice)
and the second group consisted of 60 mice infected with
A/goose/Krasnoozerskoye/627/05 (H5N1) influenza virus.

Samples of liver of animals infected with A/H5N1 were
obtained 1, 3, 6, and 10 days after infection, 10 animals in
each experimental period. Control animals were withdrawn
from the experiment on the 1st and 10th day. Specimens were
fixed in 10% formalin, dehydrated in alcohols of increasing
concentrations, and embedded in paraffin pouring mixture
“HISTAMIX” (“BioVitrum,” Russia). Sections of 3 micron
thickness were prepared on a rotary microtome HM355S
(“Microm,” Germany) and stained with hematoxylin and
eosin by standard procedure and by immunohistochemical
(IHC) method.

Immunohistochemical (IHC) analysis was performed by
using indirect streptavidin-peroxidase method with specific
primary antibodies against influenza A antigen (Inf A/FITC

(“Abcam”)), TNF-𝛼 (“DBS”), and IL-6 (“Novocastra”) and
lysosomal enzymes (Cathepsin D (“DBS”), Myeloperoxidase
(“DBS”), and Lysozyme (“DBS”)). For IHC studies sections
were dewaxed and rehydrated. After antigen unmasking in
a microwave oven at 700W power for 20–25 minutes and
washing with distilled water, phosphate buffer, endogenous
peroxidase was blocked within 5 minutes. Exposure time to
the primary antibodies was 30–45 minutes at 37∘C. Sections
were incubated with streptavidin-peroxidase complex, DAB-
substrate and further counterstained with Mayer’s hema-
toxylin. To visualize the antibodies “NovoLink” detection
system (“Novocastra”) was used.

Morphometric study of tissue structural elements was
conducted using closed test system consisting of 100 points,
square 3.64 × 105 𝜇m2. There were registered volume density
(𝑉V) of destructive changes (as the sum of dystrophy and
necrosis) and inflammatory infiltrates in the liver and the
numerical density (𝑁ai) of cells expressing studied IHC
markers [20]. Statistical analysis of the results was per-
formed using the statistical analysis packageMicrosoft Office
Excel 2007 and standard software package STATISTICA v.6.
The arithmetic mean value (𝑀) and standard error of the
mean (𝑚) were determined. To identify the probability of
significance of differences of compared average values we
used Student’s 𝑡-test. Differences were considered statistically
significant at the 5% significance level (𝑃 < 0.05).

3. Results and Discussion

In experimental infection of mice with influenza virus
A/H5N1 A/goose/Krasnoozerskoye/627/05 we observed a
high mortality rate of 75%. The death of animals was regis-
tered in 7–11 days after infection. The maximum number of
dead animals was recorded on day 8 of the experiment.

In previous virological studies, it has been shown that
the selected isolate of HPAI H5N1 A/goose/Krasnooz-
erskoye/627/05 is highly pathogenic formice and is capable of
replicating in many organs, including the liver, without prior
adaptation [10].

Visualization of viral antigen by IHC in the liver of
infected mice showed that on day 1 of the experiment, and
thereafter, the highest rate of replication of the A/H5N1
influenza virus was reported in sinusoidal endothelial cells
and Kupffer cells (Figures 1 and 2), which was associated with
their phagocytosis function. The maximum number of cells
with signs of A/H5N1 influenza virus replication inmice liver
was detected on day 3 of infection.The preferential detection
of viral antigen in the sinusoidal cells is probably an evidence
of the increasing viremia due to destruction of infected cells
and releasing of new virus particles into the blood.

At the histological examination of the liver of infected
animals in the first six days, we registered expansion and
congestion of major veins and sinusoids with signs of stasis
and hemolysis of erythrocytes. From the first day after
infection, we observed hepatocytes in a state of dystrophy,
necrosis. Volume density of destructive changes of hepato-
cytes on day 6 postinfection was the largest and amounted
to 93.78% (Figure 3), which indicates the subtotal damage
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Figure 1: Influenza A virus antigen expression by Kupffer cells,
endothelial cells, and hepatocytes of the liver of mice infected
with A/goose/Krasnoozerskoye/627/05 (A/H5N1) influenza virus.
One day after infection. Immunohistochemical analysis. Magnitude
×1000.
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Figure 2: Numerical density of cells expressing influenza A virus
antigen in the liver of mice infected with influenza virus A/goose/
Krasnoozerskoye/627/05 (A/H5N1).

to hepatocytes and the development of liver failure. To day
10 of the experiment, the value of this indicator decreased
slightly (Figure 3), whichmay indicate the activation of repair
processes in the surviving animals.

At the IHC study of cytokine profile, we registered
expression of TNF-𝛼 and IL-6 by Kupffer cells and sinusoidal
endothelial cells at the cellular level. The number of liver
cells with IL-6 expression was the largest on day 3 of
infection and gradually decreased to day 10 of the experiment
(Figure 4).The total numeric density of the liver cells with the
expression of TNF-𝛼 was high on the first day and reached
its maximum value on day 6. During the whole experiment,
Kupffer cells were the dominant type of liver cells expressing
proinflammatory cytokines.

To assess the hydrolytic capacity of Kupffer cells of mice
infected with A/H5N1 virus, production of lysozyme, cathep-
sin D, and myeloperoxidase was investigated. Increased
expression of these enzymes was observed at all stages of the
experiment.

Already at the first day of infection significant increase
of cells expressing lysozyme was recorded in the liver of
infected mice, and the vast majority of them were provided
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Figure 3: Volume density of the destructive changes in the
liver of mice infected with influenza virus A/goose/Krasnoozer-
skoye/627/05 (A/H5N1).
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Figure 4: Numerical density of Kupffer cells expressing TNF-𝛼 and
IL-6 in the liver of mice infected with influenza virus A/goose/
Krasnoozerskoye/627/05 (A/H5N1).

by Kupffer cells. The value of this index increased to day 3;
then therewas an observed reduction of concentration of cells
expressing lysozyme till the end of the experiment (Figure 5).
Also, lysozyme-secretory activity was detected in endothelial
cells, but their numbers were insignificant compared with
Kupffer cells. Probably, the prevalence of cells expressing the
lysozyme in the early stages after infection has an adaptive
nature in connection with a broad spectrum of activity of this
enzyme, which belongs to the enzymes of “rapid response”
destroying the peptidoglycan envelope viruses and enhancing
the effectiveness of phagocytosis [21, 22].

Later, azurophilic granules are mobilized. They contain
cathepsins, including cathepsin D as the most common [23].
The number of cells expressing cathepsin D in the liver of
mice infected with A/H5N1 virus also reached its maximum
value on day 3 of the disease with a gradual decrease to day
10 (Figure 5).

The numerical density of cells expressing myeloper-
oxidase in the liver of infected mice was the highest in
comparisonwith other investigated enzyme levels at all stages
of observation, and it also reached a maximum on day 3
of the disease. To day, 10 there was a 1.6-fold decrease of
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Figure 5: Numerical density of Kupffer cells expressing lysozyme,
cathepsin D, and myeloperoxidase in the liver of mice infected with
influenza virus A/goose/Krasnoozerskoye/627/05 (A/H5N1).

Figure 6: Myeloperoxidase expression by Kupffer cells of the liver
of mice infected with A/goose/Krasnoozerskoye/627/05 (A/H5N1)
influenza virus. Three days after infection. Immunohistochemical
analysis. Magnitude ×630.

this parameter (Figures 5 and 6). Myeloperoxidase oxidizes
cofactors, translating them into an active form, thus provid-
ing a powerful microbicidal effect [24]. However, the output
of myeloperoxidase in the extracellular space by exocytosis
or phagocytic destruction can cause pathological action of
the enzyme under the conditions for its development, for
example, low pH values during ischemia.The resulting strong
oxidants cause tissue damage of the organism [25].

Analysis of the results suggests that in conditions of
depletion of lymphoid tissue caused by HPAI H5N1, a special
role in protecting the organism from infection belongs to the
liver as a key organ of the nonspecific protection.

High HPAI H5N1 virus tropism for vascular endothelial
cells of all organs promotes early viremia and generalization
of infection. A/H5N1 virus persistence in cells of different
histogenesis is associated with a significant activation of cell-
mediated immunity, resulting in an increased production
of proinflammatory cytokines (TNF-𝛼 and IL-6) that, on
the one hand, is a protective mechanism consisting in the
recruitment of immune cells into the focus infection and
in the activation of regenerative processes in the organs via
growth factors. On the other hand, an excessive accumulation

of inflammatory cytokines facilitates the initiation of degra-
dation processes [12].

A/H5N1 virus infection ofmicewas accompanied by early
activation of the expression of myeloperoxidase, lysozyme,
and cathepsin D by Kupffer cells. Intracellular proteases are
the most important factors of nonspecific protection that
provide the intracellular disintegration of the virus proteins.
But, apparently, these mechanisms are ineffective for HPAI
H5N1 viruses.

High hydrolytic capacity of cells, being an early nonspe-
cific protection factor, at the same time, can be a trigger
point to initiate lysis of host cells (secondary alteration) with
the development of spread destructive complications in the
organs in case of phagolysosome membrane labilization after
absorption of viral particles.

Thus, defective antiviral response that triggers a cas-
cade of cytokine-mediated responses, only exacerbates the
destructive processes in the liver of experimental animals,
which together with insufficient oxygen supply caused by
damage of lungs lead to irreversible structural and functional
changes and the early development of acute liver failure.
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Despite advances in immunosuppressive drugs, long-term success of liver transplantation is still limited by the development of
chronic liver allograft dysfunction. Although the exact pathogenesis of chronic liver allograft dysfunction remains to be established,
there is strong evidence that chemokines are involved in organ damage induced by inflammatory and immune responses after
liver surgery. Chemokines are a group of low-molecular-weight molecules whose function includes angiogenesis, haematopoiesis,
mitogenesis, organ fibrogenesis, tumour growth andmetastasis, and participating in the development of the immune system and in
inflammatory and immune responses. The purpose of this review is to collect all the research that has been done so far concerning
chemokines and the pathogenesis of chronic liver allograft dysfunction and helpfully, to pave the way for designing therapeutic
strategies and pharmaceutical agents to ameliorate chronic allograft dysfunction after liver transplantation.

1. Introduction
Chronic liver allograft dysfunction is a leading cause of
patient morbidity and late allograft loss after liver transplan-
tation. The loss of approximately 2000 liver grafts each year
results in chronic allograft dysfunction [1]. Liver allograft
biopsy in patients who survive longer than 5 years shows that
37% of recipients present with chronic liver allograft dysfunc-
tion [2].

The pathological hallmarks of end stage chronic liver allo-
graft dysfunction include hepatocyte necrosis, hepatic arte-
rial proliferative occlusive disease, bile duct disappearance,
and eventually liver fibrosis [3]. That pathological changes
usually precede functional deterioration in cases of chronic
liver allograft dysfunction is characterized [3]. Treatment
options in patients with advanced chronic liver allograft dys-
function are limited because of the diffuse nature of the dis-
ease. The currently available drug treatments are ineffective.
Additionally, retransplantation has limited applicability and
success because of donor availability. Hence, chronic liver
allograft dysfunction still is a common and frequently fatal,
yet poorly treatable, complication of liver transplantation.

Although the pathogenesis of chronic liver allograft dys-
function is not completely defined, it is believed that the his-
topathologic changes in this patient population can be attrib-
uted to early allograft dysfunction [4], acute or chronic rejec-
tion [5, 6], de novo or recurrent autoimmune disease [7], de
novo or recurrent viral hepatitis [3], drugs toxicity [8, 9], late
effects of ischemia/reperfusion (I/R) injury [10] or ischemic-
type biliary lesions [11, 12], and other recurrent diseases [13].
Causes of chronic liver allograft dysfunction are variable and
are shown in Table 1. The molecular mechanisms of chronic
liver allograft dysfunction are still unclear. Several reports
have shown that chronic liver allograft dysfunction is caused
by repeated episodes of chemotactic mediated injury to the
liver graft [14, 15]. And these forms of injury are inflicted on
the allograft throughout all stages of transplantation [16].

Chemokines are a group of low-molecular-weight (8 to
14 kDa) [17] cytokines of which their common properties are
to induce inflammatory cells migration and regulate inflam-
matory responses. However, recent studies show that che-
mokines impinge on many facets of biology including angio-
genesis, haematopoiesis, mitogenesis, tumour growth and
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Table 1: Causes of chronic liver allograft dysfunction.

Causes Histopathologic changes and diagnosis

Immunological

Early allograft dysfunction Early high transaminases persistent cholestasis and prolonged coagulopathy [4]
acute hepatocellular damage or death.

Acute rejection
Predominantly mononuclear portal inflammation containing neutrophils,
lymphocytes, and eosinophils; inflammatory bile duct damage; and portal or central
venous subendothelial inflammation or perivenular inflammation [22].

Chronic rejection A majority of small bile ducts damage bile duct loss affecting >50% of the portal
tracts and foam cell obliterative arteriopathy [22].

Chronic hepatitis The presence of a portal and lobular mononuclear infiltrates in the absence of
rejection or the graft damage caused by viral infection [3].

De novo or recurrent
autoimmune hepatitis

Significant titers (≥1 : 160) of smooth muscle antibodies and antinuclear antibodies
interface hepatitis with portal lymphocytic infiltrates hypergammaglobulinemia
and exclusion of viral infection or drug-induced hepatitis [23, 24].

Viral De novo or recurrent viral
hepatitis (HBV, HCV)

The portal inflammation tends to be more diffusely distributed throughout the
portal tracts; lymphocytic cholangitis is limited to a minority of bile ducts [25].

Ischemia
Late effects of I/R injury

Hepatocytes and sinusoidal endothelial cells damage adhesion and aggregation of
neutrophils and platelets in the sinusoids sinusoidal narrowing and elevated liver
aminotransferase enzymes [26].

Ischemic-type biliary
lesions

The complete biliary system is affected or only the major extrahepatic bile ducts are
involved. Epithelial and muscular necrosis of the biliary system and periductal
connective tissue well preserved [27].

Toxic Drugs and other toxins
Changes are usually mild and nonspecific like hepatitis, cholestasis, nodular
regenerative hyperplasia, and veno-occlusive disease (sinusoidal congestion) or
centrizonal necrosis [8].

Recurrent disease

Idiopathic
posttransplantation
hepatitis

Bile duct damage and venous endothelial inflammation chronic hepatitis that
cannot be ascribed to a particular cause or presence of bridging fibrosis or cirrhosis
[28].

Recurrent PSC Biliary strictures presence of mild portal edema mild nonspecific pericholangitis
lamellar periductal edema concentric periductal fibrosis or biliary gestalt [29].

Recurrent PBC
Noninfectious granulomatous cholangitis in the proper setting presence of
antimitochondrial antibodies and absence of other causes such as infections and
biliary strictures [30].

Alcoholic and nonalcoholic
steatohepatitis

Macrovesicular steatosis Mallory’s hyaline ballooning cell degeneration
perisinusoidal fibrosis and scattered neutrophilic inflammation [31, 32].

HBV: hepatitis B virus; HCV: hepatitis C virus; I/R injury: ischemia reperfusion injury; PSC: primary sclerosing cholangitis; PBC: primary biliary cirrhosis.

metastasis [14, 18], and participating in the development of
the immune system and in innate and acquired immune res-
ponses [19, 20]. Dysregulated expression of chemokines and
their receptors is involved in the pathogenesis ofmanyhuman
diseases including chronic inflammatory diseases, autoim-
mune diseases, immunodeficiency, and cancer. Furthermore,
chemokines are essential mediators for attracting immune
cells and for activating nonparenchymal liver cells [21]. And
there is also emerging evidence that these chemokines and
their receptors are linkedwith chronic liver allograft dysfunc-
tion development in animal studies [16].

For their involvement in a number of pathological proc-
esses, chemokines and their receptors represent important
pharmaceutical targets for many diseases [65]. In addition,
genetically recombinated/engineered small-molecule che-
mokine or chemokine inhibitors are emerging in reports both
in the literature and at international conferences. In this
review we will outline the recent progress in chemokines re-
search with regard to the pathogenesis and development of
chronic allograft dysfunction after liver transplantation. Each
class of chemokines is discussed separately in this paper.

2. Chemokine Superfamily

Since the first member of chemokines/cytokines, platelet fac-
tor 4 (PF-4/CXCL4), being discovered in 1955 [66], the family
members of chemokines aremore than 50 now. Because these
molecules are closely related in structure and function, enor-
mous chemokines and chemokine receptors were newly dis-
covered in recent years. According to the presence of a con-
served cysteine residue at the NH

2
terminus [67], the che-

mokine superfamily is divided into four subfamilies: C, CC,
CXC, and CX

3
C. The first and third cysteines are missing in

the C subfamily, while these two cysteines are adjacent in CC
chemokines. In the CXC subfamily, one amino acid separates
the first two cysteines, while in CX

3
C chemokines, three

amino acids between the two cysteines. Based on the presence
or absence of a three-amino-acid sequence ELR, comprising
glutamine (E), leucine (L) and arginine (R), adjacent to the
CXCmotif near the NH

2
terminal, the CXC family is further

subdivided into ELR-positive and ELR-negative CXC che-
mokines. A possible new type of CX chemokine, which lacks
one of the two N-terminus cysteines but retains the third and
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Table 2: Chemokines involved in the pathogenesis of liver disease.

Chemokine Location in the liver Function Receptors and their
distribution

CXC subfamily

CXCL1
Hepatocytes, Kupffer cells,
activated stellate cells; and
endothelial cells [33, 34]

Neutrophil migration, innate immunity, acute
inflammation, and angiogenesis

CXCR1: PMN, monocytes,
and mast cells
CXCR2: PMN, monocytes,
and mast cells

CXCL2
Hepatocytes, Kupffer cells,
activated stellate cells; and
endothelial cells [34, 35]

Neutrophil migration, innate immunity, acute
inflammation, and angiogenesis

CXCR2: PMN, monocytes,
and mast cells

CXCL3
Hepatocytes, Kupffer cells,
activated stellate cells, and
endothelial cells [33, 34]

Neutrophil migration, innate immunity, acute
inflammation, and angiogenesis

CXCR2: PMN, monocytes,
and mast cells

CXCL4
Sinusoidal endothelium,
platelets, NK cells, T cells, and
neutrophils [36]

Chemotactic for neutrophils, monocytes, and
fibroblasts CXCR3: memory T cells, Th1,

Th2, Th17, and Treg, NKT

CXCL4L1 Thrombin-stimulated platelets [37] Angiogenesis and
antitumoral chemokine

CXCR3: memory T cells, Th1,
Th2, Th17, Treg, and NKT

CXCL5 Hepatocytes, Kupffer cells, and
endothelial cells [33]

Neutrophil migration, innate immunity, acute
inflammation, and angiogenesis

CXCR2: PMN, monocytes,
and mast cells

CXCL6 Microvascular endothelial cells
[38] Neutrophil migration and innate immunity

CXCR1: PMN, monocytes,
and mast cells
CXCR2: PMN, monocytes,
and mast cells

CXCL7 Platelets [39]
Angiogenesis, innate immunity, neutrophil
migration, and regenerating vascular integrity
after injury

CXCR1: PMN, monocytes,
and mast cells
CXCR2: PMN, monocytes,
and mast cells

CXCL8
Endothelial cells, Kupffer cells,
biliary epithelial cells, and stellate
cells [34]

Innate immunity, neutrophil migration, and
angiogenesis

CXCR1: PMN, monocytes,
and mast cells
CXCR2: PMN, monocytes,
and mast cells

CXCL9 Sinusoidal epithelial cells [40] Th1, Th2, Th17, and Treg recruitment and
adaptive immunity

CXCR3: memory T cells, Th1,
Th2, Th17, Treg, and NKT
CCR3: eosinophils and
basophils

CXCL10 Hepatocytes and liver sinusoids
[15]

Th1, Th2, Th17, and Treg recruitment and
adaptive immunity

CXCR3: memory T cells, Th1,
Th2, Th17, Treg, and NKT
CCR3: eosinophils and
basophils

CXCL11 Liver sinusoids [15] Th1, Th2, Th17, and Treg recruitment and
adaptive immunity

CXCR3: memory T cells, Th1,
Th2, Th17, Treg, and NK
CCR3: eosinophils and
basophils
CCR5: monocytes, Th1 cells,
and NK

CXCL12 Biliary epithelium [15] Stem cell migration and B-cell lymphopoiesis
CXCR4: T and B cells,
monocytes, stem cells, and
NKT

CXCL13 Lymphocytes within
microenvironments [41]

B-cell homing in lymphoid organ and liver
and T-cell homing in the liver

CXCR5: B cells
CXCR3: memory T cells, Th1,
Th2, Th17, Treg and NKT
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Table 2: Continued.

