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INTRODUCTION

1. Introduction
1.1. Epidemiology of HBV infection

The earliest studies on viral hepatitis started in 1966, Baruch Blumberg*, who
received the Nobel Prize for his work on HBV, discovered the Australia antigen
in the serum of an Australian, which was later identified as hepatitis B surface
antigen (HBsAg). From the invention of HBV vaccine in the early 1980s? until
now more than 100 coutries were benefited from the vaccination programs.
With the development of antiviral treatment, the HBV carriers, as well as HBV
caused hepatocellular carcinoma (HCC) dropped dramaticly worldwide,
especially in Taiwan and Japan®. However, HBV infection is still a global public
health concern. About one third of the world population has serologic evidence
of past or present HBV infection, more than 360 million individuals worldwide
are chronic infection*”. Prevalence of HBV ranges from over 10% in Asia and
Africa, where HBV exposure tends to occur during the perinatal period, to
under 0.5% in the United States and western Europe, where HBV exposure
mainly occurs in adults via sexual transmission®. Progression to cirrhosis
and/or HCC, which is the sixth most frequently diagnosed cancer globally and
the third leading cause of cancer death’, is the greatest threat to human health
caused by chronic hepatitis B. A report from World Health Organization (WHO)
shows that, HBV related death is approximately 600,000 people each year
worldwide®. HBV is currently divided into 10 genotypes (A-J) based on the
variation of total nucleotide sequence of the genome®.

1.2. Virological characteristics of HBV

HBV is a non-cytopathic member of Hepadnaviridae family, and partially
double-stranded deoxyribonucleic acid (DNA) virus'®. Its virion is about 42 nm
in diameter, consists of an out lipid envelope, which contains embedded
proteins HBsAg, and an icosahedral nucleocapsid core, which encloses HBV
DNA and DNA polymerase™. The viral genome consists of a full coding strand,
which is 3020-3320 nucleotides long, and a incomplete non-coding strand,
which is 1700-2800 nucleotides long®®. The genome encodes four overlapping
open reading frames (ORFs), known as S, C, P and X. Gene S, which is
divided into three different size sections, pre-S1, pre-S2 and S, codes the viral
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INTRODUCTION

envelope proteins HBsAQ; gene C codes hepatitis B core antigen (HBcAg) and
hepatitis B e antigen (HBeAg); P gene, which is the largest and overlaps the
other three, codes the viral DNA polymerase from the 3,5 kb ribonucleic acid
(RNA); as the shortest ORF, the function of X gene and its coding product
hepatitis B X protein (HBx) from 0.7 kb RNA is not fully known, however, X
gene has now been demonstrated to be a transcriptional transactivator?.
Figure 1.

The unique life cycle of HBV ensures a massive viral replication, while not
directly kill the infected hepatocytes. As its high degree of species and tissue
specificity, cellular entry of the HBV virion, which is poorly defined owing to
lack of a proper in vitro culture system, is now presumably mediated by pre-S1
domain of HBV envelope binding to sodium taurocholate cotransporting
polypeptide (NTCP), which is a multiple transmembrane transporter mainly
expressed in the liver’®. After being endocytosed, uncoated capsid was
transported to the nucleus, where cellular repair enzymes are involved in
completing the second strand of the open circular genome into covalently
closed circular DNA (cccDNA), which is the transcriptional template of the

virus'41®

, and cccDNA was then reverse transcribed to different funtional
messenger ribonucleic acids (MRNAs)' in the cytoplasm. The precore mMRNA
is translated and further processed in endoplasmic reticulum (ER) as secreted
HBeAg. The pregenomic mRNA is encapsulated by the core and polymerase
proteins to form HBV RNA-containing capsids, and reversely transcribed by
the viral polymerase to produce the first single-strand DNA (ssDNA, negative
strand), which serves as the template for second-strand DNA (positive strand)
synthesis'’. Finally, the DNA-containing capsid migrates either to the ER
menbrane encouting with the envelope proteins to produce virions that are
transported out of the cell, or recycled back to the nucleus to establish a pool

of cccDNA' to produce even more copies.
1.3. HBV Genotypes

The genetic diversity of HBV is influenced by the presence of selective
pressure, such as host immune system and antiviral treatment, together with
use of reverse transcription to copy its genome, mutant viral genomes emerge

frequently'®*°. The different genotypes have not only distinct geographical
8
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distribution, but also affect the clinical course of liver disease, complications,

response to antiviral therapy and possibly vaccination®>%.

