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Abstract

Disruption of liver immune tolerance allows for the development autoimmune hepatitis (AIH) and
hepatocellular carcinoma (HCC). AlH rarely progresses to HCC but the diseases similarly induce
the production of I1L-18 and matrix metalloproteinases. These molecules have distinct effects on
the immune response, including the Programmed cell-death 1 (PD-1) axis. In this review,
differences in PD-1 function and possible cell signals in AIH and HCC are highlighted.
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1. Introduction

Antibodies to programmed cell-death 1 (PD-1/CD279) and its ligand (PD-L1/CD274) are
increasingly being examined in cancer models and experimental trials. Several of these
agents have been approved for use in various human malignancies and are also being
evaluated in patients with hepatocellular carcinoma (HCC) in a number of ongoing clinical
trials. The promise of these agents is coupled with a risk of immune-related hepatitis, which
is a known adverse event with immuno-oncology agents of this class. The pathogenesis of
autoimmune hepatitis (AIH) is thought to be comparable to immune-related hepatitis, which
can occur as an adverse event with PD-1 and PD-L 1 agents. Although basic immunology
research has revealed some aspects of PD-1 and PD-L1-mediated functions in the host
response, additional study is needed to understand the immunobiology of the PD-1/PD-L1
pathway and evaluate potential adverse events of PD-1/PD-L1 antagonists in the clinical
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setting. The relevant immunobiology of the PD-1/PD-L1 pathway in AIH and HCC may
help provide insight into newer and safer treatments for both conditions.

The liver receives a constant influx of immune cells via arterial blood (hepatic artery),
venous blood (portal vein) and lymphatic vessels that coordinately mediate immunity with
resident Kupffer cells (KCs), pit cells (natural killer cells, also known as NK cells),
hepatocytes, endothelial, epithelial, and Ito (perisinusoidal stellate) cells [1]. In general, the
liver is considered to be an immune tolerant organ, with AIH representing a significant
departure from the natural state [2]. Data indicating a low incidence of HCC in patients with
AIH suggests that the distinct immunobiology of AIH may prevent HCC development unlike
the tumor-inducing inflammation associated with chronic viral hepatitis C [3].

The aim of this review is to examine PD-1 immunobiology in AIH versus HCC in order to
identify potential pathways in disease etiology and treatment. Identification of the disparate
and common cell signals between HCC and AIH may aid in understanding the mechanisms
promote and inhibit disease.

The most recent reports of AIH in western countries suggest an approximate incidence of 2—
3 per 100,000 people [4]. AIH affects women 3.6 times more than men [5]. Characterized
serum antibodies have been identified suggesting 3 subtypes of disease. AIH-1 is positive for
anti-nuclear (ANA) and/or anti-smooth muscle antibodies (SMAS) with identified peaks
between 10-20 and 4570 years of age. AIH-2 is defined by the presence of anti-liver
kidney microsomal antibody type 1 (LKM-1) and/or anti-liver cytosol type 1 (LC-1)
antibodies and generally presents between ages 2 and 4 years. Lastly, AIH-3 is positive for
soluble liver antigen/liver-pancreas (SLA/LP) antibodies and is clinically indistinguishable
from AIH-1[6, 7].

Although the etiology of AlH is not clearly known, susceptibility to AIH has been linked to
deviant alleles within the human leukocyte antigen (HLA)-DRBL1 locus[4]. Aberrant antigen
presentation and concomitant T cell recognition are therefore initial links to a disease where
immune cell plasticity, binding interactions, and the extracellular microenvironment (ECM)
likely have integral roles. This disruption of immune homeostasis results in the clinical signs
of AIH which includes increased levels of immunoglobulin G (IgG) and an influx of
immune cells that induce erosion of the hepatic parenchyma and elevate transaminase levels.