Chemokine Location in the liver Function Receptors and their
distribution

CXCL14 Macrophage and neutrophil [42] Recruitment of monocytes/macrophages to
the liver Unknown

CXCL16 Liver sinusoids biliary epithelium
[15]

T-cell migration, recruitment of CD4+ T cells,
and CD8+ T cells and B cells into the liver

CXCR6: memory T cells, Th1,
NK and NKT

CXCL17
Endothelial cells and
hepatocellular carcinoma (HCC)
cells [43]

Chemoattract DC and monocytes,
angiogenesis, and carcinogenesis Unknown

CC subfamily

CCL1
Hepatocytes, hepatic stellate cells,
endothelium, and Kupffer cells
[44]

T-cell trafficking andTh2 response CCR8: monocytes, Th2, Treg
and NK

CCL2 Hepatocytes, Kupffer cells, and
stellate cells [44]

Th1 inflammation, T-cell and monocyte
migration, and innate and adaptive immunity

CCR2: monocytes, memory T
cells, basophils and pDC

CCL3
Portal vessels, biliary epithelium,
and sinusoidal endothelium
[45, 46]

T-cell and monocyte migration, innate and
adaptive immunity, inflammation,Th1
response, HIV infection, and hypersensitivity

CCR1: monocytes, memory T
cells, Th1 and NK
CCR5: monocytes, Th1 cells
and NK

CCL4 Portal vessels, biliary epithelium,
and sinusoidal endothelium [15]

Th1 response, adaptive immunity,
inflammation, HIV infection

CCR5: monocytes, Th1 cells
and NK

CCL5

Portal vessels, platelets, T-cells,
macrophages, liver-derived
dendritic cells, and Kupffer cells
[15]

T cell and monocyte migration, innate and
adaptive immunity, inflammation, Th1
response, and HIV infection, and
hypersensitivity

CCR1: monocytes, memory T
cells, Th1 and NK
CCR3: eosinophils and
basophils
CCR5: monocytes, Th1 cells
and NK

CCL7
Portal vessels, monocytes,
endothelial cells, smooth muscle
cells, and human CD34 cells [47]

T-cell, NK cells, dendritic cells, basophils,
eosinophils, and monocyte migration, innate
and adaptive immunity, Th1 inflammation,
and
hypersensitivity

CCR1: monocytes, memory T
cells, Th1, and NK
CCR2: monocytes, memory T
cells, basophils and pDC
CCR3: eosinophils and
basophils
CCR5: monocytes, Th1 cells,
and NK

CCL8 Portal and vascular
endothelium [47]

T-cell and monocyte migration, innate and
adaptive immunity, Th1 inflammation,
hypersensitivity, and HIV infection

CCR1: monocytes, memory T
cells, Th1, and NK
CCR2: monocytes, memory T
cells, basophils, and pDC
CCR3: eosinophils and
basophils
CCR5: monocytes, Th1 cells,
and NK

CCL11 Foetal liver [48] Eosinophil and basophil migration, allergic
inflammation, andTh2 response

CCR2: monocytes, memory T
cells, basophils, and pDC
CCR3: eosinophils and
basophils
CCR5: monocytes, Th1 cells,
and NK
CXCR3: memory T cells, Th1,
Th2, Th17, Treg, and NKT

CCL12 Kupffer cells [49] Monocytes, T-cell and eosinophils migration,
and allergic inflammation

CCR2: monocytes, memory T
cells, basophils, and DC
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Table 2: Continued.

Chemokine Location in the liver Function Receptors and their
distribution

CCL13 Epithelial and endothelial cells
[50]

T-cell and monocyte migration, innate and
adaptive immunity, andTh1 inflammation

CCR1: monocytes, memory T
cells, Th1, and NK
CCR2: monocytes, memory T
cells, basophils, and pDC
CCR3: eosinophils and
basophils

CCL14 Widely in liver and plasma [14]
T-cell and monocyte migration,
hypersensitivity, innate and adaptive
immunity, and inflammation

CCR1: monocytes, memory T
cells, Th1, and NK
CCR3: eosinophils and
basophils
CCR5: monocytes, Th1 cells,
and NK

CCL15 Widely in liver [51]

T-cell, eosinophil, basophil, and monocyte
migration, Th2 response, hypersensitivity,
innate and adaptive immunity, and allergic
inflammation

CCR1: monocytes, memory T
cells, Th1, and NK
CCR3: eosinophils and
basophils

CCL16 Hepatocytes and biliary epithelial
cells [52]

T-cell, eosinophil, basophil, and monocyte
migration,Th2 response, hypersensitivity,
innate and adaptive immunity, and allergic
inflammation

CCR1: monocytes, memory T
cells, Th1, and NK
CCR3: eosinophils and
basophils

CCL17
Keratinocytes, fibroblasts,
stimulated monocytes, and certain
DC [53]

T-cell and monocyte migration, allergic
inflammation, and Treg retention

CCR4: Th2 cells, Treg
eosinophils, basophils, DC,
and Treg

CCL18 Portal area of livers with hepatitis
C but not in normal livers [54] Lymphocytes and immature DC activation CCR3: eosinophils and

basophils

CCL19 Portal-associated
lymphoid tissue [15]

T-cell and DC homing to secondary
lymphoid tissue and lymphoid development

CCR7: naive T, B, mature
mDC,Th1, Th2, and Treg

CCL20
Endothelial cells,
macrophages, and DC in the livers
[55]

DC migration, memory T-cells, andTh17 cells
at site of inflammation

CCR6: memory T cells, B cells,
Th17, and immature mDC

CCL21 Portal-associated
lymphoid tissue [15]

T-cell and DC homing to secondary
lymphoid tissue; lymphoid development;
T-cell recruitment; adaptive immunity; and
Th1, Th2, Th17, and Treg inflammation

CXCR3 (mouse): memory T
cells, Th1, Th2, Th17, Treg, and
NKT
CCR7: naive T, B, mature
mDC,Th1, Th2, and Treg

CCL22 DC, B cell, and macrophages
(Kupffer cells) [56]

T-cell and monocyte migration, allergic
inflammation, Treg retention, and T-cell skin
homing

CCR4: Th2 cells, Treg
eosinophils, basophils, DC,
and Treg

CCL23 Macrophages (Kupffer cells) [57] Chemotactic activity on resting T cell,
monocytes, and neutrophils

CCR1: monocytes, memory T
cells, Th1, and NK

CCL24 Lower levels in the liver [58] Eosinophil and basophil migration, allergic
inflammation, andTh2 response

CCR3: eosinophils and
basophils

CCL25 macrophages, Kupffer cells, DC,
and cholangiocytes [59]

Recruitment of adaptive immune cells to the
liver. T-cell homing to gut and thymus and
tolerogenic DC

CCR9: DC, memory T cells,
and thymocytes

CCL26 Vascular endothelial cells [60] Eosinophil and basophil migration, allergic
inflammation, andTh2 response

CCR3: eosinophils and
basophils

CCL27
No expression in liver and
predominantly in the skin
keratinocytes [61]

T-cell trafficking in the skin CCR10: memory T cells and
Treg
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Table 2: Continued.

Chemokine Location in the liver Function Receptors and their
distribution

CCL28 Biliary epithelium
(cholangiocytes) [15] T-cell homing to skin and bowel CCR10: memory T cells and

Treg
C subfamily
XCL1 Not expressed in human liver [62] NK-cell recruitment XCR1: NK
XCL2 Preferentially in CD8+ T cells [63] NK-cell recruitment XCR1: NK
CX3C subfamily

CX3CL1 Biliary epithelium [64]
Th1 inflammation, T-cell , NK cell trafficking
and adhesion, and innate and adaptive
immunity

CX3CR1: monocytes, andTh1,
NK

CXCL: C-X-C motif chemokine ligand; CXCR: C-X-C motif chemokine receptor; CCL: C-C motif chemokine ligand; CCR: C-C motif chemokine receptor;
XCL: X-Cmotif chemokine ligand; XCR: X-Cmotif chemokine receptor; CX3CL: C-X3-Cmotif chemokine ligand; CX3CR: C-X3-Cmotif chemokine receptor;
Th1: T helper 1; Th2: T helper 2; Th17: T helper 17; Treg: regulatory T cell; NK: natural killer; NKT: natural killer T; DC: dendritic cell; pDC: plasmacytoid
dendritic cell; mDC: myeloid dendritic cell; PMN: polymorphs.

fourth ones, has recently been reported in Zebrafish [68], but
there is no evidence that this kind of chemokine exists in
mammals.

According to the subfamily of their major ligands, the
chemokine receptors are also classified into four subfamilies
[17].They are generally a kind of 7-transmembrane-spanning
G proteins, which are composed of 𝛼, 𝛽, and 𝛾 subunits. The
chemokine can activate downstream signal transduction
events following the interaction with its receptor (leading to
the exchanging of GTP forGDP between different subunits of
the receptor and dissociation of the 𝛼 subunit from the 𝛽 and
𝛾 subunit) [69]. The chemokines tend to have multiple che-
mokine receptors and some receptors also have large num-
bers of chemokine ligands [70]. The subfamily members of
chemokines involved in the pathogenesis of liver disease are
summarized in Table 2.

3. The CXC Chemokine Family

3.1. The CXC Chemokines and Early Liver Allograft Dysfunc-
tion. ELR containing (ELR+) CXC chemokines, known as
chemoattractants for neutrophils [71, 72], are distinct from
other CXC chemotactic cytokines by the presence of the se-
quence glutamic acid-leucine-arginine (ELR) near the amino
terminal. And themajority of ELR+ CXC chemokines bind to
CXC chemokine receptor 2 (CXCR2) [73]. Significant time-
dependent upregulation ofCXCL1was identified in the brain-
dead donor livers [74]. However, these local inflammatory
responses can lead to primary allograft dysfunction [75] after
organ transplant from a brain-dead donor. CXCL2, known as
macrophage inflammatory protein (MIP)-2, has been iden-
tified to stimulate tumor cell migration in vitro and angio-
genesis and tumor growth in vivo [76]. Nevertheless, elevated
levels of CXCL2 in graft livers have also been associated with
ischemia/reperfusion injury after liver transplantation [77].
CXCL2 and its receptors are important mediators involved
in neutrophil-dependent hepatic injury induced by ischemia
and reperfusion [78]. Additionally, the pulmonary injury
after liver transplantation was identified inmice and humans.
Further studies have suggested that cold ischemia time

prolongation upregulates pulmonary CXCL2 expression via
hepatic-derived tumor necrosis factor-𝛼 (TNF-𝛼) and pro-
motes neutrophils accumulation resulting in increased pul-
monary injury after liver transplantation [79]. CXCL8 pro-
motes rapid liver regeneration after drug-induced acute
injury and may have tremendous clinical potential in reduc-
ing the need for liver transplantation and the mortality asso-
ciated with acetaminophen-induced fulminant liver failure
[80]. Collectively, these studies suggest that ELR+ CXC che-
mokines and their receptors, axis may play an important role
in neutrophil recruitment and mediate early allograft injury,
which is a known risk factor for the pathogenesis and devel-
opment of chronic liver allograft dysfunction.

ELR− CXC chemokines include CXCL9, CXCL10,
CXCL11, CXCL12, CXCL13, and CXCL14.Their receptors, in-
cluding CXCR3, CXCR4, CXCR5, and CXCR7, are expressed
predominantly on Th1 cells, Th2 cells, Th17 cells, Treg cells,
memory T cells, some B cells, and natural killer cells [81].The
serum levels of CXCL9 and CXCL10 measured by Luminex
multiplex assays increased in recipients with early allograft
dysfunction after liver transplantation and correlated with
T-cell recruitment [4]. Increased expression of CXCR3,
CXCR4, and CCR5 has been shown on circulating and graft-
infiltrating lymphocytes after liver transplantation [82].These
studies suggest that ELR− CXC chemokines participate in
lymphocyte recruitment in virtually all stages after trans-
plantation and are involved in the retention of alloactivated
lymphocytes at sites of graft damage, correlating with the
pathogenesis early liver allograft dysfunction.

3.2. The CXC Chemokines and Acute Rejection after Liver
Transplantation. Several experimental and clinical studies
have implicated the ELR− CXC chemokines/CXCR3 axis in
reference to acute cellular rejection. Interestingly, full MHC-
mismatched donor hearts had prolonged survival in
CXCR3−/− mice [83]. The similar results have been yielded
when blocking antibodies to CXCR3 was used for heart allo-
graft transplantation [84].

In vivo treatment with interferon-𝛾 (IFN-𝛾) upregulates
both hepatocyte and nonparenchymal cell (i.e., monocytes/
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macrophages, neutrophils, and other inflammatory cells)
expression of CXCL9 [33, 85]. CXCL9 is strongly expressed
on vascular and sinusoidal endothelium in rejecting hepatic
allografts [82].The interaction between CXCL9 and its recep-
tor CXCR3 is important in recruiting lymphocytes to sites of
inflammation within liver tissue [14]. The significant increas-
ing expression of CXCL10, and CXCL11 and their receptor
CXCR3 [86], together with the increase of B lymphocytes and
plasma cells in liver biopsy specimens from patients with
acute allograft rejection, indicates that the migration of B
lymphocytes and plasma cellspromoted by the expression of
chemokines/receptors, plays a key role in acute liver rejection
[87]. Additionally, the chemokine CXCL11/CXCR3 axis has
an important role in the homing of CD4(+) T cells [88] and
NK cells [86] in acute rejection models of solid organ trans-
plantation. However, when compared with the biological
responses induced byCXCL9 orCXCL10, CXCL11 is of higher
potency and efficacy in activated T cells and cells transfected
with CXCR3 [14].

Collectively, the expression of CXCL9 and of other
CXCR3 ligands (i.e., CXCL10 and CXCL11) is induced in re-
jecting hepatic allografts [82], with the increased expression
of CXCR3 [89] on circulating and hepatic lymphocytes, sug-
gesting that these chemokines may be therapeutic targets for
acute liver allograft rejection.

3.3. The CXC Chemokines and Hepatic Ischemia Reperfusion
(I/R) Injury . Hepatic ischemia reperfusion (I/R) injury is an
important clinical problem after liver resection or transplan-
tation [90]. It can be categorized into warm I/R and cold stor-
age reperfusion injury [91]. Furthermore, hepatic warm I/R
injury can be subdivided into two distinct phases [92]. The
initial phase (<2 h after reperfusion) is characterized byKupf-
fer cells (KC) mediated responses and oxidant stress, which
results in the release of TNF-𝛼 [93]; the late phase of injury
(from 6 to 48 h after reperfusion) is characterized by neu-
trophil accumulation and CXC chemokine production,
which results in hepatocellular injury [94, 95].

Specifically, the last studies have suggested that liver sinu-
soidal endothelial cells (LSEC) damage, which occurs dur-
ing cold preservation, represents the initial factor leading to
liver I/R injury [90]. KC and LSEC edema, together with the
imbalance between low nitric oxide (NO) bioavailability and
exacerbated thromboxane A2 (TXA2) and endothelin (ET)
production, contributes to liver microcirculatory dysfunc-
tion. KC activation is promoted by increased production
of damage-associatedmolecular patterns (DAMPs) and path-
ogen-associated molecular patterns (PAMPs) by neighbour-
ing hepatic cells [91].Then activated KC significantly increase
their release of ROS and proinflammatory cytokines includ-
ing TNF-𝛼, interleukin-1 (IL-1), IFN-𝛾, and interleukin-12
(IL-12) [92], which induces the expression of P-selectin, intra-
cellular adhesion molecule-1 (ICAM-1), integrins, IL-6, IL-8
in LSEC, and overexpression of ELR containing CXC che-
mokines (i.e., CXC-1,-2,-3,-5, and -8) with their receptors
CXCR1 and CXCR2 being expressed on neutrophils, SECs,
and hepatocytes [96]. Additionally, IL-1 and TNF-𝛼 recruit

and activate CD4+T-lymphocytes, which amplify KC activa-
tion and promote neutrophil recruitment and adherence into
the liver sinusoids [97]. The inflammatory pathways of hep-
atic ischemia/reperfusion (I/R) injury are shown in Figure 1.

However, CXC chemokines regulate both the injury and
recovery from I/R after liver surgery [7]. Ren and his col-
leagues have firstly reported that ELR+ CXCchemokineswere
shown to induce proliferation in hepatocytes in animal mod-
els [98]. These findings have also been identified in liver re-
generation following 70% partial hepatectomy. When ELR+
chemokines were neutralized using antibodies, liver regen-
eration was impaired in the mass of remnant liver; conver-
sely, hepatocyte proliferation and liver regeneration were
accelerated by treatment of mice with CXCL2 after partial
hepatectomy [98]. Additionally, pharmacological antagonism
or genetic deletion ofCXCR2 after hepatic I/R resulted in aug-
mented hepatocyte proliferation and accelerated recovery
from injury [99]. The chemokine receptor CXCR1 shares lig-
ands with CXCR2. However, hepatocyte proliferation was de-
creased in CXCR1−/− mice in vivo [100]. This study sug-
gested that CXCR1 appears to facilitate repair and regener-
ative responses after I/R injury. CXC chemokines and their
receptors have significant impact on potential therapeutic
modulation of hepatic I/R injury.

4. The CC Chemokine Family

4.1.TheCCChemokines and Early Liver AllograftDysfunction.
Early allograft dysfunction (EAD) among liver transplant
recipients is characterized by early high transaminases, per-
sistent cholestasis, and prolonged coagulopathy [101, 102].
EAD occurring in the first week after liver transplantation is
associated with increased graft failure and mortality and is
often thought to be secondary to ischemia/reperfusion (I/R)
injury [4]. Several perioperative factors, such as hypotension,
reperfusion, donor brain death, and cold storage, contribute
to the pathogenesis and development of EAD. Secondary to
oxidative stress, cell death, and the release of inflammatory
mediators in I/R injury, reactive oxygen intermediates are
generated and the CC chemokines are released [103].

Twenty-eight CC chemokines have been characterized as
up-to-date. And these CC chemokines were centrally in-
volved in the activation or recruitment of T cells, NK cells, or
B cells, depending on the biological context [104].The expres-
sion of many CC chemokines in Kupffer cells is regulated by
NF-𝜅B pathway activation [105]. Additionally, many CC che-
mokines are recently identified to play important roles in the
pathogenesis of liver diseases.

Serum levels of peripheral blood CC chemokines, such as
CCL2, CCL3, CCL4, and CCL5, pre- and postoperatively in
patients with or without EAD were measured by Luminex
multiplex assays [4]. Then the correlations were found bet-
ween preoperative and postoperative expression of several
chemokines and the development of EAD following liver
transplantation. Although these serum proteins were show-
ing significant change associated with EAD, it is not clear
whether they represent the actual cause or effect of organ dys-
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NO ↓
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Figure 1: The inflammatory pathways of hepatic ischemia/reperfusion (I/R) injury. Liver sinusoidal endothelial cells (LSEC) damage, which
occurs during cold preservation, represents the initial factor leading to liver I/R injury. Kupffer cell (KC) and LSEC edema, together with the
imbalance between nitric oxide (NO) (↓) and thromboxane A2 (TXA2) (↑) and endothelin (ET) (↑), contributes to liver microcirculatory
dysfunction. KC activation is promoted by damage-associated molecular patterns (DAMPs) (↑) and pathogen-associated molecular patterns
(PAMPs) (↑) produced by neighbouring hepatic cells. Then activated KCs increase their release of ROS and proinflammatory cytokines
including tumour necrosis factor-a (TNF-a), interleukin-1 (IL-1), interferon- (INF), interleukin-12 (IL-12), which induces the expression of
P-selectin, intracellular adhesion molecule-1 (ICAM-1), integrins, IL-6, IL-8 in LSEC and the release of chemokines (i.e., CXC-1,-2,-3,-5, and
-8). Additionally, IL-1 andTNF-a recruit and activate CD4+T-lymphocytes, which amplifyKC activation and promote neutrophil recruitment
and adherence into the liver sinusoids and finally execute liver inflammation and injury.

function or part of a new pathogenic process altogether. Fur-
ther studies should be required to validate that these serum
levels of peripheral blood CC chemokines are indeed part of
a pathophysiologic mechanism with EAD.

4.2.TheCCChemokines andAcute Rejection after Liver Trans-
plantation. Acute liver allograft rejection is characterized by
amixed portal tract infiltrate that contains mononuclear cells
in human or rat liver transplant allografts (DA→ Lewis
orthotopic liver transplantationmodel).The accumulation of
activated lymphocytes into the allograft plays an important
role in the pathogenesis of tissue injury. Chemokines recruit
the lymphocytes from the circulation and promote themigra-
tion, positioning, and retention of effector cells in the graft
[82].These chemotactic factors are expressed and secreted by
a wide variety of cell types including lymphocytes [106] and
endothelial components of rejecting allografts [107] in re-
sponse to activation [108]. Several studies have shown that
CCL2 (monocyte chemoattractant protein-1), CCL3 (macro-
phage inflammatory protein-1𝛼), CCL3L1 [109], and CCL5
(RANTES) are upregulated in rejecting liver allografts [110].
Within the liver graft, chemokine-producing endothelial cells
(CCL3, CCL4, and CCL5) and biliary epithelial cells (CCL2
and CXCL8) contribute to inflammation during transplant
rejection [108, 111]. Specifically, CCL3 is upregulated in allo-
grafts as early as 6 h after transplantation.

The early expression of CCL3 in liver allografts leads to
increased intragraft inflammation by attracting recipient-
derived NK cells [86] before T-cell infiltration [112]. It has
been proven that graft-infiltratingNK cells are amajor source
of IFN-𝛾, which is an important immunoregulatory cytokine
during early posttransplant period. The serum IFN-𝛾 levels
were markedly increased by day three after transplanation in
recipients [86]. IFN-𝛾-producing NK cells are an important
link between the innate and adaptive immune responses early
after liver transplantation. So CC chemokines, NK cells, and
innate immunitymay be important in the early events leading
to allograft rejection.

The C4d deposits along the portal capillaries in liver
allografts indicate a humorally mediated immunoresponse
caused by the accumulated B and plasma cells. During acute
rejection, a significant increase of B lymphocytes and plasma
cells, together with CCL20 (macrophage inflammatory pro-
tein-3alpha) and its receptor CCR-6, was detected in the por-
tal fields of all biopsy specimens [87].This result indicates that
the migration of B lymphocytes and plasma cells promoted
by the expression of B-cell activating chemokines/receptors
plays a key role in acute liver rejection.

Chemokine receptors CCR2 and CCR5 are also found
being upregulated on infiltrating lymphocytes and Kupffer
cells during acute and chronic rejection [82]. Genes for the
CC chemokine receptors CCR2 and CCR5 are characterized
by polymorphisms which are associated with significant
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alterations in their function [113]. Fischereder study group
reported that the homozygous expression of chemokine
polymorphisms CCR5-delta 32 was associated with a signif-
icantly improved survival of renal transplant allografts [114].
However, genotyped DNA PCR or PCR-RFLP analysis in 207
liver transplant recipients suggested that the gene frequency
of theCCR2-641, andCCR5-delta 32 alleles had no significant
difference in recipients [115]. It was suggested that the CCR2-
641 and CCR5-delta 32 polymorphisms did not influence the
risk for acute rejection of liver allografts or graft survival
[115, 116].