HBYV is traditionally divided into four major serotypes, adr, adw, ayr and ayw,
according to the variation in the antigenic epitopes presented on the surface
proteins of the virions and subviral particles?**3. With the development of more
molecular approaches, a genetic classification of HBV has first identified as
genotypes A to D, in 1988 by Okamoto et al., based on an inter-group
divergence in nucleotide sequence of 8% or more®. It was reported that
genotypes B and C are predominant in Asia and Oceania, whereas
genotypes A and D are frequent in Western Europe and India®®. Studies from

2728 and India®® have confirmed that HBV genotype C and D

Taiwan®®, Japan
are associatied with more severe course of disease, more prevalent of
cirrhosis and occurrence of HCC, compared to genotype A and B. However,

genotype A and B responed better to an interferon therapy>%3*.

By sequencing the variations of the S-gene of HBV within the major four
subtypes, four new genotypes of HBV designated with E, F*?, G*, and H*
were identified. Genotype E is mainly restricted in Africa, and genotypes F and
H in south America, whereas G in the USA®. The inter-group divergence in
nucleotide sequence in the F genotype was identified as 14% compare to
other HBV genomes sequence. Thus the F genotype is considered as the
most divergent HBV genome so far characterized?®.

As a result of mutations and recombinations, HBV has evolved two putative
genotypes (I and J). Genotype |, which was recently found in southeastern
Asia, is a genetic recombinant of genotypes A, G, and C3*3"38 Genotype J,
which was isolated from a Japanese patient with hepatocellular carcinoma, is a
genetic variant of HBV divergent from known human and ape genotypes,
however, it shows no recombinant genomic sequence with any of the nine
human and/or four ape genotypes®.

1.4. Pathogenesis and transmission of HBV

As a noncytopathic hepatotropic virus, HBV is spread by contact with infected
blood and body fluids. However, HBV infection is a leading cause of acute and

chronic diseases of the liver, which are predominantly immune-mediated, in
9



INTRODUCTION

order to clear virus*®. Long-term chronic inflammation of hepatocytes leads to
the collaps of liver structure, formation of pseudolobules, further development
of liver fibrosis and cirrhosis, and therefore loss of liver function. The dysplastic

liver cell masses eventually develop hepatocellular carcinoma.

Acute hepatitis B is usually mild or asymptomatic in younger ages, although
later severe liver injury and jaundice can occur in adults or even fulminant
hepatitis may develop. However, Chronic hepatitis B is a progressive disease
with fatal complications. 2.1% of patients with chronic hepatitis B will progress
to cirrhosis each year. The annual incidence of HBV-related HCC in patients
with cirrhosis is ranging from 2% to 5%*'. Asymptomatic carriers or patients
with chronic hepatitis B may also develop HCC, even without cirrhosis, with an

annual incidence of 0.1% and 1% respectively.

As other infections, an infection with HBV activates first the innate immune
responses to defend the host. Immature antigen-capturing dendritic cells (DCs)
from the innate immune system mature and migrate to lymphoid organs, where
they present viral peptides on human leukocyte antigen (HLA) class | and
class Il molecules to CD8 and CD4 T cells, polarising the CD4 T cell response
in Type 1 helper T cells (Th1) or Type 2 helper T cells (Th2) direction. Th2 cells
secrete, for example, interleukin (IL) 4, 5, and 6 supporting the B cell response.
Thl cells secrete, for example, interferon gamma (IFNy) and IL-2, which
support macrophages and cytotoxic T lymphocytes (CTLs) to kill intracellular
pathogens. CTLs either induce apoptosis of the infected cell directly through
perforin- and/or Fas L- mediated pathway or “cure” the hepatocytes from virus
by antiviral cytokines®. It is clear that the responses of CTLs play a central role
in viral clearance.