In the liver, PD-1 has been identified on KCs, B and T cells whereas PD-1 ligands are
reported on KCs, hepatocytes, dendritic cells (DCs), liver sinusoidal epithelial cells
(LSECs), and Ito cells [8-11]. PD-1 mRNA was not detected in liver biopsies of healthy
subjects but the mRNA was identified in AIH patients [9]. In addition, soluble PD-1 (sPD-1)
has been found to be significantly elevated in AIH-1 patients with active disease compared
to healthy controls [12]. The cells releasing sPD-1 and the exact mechanism of PD-1 release
are not clearly known. However, increased levels of matrix metalloproteinases (MMPSs) are
characterized in autoimmunity (MMP-9) and liver injury [13, 14]. MMPs may therefore
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cleave PD-1 from the cell surface whereby MMP inhibitors could possibly modulate the
AIH immune response.

One cell type, that may be responsible for the increased presence of sPD-1, is the KC. In
PD-1-deficient septic mice, KCs displayed markedly enhanced phagocytosis compared to
septic KCs from wild-type mice. PD-1 gene deficiency also decreased LPS-induced
apoptosis of ex-vivo septic KCs [11]. The receptor tyrosine kinases Tyro3, Axl and Mer
(TAM) have a functional role in macrophage clearance of apoptotic cells. Mice deficient in
TAM receptor tyrosine kinases (RTKs) develop persistent inflammatory liver damage
resembling AIH. This phenotype was rescued upon transplantation of wild-type bone
marrow into TAM receptor deficient mice [15]. Because the expression of TAMs or PD-1
deficiency positively influences KC clearance of apoptotic cells [11, 15], cell signals in these
pathways may potentially interact. This correlates with the idea that TAMs are inhibitors of
toll-like receptors (TLR) cell signals [16] and both PD-1 [17] and PD-L1 [18] are modulated
by TLR activation.

Additionally, increased levels of PD-1+ KCs in septic mice occur in association with
increased PD-L1 expression on LSECs that also exhibit increased vascular permeability,
reduced expression of vascular endothelial growth factor receptor (VEGFR)-2, and lower
levels of Ki67. This study also revealed that the interaction of PD-1+ KCs and PD-L1
LSECs inhibits angiogenesis [19]. However, immunohistological examination of AIH biopsy
specimens revealed increased expression of PD-L1 and PD-L2 on KCs and LSECs within
the sinusoids and increased PD-1 on T cells within the portal tracts compared to healthy
control [20]. The distinct functions of PD-1 molecules in KCs and LSECs in AIH are
therefore likely linked to pathogenicity, and possibly similar to the murine sepsis model

[19], aspects of angiogenesis.

Murine models have also been useful in examining the role of PD-1 in autoimmunity. For
example, the transfer of murine PD-1-/- hematopoietic stem cells (HSCs) or PD-1-/-
lymphocytes into Rag—/- (lymphopenic) mice revealed an induction of lethal autoimmunity
in the transfer of HSCs but not lymphocytes. PD-1 therefore seems to be required in the
generation of T cell tolerance from HSCs. However, the transfer of PD-1-/- HSCs into Rag
—/-y~/- (lymphopenic and lymph node deficient) mice did not generate lethal
autoimmunity [21]. Thus, the functions of PD-1 appear to be highly important in regulating
immune responses within lymphoid stroma.

Further study has indicated that PD-1 is not required for the suppressive functions of T
regulatory cells (Tregs) but has an integral role in the differentiation of conventional CD4+ T
cells into peripherally induced Tregs [22]. This is highlighted in a murine model where a
neonatal thymectomy of PD-1-/— mice generates a concurrent loss of Tregs and PD-1-
mediated signaling that then leads to fatal AIH [23]. Studies in AlIH-1 patients have also
identified functional impairments in Treg populations [24]. Age-related thymic involution
and reduced thymopoeisis may be factors in AlH etiology, but given the wide age range (2
years — 70 years) in AlIH onset [7], additional processes, possibly involving PD-1 cell
signals, are likely.
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Common to the activation of B cells, follicular helper T cells (Tfh/CD4+CXCR5+), are
significantly increased in AIH-1 patients compared to age-matched controls [25]. Through
the production of antibodies characterized in the 3 types of AlH, B cells are pivotal to AIH
development. Data has also revealed that serum samples retrieved from 52 AIH-1 patients
were positive (63%) for anti-PD-1 antibodies compared to 62 healthy volunteers (3%) [26].
Because B cells also express PD-1, increased production of PD-1 antibodies may allow for
increased antibody recognition of B cells unless B cells are themselves releasing sPD-1. B
cell PD-1 is indicated to cluster with the BCR after B cell activation and appears to be a
negative regulator of TLR9-induced CD27+IgM memory B cell proliferation in vitro [27].
Peripheral blood mononuclear cells (PBMCs) from 17 AIH-1 patients were found to have
reduced numbers of CD27+IL-10+ B cells compared to 17 healthy controls which may
suggest a deficiency in a regulatory B cell subgroup [25]. Depletion of B cells with anti-
CD20 antibodies in a murine model of AlH, significantly reduced T cell proliferation in
association with reduced liver inflammation and alanine aminotransferase levels [28],
indicating that AIH inflammation is heavily dependent on B and T cell interactions.