4.3. The CC Chemokines and Ischemic-Type Biliary Lesions.
There is no doubt that the bile ducts are the Achilles’ heel
of the liver graft. Thus, ischemic-type biliary lesions (ITBL)
are a life-threatening complication following liver transplant-
ation [117], with an incidence varying between 5% and 26%
[118, 119]. The prevalence of ITBL continues to increase with
time after liver transplantation [120, 121]. ITBL is a radio-
logical diagnosis, characterized by intra- and/or extrahepatic
strictures and dilatations on a cholangiogram after orthotopic
liver transplantation without any known cause. According to
the features of ITBL (including bile duct stenoses, dilatations,
and cast formation) and the therapeutic consequences, two
major types can be distinguished: typeA (the complete biliary
system is affected) and type B (only the major extrahepatic
bile ducts are involved). The pathological features of ITBL
observed in liver allografts include the epithelial and muscu-
lar necrosis of the biliary system with periductal connective
tissue being remarkably well preserved [27].

The underlying cause of ITBL remains unclear despite
numerous studies [122]. Identified causes include ischemia-
related injury, immunologically induced injury, and cytotoxic
injury induced by bile salts. However, the etiology of ITBL
appeared to bemostly related to ischemic injury [123]. Immu-
nological injury is associatedwithABO incompatibility, poly-
morphism in genes coding for chemokines, and pre-existing
immunologically mediated diseases [118].

Chemokines CCL2 (monocyte chemotactic protein-1) is
produced and secreted from cholangiocytes under pathologi-
cal conditions [124]. It could result in the recruitment and
activation of T cells, macrophages, and natural killer cells to
protect against biliary infection [125]. CC chemokine recep-
tor 5 (CCR5) and its ligands (CCL3 and CCL4) play a key
role in postischemic and inflammatory damage [126]. CCR5
deta32 polymorphism is a mutant allele of CCR5 with an
internal deletion of 32 base pair (bp). It has been shown to
lead to a lower rate of acute rejection and improved survival
after kidney transplantation [127]. For detecting CCR5-delta
32 polymorphism in blood samples of patients after liver
transplantation, CCR5 polymerase chain reaction (PCR)
analysis was performed in 146 recipients. Finally, 120 patients
with wild-type CCR5 and 26 patients with CCR5-delta 32
were identified in this study. And ITBL occurred in 14 of 120
patients with wild-type CCR5 and in 8 of 26 patients with
CCR5-delta 32 polymorphism. Compared to kidney trans-
plantation, however, this study has suggested that CCR5-delta
32 is a significant risk factor for the development of ITBL after

liver transplantation and leads to a reduction in grafts and
recipient’s survival [128].

5. The C Chemokine Family

TheCchemokine family includes XCL1 andXCL2 in humans,
both ofwhich bind theXCR1 receptor. XCL1, also named lym-
photactin, activation-induced T-cell-derived and chemok-
ine-related molecule (ATAC), and single C motif-1 (SCM-1),
have just two cysteine residues, only one of which is located at
the N-terminus. XCL2 (also called SCM-1a) is different from
XCL1 by only two N-terminal amino acids. XCL1 is released
from T cells, NK cells, NKT cells, 𝛾/𝛿 T cells, mast cells, and
medullary thymic epithelial cells (mTECs) during infectious
and inflammatory responses [14, 129], whereas XCR1 is ex-
pressed by a dendritic cell (DC) subpopulation (i.e., murine
CD8+ DC and human CD141+ DC) [130] and is correlated
with the ability of DCs to cross-present antigen [131].

XCL1 is essential for the medullary accumulation of thy-
mic dendritic cell (tDCs) [132]. Naturally occurring regu-
latory T cells (nT reg cell) development is impaired in the
thymus of Xcl1-deficient mice; thymocytes generated in Xcl1-
deficient mice are potent in triggering and fail to establish
self-tolerance [132]. Flow cytometry and PCR analysis
showed a reduction in XCL1 and XCR1 expression, which was
associated with the suboptimal regulatory function of Treg.
Interestingly, Treg-mediated suppression and cytotoxicity in
allergic asthma significantly increased when expression of
XCL1 was upregulated [133]. So XCL1 and XCR1 are con-
stitutively expressed in the thymus and regulate the thymic
establishment of self-tolerance. Although XCL1 and XCR1
mRNA were not expressed in human liver tissue when ana-
lysed by the northern blot [62], disordered hepatocytes taken
up by XCR1+ DCs will be digested and processed and hepat-
ocellular antigens will be cross-presented by the MHC-class
I molecules to CD8+ T cells [131]. Thus, the special ability of
XCR1+ DCs contributes to self-tolerance in the innate and
adaptive immune responses.

TheXCL1-XCR1 axis plays an important role inDC-medi-
ated cytotoxic immune response and critically contributes to
the generation of thymic self-tolerance and development of
regulatory T(Treg) cells [129]. Interestingly, considering re-
stricted expression by human CD141+ DCs, XCR1 emerges as
a prime candidate for vaccines designed to induce selective
cytotoxic immunity.

6. The CX
3
C Chemokine Family

The chemokine CX
3
CL1, also known as fractalkine, is the

only member of the CX
3
C chemokine family. The two N-ter-

minal cysteine molecules are separated by three different
amino acids in CX

3
CL1 domain. CX

3
CL1, synthesized as a

transmembrane proteinwith an extendedmucin-like stalk on
which a chemokine domain is located, is induced in activated
primary endothelial cells. This CX3C chemokine can pro-
mote strong adhesion of T cells and monocytes [64].

CX
3
CR1 (C-X

3
-Cmotif receptor 1) is the only one known

receptor corresponding to this chemokine. It is primarily
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expressed on circulating monocytes, tissue macrophages,
tissue DC (dendritic cell), and T-cell and natural killer (NK)
cell populations [134]. Recent studies have shown CX

3
CL1 in

the pathogenesis of brain [135] and cardiac [136] disorders.
However, CX

3
CL1mRNA was constitutively expressed in

Kupffer cells and hepatocytes, especially the hepatocytes
around the central veins [14]. And CX

3
CR1 expression has

been identified on the biliary epithelium, hepatic stellate cells
(HSCs), and hepatoma cell lines in the liver [137].

Serum concentrations of CX
3
CL1 and its specific receptor

CX
3
CR1 were significantly elevated [138] in patients with

chronic liver diseases at different stages of fibrosis progres-
sion. And a correlationwas observed between serumCX

3
CL1

and quantitative serum fibrosis markers (i.e., hyaluronan or
procollagen III peptide) in the patients [139]. However, real-
time qPCR analysis showed a reduction in cx3cl1 and cx3cr1
intrahepatic expression in patients with different stages of
liver fibrosis versus nonfibrotic livers [139]. Further studies
have indicated that human HSCs downregulate CX

3
CR1 sur-

face expression ex vivo [140] and that the number of activated
HSCs may influence CX

3
CL1 serum levels [139].

CX
3
CR1 in the damaged liver promotes the survival of

infiltrating monocytes and guides the differentiation of mon-
ocyte derived macrophages [44]. So more intrahepatic
inflammatory cells and intrahepatic macrophage accumula-
tion were observed in CX

3
CR1−/− liver. And CX

3
CR1−/−mice

strikingly developedmore progressive fibrosis than wild-type
(WT) animals [139]. By activating anti-inflammatory signals
in hepatic macrophages, the CX

3
CL1-CX

3
CR1 axis plays a

protective function that limits liver inflammation and fibrosis
in vivo [140].These preliminary studies have thoroughly indi-
cated that CX

3
CL1-CX

3
CR1 axis plays an important role in

the pathogenesis and development of chronic liver allograft
dysfunction. So pharmacological augmentation of fractalk-
ine-CX

3
CR1 pathway may represent a potential therapeutic

agent in liver diseases.

7. Experimentally Therapeutic Applications of
Chemokines and Their Receptors

The chemokines and their receptors axis represents a poten-
tial pharmacologic target for various human diseases. Espe-
cially, by recruiting and activating polymorphonuclear
(PMN) cells and T cells into allografts during the progression
of I/R injury, CXCL8 and its CXCR1/CXCR2 receptors con-
tribute to the physiopathology of acute rejection [141] and
increase the incidence of primary nonfunction, primary graft
dysfunction, and biliary structures after liver transplantation.
So present studies on therapeutic uses of chemokine receptor
antagonists and blocking antibodies are emerging in the lit-
eratures. Generally, these recombinated/engineered small-
molecule chemokine inhibitors can be divided into four
types: antichemokine antibodies (mAb), chemokine antag-
onist, DNA plasmid encoding chemokine compounds, and
chimerical chemokine compounds (or N-terminal modified
chemokines) [142, 143]. Mainstream attention has been de-
voted to the development of ELR+ CXC chemokines receptor
antagonists and blocking antibodies.

CXCR1 and CXCR2 are the two major chemokine recep-
tors expressed on the surface of PMNs, endothelial cells and
T cells in immune responses. Several classes of CXCR1 and
CXCR2 antagonists have been reported in the literature.
Reparixin (known as repertaxin) andDF 2156A are described
as noncompetitive allosteric inhibitors of CXCL8 receptors
CXCR1 and CXCR2 with optimal pharmacokinetic profiles.
In rat model of liver I/R injury, they drastically inhibited
PMN and monocyte/macrophage recruitment into reper-
fused livers and reduced liver damage in terms of alanine-
aminotransferase levels and hepatocellular necrosis [141].The
experimental data, alongwith those showing a reduced reper-
fusion injury by anti-CXCL1, anti-CXCR2 antibodies, and
CXCL8 receptor inhibitors [144, 145], clearly demonstrated
the therapeutic potential of these ELR+ CXC chemokines
receptors antagonists and blocking antibodies in the preven-
tion of I/R injury and acute rejection in organ transplantation.

8. Summary

Despite the discoveries in chemokine biology that have led
to important advances in our understanding of immune re-
sponses, angiogenesis, carcinogenesis, and cell cycle control
over the last 25 years, the role of chemokines in chronic liver
allograft dysfunction remains unanswered. The complex
interactions between the chemokine superfamily and other
cellular contributors shown in several studies are only just
beginning to be mapped. Moreover, an understanding of the
biological roles that chemokines play in the pathogenesis of
chronic liver allograft dysfunction lags behind that for other
conditions such as circulatory, respiratory, or haematological
disorders. It is necessary for us to understand the chemokine
superfamily and its functions in the organism from a perspec-
tive concerning chronic liver allograft dysfunction. Only by
understanding the interaction of chemokines and their recep-
tors will it be possible to design therapeutic strategies and
pharmaceutical agents to ameliorate chronic liver allograft
dysfunction and ultimately enhance long-term recipient and
allograft survival after liver transplantation.
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In a search of peripheral factors that could be responsible for the discrepancy in susceptibility to EAE in Albino Oxford (AO)
and Dark Agouti (DA) rats, we estimated the expression of metallothioneins I/II (MT), heat shock protein-gp96, interleukin (IL)-
6, and transforming growth factor (TGF)-𝛽 in the livers of these animals. Rats were immunized with bovine brain homogenate
(BBH) emulsified in complete Freund adjuvant (CFA) or only with CFA. Western blot and immunohistochemical analyses were
done on day 12 after the immunization, as well as in intact rats. The data have shown that during the first attack of EAE only the
EAE prone-DA rats markedly upregulated the hepatic MTs, gp96, IL-6, and TGF-𝛽. In contrast, AO rats had a significantly higher
expression of MT I/II, IL-6, and TGF-𝛽 in intact liver (𝑃 < 0, 001), suggesting that the greater constitutive expression of these
proteins contributed to the resistance of EAE. Besides, since previously we found that AO rats reacted on immunization by an early
upregulation of TGF-𝛽 on several hepatic structures (vascular endothelium, Kupffer cells, and hepatocytes), the data suggest that
the specific hepatic microenvironment might contribute also to the faster recovery of these rats from EAE.

1. Introduction

Multiple sclerosis (MS) is a heterogeneous disease in
which different mechanisms, such as an autoimmune attack,
inflammation, neurodegeneration, and intoxication, induce
demyelination, loss of oligodendrocyte and neurons, and
axonal injuries.The triggering event is usually the invasion of
peripherally activated myelin-specific Th1 and Th17 immune
cells in CNS, where they interact with antigen presenting
cells (APC) and microglial cells that drive the inflammatory
cascade leading to tissue damage and an amplification of
the initial immune reaction [1–3]. Underlying mechanisms
include, therefore, the breakdown of tolerance to autoanti-
gens, as well as the activation of cascades of cellular and
molecular events that contribute to initiation of the injury
or infection, such as the production of proinflammatory

cytokines, chemokines, and cell adhesion molecules as well
as the release of new collateral factors, such as damage-
and pathogen-associated molecular patterns (DAMPs and
PAMPs) that may potentiate the injury [4]. The outcome
depends also on the activation of local and systemic cyto-
protective and anti-inflammatory mechanisms, as well as on
the interplay between the pathogenic and regulatory T (Treg)
cells subpopulations that modulate the autoimmune attack.
The pathogenesis is multifactorial and dependent also on
the interrelationship between the neuroendocrine and the
immune system [5, 6], as well as on the presence of genes that
determine both the immune functions and the target organ
susceptibility for autoimmune disease [7].

Regarding the genetic background of EAE, a large num-
ber of information was obtained also in DA and AO rats’
strains, which have different susceptibilities to EAE [8–11].
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Thus, the discrepancy was found in the numbers of
immune cells that immigrate in the CNS, in production of IL-
2, interferon (IFN)-gamma, and interleukin (IL)-17 as well in
the secretion of IL-6, TGF-beta, and IL-10 within the CNS
or in draining lymph node cells. Contributing to this field
we have recently shown that these rat strains differ also in
the activation pattern of metallothioneins I/II [12], which
within themammalian CNS perform essential cytoprotective
functions, owing to their metal binding, antioxidative, anti-
apoptotic, and growth-regulatory activities [13–16]. In these
data [12], we have shown that constitutive and induced MT
I+II gene expression in EAE-resistant and EAE-prone rats
is different both in the organs that were damaged by the
autoimmune attack (hippocampus and cerebellum) as well as
in the liver, pointing to the high involvement of the central
and peripheral MTs-related mechanisms in the induction of
EAE. Besides, since in AO rats, early after immunization with
encephalitogen (on the seventh postimmunization day), we
found a marked upregulation of TGF-beta immunoreactivity
on several hepatic structures, we hypothesized that immuno-
suppressive environment in the liver probably contributed
also to the induction of resistance toward EAE [12].

In an attempt to enlarge these data, inDA andAO rats, we
made a quantitative analysis of hepatic expression of MT-I/II
proteins and two hepatic cytokines (IL-6 and TGF-𝛽), which
participate in acute phase reaction and in the creation of
the specific hepatic cytokine microenvironment that governs
the local balance between tolerance and immunity [17].
Moreover, owing to emerging evidence indicating that critical
regulators of cell stress response in neurological diseases [18]
as well as in the immune response [19–21] are the heat shock
proteins (HSPs), in DA and AO rats we estimated also the
hepatic expression of endoplasmic reticulum (ER) resident
HSP-gp96, which according to our own data might have the
essential function in the pathogenesis of chronic relapsing
EAE in DA rats [22].

The data have shown that only EAE-prone DA rats
significantly upregulated the hepatic MTs, gp96, IL-6, and
TGF-𝛽 during the appearance of first clinical symptoms, as
well as that AO rats have significantly higher MT I+II, IL-6,
and TGF-𝛽 expression in intact liver, suggesting that a high
constitutive expression of these proteins might contribute to
the resistance of EAE.

2. Materials and Methods

2.1. Experimental Animals. For the experiments male, Dark
Agouti (DA), and Albino Oxford (AO) rats were used, aged
2-3 months.They were bred and maintained according to the
guide for Institutional Animal Care and used with approval
of the Local Ethical Committee.

2.2. EAE Induction. Immunization was performed by bovine
brain white matter homogenate emulsion (BBH) in the
complete Freund’s adjuvant (CFA) (Sigma, St. Louis, MO,
USA), as we previously described [22–24]. Each animal
received 2 × 0.1mL of the emulsion, which was injected
subcutaneously, in each hind footpad. Control group was

injected with the same dose of CFA. Animals were sacrificed
on the 12th day after immunization with appearance of heavy
clinical symptoms of EAE that involve hind legs paralysiswith
incontinence. The severity of disease was clinically assessed
according to the following criteria: 0: no symptoms; 1: faccid
paralysis of tail; 2: hind legs paresis; 3: hind legs paralysis with
incontinence, and 4: death of animal.

2.3. Antibodies and Reagents. Mouse monoclonal antibody
to MT I/II (clone E9) was obtained from Dako Cytomation,
USA, and diluted 1 : 250 for WB and 1 : 50 for IHC-P. Mon-
oclonal Rat IgG2a antibody to Grp94/gp96 (clone 9G10) was
obtained fromStressgen, Canada, and used in dilution 1 : 1500
for WB and 1 : 100 for IHC-P. Mouse anti-rat antibody to IL-
6 was obtained from R&D systems, Abingdon, UK, and used
in dilution 1 : 200. Rabbit polyclonal IgG antibody to TGF-
𝛽 1 (1 : 600 for WB and 1 : 100 for IHC-P) was obtained from
Abcam, Cambridge, UK. Horse reddish peroxidase (HRP)-
goat anti-mouse IgG and HRP-goat anti-rat antibodies were
obtained from Jackson ImmunoResearch Laboratories, Inc.,
USA. HRP-goat anti-rabbit conjugated antibody, ECL Prime
Western Blotting Detection Reagent, andHybond ECL nitro-
cellulose membrane were obtained from GE Healthcare,
Uppsala, Sweden. Al HRP secondary antibodies were used
in dilution 1 : 10 000. Goat anti-mouse 𝛽-actin antibody was
obtained fromSantaCruzBiotechnology, Inc., USA, and used
in dilution 1 : 2000.

2.4. Western Blot Analyses. Equal amounts of frozen liver
tissues were homogenized and lysed in radioimmunoprecip-
itation assay (RIPA) buffer containing 25mM Tris-HCl pH
7.6, 300mM NaCl, 1% NP40, 1% sodium deoxycholate, 0.1%
SDS, 2mM PMSF, and complete protease inhibitor cocktail
tablets obtained from Roche, Mannheim, Germany. Proteins
were separated by 13% sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE), under nonreduc-
ing conditions and then transferred onto a nitrocellulose
membrane (GE Healthcare, Uppsala, Sweden). Membranes
were then blocked with 1% blocking reagent (Roche Diag-
nostics GmbH) in tris-buffered saline with 0.5% Tween-
20 (TBST) and then incubated with different primary Abs,
followed by incubation with species specific HRP-conjugated
secondary antibodies. The 𝛽-actin was used as a control
of protein loading. Membranes were washed three times
with TBS buffer, incubated with Amersham ECL Prime
(GE Healthcare, Uppsala, Sweden), and scanned with Kodak
Image Station 440CF (Kodak, New Haven, CT, USA). The
intensity of the bands was quantified using ImageJ software
(http://rsb.info.nih.gov/ij/). To determine the relative expres-
sion of analyzed proteins in liver tissue of immunized animals
and animals treated only with CFA, the band density of each
liver sample was compared with the band intensity obtained
from liver tissue of intact animals after normalization to
an internal control (𝛽-actin). The analyses were made in
tissue samples made as a pool from 3 rats in three separate
experiments.
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2.5. Tissue Preparation for Paraffin Slices. Liver were rapidly
removed and fixed in 10% buffered formalin solution during
24 h. Tissue was then embedded in paraffin wax and sections
were cut at 4 𝜇m using HM 340E microtome (Microtom,
Germany). Heat induced epitope retrieval was done prior to
staining procedure by heating tissue slides in boiled citrate
buffer pH 6.0 four times, each 5 minutes, using a microwave
steamer.

2.6. Immunohistochemistry. Immunohistochemical studies
were performed on paraffin embedded liver tissue slides
using DAKO EnVision + System, Peroxidase (DAB) kit
according to the manufacturer’s instructions (DAKO Corpo-
ration, USA). Briefly, slides were incubated with peroxidase
block to eliminate endogenous peroxidase activity. After
washing, antibodies were added to tissue samples and incu-
bated overnight at 4∘C in a humid environment, followed
by 45min incubation with peroxidase labeled polymer con-
jugated to goat anti-mouse or anti-rabbit immunoglobulins
containing carrier protein linked to Fc fragments to pre-
vent nonspecific binding. The immunoreaction product was
visualized by adding substrate-chromogen (DAB) solution.
Tissues were counterstained with hematoxylin, dehydrated
trough graded ethanols, mounted using Entelan (Sigma-
Aldrich, Germany), and examined with Olympus BX51
microscope (Olympus, Tokyo, Japan). The specificity of the
reaction was confirmed by substitution of primary anti-
bodies with isotype matched irrelevant immunoglobulins,
used under the same conditions and dilutions as primary
antibodies.

2.7. Statistical Analysis. Data were expressed as mean ± SE.
Differences between groups were assessed by Friedman one-
way analysis of variance (ANOVA), by Mann-Whitney𝑈 test
and by two tailed Student’s 𝑡-test.The level of significance was
set at 𝑃 < 0.05.

3. Results

As we previously described, the AO rats after immunization
with BBH+CFA did not exhibit any clinical symptom of
disease, in contrast to genetically susceptible DA rats, which
develop a typical chronic-relapsing form of EAE (CR-EAE).
In this study, animals from both groups were sacrified on day
12 after the immunization, that is, at time of the appearance of
first attack of disease in DA rats. Protein content of MT I/II,
gp96 and cytokines was analyzed in hepatic tissue samples
obtained from immunizedDAandAOrats (𝑁 = 9), from rats
treated with CFA (𝑁 = 9), and from untreated rats (𝑁 = 9).