A strong adaptive immune response to HBV antigens may eliminate the
HBV-infected hepatocytes, therefor, results in acute hepatitis. The symptoms
may be mild or asymptomatic, if the immune response starts before a large
number of hepatocytes are infected”. In chronic HBV infection, the
multispecifc T cell response, especially the virus-specific CTL response
against epitopes within HBV core, polymerase, and envelope proteins are
greatly attenuated, may be the pivotal determinant influence of the course and

the onset of liver disease in HBV infection*>*4.

10
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Infectious blood or body fluids containing virions are the most important
medium of HBV transmission. For children, the possible forms of transmission
usually include vertical transmission from infected mother to child during the
time of birth, or acquiring from contact with infected family members*. Without
intervention, there is 20% risk of vertical transmission from a HBsAg positive
mother to her offspring If the mother is also HBeAg positive the risk is as high
as 90%. Among adults and adolescents the possible forms of transmission

include sexual contact*®*’

and injecting drug with re-using of contaminated
needles and syringes®®, blood or other human blood products transfusions®.
However, there still remains unidentified risk factors and transmission froms of

HBV.
1.5. Persistence of HBV

HBV-associated liver diseases vary greatly from person to person®. The
clinical outcomes of HBV infection range from virus clearance without evident
liver desease, to acute inflammation of the liver but resolved without lang-term
clinic sequelae and to chronic hepatitis. Both viral factors and the host immune
responses are responsible for the pathogenesis and clinical outcomes of HBV
infection®®. Neonates and infants who acquire HBV infection perinatally carry
the highest risk of HBV persistence due to the inability of their immature
immune system>!. Approximately 90% or more of neonates exposed to HBV at
birth will develop chronic hepatitis, whereas the virus persists in 5% to 10%
immunocompetent adults infected with HBV®%. Numerous studies show that
the outcome of HBV infection depends on the interactions between the virus
and the host, which mainly include the innate and adaptive immune response

attempting to eradicate infection, but also inducing liver damage.
1.5.1. Virus factors in HBV persistence

Generally in the early phase of virus infection, the infected cells produce
antiviral cytokines such as type | IFN®3, which inhibits the replication of many
DNA and RNA viruses, and trigger the innate immune system. In contrast with
most viruses, HBV does not induce any genes in the liver during entry and
expansion™*. This lack of early innate defense reveals it as a stealth virus that

can successfully escape the innate immune response.

11



INTRODUCTION

Although in most cases the adaptive immune response, especially T cell
mediated cellular immune response can inhibit viral replication and kill infected
cells. The unigue HBV genome organisation plays an important role in
undermining the adaptive immune response. As the prototype serological
marker of HBV infection, HBsAg present in 10%-10°fold excess over whole
virions®®.  This large amounts of HBsAg may cause a T cell
hyporesponsiveness, tolerance and anergy®. The soluble, secreted HBeAg,
which is produced in large excess, but not involved in viral replication, may
play an important role in viral persistence in neonates infection. Meanwhile
HBeAg may establish core-specific T helper cell tolerance to both HBeAg and
HBcAg in HBeAg® adults®, leading to the failure of resolution and
seroconversion of HBV antigens in CHB>’. HBcAg could also induce immune
tolerance toward HBV by stimulating IL-10 production, which is a potent
immunosuppressive cytokine®®. It was proposed that HBV escapes the initial
defence by sharing the common replicase system in nucleus with target cells.
HBX protein, which is essential to HBV replication, integrates viral DNA into the
host’'s genome and inhibits antigen processing and presentation, leading to

viral persistence®>,

1.5.2. Host factors in HBV persistence

Defect of HBV target cells and immune tolerance to HBV are the major host
factors leading to HBV persistence. Several animal models have shown that
virus-specific CTLs in the peripheral blood are detectable as early as 2-3
weeks after HBV infection. Meanwhile these adaptive immune cells from the
liver can be detected 2-3 months later after exposure with HBV or hepatitis C
virus (HCV)®®2. This delayed immune response in infected liver may be
attributed to the few expression of major histocompatibility complex (MHC) in
hepatocytes®.