Additional study in PD-1-/- mice given a neonatal thymectomy revealed increased levels of
serum IL-18 and CXCL9 which were respectively produced by DCs and KCs. These
mediators were involved in the activation and recruitment of Th1 CD8+ and CD4+ cells
required for the fatal progression of AIH [29]. Elevated serum levels of IL-18 and CXCL9
have also been reported in AIH patient studies [30, 31]. IL-18 activated NK cells are known
to produce MMPs (e.g.: membrane type 1 (MT1)-MMP and MMP-2) [32]. NK cells may
therefore play a role in the release of sPD-1 from lymphocytes.

Moreover, IL-18 in the presence of IL-12 or IL-15 is well characterized in inducing the
production of IFN-vy, particularly from NK cells [33]. The expression of PD-1, PD-L1, and
PD-L2 have been identified on human NK cells where the increased expression of PD-1 is
correlated with IFN-y production [34]. Pediatric AIH-1 liver biopsies notably express
elevated levels of mMRNA for IFN-y and the Va24 receptor of invariant natural killer T cells
(iINKT) compared to healthy controls [35]. In adults, NK cell activity, identified by genomic
assessment of the killer immunoglobulin-like receptors (KIR) gene K/IR2DS1 in PBMCs,
has also been found to be higher in AlIH-1 patients compared to healthy controls [36]. These
findings may be linked to a disrupted regulatory function of NK cells as has been identified
in additional autoimmune diseases (e.g.: SLE, multiple sclerosis, rheumatoid arthritis (RA),
scleroderma, type | diabetes) [37]. In addition, IFN--y is known to induce myeloid
production of the IL-18 decoy receptor, IL-18 binding protein (IL-18BP) [33, 38]. KC or DC
production of IL-18BP may be disrupted in AlH as has been previously reported in the
autoimmune disorders of SLE[39] and primary Sjogren’s syndrome (pSS) [40].

HCC affects more than 500,000 people worldwide each year, and in the U.S. the disease
affects men 2.8 times more than women. Ethnicity coupled with an age >45 increases the
risk from 3.7 per 100,000 people in whites to 10.3 and 8.2 for Asians and Africans
respectively [41]. The development of HCC is generally precluded by liver fibrosis and
cirrhosis which are induced by genetic mutations (hereditary haemochromatosis), metabolic
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disorders (diabetes, obesity, non-alcoholic fatty liver disease), viruses (hepatitis B or C
virus), infectious pathogens (brucellosis, syphilis, echinococcosis, schistosomiases), lifestyle
(alcoholism), and autoimmune disorders (primary biliary cirrhosis) [42].

Myeloid cells are thought to significantly influence immune suppression in HCC [43]. This
is highlighted by the increased presence of PD-L1+ KCs and PD-1+ CD8 T cells in tumor
tissue compared to the surrounding non-tumor tissue from liver resections of HCC patients
[44]. Although TAM receptors have been linked to the potential functions of leukocytes in
AlH [15], TAM receptor activity in the HCC immune response has not been significantly
explored. The TAM receptor Axl is however identified in murine hepatocarcinoma cell lines
(Hca-F and Hca-P) and is an identified factor in transforming growth factor (TGF)- B
production, tumor cell proliferation, migration, and invasion in vitro [45, 46]. In vivo, AxI
enhances the production of tumor growth and the metastatic potential of tumor cell lines [45,
46] and in HCC patients, histopathological analysis has revealed that AxI expression is a
marker for aggressive tumor invasiveness and a poor prognostic indicator for HCC patients
[47].