3.1. Hepatic Expression of MT I+II Proteins in EAE-Resistant
and EAE-Prone Rats. The data have shown that the EAE-
prone DA rats react on immunization with BBH+CFA with a
significantly greater increase of hepatic MT I/II proteins than
EAE-resistant AO rats (Figures 1(a) and 1(b); 𝑃 < 0.001).
However, the content of MTs in intact livers of AO rats
was 3 times greater than that in DA rats, pointing to high
constitutive expression of these metal-binding proteins. As

shown by immunohistochemistry (Figure 1(c)), the immu-
nizedDA expressed a higher cytoplasmic and nuclearMT I/II
immunoreactivity in hepatocytes than AO rats.

3.2. Hepatic Expression of Glycoprotein gp96 in EAE-Resistant
and EAE-Prone Rats. The expression of ER-resident HSP-
gp96 protein significantly arose only in DA rats, immunized
with BBH+CFA (Figures 2(a) and 2(b)). The values were
significantly greater that those found in DA rats treated with
CFA, as well as than those found in identically treatedAO rats
(𝑃 < 0.001). Constitutive expression of gp96 protein in intact
livers of DA and AO rats was, however, of similar intensity
(Figure 2(b)). High hepatic upregulation of gp96 protein
in DA rats was also confirmed by immunohistochemistry,
showing prominent cytoplasmic gp96 immunoreactivity in
numerous hepatocytes (Figure 2(c)).

3.3. Hepatic Expression of IL-6 in EAE-Resistant and EAE-
Prone Rats. Similarly, in the livers of EAE-prone DA rats we
found a high upregulation of hepatic IL-6 protein during the
first attack of disease. Its values in livers of immunized DA
rats were significantly higher than those in DA rats treated by
CFA, as well as than those in EAE-resistant AO rats (Figures
3(a) and 3(b); 𝑃 < 0.001). However, resembling the findings
for MT I/II, in the livers of intact AO rats the expression of
IL-6 was four times higher than that in intact DA rats.

3.4. Hepatic Expression of TGF-𝛽 in EAE-Resistant and EAE-
Prone Rats. Hepatic expression of TGF-𝛽 was found to be
similar to that of MT I/II and IL-6. Its values became
markedly upregulated during the first attack of disease only
in DA rats (Figures 4(a) and 4(b); 𝑃 < 0.001). Besides, the
constitutive expression of TGF-𝛽 in livers of intact AO rats
was 2 times greater than that in DA rats (Figure 4(b)).

4. Discussion

Using an animal model, which in DA rats induces the clinical
symptoms of disease that resemble to relapsing-remitting
form of MS in humans, we show herein that hepatic IL-
6, TGF-𝛽, MTs, and ER-resident HSP-gp96 have a high
regulatory effect on inflammation and disturbed immune
mechanisms that occur during an autoimmune response.
Besides, the data imply that the susceptibility to EAEmight be
in association with the constitutive expression of hepatic MT
I/II, which are the essential cytoprotective proteins involved
in the regulation of different types of injuries. The cellular
and molecular mechanisms remain to be elucidated, but
the hypothesis is consistent with the well-known function
of the liver in controlling acute phase response [25] and
both immunity and tolerance [17, 26, 27]. In this context,
it has been repeatedly shown that the liver is characterized
by a specific hepatic microenvironment, created by gluco-
corticoids (GCs), local cytokines [5], and the unique hepatic
APC populations, which results in induction of the antigen-
specific peripheral tolerance rather than in induction of T-
cell immunity [17, 21]. In addition, it is known that, during
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Figure 1: Expression of MT I+II proteins in the livers of EAE-prone DA and EAE-resistant AO rats. (a) Representative western blots indicate
the MT I/II protein (∼14 kD; range 10–15 kD) detected by anti-MT MoAbs. The liver samples were obtained from intact rats and from rats
treated by bovine brain homogenate (BBH) and complete Freund’s adjuvant (CFA) or by CFA at the time of first attack in EAE-prone rats
(day 12). As a loading control the blots of 𝛽-actin protein (37–50 kD) are shown. (b) Relative protein expression is shown as AO/DA ratio
(intact liver) and as the percent of control (liver in EAE). All band densities were normalized corresponding to 𝛽-actin. Analyses were
made in tissue samples, prepared as a pool from 3 rats in three independent experiments. Data represent mean ± SE. (c) Representative
immunohistochemical staining of MT I/II proteins in paraffin-embedded sections of the liver tissue in DA and AO rats after treatment with
BBH+CFA or CFA. The results are representative findings of 3 rats.

an immune response, a wide variety of mediators, includ-
ing cytokines, growth factors, and hormones, must control
also the concomitant liver injury, inflammation, and repair
activating in different populations of liver cells (hepatocytes,
stellate cells, Kupffer cells, sinusoidal endothelial cells, and
lymphocytes) and various downstream signaling pathways.
The response depends on interactions of various mediators,
on the activation of individual Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathways,
on interplay between the STAT1 and STAT3 activation, and on
subsequent activation of cytokine-induced negative feedback
loop that terminates JAK-STAT signaling by activation of
suppressors of cytokine signaling, SH2-containing phos-
phatases, and protein inhibitors of activated STATs. Owing
to this, the activation of various STATs might give anti- or

proinflammatory signals, depending on the STATs activated,
on the cell types in which the STATs are activated, and on
the type of liver disease or liver injury that has been studied
(reviewed by [28]).

In this regard, it has been shown that IL-22, IL-6, and IL-
6 family of cytokines led in hepatocytes and myeloid cells
to STAT3 activation, which acts as an anti-inflammatory
signal that suppress liver inflammation. In contrast, the
activation of STAT3 in T cells may even promote liver
inflammation, since it leads to the upregulation of the ROR𝛾t
and ROR𝛼 transcription factors that promote differentiation
of T cells towards a Th17 phenotype, contributing to the IL-
17 production. Moreover, the latter is highly influenced by
balance of IL-6 and TGF-𝛽, since IL-6 may inhibit TGF-
𝛽 induced differentiation of immunosuppressive Treg and
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Figure 2: Expression of gp96 in the livers of EAE-prone DA and EAE-resistant AO rats. (a) Representative western blots indicate the
gp96/GRP94 protein (∼200 kD; range 150–200 kD), detected by MoAb to Grp94/gp96 (clone 9G10) under a nonreducing condition in SDS-
PAGE. Liver samples were obtained from intact rats and from rats treated by bovine brain homogenate (BBH) and complete Freund’s adjuvant
(CFA) or by CFA at the time of first attack in EAE-prone rats (day 12). As a loading control the blots of 𝛽-actin protein (37–50 kD) are shown.
(b) Relative protein expression is shown as AO/DA ratio (intact liver) and as the percent of control (liver in EAE). All band densities were
normalized corresponding to𝛽-actin. Analyses weremade in tissue samples, prepared as a pool from 3 rats in three independent experiments.
Data representmean ± SE. (c) Representative immunohistochemical staining of gp96 protein in paraffin-embedded sections of the liver tissue
in DA and AO rats after treatment with BBH+CFA or CFA. The results are representative findings of 3 rats.

induce, in combination with TGF-𝛽, the development of
proinflammatoryTh17 cells from naıve T cells [29]. The issue
is covered by excellent reviews in this field [30–33], showing
that cytokines estimated in our study may have high impact
on self-tolerance and development of autoimmunity.

Consistent with this proposal in the present study we
show that IL-6 and TGF-𝛽 arose only in the livers of EAE-
prone DA rats during the first attack of EAE (Figures 3 and
4) implying that hepatic IL-6 and TGF-𝛽 contributed to the
generation of antigen-specific aggressive TH17 or TH1 cells.
However, in these considerations the time-course of events
should be taken into account, since IL-6 participates also in
processes that arrest the inflammatory response to infection
and tissue injury and ensure a good restoration of the affected
area. In this sense, it was shown that IL-6 stimulates the
transition from innate to acquired immunity [34], acting as a
factor that limits the entry of neutrophils into the affected area

and induces their elimination by apoptosis and as a factor that
stimulates the entry of monocytes and enables the survival of
T cells controlling the expression of several chemokines and
cytokines and adhesion molecules of the vascular endothe-
lium (reviewed by [35]). Furthermore, inducing in the liver
the synthesis of type II acute phase proteins (fibrinogen,
haptoglobin (human), 𝛼1-antichymotrypsin, 𝛼1-antitrypsin,
and 𝛼2-macroglobulin) IL-6 may limit the proteolytic and/or
fibrogenic activity and tissue damage [25, 36]. In addi-
tion, IL-6 and other proinflammatory cytokines, such as
TNF𝛼, IL-1𝛼, and IL-1ß, may lead to the activation of the
hypothalamic-pituitary-adrenal (HPA) axis feedback circuit,
which increases the levels of endogenous glucocorticoids
(GCs), as the immunosuppressive end product of this path-
way [5, 6]. Besides, it should be emphasized that IL-6 is a
critical cytokine, which induces the transcription of MT I/II
both in the liver [37–39] and in the brain [35, 40], leading
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Figure 3: Expression of IL-6 in the livers of EAE-prone DA and EAE-resistant AO rats. (a) Representative western blots indicate the IL-6
protein (∼25 kD; range 20–25 kD), detected by mouse anti-rat antibody to IL-6. The liver samples were obtained from intact rats and from
rats treated by bovine brain homogenate (BBH) and complete Freund’s adjuvant (CFA) or by CFA at the time of first attack in EAE-prone
rats (day 12). As a loading control the blots of 𝛽-actin protein (37–50 kD) are shown. (b) Relative protein expression is shown as AO/DA ratio
(intact liver) and as the percent of control (liver in EAE). All band densities were normalized corresponding to 𝛽-actin. Analyses were made
in tissue samples, prepared as a pool from 3 rats in three independent experiments. Data represent mean ± SE.
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Figure 4: Expression of TGF-𝛽 in the livers of EAE-proneDA and EAE-resistant AO rats. (a) Representative western blots indicate the TGF-𝛽
protein (∼44 kD; range 35–55 kD), detected by mouse anti-rat antibody to IL-6 in the liver samples obtained from intact rats and rats treated
by bovine brain homogenate (BBH) and complete Freund’s adjuvant (CFA) or by CFA at the time of first attack in EAE-prone rats (day 12). As
a loading control the blots of 𝛽-actin protein (37–50 kD) are shown. (b) Relative protein expression is shown as AO/DA ratio (intact liver) and
as the percent of control (liver in EAE). All band densities were normalized corresponding to 𝛽-actin. Analyses were made in tissue samples,
prepared as a pool from 3 rats in three independent experiments. Data represent mean ± SE.
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eventually to the marked cytoprotective and neuroprotective
outcome, as it has been shown in various physiological
conditions [16, 41] and in EAE [42], MS, [43] and other types
of brain injury [13, 44, 45]. Accordingly, IL-6 deficiency may
increase the oxidative stress during CNS inflammation [40].
However, since the overproduction of IL-6 and abnormalities
in IL-6 signal transduction might be causative factors in
several autoimmune disorders, the IL-6 blockade might be
an effective approach in their treatment (reviewed by [33]).
In line with this evidence, it was shown that anti-IL-6R
antibodies, administered immediately after immunization
of mice with myelin oligodendrocyte glycoprotein (MOG)
peptide, were able to suppress the occurrence of EAE, leading
to elimination of the Th17 cells in the draining lymph nodes
and in the spinal cord [46].

Supporting the current knowledge about the prominent
regulatory functions of metallothioneins in pathogenesis of
EAE and other types of brain injuries [35, 45, 47], we
previously reported that the expression metallothioneins I/II
might be induced in both EAE-prone and EAE-resistant
strain of rats, even in the presymptomatic phase of CR-EAE
(on the seventh postimmunization day) in cells that form
blood-brain and blood-cerebrospinal fluid barriers, in the
cerebellar parenchyma and hippocampal dentate gyri, as well
as in the liver of rats [12]. However, on the 12th postim-
munization day, the levels of hepatic IL-6, TGF-beta, MTs,
and gp96 were significantly greater in DA than in AO rats,
implying that AO rats might better control the autoimmune
reaction [12]. Moreover, since in AO rats we noticed an early
upregulation of TGF-𝛽on several hepatic structures (vascular
endothelium, Kupffer cells, and hepatocytes), we speculated
that specific hepatic microenvironment might contribute to
the faster recovery of these rats from EAE [12]. The new
data from current study, also revealed that AO rats have
greater basal levels of TGF-𝛽, IL-6, and MT I/II (Figures
4, 3, and 1), implying that the susceptibility in AO and
DA rats might depend not only on MHC haplotype, but
also on some epigenetic traits that might be responsible for
immunomodulation [48].

Our data do not permit further discussion in this direc-
tion since the susceptibility to EAE is a polygenic trait, in
which small differences in the expression or activities of
different gene products combine to determine the initiation
of disease [1–3]. In most strains the response is governed
by the MHC class II gene products and by the T-cell
receptor (TCR) repertoire, which recognize the dominant
encephalitogenic epitope, but the susceptibility may depend
also on genetic traits responsible for interindividual differ-
ences in metabolism and sensitivity to various pathogens
and endogenous factors. In addition, it often correlates
with dominant type-1 (cell-mediated) or type-2 (humoral
or antibody-mediated) immunity of the strain, which are
highly influenced by neuroimmune interactions and signal-
ing within the hypothalamic-pituitary-adrenal axis [49], as
well as by regulatory mechanisms that include the generation
of cells and cytokines with suppressive activity and activation
of the pathways that ensure the apoptotic elimination of
autoaggressive T-cell clones [5, 6].

As a small segment of this complex network, we show
herein that in regulation of susceptibility to EAE participate
also hepaticMTs, owing to their important functions inmetal
ion homeostasis and redox control and in protection against
heavy metals, DNA damages, stress, and inflammation [16,
41, 50, 51]. Moreover, owing to their ability to control Zn-
dependent transcription factors, protein synthesis, cellular
energy, levels andmetabolism, they are also critically involved
in cell growth and multiplication [37, 52], as well as in the
maintenance of neuroimmune homeostasis and processes of
apoptosis [51]. Accordingly, we can speculate that high con-
stitutiveMT expression inAO rats and high inducible hepatic
MTs inDA rats contributed to lower susceptibility to EAE and
to the restrain of autoimmune and inflammatory response.
It is likely that the underlining mechanisms are different in
quiescent and injured liver tissue, but at the present they
remain elusive. However, reflecting the antioxidative activity
of MT I/II during EAE, we previously reported that in DA
rats tissue content of free zinc ions increased at the sites
of MTs induction [24] as well as that during the second
attack of CR-EAE (on the 22nd postimmunization day) the
hepatic expression of MT I/II was accompanied by high
accumulation of Zn and Cu in the liver [23]. Moreover, linear
regression analysis made in the present study revealed that
in the intact liver of AO rats the tissue levels of MTs were in
high positive correlation with tissue levels of IL-6 (𝑟 = 0. 87).
In contrast, in immunized rats of both strains hepatic IL-6
(detected on 12th day after immunization with BBH+CFA)
was in a high negative correlation with the hepatic gp96 (𝑟 =
0.97). However, these preliminary data need to be confirmed
(not shown).

Furthermore, in this study we show that during EAE
markedly changes also the hepatic expression of ER-resident
HSP-gp96 (Figure 2), confirming the contribution of endoge-
nousDAMP signals in development of autoimmune response
[4, 19]. Owing to its chaperon role in the unfolded pro-
tein response (UPR) [53–55] and ER-associated degradation
(ERAD) [56] there is a possibility that hepatic gp96 during
EAE was involved in the processes that regulate the proper
folding and assembly of newly synthesized secretory and
membrane proteins and in those that prevent the aggregation
of unfolded and incompletely folded proteins in the ER.
Besides, owing to its ability to actively chaperon MHC class
I-restricted epitopes into the cross-presentation pathway of
professional antigen-presenting cells (APC) and induce the
activation and maturation of these cells [19, 57], we can also
speculate that gp96 actively contributed to the induction
antigen-specific immunity after the immunizationwith BBH-
CFA. The hypothesis is confirmed by numerous reports
pointing to a high upregulation of HSP in CNS during the
exposure of cells to various kinds of stress and infection [58,
59], as well as in MS [60], EAE [61], and other neurological
diseases [18], often called “chaperonopathies.”

Direct effects of gp96 on EAE is also confirmed by finding
that immunization of mice with HSP+peptide complexes
might elicit CD8+ and CD4+ T-cell responses specific to
the HSP-chaperoned antigenic peptides [19] as well as that
immunization with high doses of gp96 might prevent myelin
basic protein or proteolipid protein-induced autoimmune
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encephalomyelitis in SJL mice by induction of suppressor
CD4+ population, showing that gp96 might induce both the
antigen-specific activation or suppression of cellular immune
responses [62].

Confirming that gp96 might be involved in proteostasis
and immune-related pathways, linked with the reparative
processes in the CNS, we recently reported that in DA rats
the constitutive gp96 expression, found in several neurons
and glial cells in the brain and spinal cord of intact animals,
significantly diminished during the attacks of CR-EAE as well
as that gp96 was upregulated during the remission phase of
CR-EAE disease in the oligodendrocytes, in the neurons of
the hippocampal area, and in the motoneurons of lumbar
spinal cord [22]. The finding points to the role of gp96
in immune mechanisms showing that gp96 may stimulate
the Treg cells in a dose dependent manner [63] as well as
that gp96 may regulate the generation of tolerogenic pDCs
[64] and participate in maintenance of tolerance in multiple
sclerosis [65].

We would like also to underline that in other animals
models with disturbance of morphostasis (liver regeneration,
stress, syngeneic pregnancy, treatment with peptidoglycan,
and autoimmune diabetes) [66, 67] the hepatic gp96 over-
expression often correlated with a high accumulation of
natural killer (NKT) cells, as well as with upregulation of
costimulatory molecule on APC and generation of Treg in
the liver and in the thymus, pointing to the general role of
ER chaperons in the maintenance of immune homeostasis
and morphostasis [66, 67]. Based on these lines of evidence
and current knowledge of immune functions of gp96 [20]
we can, therefore, speculate that hepatic gp96 during EAE
might affect the maturation of local dendritic cells and
their tolerogenic and cytokine induction potential, as well
as the functions of hepatic NKT cells, which recognize the
conserved stress-induced self-structures, rather than variable
foreign antigens [68]. However, although it was shown that
the liver-confined invariant NKT cells after activation by
alphaGalCer might suppress Th1-cytokine production and
foster the secretion of IL-10 from MOG35-55-specific T cells
[69], our data need further experiments in this direction.

Concluding, we would like to underline that the expres-
sion profile of MTs and gp96 in DA rats immunized with
BBH+CFA showed a large temporal and regional variability
[23], emphasizing their interactions with multiple control
pathways. In our experiments the MT I/II expression corre-
lated more with the peaks of clinical symptoms, in contrast
to gp96, which was found in remission phases, suggesting
that ER chaperones might be induced to ameliorate the
accumulation of misfolded proteins in the CNS and protect
neuronal cells against autoimmune attack. The importance
of time-course evaluation of the data is emphasized also in
the present study, which imply that EAE-resistant rats may
more efficiently restrain the autoimmune response, owing to
greater constitutive expression of hepatic MT I/II and IL-6
(Figures 1 and 3) and owing to an early upregulation of TGF-
𝛽 in the liver [12].

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by Grants from the Croatian
Ministry of Science (Projects 62-06213411337 and 62-0621341-
0061).

References

[1] H.Wekerle, “Lessons frommultiple sclerosis: models, concepts,
observations,”Annals of the Rheumatic Diseases, vol. 67, supple-
ment 3, pp. iii56–iii60, 2008.

[2] R. H. Swanborg and J. A. Stepaniak, “Experimental autoim-
mune encephalomyelitis in the rat,” Current Protocols in
Immunology, chapter 15, unit 15.2, 2001.

[3] E. Mix, H. Meyer-Rienecker, H. Hartung, and U. K. Zettl, “Ani-
mal models of multiple sclerosis-potentials and limitations,”
Progress in Neurobiology, vol. 92, no. 3, pp. 386–404, 2010.

[4] S. Gallucci and P. Matzinger, “Danger signals: SOS to the
immune system,” Current Opinion in Immunology, vol. 13, no.
1, pp. 114–119, 2001.

[5] H. O. Besedovsky and A. del Rey, “Regulating inflammation by
glucocorticoids,” Nature Immunology, vol. 7, no. 6, p. 537, 2006.

[6] A. del Rey and H. O. Besedovsky, “The cytokine-HPA axis cir-
cuit contributes to prevent ormoderate autoimmune processes,”
Zeitschrift fur Rheumatologie, vol. 59, supplement 2, pp. II31–
II35, 2000.

[7] G. Wick, R. Sgonc, and O. Lechner, “Neuroendocrine-Immune
disturbances in animal models with spontaneous autoimmune
diseases a,”Annals of theNewYorkAcademy of Sciences, vol. 840,
pp. 591–598, 1998.

[8] J. Blazevski, F. Petkovic, M. Momcilovic et al., “High
interleukin-10 expression within the central nervous system
may be important for initiation of recovery of Dark Agouti
rats from experimental autoimmune encephalomyelitis,”
Immunobiology, vol. 218, no. 9, pp. 1192–1199, 2013.

[9] M. Markovic, D. Miljkovic, M. Momcilovic et al., “Strain
difference in susceptibility to experimental autoimmune
encephalomyelitis in rats correlates with TH1 and TH17-
inducing cytokine profiles,”Molecular Immunology, vol. 47, no.
1, pp. 141–146, 2009.