T cell tolerance to HBeAg may be a crucial mechanism responsible for the
hyporesponsiveness of an antiviral immune system®°°. Viral clearence mainly
depends on CD8 T Iymphocyte response with the help of CD4 T
lymphocytes®®®’.The weak and nonspecific response of CD8/CD4 T
lymphocytes in chronic HBV infection results in viral persistence and disease

progression®®®®% This T cell tolerance is to a certain extent regulated by the
12
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virus factors. However, extrinsic and intrinsic regulatory mechanisms of the
immune system control the virus specifc immune responses in order to
regulate the degree of activation as well as to prevent massive tissue damage

071 the imbalance of

or autoimmune disease. Regulatory T cells (Tregs)
costimulatory and coinhibitory receptors on T cells’® play an important role in

anergy and exhaustion of an initially vigorous T cell response.
1.5.2.1. Tregs in chronic HBV inffection

Tregs are described as a subpopulation of T cells that suppress the activation,
proliferation, differentiation, and effector functions of many cell types, and
express the IL-2 receptor-a-chain (CD25) constitutively”>">. Their role in
immune regulation is to maintain self-tolerance and immune homeostasis, as
well as to regulate immune response to pathogens, establishing viral
persistence, but also limiting immune mediated liver damage’®. Tregs are
divided into natural Treg cell population that develop in the thymus and diverse
populations of induced or adaptive Tregs that develop from conventional T
cells in the periphery”’. Tregs suppress activation and proliferation of T cells
either through contact-dependent mechanisms, which may involve expression
of glucocorticoid-induced tumor necrosis factor (TNF) receptor (GITR) family
related protein, cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and

programmed cell death protein 1 (PD1)"®"

or through the secretion of
anti-inflammatory cytokines, such as transforming growth factor beta 1 (TGFp1)
by Th3 cells or IL 10/TGFB1 by T regulatory type 1 (Trl) cells’*8%%* However,
these mechanisms are incompletely known. In chronic viral infection, CD4"
CD25 FOXP3 naive T cells continuous exposure to low dose antigen but high
concentration of TGFfB, leading its conversion into suppressive regulatory T

8283 induced CD4* CD25" FOXP3" regulatory T cells can expand as well®,

cells
Studies have shown higher frequencies of circulating CD4" CD25" /CTLA4"
FOXP3* T cells in CHB and positive correlation with HBV DNA loads®*®°. The
function and frequence of HBV-specifc effector T cells are supressed by
increased CD4" CD25" Tregs in chronic HBV infection and reversed by
depletion of CD4" CD25" Tregs®®®. CD39" Tregs may suppress the
HBV-specific CD8 CTL effect or function through the CD39/adenosine pathway,

thereby maintaining immune tolerance to the invasive pathogens®. However,

13
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Franzese et al.®® found no differences in quantity or suppressive function of
CD4" CD25" Tregs in peripheral blood of CHB patients and that of persons
spontaneously recovered from HBV infection.

1.5.2.2. HBV and co-signalling receptors

Besides Tregs, a bunch of molecules present at the T-cell surface also
regulate the degree of activation of T cell response by setting thresholds for

9091 These molecules are known as

T-cell receptor (TCR) signalling
costimulators and coinhibitors. Costimulatory molecules deliver positive
signals to T cells after binding to their ligands and counter-receptors on
antigen-presenting cells (APCs), inducing T cells proliferation, differentiation
and cytokine production, enhancing cytotoxic function. Contrary, co-inhibitory
molecules deliver negative signals to T cells, inducing T cells tolerance,

exhaustion and apoptosis’?.