LSECs function along with DCs and KCs in the clearance and presentation of antigens and
the maintenance of tolerance [48]. LSECs express PD-L1, but their precise role in HCC has
not been elucidated [19]. DC subsets in HCC are identified with varied phenotypic
properties and generally produce IL-10, which is characteristic of tolerogenic DCs [49].
Murine PD-1-deficient DCs increased CD8+ T cell effector functions and reduced
tumorigenesis /n vivo. Immunohistochemical staining has identified CD3-CD11c+PD-1+
myeloid cells in tumor tissue extracted from HCC patients [50]. These immunosuppressive
cells may encourage the development of a microenvironment that produces lower levels of
Tfh/CXCR5+CD4+ cells, higher numbers of Tregs (CD25-FOXP3-PD-1+) and the
increased production of PD-1" B cells that additionally suppress tumor specific T cell
immunity in HCC disease progression [51-53]. In examining 112 HCC patients
retrospectively via immunohistochemical stains, clusters of CD20+ B cells in close
proximity to CD3+ T cells were correlated with a better prognosis. A possible mechanism
may involve B cell activation of T cells as was supported in a murine model involving
transplanted hepatoma cells that progressed in growth upon B cell depletion. In this same
study, the expression of PD-1 was significantly increased on CD8+ T cells in the absence of
B cells [54]. Thus, B cell interactions with T cells appear to be important to the anti-tumor
response.

With respect to NK cells, increased activity is identified in the early stages of hepatitis B
virus or hepatitis C virus infection that then declines with tumorigenesis [55]. Increased
PD-1 expression on HCC patient NK cells (CD569MCD16* and CD56PM9MCD167) from
peripheral blood and tumor-infiltrating NK cells compared respectively to healthy controls
and paired adjacent non-cancerous tissues is noted [56]. In an additional study,
CD5649MCD16+ NK cells are reduced and generate less IFN-y when isolated from HCC
tumor tissue or HCC PBMCs compared to non-tumor tissue and healthy controls
respectively [57]. NK cells from healthy donor PBMCs exert significant cytotoxicity against
HCC cell lines and engrafted HepB3 cells in mice deficient of lymphocytes and NK cells
(NOD/scid IL2RGnull) are significantly rejected by i.p. administered NK cells in an

Semin Oncol. Author manuscript; available in PMC 2019 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Curran and Sharon

Page 6

NKG2D-dependent manner [58]. NK cells are therefore integral to the anti-tumor response.
As a result, a cytokine characterized in activating NK cells, IL-18, would be anticipated to
have an antitumor response in HCC. However, elevated serum levels of IL-18 are identified
in HCC where the cytokine is also a poor prognostic indicator [59].

IL-18 is generated in a pro-form and cleaved to an activated molecule by inflammasome-
induced activation of caspase-1 in various cell types (KCs, DCs, epithelial cells) [60, 61].
Inflammasome activation occurs in response to damage or pathogen associated molecular
patterns (DAMPs or PAMPSs) which may include components of viruses (RNA, DNA),
bacteria (LPS, CpG oligonucleotides), or tissue damage (high mobility group box-1
(HMGB-1), ATP) [62]. The IL-18 receptor (IL-18R) has been identified in immortal hepatic
(HL-7702) and hepatoma (HepG2 and HepG2.2.15) cell lines as well as HCC tissue
specimens where IL-18 may promote tumorigenesis via cell signals that prevent tumor cell
apoptosis and/or encourage migration/metastases through NF-xB activation [63, 64].