[10] D. Miljkovic, S. Stosic-Grujicic, M. Markovic et al., “Strain
difference in susceptibility to experimental autoimmune
encephalomyelitis between Albino Oxford and Dark Agouti
rats correlates with disparity in production of IL-17, but not
nitric oxide,” Journal of Neuroscience Research, vol. 84, no. 2,
pp. 379–388, 2006.
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Objective. Presence of anti-HLA antibodies has a well-known impact on kidney grafts survival; however their role in liver
transplantation has not been fully elucidated. We conducted a 7-year prospective study to show correlation between presence of
anti-HLA and anti-MICA antibodies and liver graft survival. Methods. Blood samples from 123 liver transplant recipients were
collected during patients routine visits. Time from transplantation to blood sample collection was different for each patient. Blood
samples were tested for anti-HLA (separately class I and II) and MICA antibodies using Luminex assays. Results. There were 32
(26%) patients with positive anti-HLA and 37 (30%) with positive anti-MICA antibodies. Graft loss occurred in 7 cases (23%) in
anti-HLA positive group compared to 20 (22%) in anti-HLA negative group (𝑃 = ns) and in 8 cases (22%) in anti-MICA positive
group but 19 (23%) in anti-MICA negative group (𝑃 = ns). No correlations were detected between presence of antibodies and
acute graft rejection (AGR). Presence of any antibodies (anti-HLA or anti-MICA antibodies) correlated with late graft rejection
(𝑃 = 0.04). Conclusion. Presence of anti-HLA or anti-MICA had no impact on long-term liver graft survival; however, detection of
any antibodies was correlated with episodes of late graft rejection.

1. Introduction

Presence of donor specific anti-HLA antibodies (DSA) is
a negative predictor of graft survival in kidney transplan-
tation. Moreover, the presence of any anti-HLA antibod-
ies without accessing their specificity increases the risk of
kidney graft failure [1]. Transplanted liver is considered a
less “immunogenic” organ than kidney. Antibody mediated
rejection (AMR) of liver graft has not been considered
an important pathology in ABO compatible, cross-match
negative liver transplantation formany years.Moreover, there
are no clear histopathological criteria of AMR diagnosis in
liver graft and no consensus about the value of vascular
C4d deposits [2]. However, evidence for pathological role
of high-titre antibodies to class I antigen in the vanishing
bile duct syndrome after liver transplantation was described
by Donaldson et al. 25 years ago [3]. Moreover, presence of

preformed antibodies against donor HLA antigens detected
by cytotoxic assay or multibead array was associated with
decreased 1- and 5-year liver graft survival [4]. AMR cases in
AB0-compatible, cross-match negative liver transplants with
presence of anti-HLA antibodies have been described with
graft function improvement after therapeutic depletion of
anti-HLA antibodies titer [5, 6].

There are conflicting data regarding impact of anti-MICA
antibodies on acute rejection episodes and kidney graft
survival [7, 8]. The role of anti-MICA antibodies in liver
transplant was investigated in only few studies. Biliary cast
syndrome was diagnosed in 34.4% liver transplant recipients
who had posttransplant high serum level of soluble form of
MICA (sMICA) compared to 17.3% in recipients with normal
sMICA level [9]. However, no association betweenMICA cell
surface expression in liver biopsy sections and presence of
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serum anti-MICA antibodies and episodes of acute rejection
was observed in a study of 84 liver transplant patients [10].

The 14th International HLA and Immunogenetics Work-
shop Prospective Chronic Rejection Project was an interna-
tional collaborative study of 45 transplant centers to assess
impact of anti-HLA and anti-MICA antibodies detected after
transplant on chronic graft failure. The 1-year follow-up data
published in 2007 showed significant impact of anti-HLA
antibodies on kidney graft survival [1]. Data concerning long-
term liver graft survival has never been published.

We present 7-year follow-up data and in-depth clinical
and pathological analysis of 123 liver transplant recipients
from our center participating in this project.

2. Material and Methods

2.1. Patients. Blood samples were collected from 123 liver
transplant recipients who were at least 6 months post-
transplant between September and November 2005 during
the patients’ routine visits in the Outpatient Department
of Transplantation Institute Medical University of Warsaw
(MUW). Time from transplantation to blood sample collec-
tionwas different for each patient. Liver transplantationswere
performed in the Department of General, Transplant and
Liver Surgery MUW, between June 1999 and January 2005 in
most cases. Only 4 transplantation cases were performed ear-
lier: 1 in 1995, 1 in 1996, and 2 cases in 1997.All liver transplants
were blood compatible but were performed without preop-
erative cross-match test. Patient death, graft failure, clinical
and biopsy-proven rejection episodes, and liver function
tests were recorded prospectively during the 7-year follow-
up period. Causes of patients’ deaths were arbitrary divided
as “nonimmunological” (cancer, cardiovascular diseases, and
HCV related cirrhosis) and “immunological.” Retrospective
data concerning liver disease before transplantation, clinical
and biopsy proven rejection episodes before entrance to the
study, type of immunosuppression (basiliximab induction,
type, and number of immunosuppressive drugs), and HBV
and HCV infection status were taken from patients’ medical
records. Liver diseases before transplantation were arbitrary
divided as “immunological” (autoimmune hepatitis, primary
sclerosing cholangitis, and primary biliary cirrhosis) and
“nonimmunological.” Acute graft rejection episode during
first 6 months after transplantation was categorized as early
rejection. Clinically suspected acute graft rejection episodes
were diagnosed based on sharp elevation of liver enzymes
which normalized after treatment with methylprednisolone
pulses and/or with an increase in tacrolimus dose. HBV
infection was diagnosed on the basis of repeated presence of
anti-HBc antibodies and HCV infection diagnosis was based
on positive anti-HCV antibodies immunoenzymatic assay.

2.2. Laboratory Analysis. Blood samples were tested for the
presence of anti-HLA class I and II antibodies using Luminex
kits (One Lambda, Inc., Canoga Park) and anti-MICA anti-
bodies were tested using Luminex assays with MICA ∗001,
∗002, ∗004, ∗007, ∗012, ∗018, ∗019, and ∗027 antigens purified
from recombinant cell line coated onto Luminex beads in

Terasaki Foundation Laboratory (Los Angeles, CA). Mean
fluorescence intensity (MFI) 1500–2999 was considered weak
positive and 3000 or greater strong positive for MICA 001–
027 antigens, except for MICA 019 antigen (weak positive
2500–3999 and strong positive 4000 or greater).

2.3. Statistical Analysis. Statistical significance of differences
among groups was assessed by chi-square or Fisher’s exact
test. Additional analysis of the odds ratioswas done by logistic
model. The Wilcoxon rank-sum test was used for analysis
of nonnormal data. 𝑃 values of less than 0.05 were taken as
significant.

3. Results

Anti-HLA and anti-MICA antibody results and full medical
reports were available for 123 liver transplant recipients (61
women, 62 men). Three patients were lost to followup and
were not included in 7-year survival analysis. Mean age at
entry to the study (day of blood sample collection) was 44
(19–68) years and mean time between liver transplantation
and blood collection for anti-HLA and anti-MICA antibodies
was 34 (7–174) months (1 patient 125 and 1 patient 174
months). Primary liver diseases were hepatitis C (HCV)
in 29 cases, toxic liver disease in 19, autoimmune hepatitis
(AIH) in 12, primary biliary cirrhosis (PBC) in 12, primary
sclerosing cholangitis (PSC) in 10, hepatitis B (HBV) in 9, and
others in 32 cases (Wilson disease, Budd-Chiari syndrome,
hemochromatosis, and cholangial malformations). Patient
characteristics are listed in Table 1.

3.1. Anti-HLA Antibodies. Thirty-two patients had titers of
anti-HLA antibodies (8 with both classes I and II, 16 with
only class I, and 8 with only class II). Mean age of patients
at the time of blood collection in anti-HLA positive group
was 43 (21–60) years versus 44 (19–68) years in anti-HLA
negative group and time after transplantation was 32 (7–
101) months and 35 (8–174) months, respectively (𝑃 = ns).
Positive correlation between percentage of patients with
positive anti-HLA, but not anti-MICA antibodies, and time
after transplantation was observed in groups after 2nd
posttransplant year. Anti-HLA antibodies were present in
7 from a group of 20 patients (35%) at 6–12 months after
transplantation, 7 from 35 patients (20%) at 12–24 months,
4 from 27 patients (15%) at 24–36 months, 6 from 20
patients (30%) at 36–48 months, and 8 from 21 patients
(38%) >4 years after transplantation (Figure 1). No significant
correlations were observed between presence of anti-HLA
antibodies (anti-HLA I and anti-HLA II nor separately) and
the following variables: patients’ age and sex, time since liver
transplantation to blood collection, primary liver disease
(both “immunological” and “nonimmunological”), HBV and
HCV infection, basiliximab induction, or immunosuppres-
sive drugs (both type and number).

3.2. Anti-MICA Antibodies. Thirty-seven patients with anti-
MICA positive antibodies included 10 patients with weak
positive and 27 patients with strong positive antibodies.
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Table 1: Patients characteristics.

Anti-HLA positive Anti-HLA negative Anti-MICA positive Anti-MICA negative
Number 33 90 37 86
Mean age (years) 47 47 44 47
Sex F/M 16/17 42/48 18/18 41/46
Primary liver disease∗

(i) AIH 5 7 5 7
(ii) PBC 4 8 3 9
(iii) PSC 2 8 2 8
(iv) HCV 7 22 8 21
(v) HBV 2 7 2 7
(vi) Toxic 6 13 4 15
(vii) Other 7 25 12 20

Mean time since LT to blood collection (months) 24 26 34 25
∗AIH: autoimmune hepatitis; PBC: primary biliary cirrhosis; PSC: primary sclerosing cholangitis; HCV: hepatitis C virus; HBV: hepatitis B virus, LT: liver
transplant.
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Figure 1: Correlation between presence of anti-HLA antibodies and
time after liver transplantation.

Mean age of patients at the time of blood collection was 44
(20–68) years in anti-MICA positive group versus 42 (19–
68) years in the anti-MICA negative group (𝑃 = ns) and
time after transplantation was 43 (11–174) months and 30
(7–125) months, respectively (𝑃 = 0.02). Presence of anti-
MICA antibodies (both all positive and only strong positive)
did not significantly correlate with the following variables:
patients’ age and sex, time since liver transplantation to blood
collection, primary liver disease (both “immunological” and
“nonimmunological”), HBV and HCV infection, basiliximab
induction, or immunosuppressive drugs (both type and
number).

3.3. Patient and Graft Survival. Twenty-seven patients died
during the 7-year study period. Progressive graft failure was
the main cause in 16 cases whereas other medical conditions
likemalignancies, neuroinfection or cardiovascular disorders
were the main cause of mortality in 11 patients. No retrans-
plantations were performed in this group during the study
period. The only predictors of longer patients survival in
the whole group were younger age at transplantation (𝑃 =
0.008) and immunosuppression with tacrolimus (𝑃 = 0.049,
OR = 2.86 [1.07–7.62]) and 15 of 93 (16%) patients died in
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Figure 2: Survival of patients in anti-HLA positive and anti-HLA
negative groups. Graft loss occurred in 7 (23%) patients in the anti-
HLA positive group and 20 (22%) in the anti-HLA negative group
(𝑃 = 0.79, OR = 0.76 [0.26–2.25]).

tacrolimus group in comparison to 12 of 27 patients (44%)
in nontacrolimus group. Graft loss occurred in 7 (23%)
patients in the anti-HLA positive group and 20 (22%) in
the anti-HLA negative group (𝑃 = 0.79, OR = 0.76 [0.26–
2.25]). Presence of anti-HLA antibodies was not a significant
predictor of patients and grafts survival in analyses of the
whole group or separately in anti-HLA I and anti-HLA II
positive groups (Figure 2). Graft loss occurred in 8 patients
in anti-MICA positive group (22%) and 19 (23%) in anti-
MICA negative group (𝑃 = 0.86, OR = 1.03 [0.38–2.76])
(Figure 3). Presence of anti-HLA or anti-MICA antibodies
was also not a predictive factor of graft failure in an analysis
which excluded the 11 patients with known “nonimmunolog-
ical” cases of death. No significant correlation was detected
between patients’ survival and the following variables: time
since liver transplantation to blood collection, primary liver
disease (both “immunological” and “nonimmunological”),
HBV and HCV infection, or basiliximab induction.
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Figure 3: Survival of patients in anti-MICApositive and anti-MICA
negative groups. Graft loss occurred in 8 patients in anti-MICA
positive group (22%) and 19 (23%) in anti-MICA negative group
(𝑃 = 0.86, OR = 1.03 [0.38–2.76]).

3.4. Acute Graft Rejection. Biopsy-proven early AGR were
diagnosed in 23 cases and early AGR was clinically suspected
in 24 cases based on retrospective data. Basiliximab induction
was a negative predictor of both all and biopsy-proven cases
of early AGR (𝑃 = 0.03, OR = 2.56 [1.14–5.74] and 𝑃 =
0.005, OR = 5.26 [1.63–17.03], resp.). HCV infection was a
significant negative predictor of all AGR (𝑃 = 0.04, OR =
2.74 [1.11–6.77]) but not biopsy proven early AGR cases.
Early AGR was not significantly correlated with patients
age and sex, primary liver disease (both “immunological”
and “nonimmunological”), HBV infection, nor number or
type of immunosuppressive drugs. Late biopsy proven AGR
was diagnosed in 13 cases and histopathological findings
of concomitant chronic rejection were found in 4 (31%)
cases. Late AGR did not significantly correlate with patients
age and sex, time since liver transplantation to blood col-
lection, primary liver disease (both “immunological” and
“nonimmunological”), HBV and HCV infection, induction
with basiliximab, nor number or type of immunosuppressive
drugs.

3.5. Acute Graft Rejection and Anti-HLA/MICA Antibodies.
No correlations were detected between presence of anti-
HLA antibodies (neither all cases nor HLA I and HLA
II separately) or anti-MICA antibodies (neither positive
nor only strong positive cases) with early or late AGR. In
contrast, presence of any antibodies (anti-HLA or anti-MICA
antibodies) correlated with late AGR (𝑃 = 0.04, OR = 4.03
[1.05–15.65]).

3.6. Liver Function. Liver function test was performed every
3 months during patients’ routine visits in Outpatients
Department. The anti-HLA positive versus anti-HLA neg-
ative groups did not differ in serum bilirubin concentra-
tion, alanine aminotransferase (ALAT), or gamma-glutamyl
transpeptidase (GGTP) activity at the end of the 7-year study.
Similarly, these variables did not differ between the anti-
MICA positive and anti-MICA negative groups. However,

mean bilirubin serum concentration was significantly higher
in a group of patients with late acute graft rejection (𝑃 = 0.02)
than that in patients with no AGR.

4. Discussion

We analyzed the impact of anti-HLA and anti-MICA anti-
bodies on liver graft failure and function at the 7-year
followup and also the correlation between presence of these
antibodies and several clinical and pathological data in 123
AB0 compatible liver transplant recipients.

Anti-HLA antibodies may be detected in early period
after liver transplantation due to massive blood transfusion
usually required during surgical procedures, so patients at
least 6 months after operation were included in this study.
Moreover, the percentage of patients with positive anti-
HLA antibodies changed in a time-dependent manner in
study group, suggesting that we observed true recipients’
humoral reactions to donor antigens rather than presence of
preformed antibodies. Taner et al. showed that preformed
donor specific antibodies (DSA) tend to disappear after
liver transplantation in most cases but if persist complement
activation in the liver allograft could be found in biopsy but it
did not impact graft function at 1-year after transplantation
[11]. Our data confirmed the following previously reported
association: lower incidence of early acute graft rejectionwith
basiliximab induction [12] and longer survival in patients
receiving tacrolimus-based therapy [13], suggesting that data
from our study could be representative for most liver trans-
plant recipients.

In our analyses, no significant correlations were detected
between presence of anti-HLA/anti-MICA antibodies and
factors which could potentially activate humoral immune
system response, like primary autoimmune liver diseases,
minimalization of immunosuppression (HCV and HBV
infection or HCC in explanted liver), or type and number
of immunosuppressive drugs. The presence of anti-HLA
(generally and separately in HLA I and II classes) and anti-
MICA antibodies did not significantly correlate with 7-year
graft survival or acute graft rejection in either early or
late posttransplant period. In contrast, the presence of any
antibodies (anti-HLA or anti-MICA antibodies) significantly
correlated with late graft rejection. This observation suggests
that increased activation of humoral immune system could be
involved in late rejection episodes and agrees with results of a
prospective study showing that DSA were found significantly
more in liver transplant recipientswith biopsy proven chronic
rejection (36 of 39 (96%)) than in patients without rejection
(24 of 39 (61%); 𝑃 = 0.003) and that patients with
chronic rejection had a higher mean fluorescence intensity
(MFI) of DSA than comparator patients [14]. In another
study, circulating DSA and diffuse portal complement C4d
deposits were associated with steroid resistant liver graft
rejection and were found in 60% (6 of 10) of patients
with ductopenic rejection. Humoral alloreactivity frequently
appears to co-occur with cellular mechanisms of rejection
in AB0-compatible liver transplantation and plays a role
in ductopenia development [15]. Monitoring of liver graft
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function is difficult because no single test (like creatinine
clearance in kidney transplantation) correlates with liver
graft function. Liver enzymes activity in serum changes over
time and usually declines in advanced liver failure. Typical
indicators of hepatocytes failure, like hypoalbuminemia or
coagulopathy, are helpful only in diagnosis of the late phase
of liver insufficiency. High serum bilirubin concentrations
can be a good indicator of liver graft function if significant
extrahepatic bile duct stricture is excluded. We found that
serum bilirubin concentrations were significantly higher in
patients with late graft rejection. Intrahepatic cholestasis is
a typical finding in chronic liver graft rejection leading to
graft failure and histological findings of chronic rejection
were present in 4 of 13 (31%) biopsy proven cases of late acute
rejection in the study group.

Limitations of this study included that antibodies were
screened only once and at different time points after-trans-
plantation for each patient in the study group; however it was
caused by the methodology of the Workshop. Secondly, the
presence of anti-HLA antibodies generally, but not DSA, was
tested; however, availability of single-antigen Luminex assays
was limited when the study was started. We are planning to
reevaluate remaining patients sera for the presence of DSA.

5. Conclusions

Presence of anti-HLA or anti-MICA antibodies did not
significantly correlate with inferior graft survival nor with
increased incidence of acute graft rejection. In contrast,
higher humoral immune system activity defined as presence
of any antibodies (anti-HLA or anti-MICA antibodies) was a
significant predictor of late graft rejection.
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Aim. To investigate whether HLA class I polymorphisms could influence the clearance of hepatitis B surface antigen (HBsAg)
in Qidong Han population. Methods. We genotyped HLA-A, -B, and -C loci of 448 individuals with HBV persistent infection
and 140 persons with spontaneous clearance of HBsAg by polymerase chain reaction with sequencing based typing (PCR/SBT).
All the individuals were unrelated males enrolled from Qidong Han population and were followed up for 10 years. Results. The
frequency of HLA-A∗33:03:01G was increased in persistent HBV infection group (𝑃 value is 0.028), while frequency of HLA-
B∗13:01:01G was increased in HBsAg clearance group (𝑃 value is 0.0004). Conclusion. These findings suggested that the host HLA
class I polymorphism is an important factor in determining the outcomes of HBV infection.

1. Introduction

Hepatitis B virus (HBV) infection is a major public health
problem. Two billion people are expected to be infected with
HBV during their lifetime and about 350 million are esti-
mated to be chronic carriers [1, 2]. Nowadays, there are about
120 million HBV chronic carriers in China [3]. HBV infec-
tion can cause broad-spectrum diseases, including chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma [4].
The mechanism of HBV clearance and pathogenesis is not
yet clearly defined, but host genetic component is one of
the critical contributors, which includes age, sex, immune
response, and so forth [5–8]. Therefore, understanding the
role of host genetic variability in the pathogenesis of HBV
infection will help us to uncover the basis for this viral
persistence.

Human leukocyte antigen (HLA) is an integral compo-
nent of the immune response on which majority of host

genetic studies have focused. Numerous reports described
the associations of highly polymorphic HLA gene with the
outcome of a wide range of infectious diseases. It is because
antiviral cytotoxic T lymphocytes (CTLs) are believed to
play a major role in eradication of infection by virtue of
their capacity to identify and kill virus-infected cells through
recognition of viral peptides presented by HLA class I
molecules [9].Thus,HLAmolecules are considered to govern
the pathology of disease, progression, or regression along
with the viral and environmental factors.

The genes of the HLA locus are located on the short arm
of chromosome 6. They are arranged in three clusters: class
I, class II, and class III. Many previous studies have shown
the associations of certain HLA class I genes with the course
of HBV infection, but these associations are inconsistent
even within the same population [10, 11]. Han is the largest
ethnic group in China. Among Han resident areas, Qidong
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is a famous place in China where the habitants have high
incidence of HBV infection. In this study, to determine
whether the HLA I alleles are associated with resistance or
susceptibility to HBV infection in Qidong Han people, we
analyzed the polymorphism of HLA I alleles in individuals
who had HBV persistent infection or those who had HBsAg
clearance using high resolution sequencing technique.

2. Materials and Methods

2.1. Ethics Statement. The protocol was approved by the
Ethics Committee of the Qidong Liver Cancer Institute,
and all patients provided written, informed consent before
enrollment.

2.2. Study Subjects. A total of 728 unrelated male individuals
with hepatitis B surface antigen (HBsAg) positive in sera
were enrolled in the Institute of Liver Cancer of Qidong
in 1995. They were followed up for 10 years and tested for
HBV infection again. In 2005, 588 individuals were included
in this cohort because of loss to follow-up and exclusion
of the patients who were treated with anti-HBV therapy.
Among these 588 persons, 448 remained HBsAg positive
(named HBV persistent infection group), while 140 were
negative for HBsAg but positive for both anti-hepatitis B
virus core antigen (HBc) and anti-HBsAg (named HBsAg
clearance group). None of the subjects were positive for
hepatitis C virus (HCV), hepatitis D virus (HDV), and
human immunodeficiency virus (HIV) antibody. All of them
are Han population.

2.3. Serologic and Virologic Tests. Plasma samples were ob-
tained from all the subjects and stored at −20∘C. Their
serologic status with regard to HBsAg, anti-HBs, anti-HBc,
hepatitis B virus e antigen (HBeAg), and anti-HBe was deter-
mined by enzyme-linked immunosorbent assay according
to the manufacturer’s instructions (Boehringer-Mannheim,
Munich, Germany).

2.4. Extraction of Genomic DNA and HLA Allele Genotyping.
Genomic DNA for each individual was extracted from
peripheral blood mononuclear cells using the QIAamp DNA
blood kit (Qiagen Inc., Chatsworth, CA). All DNA samples
(100–200 ng/mL) were stored at 4∘C (short term) or −20∘C
(long term) in TE buffer (10mM Tris-HCl, pH 8.0, 2mM
ethylene diamine tetraacetic acid) and diluted to 10–12 ng/mL
in PCR.

GenomicDNAwas amplified by the standardHLA locus-
specific primers [12]. According to the routine sequence-
based typing (SBT) method, exons 2 and 3 were sequenced
in forward and reverse directions using a 3730XL DNA
analyzer (Applied Biosystems, Foster City, CA) and Big-
Dye Terminator v3.1 Cycle Sequencing Ready Reaction Kit
(Applied Biosystems). The sequences were then analyzed
using the online software SBT Interface (MHC database;
National Center for Biotechnology Information; http://www.
ncbi.nlm.nih.gov/mhc/). All groups of HLA alleles that have
identical nucleotide sequences across the exons encoding the

peptide binding domains (exons 2 and 3 for HLA class I
alleles) are designated by a code, such as A∗33:03:01G, which
essentially contains A∗33:03:01, A∗33:15, A∗33:25, and so on
(http://hla.alleles.org/alleles/g groups.html).

2.5. Statistical Analysis. The allele frequency was calculated
as the number of the allele divided by the double numbers of
the total samples. The significance of allelic associations was
determined either by chi-square test or by Fisher’s exact test
(when there were less than five subjects in a cell). In order to
reduce the number of comparisons with inadequate power,
only alleles with frequency not less than 3% (29 alleles in
this population) were analyzed. The level of significance was
adjusted for multiple testing using the Bonferroni correction.
According to the Bonferroni correction, the frequency of
HLA allele was considered to be statistically different only
when uncorrected𝑃 value was less than Pc (0.05/29 = 0.0017).
HLAgenotypeswith frequency not less than 3%were checked
for the Hardy-Weinberg equilibrium using 𝜒2 test. Data
were analyzed by SPSS 13.0 data analysis software package.
Odds ratios (OR) and their 95% confidence intervals were
calculated.

3. Results

3.1. Patient Characteristics. 588 Qidong Han persons who
were tested as HBsAg positive in 1995 were included in this
study. 448 were classified as HBV persistent infection group
as they remainedHBsAg positive 10 years of later.TheHBsAg
clearance group includes the remaining 140 individuals who
were negative for HBsAg but positive for both anti-HBc and
anti-HBs after 10 years follow-up. Age distribution showed no
statistical difference between the two groups.

3.2. Frequencies of HLA-A, HLA-B, and HLA-C Alleles in the
Study Groups. A total of 31 HLA-A alleles, 54 HLA-B alleles,
and 35 HLA-C alleles were detected in the two study groups
(Tables 1–3). Among them, the frequencies of 29 alleles were
higher than 3%. A∗24:02:01G was the most frequent HLA-A
allele (Table 1), while B∗46:01:01G and B∗40:01:01G were the
most frequent HLA-B alleles (Table 2), and C∗01:02:01G was
the most frequent HLA-C allele (Table 3). Meanwhile, four
new alleles (HLA-C∗12:10:02, HLA-B∗40:122, HLA-B∗40:127,
and HLA-B∗55:49) were identified by our previous study
from this cohort and named by the WHO Nomenclature
Committee [13, 14]. HLA genotype frequencies were consis-
tent with Hardy-Weinberg equilibrium (𝑃 > 0.05).

3.3. Comparison of Frequency of HLA-A, HLA-B, and HLA-C
Alleles between the Persistent Infection and HBsAg Clearance
Groups. Tomaintain statistical power, only those alleles with
the frequencies not less than 3% were compared between
the persistent infection and HBsAg clearance groups. The
frequency of HLA-A∗33:03:01G allele in the HBV persistent
infection group was higher than that in the HBsAg clearance
group (6.36% versus 2.86%, 𝑃 = 0.025, 𝑂𝑅 = 2.31, 95%
CI: 1.09–4.90), whereas the frequency of HLA-B∗13 : 01 : 01G
was higher in the HBsAg clearance group than that in the
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Table 1: Frequencies of HLA-A alleles in each study group.

HLA-A alleles Persistent infection group (2𝑛 = 896) HBsAg clearance group (2𝑛 = 280)
Allele frequency (%) Count Allele frequency (%) Count

𝐴∗01:17 0.11 1 0.00 0
𝐴∗01:01:01G 2.00 18 2.86 8
𝐴∗02:01:25 0.00 0 0.36 1
𝐴∗02:03:01G 1.34 12 1.43 4
𝐴∗02:06:01G 6.58 59 5.71 16
𝐴∗02:07:01G 9.93 89 9.64 27
𝐴∗02:10 0.33 3 0.00 0
𝐴∗02:11:01G 0.22 2 0.36 1
𝐴∗02:53N 0.11 1 0.00 0
𝐴∗02:01:01G 15.29 137 16.79 47
𝐴∗03:01:01G 0.33 3 0.71 2
𝐴∗11:01:01G 18.30 164 21.07 59
𝐴∗11:02:01G 4.35 39 5.71 16
𝐴∗23:01:01G 0.00 0 0.36 1
𝐴∗24:04 0.11 1 0.36 1
𝐴∗24:07 0.33 3 0.00 0
𝐴∗24:08 0.11 1 0.00 0
𝐴∗24:10 0.11 1 0.00 0
𝐴∗24:20 0.33 3 0.71 2
𝐴∗24:77 0.00 0 0.36 1
𝐴∗24:02:01G 22.32 200 20.36 57
𝐴∗26:01:01G 2.57 23 2.14 6
𝐴∗29:01:01G 0.22 2 0.00 0
𝐴∗30:01:01G 2.23 20 1.43 4
𝐴∗31:01:02G 5.25 47 5.00 14
𝐴∗32:01:01G 0.22 2 0.36 1
𝐴∗33:11 0.11 1 0.71 2
𝐴∗33:03:01G∗ 6.36 57 2.86 8
𝐴∗34:01:01 0.11 1 0.00 0
𝐴∗68:01:02G 0.45 4 0.00 0
𝐴∗69:01 0.22 2 0.71 2
∗
𝑃 = 0.025 (Pc = 0.0017, so 𝐴∗33:03:01G does not reach statistically significant after Bonferroni correction).

persistent group (8.57% versus 3.46%,𝑃 = 0.0004,𝑂𝑅 = 2.62,
95% CI: 1.51–4.54). However, only the frequency of HLA-
B∗13 : 01 : 01G increased significantly in HBsAg clearance
group after the Bonferroni correction.

4. Discussion

It is doubtless that host genetic factors are associated with the
clinical outcome of different infectious diseases. The most-
studied host factors thatmight affect the susceptibility to viral
infection are HLA genes [15, 16]. Among HLA genes, HLA
class I genes encode HLA-A, HLA-B, and HLA-C proteins
which are expressed on the surface of all nucleated cells.
HLA class I molecule can bind viral peptides and present
them on the surface of virus-infected cells, which can be

recognized by CD8+CTL. While HLA class II molecule can
bind and present viral peptides as well, the cells can be
recognized by CD4+ T lymphocytes. Both HLA class I and
HLA class II are found to be associated with the outcomes
of HBV infection [11, 17, 18]. Some HLA class I molecules
can function as ligands of natural killer (NK) cell receptors
and become important regulators for NK cell [19, 20] and
CD8+ T cell [21, 22]. Association studies on the outcomes of
other viral infections, such asHCV [23], HIV [24, 25], human
papillomavirus [26], and Cytomegalovirus (CMV) [27], sup-
ported the important role of HLA I when it functioned as
ligands for Killer cell immunoglobulin-like receptor (KIR).
Gao et al. observed that some combinations of KIR and
specific HLA-C gene were correlated with the occurrence of
hepatitis B [28]. We also reported that the polymorphisms
of HLA class I and KIR could influence the development
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Table 2: Frequencies of HLA-B alleles in each study group.

HLA-B alleles Persistent infection group (2𝑛 = 896) HBsAg clearance group (2𝑛 = 280)
Allele frequency (%) Count Allele frequency (%) Count

𝐵∗07:02:01G 0.11 1 0.00 0
𝐵∗08:01:01G 0.22 2 0.00 0
𝐵∗08:18 0.11 1 0.00 0
𝐵∗13:01:01G∗ 3.46 31 8.57 24
𝐵∗13:02:01G 3.46 31 2.86 8
𝐵∗13:06 0.11 1 0.00 0
𝐵∗15:02:01G 2.90 26 2.5 7
𝐵∗15:03:01G 0.11 1 0.00 0
𝐵∗15:07:01G 0.22 2 0.36 1
𝐵∗15:11:01G 3.24 29 4.26 12
𝐵∗15:12:01G 0.47 4 0.00 0
𝐵∗15:15 0.00 0 0.36 1
𝐵∗15:18:01G 1.34 12 1.43 4
𝐵∗15:25:01G 0.22 2 0.71 2
𝐵∗15:27:01 2.01 18 2.14 6
𝐵∗15:58 0.45 4 0.00 0
𝐵∗15:01:01G 12.05 108 10 28
𝐵∗18:02 0.11 1 0.00 0
𝐵∗18:01:01G 0.22 2 0.00 0
𝐵∗27:04:01G 4.35 39 4.29 12
𝐵∗27:05:02G 0.59 5 0.71 2
𝐵∗27:06 0.11 1 0.00 0
𝐵∗35:10 0.11 1 0.00 0
𝐵∗35:72 0.11 1 0.00 0
𝐵∗35:01:01G 0.59 5 0.71 2
𝐵∗37:01:01G 0.33 3 1.79 5
𝐵∗38:02:01G 0.45 4 0.00 0
𝐵∗39:01:01G 0.33 3 1.07 3
𝐵∗40:02:01G 3.57 32 3.57 10
𝐵∗40:03 0.33 3 0.00 0
𝐵∗40:06:01G 3.01 27 3.57 10
𝐵∗40:11:01 0.33 3 0.00 0
𝐵∗40:20 0.11 1 0.00 0
𝐵∗40:21 0.11 1 0.00 0
𝐵∗40:40 1.11 10 0.00 0
𝐵∗40:01:01G 16.52 148 15.36 43
𝐵∗41:01 0.00 0 0.36 1
𝐵∗44:03:01G 0.33 3 0.00 0
𝐵∗44:03:02 0.11 1 0.00 0
𝐵∗46:01:01G 18.30 164 16.43 46
𝐵∗48:01:01G 0.33 3 0.71 2
𝐵∗51:02:01 0.33 3 0.00 0
𝐵∗51:01:01G 1.00 9 0.36 1
𝐵∗52:01:01G 0.11 1 1.07 3
𝐵∗52:08 0.11 1 0.00 0
𝐵∗54:01:01G 6.03 54 7.14 20
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Table 2: Continued.

HLA-B alleles Persistent infection group (2𝑛 = 896) HBsAg clearance group (2𝑛 = 280)
Allele frequency (%) Count Allele frequency (%) Count

𝐵∗55:02:01G 5.58 50 4.64 13
𝐵∗55:12 0.22 2 0.36 1
𝐵∗56:01:01G 0.78 7 0.36 1
𝐵∗56:03 0.22 2 0.00 0
𝐵∗57:01:01G 2.23 20 2.86 8
𝐵∗58:01:01G 0.59 5 0.36 1
𝐵∗59:01:01G 0.70 6 1.07 3
𝐵∗67:01:01 0.22 2 0.00 0
∗
𝑃 = 0.0004 (𝑃 < Pc. It is statistically significant after the Bonferroni correction).

Table 3: Frequencies of HLA-C alleles in each study group.

HLA-C alleles Persistent infection group (2𝑛 = 896) HBsAg clearance group (2𝑛 = 280)
Allele frequency (%) Count Allele frequency (%) Count

𝐶∗01:02:01G 26.00 233 26.07 73
𝐶∗01:02:03 0.11 1 0.36 1
𝐶∗01:03:01G 1.00 9 1.07 3
𝐶∗03:02:01G 4.58 41 3.21 9
𝐶∗03:04:01G 11.83 106 14.29 40
𝐶∗03:04:04 0.00 0 0.71 2
𝐶∗03:32 0.33 3 0.00 0
𝐶∗03:69 0.11 1 0.00 0
𝐶∗03:03:01G 8.26 74 9.29 26
𝐶∗04:03 0.22 2 0.36 1
𝐶∗04:01:01G 6.92 62 3.93 11
𝐶∗06:02:01G 4.47 40 4.29 12
𝐶∗06:06 0.11 1 0.00 0
𝐶∗07:02:04 0.11 1 0.00 0
𝐶∗07:04:01G 0.89 8 1.07 3
𝐶∗07:08 0.22 2 0.00 0
𝐶∗07:27:01 0.22 2 0.00 0
𝐶∗07:43 0.33 3 0.00 0
𝐶∗07:51 0.11 1 0.00 0
𝐶∗07:56:01 0.11 1 0.36 1
𝐶∗07:01:01G 0.11 1 0.00 0
𝐶∗07:02:01G 12.72 114 13.93 39
𝐶∗08:03:01 0.22 2 0.36 1
𝐶∗08:01:01G 6.47 58 7.86 22
𝐶∗12:02:01G 4.91 44 5.00 14
𝐶∗12:03:01G 0.56 5 0.00 0
𝐶∗14:02:01G 7.14 64 4.29 12
𝐶∗14:03 0.11 1 0.00 0
𝐶∗15:02:01G 1.34 12 2.14 6
𝐶∗15:08 0.11 1 0.00 0
𝐶∗15:15 0.00 0 0.36 1
𝐶∗15:17 0.22 2 0.00 0
𝐶∗16:02:01G 0.11 1 0.71 2
𝐶∗17:01:01G 0.00 0 0.36 1
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of HBV-associated liver cancer [29]. To investigate whether
HLA I molecules as KIR ligands could influence the HBsAg
clearance in this cohort, we grouped the HLA-A, HLA-B, and
HLA-C alleles into three KIR ligand categories: Bw4, HLA-
C group 1, and HLA-C group 2 as described [30], and then
compared their frequencies between the persistent infection
and HBsAg clearance groups. However, no association was
observed (data not shown).

The relationship between HLA class I polymorphisms
and the outcome of HBV infection has been explored pre-
viously, but this relationship does not appear to be universal
since the investigated populations are different. In Taiwanese
Aborigines, HLA-A∗0206 was susceptible to HBV infection
and chronicity, and HLA-B∗4001 was likely to be associated
with the elimination of the virus [10]. In American Cau-
casians,HLA-A∗01-B∗08-DRB1∗03, B∗44-Cw1601, and B∗44-
Cw∗0501 haplotypes were associated with viral persistence,
and HLA-A∗0301 was associated with viral clearance. In
European Caucasians, HLA-B∗8 was associated with non-
response to HBV vaccination [11]. Karan et al., in their
studies in Turkey, have reported thatHLA-A24 andCW1were
protective against chronic HBV [31]. Besides that, in eastern
Turkey, HLA-B35 and HLA-CW4 were significantly higher
in the chronic HBV group than those in the spontaneously
recovered group [32].

In this study, we investigated a cohort of Qidong Han
population who lived in an area of high prevalence of HBV
infection. The samples were made of unrelated males and
were followed up for 10 years. No previous prospective
cohort study has been conducted to clarify the relationship
between the polymorphisms of HLA alleles and the outcome
of HBV infection in such a population. We found that HLA-
A∗33:03:01G was more frequent in the HBV persistent infec-
tion group than in the HBsAg clearance group (6.36% versus
2.86%, 𝑃 = 0.025, 𝑂𝑅 = 2.31, 95% CI: 1.09–4.90), which
was consistent with the results found in northern Iran [33]
and in Korean population [34] although in these populations,
the difference did not reach statistically significant level after
correction.

The frequency of HLA-B∗13:01:01G was significantly
higher in the HBsAg clearance group than that in the
persistent group (8.57% versus 3.46%,𝑃 = 0.0004,𝑂𝑅 = 2.62,
95% CI: 1.51–4.54), which revealed thatHLA-B∗13:01:01Gwas
associated with a protective effect against persistent HBV
infection in this Qidong Han population. HLA-B∗13:01:01G
is not a KIR ligand because it does not carry a Bw4 motif.
Therefore, it is unlikely that NK cell can function through this
KIR-HLA interaction. Interestingly, the frequencies of HLA-
B∗13:02:01Gwere almost identical in the two groups (2.86% in
HBsAg clearance group versus 3.46% in persistent infection
group). HLA-B∗13:02:01G differs from HLA-B∗13:01:01G for
only three amino acids at positions 94, 95, and 97.This three-
amino-acid difference probably affects the conformation of
the MHC binding grooves and results in their abilities to
present viral peptide to CD8+ CTLs, which leads to differ-
ent prognosis after HBV infection. This possible molecular
mechanism needs to be tested in the future study.

In summary, we found thatHLA-B∗13:01:01G was associ-
ated with a protective effect against persistent HBV infection

in Qidong Han population. Our study provides a new clue
about the influence of HLA class I diversity on the natural
history of HBV infection in this population. These findings
suggest that the host HLA polymorphism is an important
factor in determining the outcome of HBV infection. Studies
of the underlying molecular mechanisms need to be carried
out in the future.
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To investigate whether killer cell immunoglobulin-like receptor (KIR) and human leukocyte antigen (HLA) genetic background
could influence the onset age of hepatocellular carcinoma (HCC) in patients with hepatitis B virus (HBV) infection, one hundred
and seventy-one males with HBV-related HCC were enrolled. The presence of 12 loci of KIR was detected individually.HLA-A, -B,
and -C loci were genotyped with high resolution by a routine sequence-based typing method. The effect of each KIR locus, HLA
ligand, andHLA-KIR combination was examined individually by Kaplan-Meier (KM) analysis. Multivariate Cox hazard regression
model was also applied. We identified C1C1-KIR2DS2/2DL2 as an independent risk factor for earlier onset age of HCC (median
onset age was 44 for C1C1-KIR2DS2/2DL2 positive patients compared to 50 for negative patients, 𝑃 = 0.04 for KM analysis; HR =
1.70, 𝑃 = 0.004 for multivariate Cox model). We conclude that KIR and HLA genetic background can influence the onset age of
HCC in male patients with HBV infection. This study may be useful to improve the current HCC surveillance program in HBV-
infected patients. Our findings also suggest an important role of natural killer cells (or other KIR-expressing cells) in the progress
of HBV-related HCC development.

1. Introduction

Primary liver cancer, particularly hepatocellular carcinoma
(HCC), is the fifth most common cancer worldwide and the
third most common cause of cancer mortality. The curative
therapy for HCC is surgical resection, for which only the
patients with early stage tumor are eligible. However, most
cases of HCC patients are detected in their late stages and
become ineligible for surgical resection. Globally, more than
50% of HCC are due to persistent hepatitis B virus (HBV)
infection. In the hyperendemic areas of HCC, such as China
and Africa, chronic HBV infection contributes to at least

80% of HCC cases [1]. Periodic screening for HCC in HBV-
infected patients has been practicedwidely and been found to
be useful in detecting HCC at early stage [2, 3]. However, the
currentHCC screening is reported as borderline cost effective
in theAsia-Pacific region, and the optimal screening program
remains to be established [4, 5]. One of the controversial
issues is that when to begin this periodic screening in
HBV infectors due to a wide variety of onset age of HCC.
Knowledge on the factors that influence the onset age of HCC
will improve current HCC surveillance program in HBV-
infected patients.
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Accumulating evidence from the last decade suggests that
natural killer (NK) cells play an important role not only
in controlling viral hepatitis but also in contributing to the
pathogenesis of liver injury and inflammation [6]. For exam-
ple, NK cell activation has been reported to play a critical
role in liver inflammation during chronicHBV infection both
in HBV transgenic mice and in HBV-infected patients [7–
9]. Since persistent inflammation has been recognized as a
driving force in HCC genesis [10, 11], NK cell activation may
also be involved in HBV-related HCC development.

Killer cell immunoglobulin-like receptors (KIR) are
involved in the regulation of NK cell activation through
recognition of their human leukocyte antigen (HLA) class I
ligands. This family of receptors consists of both activating
and inhibitory allotypes.KIRs function can be predicted from
the length of the cytoplasmic domain, where long receptors
(KIR2DL/KIR3DL) are generally inhibitory and all short
receptors (KIR2DS/KIR3DS) are activating. For inhibitory
KIRs, the major ligands are HLA-C molecules. In terms of
KIR recognition, all the allelic variants of HLA-C can be
divided into two groups on the basis of alternative amino
acids at position 80 of the extracellular domain. HLA-C
group 1 alleles (HLA-C1) have an asparagine at position 80,
whereasHLA-C group 2 alleles (HLA-C2) have a lysine at this
position. KIR2DL1 recognizes HLA-C2 molecules, whereas
KIR2DL2 and KIR2DL3 preferHLA-C1molecules [12]. Some
HLA-B and HLA-A alleles containing a homologous motif
termed Bw4 are known to bind to KIR3DL1 [13, 14]. Besides,
some HLA class I molecules are reported as putative ligands
(HLA-C1-KIR2DS2, HLA-C2-KIR2DS1, HLA-Bw4-KIR3DS1,
and HLA-A3/A11-KIR3DL2) [15–18].