Activation of the 1L-18 receptor may be modulated by another cytokine with a similar
structure, IL-37. IL-18 and IL-37 are both members of the IL-1 family and both cytokines
are produced in a precursor form that is cleaved by inflammasome-induced caspase-1
activity [65]. Unlike IL-18, IL-37 is an anti-inflammatory cytokine that binds to the alpha
chain of the IL-18R and thereby recruits Toll/IL-1R (TIR)-8 in antagonizing NF-xB
activation [66]. In analyzing tumor tissue from 163 patients, high expression of I1L-37 was
associated with better overall survival, disease-free survival and an increased presence of
tumor-infiltrating CD57+ NK cells [67]. Possibly, differential responses in these patients
may be due to the presence of IL-18BP which can bind and affect the activity of both I1L-18
and IL-37 [66].

IL-18 also induces the production of MMP-2, MMP-3, and MMP-9 in hepatoma cell lines.
These same MMPs are elevated in liver cancer tissue specimens compared to normal tissue
at the mRNA level [64]. Ito cells [68] and hepatocytes [69] produce MMPs that may cleave
PD-1 molecules from cell surfaces. In patients infected with the hepatitis B virus, high viral
load and sPD-1 production has been associated with a 6-fold increase in HCC risk [70]. An
additional study found that the overall survival of patients with hepatitis B virus-associated
HCC was reduced in individuals that expressed high levels of sSPD-1 (>10 ng/mL) compared
to patients with low sPD-1 levels (<10 ng/mL) [71]. However, serum sPD-L1 levels have
also been positively correlated with the stages of HCC as well as increased mortality risk
[72]. Possibly, the difference between the soluble ligands identified in hepatitis B versus
HCC is linked to fibrosis given that sPD-L1 is an identified cleavage product of fibroblasts
in vitro [73].

4. Conclusions

Liver immune tolerance is a complex dynamic between the parenchymal cells, immune
subsets, and the ECM. The development and persistence of disease disrupts the immune
homeostatic balance, generates shifts in cell function, and physically alters the
microenvironment (see Figure 1). AIH occurs most frequently in women and is
characterized by the heightened activation of DC, NK, B, Th1, and Tfh cells but reduced
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Treg function. HCC occurs most frequently in men and exhibits reduced activation of NK,
Th1, and Tfh cells but increased suppressor functions involving Tregs, B cells, and DCs.
Despite the disparate immune subsets identified, IL-18 is prevalent in both AIH and HCC. A
distinction between these diseases may be found in IL-37 cell signals which may antagonize
HCC progression and is currently not characterized in AIH. Because both PD-1 and PD-L1
are induced by TLR-mediated IL-1 cell signals, IL-18 and IL-37 might regulate the
expression of these checkpoints in HCC and AlIH. IL-18 and IL-37 are also implicated in the
production of MMPs that cleave PD-1 molecules from the cell surface. sPD-1 and sPD-L1
may be respective biomarkers of inflammation and immune suppression in liver disease.
Monitoring the production trends of these molecules in patients undergoing PD-1
therapeutic treatments may identify subgroups that are susceptible immune-related hepatitis,
tumor regression, or tumor progression. The dynamics of PD-1 molecules, 1L-18, and
MMPs in the context of the liver microenvironment deserves future exploration.
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Figure 1. AIH versus HCC
AlH is an autoimmune disease depicted by the production of antibodies, the increased

activation of DC, NK, B and Tfh cells and the production of cytokines (IL-12, IL-15, IL-18,
IFN-y) that promote the recruitment (CXCL9) and activation of Th1 CD4+ cells. In some
cases of AIH, sPD-1 is produced which may be cleaved from the surface of lymphocytes by
MMPs produced from Ito cells, NK cells or hepatocytes. Fibrosis and cirrhosis are
precursors and risk factors in the development of HCC. 1L-18 is a significant factor in AlH
and HCC but in HCC the immune response is dampened by the immunosuppressive
functions of DCs, B cells, and Tregs as well as the production of certain cytokines (IL-10,
TGF-B). The release of sSPD-L1 by MMPs in HCC may be a distinct biomarker of fibrotic
disease and in identifying immune suppression in comparison to inflammation and sPD-1
release.
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