It has been clearly demonstrated that the strength of
HLA-KIR interactions has functional significance and can
influence disease susceptibility [19]. We found that the
polymorphisms of KIR and HLA class I loci were associated
with HCC occurrence in HBV-infected patients in a case-
control study [20, 21]. We wondered whether the KIR and
HLA genetic background could also influence the onset age
of HBV-related HCC. HCC is a disease with a strong male
dominance, and male patients usually have earlier onset age
compared to female patients [1]. In this study, we focused on
males and investigated the influence of KIR andHLA genetic
background on the onset age of HBV-related HCC.

2. Methods

2.1. Patients. One hundred and seventy-one unrelated
patients were enrolled from the Second Affiliated Hospital
of Southeast University. Among them, 114 patients were
enrolled from 2005 to 2007, and 57 patients were enrolled
from 2011 to 2012. The patients were selected according to
the following criteria: (a) being diagnosed as having primary
HCC; (b) being males; (c) hepatitis B surface antigen
(HBsAg) being positive for more than six months; (d) having
hepatic ultrasonography within the past 12 months before
they were diagnosed as having HCC; and (e) being members
of Han population and living in the same geographical area.
The exclusion criteria include: (a) being positive for other

hepatitis viruses serum markers (hepatitis A virus IgM,
hepatitis C virus antibody, hepatitis D virus antigen, hepatitis
D virus antibody, and hepatitis E virus IgM) and human
immunodeficiency virus antibody; (b) having an indication
of autoimmune disease. All diagnoses of HCC were defined
by clinical and biological criteria and confirmed by imaging
technologies (defined as 1 or more tumoral nodules by
computed tomography and ultrasonography). Eighty-six
patients were also included in our previous case-control study
[19]. The protocol was approved by the ethics committee of
the Second Affiliated Hospital of Southeast University, and
all the patients provided written, informed consent before
enrollment.

2.2. Extraction of GenomicDNA. GenomicDNAwas extract-
ed from peripheral blood mononuclear cells by a standard
salting-out method.

2.3. KIR Genotyping. PCR amplification with the primers
specific for each locus of the following inhibitory KIR genes:
2DL1, 2DL2, 2DL3, 2DL5, and 3DL1 and activating KIR genes:
2DS1, 2DS2, 2DS3, 2DS4(f) (the full-length form of 2DS4),
2DS4(d) (the 22 bp-deletionmutant formof 2DS4), 2DS5, and
3DS1was performed as described in previous reports [20, 22].
The internal positive control primers for the fragment of
the framework gene KIR2DL4 were included in each PCR
reaction. All primer sequences and amplification conditions
are available upon request.

2.4. HLA Genotyping. HLA-A, -B, and -C were genotyped
with high resolution by a routine sequence-based typing
method [23]. Exons 2 and 3 of HLA-A, HLA-B, and HLA-
C loci were amplified from genomic DNA by PCR using
the locus-specific primers as described [23]. Sequencing
reactions were performed using the BigDye Terminator v3.1
Cycle Sequencing Ready Reaction Kit (Applied Biosystems).
Exons 2 and 3 of each locus were sequenced in both for-
ward and reverse directions using a 3730XL DNA Analyzer
(Applied Biosystems, Foster City, CA). The sequences were
then analyzed using online dbMHC SBT typing tool [24].
One novelHLA class I allele was identified in this population.
Nucleotide sequence of new allele has been submitted to the
GenBanknucleotide sequence database and is available under
the accession number EF468681 [25].

2.5. Statistical Methods. The effects of each KIR locus, HLA
ligand, and HLA-KIR combination were examined indi-
vidually by Kaplan-Meier (KM) analysis. 𝑃 values were
determined using Log Rank test for KM analysis. Univariate
Cox proportional hazard regression model was applied to
each demographic and clinical variable individually (see
Table S3 in Supplementary Material available online at
http://dx.doi.org/10.1155/2013/874514). After that, multivari-
ate Cox regression analysis was employed to the genetic
factors with 𝑃 value less than 0.05 and the clinical variables
with 𝑃 value less than 0.5 (Table 4). 𝑃 values generated
through Cox modeling were supported with hazard ratios
(HR) and 95% confidence intervals (CI). HLA-C genotype
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frequencies were checked for Hardy-Weinberg equilibrium
using Pearson’s 𝜒2 test. All the median ages were estimated
by KM analysis. The final Cox regression model (Table 4)
included 161 cases because the genotyping of some loci could
not be accomplished for some cases due to lack of DNA.
All statistical analyses were performed using SPSS software
(Version 11.0 Chicago IL, SPSS Inc.).

3. Results

3.1. Patients’ Demographic and Clinical Characteristics
(Table 1). All HCC patients selected were males with history
of chronic hepatitis B, free of other hepatic virus coinfection,
and with no indication of autoimmune disease. One hundred
and forty-two patients (83.0%) were diagnosed as having
cirrhosis, which was consistent with previous reports [26].
Sixty-three patients (36.8%) were at TNM stage III or IV
when they were diagnosed as HCC. The HBeAg status and
HBV DNA level presented in Table 1 were tested when the
patients were diagnosed as having HCC. However, only 70
patients were quantified for HBV DNA in sera when they
were diagnosed as having HCC. The onset age value was
determined from KM survival-time data, with the 25th,
50th, and 75th percentiles of cancer free survival time being
reported. The median onset age, defined as the age at which
50% of the population is cancer free, was 50 years. The
distribution of onset ages of HCC is comparable with the
recent report in Shanghai population [27].

3.2. Association of the Onset Age with KIR Polymorphisms
(Table 2). TwelveKIR genes were detected in this population.
The result showed that KIR2DL1 (97.7%), KIR2DL3 (97.7%),
and KIR3DL1 (98.2%) were present in nearly all individuals.
The frequencies of otherKIR loci varied from 15.2% to 83.6%.
KM analyses were performed on each of the KIR genes
individually. No statistical significant result was found on any
given KIR locus (Table 2).

3.3. Association of the Onset Age with HLA Ligands and HLA-
KIR Combinations. One hundred and forty-nine HLA class
I alleles (37 HLA-A alleles, 60 HLA-B alleles, and 52 HLA-C
alleles) were identified in these patients. To explore whether
HLA ligands for KIR could influence the onset age of HBV-
relatedHCC,we groupedHLA alleles according toKIR ligand
as Bw4, Bw4T, Bw4I, HLA-C1, and HLA-C2. KM analyses
were performed on Bw4, Bw4T, Bw4I, HLA-C1C1, HLA-
C1C2, andHLA-C2C2 individually.The frequencies ofHLA-C
genotypes were consistent with Hardy-Weinberg equilibrium
(𝑃 = 0.44). Putative ligands of HLA-A3 and -A11 were also
analyzed. However, no significant result was found (Table
S1). Then, we tested the effects of Bw4-KIR ligand-receptor
(or putative ligand-receptor) combinations, including Bw4-
KIR3DL1, Bw4T-KIR3DL1, Bw4I-KIR3DL1, Bw4-KIR3DS1,
Bw4T-KIR3DS1, andBw4I-KIR3DS1, on the onset age ofHCC
by KM analysis individually. No significant result was found
(Table S2).

The effect of each HLA-C-KIR ligand-receptor (or puta-
tive ligand-receptor) combination on the onset age of HCC

Table 1: Demographic and clinical characteristics of 171 male HCC
patients.

Number of cases Percentage

Age of onset†

Median (IQR)‡ 50 (42∼57) —
Range 24∼74 —

Cirrhosis 142 83.0.%
TNM stage III or IV 63 36.8%
HBsAg positive 171 100%
HBeAg positive 60 35.1%
HBV DNA copy number†§

Mean 2.3𝐸 + 06 —
Range 0∼4.8𝐸 + 07 —

Family history of HCC 9 5.3%
Family history of HBV-related
diseases¶ 43 25.1%

Alcohol consumption (≥1 drink
per week) 20 11.7%

†Age of first diagnosis for HCC.
‡Age is presented as median, interquartile range (IQR), which are deter-
mined by KM estimates.
§70 patients were quantified for HBV DNA when they were diagnosed as
HCC.
¶HBV-related diseases include HBV-related hepatitis, cirrhosis, liver failure,
and HCC.

was then analyzed. There was high linkage disequilibrium in
KIR2DS2 and KIR2DL2 in our patients as in all populations
tested to date (http://www.allelefrequencies.net/). Because
our data did not allow to distinguish the effects betweenC1C1-
KIR2DS2 and C1C1-KIR2DL2, we combined C1C1-KIR2DS2
and C1C1-KIR2DL2 as HLA-C1C1 + KIR2DS2 or/and
KIR2DL2 (C1C1-KIR2DS2/2DL2). C1C1-KIR2DS2/2DL2
was found to be associated with earlier onset age of HCC
(the median age for the C1C1-KIR2DS2/2DL2 positive
patients was 44 years, compared to 50 years for the C1C1-
KIR2DS2/2DL2 negative patients, 𝑃 = 0.004). No statistical
significance was found on the other HLA-C-KIR ligand-
receptor combinations (Table 3).

The effects of each demographic and clinical variable
(including cirrhosis status, HBeAg status, TNM stage, family
history of HBV-related diseases, and alcohol consumption)
on the onset age of HCC were tested by univariate Cox
model analysis (Table S3). To maintain statistical power,
the demographic and clinical variables with 𝑃 value less
than 0.5 were included as the covariables in the multivariate
Cox hazard regression model to analyze the effect of C1C1-
KIR2DS2/2DL2.The result showed thatC1C1-KIR2DS2/2DL2
was an independent risk factor for earlier onset age of HCC
(HR = 1.70, 95% CI = 1.01–2.85, 𝑃 = 0.04, Table 4).

4. Discussion

HCC surveillance in patients with chronic HBV infection
has been recommended by various regional liver societies.
Hepatic ultrasonography and alpha fetoprotein test every 6
months are the preferred program in China [28]. Although
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Table 2: Effects ofKIR genes and genotypes on the onset age ofHCC
by KM analysis.

KIR gene and
genotype 𝑛 (%) Median age P value

2DL1 Negative 4 (2.3) 45 0.82
Positive 167 (97.7) 50

2DL2 Negative 137 (80.1) 50 0.09
Positive 34 (19.9)) 49

2DL3 Negative 4 (2.3) 45 0.81
Positive 167 (97.7)) 50

2DL5 Negative 103 (60.2) 50 0.67
Positive 68 (39.8) 50

3DL1 Negative 3 (1.8) 41 0.68
Positive 168 (98.2) 50

2DS1 Negative 109 (63.7) 50 0.49
Positive 62 (36.3) 49

2DS2 Negative 139 (81.3) 50 0.09
Positive 32 (18.7) 50

2DS3 Negative 145 (84.8) 50 0.07
Positive 26 (15.2) 49

2DS4(f) Negative 28 (16.4) 49 0.83
Positive 143 (83.6) 50

2DS4(d) Negative 116 (67.8) 50 0.97
Positive 55 (32.2) 49

2DS5 Negative 124 (72.5) 50 0.50
Positive 47 (27.5) 51

3DS1 Negative 108 (63.2) 49 0.98
Positive 63 (36.8) 50

KIR genotype AA 84 (49.1) 50 0.42
BX 87 (50.9) 50

this periodic screening has been practiced widely, its benefits
remain uncertain. Therefore, an optimal HCC surveillance
program with acceptable cost effectiveness is needed, partic-
ularly for at-risk populations [4, 29]. One of the controversial
issues is that when to begin this periodic screening in HBV-
infected patients. The American Association for Study of
Liver Disease recommends that, for noncirrhotic patients
with hepatitis B, males above the age of 40 years and females
above the age of 50 years are appropriate candidates for HCC
surveillance [30]. The Asia-Pacific Association for Study of
Liver Disease recommends the HCC surveillance program
for high-risk patients with chronic hepatitis B (especially
those who aged >30 years with serum HBV DNA levels >20
000 IU/mL) in the absence of a known diagnosis of cirrhosis
[5]. The Ministry of Health of the People’s Republic of China
recommends lately that, for HBV-infected patients, males
above the age of 40 years and females above the age of 50
years are appropriate candidates for HCC surveillance [28].
Knowledge on the factors that influence the age of HCC
onset will provide basis for the improvement of the current
HCC surveillance programs. HCC occurs mainly in men.
Male : female ratios between 3 : 1 and 4 : 1 are reported in East

Table 3: Effects ofHLA-C-KIR ligand-receptor combinations on the
onset age of HCC by KM analysis.

HLA-KIR combination 𝑛 Median age P value

C1C1-KIR2DL3 Negative 40 50 0.81
Positive 98 47

C1C2-KIR2DL3 Negative 109 48 0.78
Positive 29 50

C1C2-KIR2DL1 Negative 110 49 0.65
Positive 28 50

C2C2-KIR2DL1 Negative 131 49 0.81
Positive 7 50

C1C1-KIR2DS2/2DL2 Negative 141 50 0.004∗∗
Positive 20 44

C1C2-KIR2DS2/2DL2 Negative 155 49 0.53
Positive 8 53

C1C2-KIR2DS1 Negative 134 50 0.68
Positive 7 50

C2C2-KIR2DS1 Negative 138 50 0.12
Positive 3 43

∗∗
𝑃 < 0.01.

Table 4: Multivariate Cox model survival analysis of
C1C1+2DS2/2DL2 and other factors on the onset age of HCC.

Factor P value HR 95% CI
C1C1+2DS2/2DL2 0.04∗ 1.70 1.01–2.85
Cirrhosis 0.03 0.59 0.36–0.96
HBeAg positive 0.39 1.19 0.80–1.77
Family history of HBV-related diseases 0.23 1.30 0.85–2.01
∗
𝑃 < 0.05.

China [1, 20, 27]. In this study, we examined theKIR andHLA
genetic background in 171 male patients. We found that the
median onset age of HCC was 6 years earlier in patients with
a particular HLA-KIR combination of C1C1-KIR2DS2/2DL2
than that of the patients without this combination (Table 4).
The patients with C1C1-KIR2DS2/2DL2 accounted for about
12% of this study cohort. Because both KIR genes and HLA-
C1 can be identified by real-time polymerase chain reaction
[31], which is economical and time saving, the detection
of KIR2DS2/2DL2 and HLA-C1 is easy to be applied in
clinical practice. Therefore, this study could help focus early-
detection programs to a two-tiered model for greatest cost-
benefit ratio.

In our previous case-control study, several KIR and
HLA variants, including HLA-C1C1, HLA-Bw4-80I, and
KIR2DS4(f)/(d), were identified as the risk factors for HCC
development in the patients with HBV infection. Because all
of these risk factors we found had been reported to result in
high NK cell functional potential, the data strongly suggested
that overactivation of NK cell contributed to HBV-related
HCC development [20]. The results of current study support
the importance of NK cells (or other KIR expressing cells)
in the progress of HBV-related HCC development. We could
not distinguish the effect betweenC1C1-2DS2 andC1C1-2DL2
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because KIR2DS2 and KIR2DL2 were in high linkage dise-
quilibrium. Since KIR2DS2 delivers activating signal while
KIR2DL2 delivers inhibiting signal, the correlation itself does
not indicate the underlyingmechanism.However, since there
is little biologic difference between KIR2DL2 and KIR2DL3
(KIR2DL2 andKIR2DL3 are alleles of the same locus with the
same HLA ligand) and C1C1-2DL3 has no effect on onset age
of HCC (𝑃 = 0.81, Table 3), it seems more plausible that the
activating KIR2DS2 is the biologically relevant predictor.

According to the full combinations of HLA-C genotype
and KIR2DS2/2DL2, the population can be divided into
four groups: (a) C1C1-2DS2/2DL2, (b) C1C1-2DS2/2DL2-,
(c) C2-2DS2/2DL2, and (d) C2-2DS2/2DL2-. Besides C1C1-
2DS2/2DL2, the effects of other three groups on the onset
age were also analyzed. The median onset ages for groups
C1C1-2DS2/2DL2-, C2-2DS2/2DL2, andC2-2DS2/2DL2-were
49 years, 53 years, and 49 years, respectively. None of the
combinations influenced the onset age of HCC significantly
(𝑃 = 0.75, 0.28, and 0.31 by KM analyses, resp.). The median
onset age of C2-2DS2/2DL2 group was 9 years older than that
of C1C1-2DS2/2DL2 group (53 years versus 44 years, 𝑃 = 0.03
by KM analysis). This result supports further that KIR and
HLA combinations can influence the onset age of HCC.

To further refine programs for those at highest risk of
unresectable HCC, we explored the association between KIR
locus, HLA ligand, and HLA-KIR combination with the
TNM stages of HCC at diagnosis. However, no statistical
significance was found (data not shown).

The determination of HCC onset is rather difficult
because most HCC patients are asymptomatic at the early
stage of HCC. In general, many HBV-infected patients
take regular abdomen ultrasonography in a biannual HCC
surveillance program or in an annual routine medical exami-
nation. To determine the precise onset of HCC, we selected
patients who had taken abdomen ultrasonography within
the past 12 months before they were diagnosed as HCC,
which means that these patients had not developed HCC
(or ultrasonography-detectable HCC) one year before their
diagnosis. Therefore, the onset of HCC was defined as the
time of first diagnosis in this study.

Virological factors, such asHBeAg status, HBV viral load,
HBVgenotype, andHBVmutations, are reported to influence
the HCC risk, although few reports concern the onset age
of HCC [32]. Population-based cohort studies support that
positive for HBeAg associated with increased HCC risk [33,
34]. Our results showed that positive for HBeAg at diagnosis
had no influence on the onset age of HCC (HR = 1.17,
𝑃 = 0.38, Table S3). Level of HBV viraemia from the age
of 30 years was reported as an independent risk factor for
HCC during the next decade [33]. However, the result of
univariate Cox analysis showed that the HBV viral load, at
their diagnosis as HCC, had no influence on the onset age of
HCC in our study population (HR = 1.00, 𝑃 = 0.89, Table
S3). HBV genotype C in Asian cohorts [35], genotype F in
other populations [36], and some HBV mutations [37] were
reported to increase the risk of HCC. One limitation of our
study is lack of information of HBV genotype and mutations
in the patients.
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Figure 1: The effect of C1C1-KIR2DS2/2DL2 on the onset age of
HCC by KM survival analysis. The plot shows the effect of C1C1-
KIR2DS2/2DL2 on the onset age of HCC in males with HBV
infection (𝑛 = 161). C1C1-KIR2DS2/2DL2 positive patients have
earlier onset age of HCC (𝑃 = 0.004).

5. Conclusion

The present study shows that C1C1-2DS2/2DL2 is an inde-
pendent risk factor for earlier onset age of HCC (Figure 1,
Table 4) in male patients with HBV infection. To our knowl-
edge, this is the first report on the association between
KIR and HLA genetic background and the onset age of
HCC. Our findings may be useful to improve the current
HCC surveillance program in local HBV-infected patients.
Additionally, this observation along with our previous case-
control study suggests an important role of NK cell (or other
KIR-expressing cell) in the process of HCC development
during HBV infection. Future studies on the mechanism
underlying these genetic associations may provide insights
for new therapeutic strategies in preventing HCC in HBV-
infected patients.
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The tolerogenic properties of the liver have long been recognised, especially in regard to transplantation. Spontaneous acceptance
of liver grafts occurs in a number of experimental models and also in a proportion of clinical transplant recipients. Liver graft
acceptance results from donor antigen-specific tolerance, demonstrated by the extension of tolerance to other grafts of donor
origin. A number of factors have been proposed to be involved in liver transplant tolerance induction, including the release of
soluble major histocompatibility (MHC) molecules from the liver, its complement of immunosuppressive donor leucocytes, and
the ability of hepatocytes to directly interact with and destroy antigen-specific T cells. The large tissue mass of the liver has also
been suggested to act as a cytokine sink, with the potential to exhaust the immune response. In this review, we outline the growing
body of evidence, from experimental models and clinical transplantation, which supports a role for large tissue mass and high
antigen dose in the induction of tolerance. We also discuss a novel gene therapy approach to exploit this dose effect and induce
antigen-specific tolerance robust enough to overcome a primed T cell memory response.

1. Liver Transplant Tolerance

From the very first experimental liver transplants, it was
clear that livers were less likely to be rejected than other
transplanted organs [1]. In animal models, liver transplants
are often accepted without requiring any treatment while
other transplanted organs, such as hearts or kidneys, are
rejected. This was first demonstrated in outbred pigs [1] and
subsequently in inbred rats [2, 3] and mice [4].

Spontaneous acceptance of a transplanted liver leads
rapidly to liver donor-specific tolerance in many models
[1, 2, 5, 6]. This tolerance is particularly robust and rapidly
induces acceptance of skin grafts from the liver donor strain
[1, 5, 7, 8]. Moreover, a liver transplant can act like an
immunosuppressive drug in reversing ongoing rejection of
heart [9] or pancreas [10] transplants that are syngeneic
with the liver donor. Clinical liver transplants also have
a better outcome than transplants of other organs with a
significant proportion of patients able to be removed from all
immunosuppression [11, 12].

There have been many proposed mechanisms for the
ability of the transplanted liver to be accepted by the recipient.
Initially, it was thought that the high levels of soluble major
histocompatibility (MHC) molecules produced by the donor
liver were responsible for liver tolerance [13]. This has not
subsequently been validated and it appears that solubleMHC
is at best a minor component of the liver tolerance effect
[14, 15]. Notably, liver transplants from animals that lack
MHC molecules are not rejected [16]. Subsequently it was
shown that donor passenger leucocytes play a role in liver
transplant acceptance as their depletion by irradiation of
the donor [17] or by parking the liver in a recipient strain
animal [18] led to graft rejection. Administration of donor
leucocytes at the time of transplantation of a heart [19] or
kidney [20] yielded considerable prolongation of survival in
animal models. However, attempts to translate these findings
to a clinical setting providing leucocytes, in the form of
donor bone marrow, infused at the time of transplantation
have shown only very modest improvement in outcomes
[21, 22].
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A recently proposed mechanism for the ability of the
liver to induce tolerance is based on the unique vascular
architecture of the liver which allows intimate contact of
circulating T cells with hepatocytes. This is facilitated by
the fenestrated endothelium of the liver sinusoids, where
small endothelial pores (fenestrae) permit contact between
recirculating T cells and hepatocytes. The intact lining and
tight junctions of the endothelium in other organs prevents
contact with parenchymal cells. The slow rate of blood flow
in liver sinusoids further aids the establishment of contact
between circulating CD8+ T cells and hepatocytes [23].
Contact of T cells with hepatocytes leads to their engulfment
by hepatocytes and degradation by a process termed “suicidal
emperipolesis” [24] or to their abortive activation and death
[25]. Both of these processes lead to clonal deletion of liver-
reactive T cells, a process that has been demonstrated to be
responsible for liver transplant tolerance in animal models
[26–29]. Despite these interesting findings, the process of
suicidal emperipolesis has not yet been demonstrated in
transplanted livers and its role in clinical liver transplantation
has yet to be established.

A further basis of liver transplant acceptance is the large
size of the liver, approximately 10 times greater than that of
a heart or a kidney. This mass of tissue can function as a
cytokine sink and/or dilute the finite clones of alloreactive
T cells and thus potentially exhaust the recipient’s immune
response. There is mounting experimental evidence that the
volume of allogeneic tissue transplanted is an important
contributor to tolerance, as increasing the mass of trans-
planted tissue prolongs survival. Of considerable interest, in
clinical transplantation, there is convincing evidence from
many studies that multiple organ transplants from the same
donor to a single recipient have a better outcome than single
organs alone. As there has been no previous review of the
dose effect in organ transplantation, the following sections
will examine the experimental and clinical evidence for high
dose tolerance and describe a gene therapy approach that
can exploit it as a potential means to induce antigen-specific
tolerance.

2. High Dose Tolerance in Transplantation

2.1. Dose Effects in Animal Models of Transplantation. The
first description of a dose effect in transplantation was
Medawar’s landmark study on the immunological basis of
skin graft rejection, part of which described more rapid
rejection of larger compared to smaller skin grafts in rabbits
[30]. In this study, the grafts were quite small (the larger grafts
were approximately 8mm in diameter and the smaller were
2-3mm) in relation to the size of the rabbit. This finding
was later confirmed, although again, the grafts were relatively
small [31–33]. The opposite was observed when skin grafts
were increased considerably in size in proportion to the
size of the animal so that greater than approximately twenty
percent of the total skin area was transplanted [32, 34–37].
These early studies of skin graft rejection indicated that very
small grafts were more slowly rejected than moderate size
grafts but that markedly increasing the size of the skin graft
prolonged survival.

Subsequent studies in mouse skin transplant models with
minor antigen mismatches gave rise to similar findings.
The first of these showed that if the donor and recipient
were incompatible at loci other than H-2, larger grafts
demonstrated prolonged survival. They also observed that
while small secondary grafts underwent accelerated rejection,
larger secondary grafts did not [38]. Similarly, a mouse
model of minor antigenmismatch (i.e., the male HY antigen)
showed that female mice rejected primary syngeneic male
skin grafts but accepted larger grafts and female mice that
had been primed by injection of male spleen cells in the
footpad rejected the majority of the male grafts, regardless
of the size. Interestingly, female recipients that had rejected a
small, primary male graft went on to accept larger, secondary
male grafts in themajority of cases [39], suggesting that a graft
of sufficient size could even overcome preexisting immunity
against the donor.

Since then, studies in the fully histoincompatible rat
transplant model of PVG donor to DA recipient have
shown that increasing antigen load, by transplantingmultiple
organs, increases allograft survival rates. Transplantation of
one heart or kidney in this model led to rejection in 9 and
8.5 days, respectively. Administration of donor leucocytes
alone could not increase survival of a cardiac graft, but trans-
planting two hearts and two kidneys, with donor leucocytes,
led to spontaneous acceptance and indefinite survival of
the grafts [40]. Two or three hearts survived for 15.5 days,
and two or three kidneys survived for 60 days and >100
days, respectively, while two hearts plus one or two kidneys
prolonged their survival to >100 days [41, 42].

This dose effect was also observed in an inbred miniature
swine model where single MHC class I mismatched heart
allografts were rejected within 55 days after transplanting
into cyclosporine-treated recipients [43]. In contrast, hearts
grafted into cyclosporine-treated recipients that also received
a kidney from the same donor developed rapid and stable
tolerance that resulted in long-term survival of the heart [44].
Cell-mediated cytotoxicity and alloantibody productionwere
suppressed in combined recipients and there was no evidence
of cardiac allograft vasculopathy. To address if this effect
was specific to the kidney, the authors transplanted 2 hearts,
MHC matched to each other, but class I mismatched to the
host. These recipients also displayed significantly prolonged
(>190 days) cardiac allograft survival [45]. Conversely, when
the mass of an organ that would usually be accepted is
reduced, graft survival declines. In experimental porcine liver
transplants, rejection was more frequently observed in small
accessory livers than large orthotopic livers [1].

One possible explanation for the prolonged survival of
very large grafts is nonspecific immunosuppression due to
the increased trauma associated with the surgery involved in
transplanting massive or multiple grafts [34]. Alternatively,
survival prolongation could be due to the increased mass of
tissue transplanted, which exhausts the recipient’s immune
response. One mechanism for this exhaustion could be that
there is a limited clone size of graft-reactive T cells which are
unable to establish “criticalmass” (Figure 1).This is analogous
to a nuclear chain reaction, where fission does not occur until
there is sufficient density of free neutrons. In transplantation,
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Figure 1: High antigen dose leads to tolerance by exhausting the
finite T cell clone size. Transplantation of a smaller organ (e.g., a
heart) results in rejection due to a high density of alloreactive T cells
and sufficient T cell help. Grafting a large tissue mass or organ (e.g.,
a liver) leads to a low density of alloreactive T cells and T cell help,
resulting in exhaustion of T cells and subsequent tolerance.

rejection might necessitate a sufficient density of activated
high-affinity T cells, which is more difficult to achieve with
a limited T cell clone size in a larger mass of tissue.

Over the years, a number of rodent studies have demon-
strated that there is a hierarchy of susceptibility between
different graft types and sizes with skin and intestine being
the most prone to rejection while islets, hearts, kidneys,
and livers are progressively more easy to tolerize [46–49].
It had been suggested that this was due to the expression
of tissue-specific antigens on grafts but development of a
mouse model allowing for examination of the response to
different grafts without needing to consider tissue specific
antigens showed that this was not the case [50]. In thismodel,
T cells were depleted from the recipients, which were then
reconstituted with a specific subset of T cells reactive against
one MHC antigen, H-2Kb, expressed on the donor grafts.
T cell-depleted mice were immunocompromised and were
unable to reject H-2Kb-expressing heart, skin, or islet grafts
without the addition of the alloreactive T cells. Adoptive
transfer of the H-2Kb-specific T cells resulted in rejection
of all three types of graft although many more cells (∼6000-
fold) were required to mediate rejection of the heart grafts
than the skin and islet transplants, confirming that the latter
two are more susceptible to rejection. This suggested that a
threshold number of donor-reactive T cells is required for
graft rejection and that this threshold is higher in heart grafts
compared to skin or islets.

These findings were confirmed in a polyclonal system
by a study which assessed the T cell response following
heart and skin grafting in a mouse model of HY minor
antigen mismatch [51]. Female mice rejected male skin grafts
but accepted male hearts indefinitely, as expected. This was
despite the fact that the frequency of donor-reactive T cells
specific for male antigens and the cytotoxic activity and
cytokine profile of the cells was similar in recipients of skin
and heart grafts. The authors reported that the heart trans-
plant primed a proinflammatory, anti-male T cell immune

response, but that it was insufficient in quantity to mediate
acute rejection of the graft. They used a TCR-transgenic
to show that the male grafts do express enough antigen to
be rejected if sufficient numbers of high-affinity T cells are
present. The investigators also addressed the issue of graft
size by transplanting female recipients with cardiac allografts
from young, and, therefore, small males. The majority of
these heart grafts, which were 50% of the weight of normal
adult donor hearts, were acutely rejected within 25 days. The
frequency of alloreactive T cells was the same, supporting
the idea that the ability of a defined number of effector T
cells to reject a transplanted organ depends on the size of the
graft. Furthermore, while female recipients acutely rejected
one male skin graft, survival of two grafts was markedly
prolonged, and the number of antidonor T cells in both
recipients was the same. Overall, these studies confirmed
that a threshold number of cells seemed to be required for
graft rejection and they suggested that larger grafts might
be rendered resistant to rejection by exhausting the immune
response.

A more recent study used the model described above
[50], in which T cell-depleted recipients were reconstituted
with H-2Kb-specific T cells, to examine the response in
mice following transplantation of H-2Kb-expressing heart,
kidney, and liver grafts [29]. Transfer of the same number
of alloreactive T cells resulted in acceptance of the liver
grafts but rejection of the kidney and heart allografts. They
found that most of the alloreactive T cells had proliferated
and differentiated into memory or effector cells after liver
transplantation and were detected in the lymphoid tissues
and the liver allograft. Some activation and proliferation
were seen after kidney and heart transplantation, but naive
alloreactive cells remained in the lymphoid tissues, long term.
The authors concluded that following transplantation of a
liver graft, the rapid and extensive T cell activation resulted
in their clonal exhaustion or deletion.

Some recent work has examined whether this tolerance
is due to exhaustion by examining the expression of various
𝛾 chain cytokines and their receptors in the PVG to DA rat
model of transplantation [52]. In thismodel, heart and kidney
transplants are rejected in <10 days while liver transplants
are accepted for >100 days. Cytokine levels (IL-2, IL-4, IL-
7, IL- 9, IL-15, and IL-21) and their receptors (𝛾c, IL-2R𝛼, IL-
2R𝛽/IL-5R𝛽, IL-4R𝛼, IL-7R𝛼, IL-9R𝛼, IL-15R𝛼, and IL-21R𝛼)
were assessed by qPCR at days 3, 5, and 7 following grafting
and, except for IL-21, the levels of the 𝛾 chain cytokines and
receptors were lower in transplanted livers than in hearts or
kidney. As 𝛾 chain-signalling is crucial for T cell survival, this
indicated that the tolerance seen in this model may be due
to a low level of signalling, reflecting the “dilution” of a fixed
number of alloreactive T cells in a large organ or tissue mass.

2.2. Evidence of the Dose Effect from Clinical Transplantation.
The observations made in animal models relating to the
tolerogenicity of the liver have also been supported by
clinical transplantation data. There have been a number of
anecdotal reports of tolerant patients, resulting from a variety
of treatments, and up to 15% of liver transplant recipients
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have been shown to be able to completely discontinue
immunosuppressive therapy (see [11, 12] and reviewed in
[53]). In addition, ranges of clinical studies, analysing the
survival of various transplanted organs, have confirmed the
ability of simultaneous transplantation to protect organs from
rejection.

The first studies on combined liver-kidney transplants, on
small groups of seven patients reported little or no [54, 55]
evidence of renal graft rejection (much less frequent than
in patients receiving a kidney alone). This has been over-
whelmingly confirmed over the years (despite some reports
to the contrary [56], which may not have taken into account
the immunological status of the recipients) by a number of
single-centre studies [57–59] and by more large scale analysis
[60, 61], including a single-centre study and analysis ofUNOS
data on kidney survival in infants and children [62]. A recent
analysis of UNOS data from 1996 to 2003, of 1,136 combined
liver-kidney transplant recipients and 352 patients receiving
liver transplants, followed by kidney grafts from different
donors, confirmed that the protective effect of the liver was
donor specific [63]. There are also a number of reports
of a combined transplant enabling successful kidney grafts,
despite a positive crossmatch between donor and recipient,
which usually results in hyperacute rejection of the kidney
[64–67]. One study found that even a partial auxiliary liver
transplant from the kidney donor can protect the kidney in
a positive cross-match situation [68]. Some of these studies
have also reported a lower rate of liver rejection in patients
after combined liver-kidney transplantation, compared to
those receiving livers alone [55, 58].

There is also a growing body of evidence that this effect
is not liver-specific but is instead related to the antigen load.
As with animal models, it has been observed that larger
organs can fare better after transplantation. For example,
the report mentioned above, which examined the survival
of kidneys in infant and child recipients, demonstrated a
substantial protective effect of using larger, adult-size kidneys
compared to smaller grafts. The authors suggested that the
exposure of lymphocytes to a large dose of antigen may be
leading to exhaustion [62]. An analysis of data provided to the
international Collaborative Transplant Study on the survival
of kidneys transplanted alone, compared to combined trans-
plants, showed that the survival was equally high in patients
receiving combined heart-kidney grafts, as in those receiving
liver-kidney grafts. However, they could not rule out the
possibility that the improved survival in heart-kidney graft
recipients was due to a higher dose of immunosuppression
[60]. Similarly, the first multiinstitutional study, of 29 centres
in the United States, found that 82 recipients transplanted
with a combined heart-kidney transplant had lower inci-
dences of cardiac rejection than those transplanted with a
heart alone.The authors hypothesised that it might be related
to antigen load, although again they also could not completely
rule out the possibility that double organ recipients might
have less rejection due to increased immunosuppression [69].
There are now several subsequent reports of lower rates
of graft rejection in recipients of combined heart-kidney
transplants. A number of other single-centre studies have
confirmed that the incidence of cardiac rejection is much

lower in recipients receiving combined heart-kidney grafts
compared to hearts alone, [70–74]. All of these studies (except
the first which did not assess kidney graft survival) also
reported little or no renal graft rejection, despite a lack of
HLA matching. More recently, a large study of 67 patients
in three French centres, receiving combined heart-kidney
transplants between 1984 and 2007, also found very low rates
of cardiac and renal allograft rejection [75].

One of the most comprehensive analyses of the effect of
combined organ transplantation to date looked at rejection
rates in UNOS data for a total of 133,416 allograft recipients
[76].They found that heart, kidney, and liver grafts were pro-
tected and were able to protect each other, with lower rates of
rejection and greater rejection-free survival of grafts apparent
in the setting of combined transplantation. Specifically, the
authors reported a lower rate of liver rejection in liver-kidney
recipients, compared to patients receiving livers alone. There
was also a reduced rate of kidney graft rejection in recipients
of both heart-kidney and kidney-liver transplants, compared
to kidneys transplanted alone, although they acknowledged a
possible contribution of higher immunosuppression therapy
to the reduction of the former. However, differences in
immunosuppressive therapy were not responsible for the
reduction in cardiac graft rejection seen in both heart-
kidney and heart-liver transplants, when compared to heart
transplants alone. The analyses also showed that recipients
of double-lung and double-kidney transplants both had less
rejection and improved rejection-free survival compared to
single transplants, providing evidence that antigen load is
an important factor. Previously, it has been suggested that
combined pancreas-kidney transplants led to a reduction in
pancreas allograft rejection [77]. This was not supported by
this report, although the data for pancreas weremore difficult
to interpret, due to significant differences between groups in
age and disease state. Similarly, there was a suggestion from
this study that intestinal grafts had reduced rejection when
transplantedwith a liver, but differences in patient groups also
complicated the data in this case [76].

A recent large-scale analysis of multiorgan transplan-
tation in patients over a 12-year period at the University
of Alabama, Birmingham, AL, USA examined the effect of
combined heart-kidney and heart-lung transplants [78]. In
general, they found that the probability of acute rejection
and the number of rejection episodes were much lower in
recipients of more than one organ from the same donor.
As seen in other studies, they reported significantly reduced
cardiac rejection in heart-kidney recipients compared to that
seen in patients receiving a cardiac graft alone. They also
reported a significant reduction in cardiac rejection episodes
in combined heart-lung recipients, confirming previous
observations [79–81]. They also saw reduced lung rejection
in double-lung recipients compared to heart-lung transplant
recipients [78].

More recently, in clinical composite tissue transplanta-
tion, where skin is transplanted as a component of a much
larger tissue mass, skin survival is enhanced [82] compared
to that of skin transplanted alone [83], supporting older anec-
dotal evidence that large experimental skin grafts in human
burns patients survived considerably longer than small grafts
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[32, 34]. Overall, it is becoming clearer from these smaller
studies and large-scale analyses that reductions in rejection
rates are not only associated with liver tolerogenicity, butmay
be related to the antigen load of organs transplanted instead.

3. Gene Therapy Approach in Mice Can
Exploit the Antigen Dose Effect

The apparent importance of antigen dose in liver tolerance
led us to use a liver-directed gene therapy approach to
attempt to exploit this in a mouse skin transplant model
[84]. Previously, induction of tolerance to a foreign protein
has been shown to be facilitated by expression in the liver
(reviewed in [85]). In particular, it has been found that
hepatocyte-restricted antigen expression, with no expression
in professional antigen presenting cells [86], and higher levels
of gene expression (reviewed in [87]) are important. In one
case, targeting the expression of a neural autoantigen to
the liver was able to induce tolerance to subsequent neural
autoimmunity in a mouse model of multiple sclerosis [88].

We employed a minimally immunogenic recombinant
adenoassociated virus (rAAV) vector, designed to specifically
express high levels of antigen in host livers [89, 90] to
assess tolerance induction in a mouse skin transplant model.
We examined whether use of this system to express high
levels of the mouse major histocompatibility locus (MHC)
antigen H-2Kb in the recipient liver could induce long-term
acceptance of skin grafts expressing this antigen. B10.BR
(MHC k haplotype) mice were injected with rAAV-H-2Kb

to induce specific expression of H-2Kb on their hepatocytes
[84].These recipients were grafted after 7 days with skin from
178.3mice that transgenically express H-2Kb on a k haplotype
background. Therefore, we were able to express the single,
mismatched MHC antigen, found on the donor skin graft,
in the recipient’s liver prior to transplantation. Uninjected
B10.BR mice rejected their 178.3 skin grafts with an MST of
18.5 days, while mice injected with rAAV-H-2Kb accepted
their grafts long term. Injection with low doses of rAAV-
H-2Kb did not produce the same result. This confirmed that
high-level, liver-directed donorMHC antigen expression was
able to promote tolerance to donor-strain skin grafts.

We were able to achieve this tolerance even in animals
previously primed to produce a memory response to the
antigen. Mice were primed with an H-2Kb-expressing skin
graft which they rejected in the expected time. Uninjected
mice rejected secondary 178.3 skin grafts with an accelerated
tempo, as expected. However, primed mice that were then
treated with rAAV-H-2Kb accepted their second skin grafts
in the majority of cases, reminiscent of the effect observed
previously where skin grafts onto rats that had received a
liver transplant from the same donor survived for long term
[5]. This was of particular interest for the clinical setting,
as any potentially useful gene therapy system would need
to be able to overcome the possible barrier of preexisting
immunity in patients due to heterologous immunity [91].
We found that injection of mice, previously primed with
a 178.3 skin graft, with rAAV-H-2Kb led to a significant

reduction in the number of cells expressing IFN𝛾 in response
toH-2Kb.However, we did not see deletion ofH-2Kb-reactive
cells and we were also unable to demonstrate any linked
epitope suppression following gene transfer, which might
have indicated development of regulatory cells.Therefore, we
suggest that the mechanism of tolerance induction in this
case is a form of functional silencing of alloreactive T cells,
mediated by high-level expression of antigen in hepatocytes.

Expression of donorMHC, following gene transfer to dif-
ferent recipient cell types in rodents, has previously produced
variable results regarding allograft survival. A study of the
ability of MHC class I or II expression to induce unrespon-
siveness to cardiac allografts in mice showed that pretreating
recipients with cells (expressing a variety of MHC antigens)
before grafting was able to prolong survival. However, this
was dependent on the immunogenicity of the antigen and the
load delivered [92]. Similarly, retroviral transduction of bone
marrow cells with donor MHC antigen led to prolongation
of skin grafts [93] in mice. However, gene transfer of donor
MHC to skeletal muscle in a rat model resulted in accelerated
rejection of cardiac grafts [94], but it is possible that the dose
of antigenwas not sufficient to induce tolerance in this case. It
has been observed that lower doses of rAAVvector targeted to
the muscle can stimulate an antibody response while higher
doses did not result in antibody production [95, 96]. These
vectors were also targeted to muscle rather than liver and
it would be interesting to ascertain whether expression in
muscle is as effective for tolerance induction as expression in
liver.

4. Conclusions

We have previously suggested a mechanism of tolerance
based on the idea that there is a relationship between antigen
dose and tolerance induction [97]. At low doses of antigen
or stimulation, there is immunological ignorance, and as
the dose or stimulation increases, there is a corresponding
increase in the immunological response, resulting in rejection
of allografts when a certain threshold is reached. At very high
doses of antigen, there is too much stimulation, and there is
a corresponding exhaustion of the immune response, leading
to tolerance induction and acceptance of allografts. A similar
model of immune reactivity (the antigen-localization-dose-
time and structure model) has also been described elsewhere
[98].

Overall, the evidence from experimental and clinical
transplantation seems to support this type of model. Initially,
it seemed that the liver had a unique ability to be accepted
and could protect other organs against rejection. However,
following the confirmation, from both animal models and
clinical analyses, that other organs and multiple organs can
exert a similar affect, it seems more likely that antigen dose
plays a larger role in this process than simply the type of
graft. From our work with liver-directed expression of donor
MHCmediated by the AAV vector system, we have been able
to confirm that protection to other organs can be induced
solely by expression of high doses of donor antigen in the
liver. This work has not delineated the relative contributions
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of liver-specific expression and high-level expression to
tolerance induction. Further studies using this approach to
achieve high-level expression of donor MHC in nonliver
tissues should yield this information.
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