CD38 is a suface receptor, which is expressed on more than 80% of medullary
thymocytes and on most resting T cells in the tissues, but rarely on circulating
T cells®>. The main function of CD38 on T lymphocytes is enhancing
differentiation and proliferation, activation and cytokine production®*%*. Given
its role in the immune system, CD38 is associated with many pathogenesis of
diseases, such as leukemia®, cancer”, diabetes®® and AIDS**!%. Studies
on human immunodeficiency virus (HIV) infection have shown that expression
of CD38 and HLA-DR on CD8 T cells could be a marker for ongoing viral

replication’®*1%2,

CD226, also known as DNAX accessory molecule-1 (DNAM-1), was identified
as an adhesion molecule expressed on the majority of T cells, Natural Killer
(NK) cells, monocytes and a subset of B cells'®. CD226 is involved in NK and
CTL-mediated cytotoxicity through its ligands CD155 and CD112'%.
Expression of CD226 on CD4 T lymphocytes may strongly promote Thl and
Th1l7 differentiation, but not Th2, enhancing IFNy production by naive T
cells'®. Therefore, CD226 is a possible therapeutic target in many diseases*®.
A deficiency of CD226 on CD8 T cells delayed viral clearance in vivo'®’, and
leaded to CD8 T cell exhausion in chronic HIV infection'®®. Similarly,

expression of CD226 on activating NK cells correlated to the outcome of

14
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treatment in HCV infection'®®. However, the effect of CD226 molecules on T
cells is not well demonstrated in chronic hepatitis, especially in HBV infection.

CD39 molecule was identified on activated B cells incubated with Epstein—Barr
virus (EBV), and has been demonstrated on activated T lymphocytes, NK cells,
but not on resting immune cells®. CD8 T cells, which express CD39 molecule,
showed stronger specific killer activity than CD39 negative CD8 T cells™.
Contrarily, CD39 was recently identified as a biomarker of the suppressive
functional regulatory T cells by studies on cancer, infecious diseases and

autoimmune diseases? 4,

Nowadays growing evidences indicate that CTLA4 and PD1, as immune
inhibitory receptors within the CD28 superfamily, negative regulate T cell
responses through suppressing IL-2 production and limiting cell cycle

progreSSion115—118 119,120'

, as well as promoting suppresive function of Tregs
thereby contributing to immunological tolerance. Increased CTLA4 and PD1
expression is reported in chronic HBV infection, and the function of
HBV-specific CD8 T cells can be reversed by PD1 single or PD1/CTLA4
double blocked'*'?2, An over expression of PD1 antigen on Tregs both from
liver and peripheral blood of patients with chronic HBV infection has been

reported*?124,

1.6. HBV Treatment

Most HBV infections do not require treatment, while more than 90-95% of
adults clear the infection spontaneously and develop neutralizing antibodies*.
Less than 1% patients with fulminant or severe hepatitis need early antiviral
treatment or even liver transplantation®?®. Currently, the eradication of HBV is
impossible due to the persistence of cccDNA in the nucleus of infected
hepatocytes?’. However, treatment of chronic infection can improve quality of

life and survival by reducing the risk of cirrhosis and liver cancer.

Conventional or pegylated interferon alpha (IFN or PEG-IFN) and six
nucleoside/ nucleotide analogues (NAs) are two different types of drugs that
are licensed for treatment of CHB. The response of treatment depends on
medications and HBV genotypes. HBV patients with genotype C and D

15
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showed lower HBeAg seroconversion rate than with genotype A and B by
interferon treatment®"'?®, Whereas, sustained virological response in HBV
genotypes E (36%), F and H (50%) was higher than in genotype G (20%),
therefor genotypes E, F and H appeared to be sensitive to IFN-alpha'®. HBV
genotype does not influence the virological response to any NA™°. However,
only entecavir and tenofovir are confirmed with a high barrier to

resistance®®:1%?,

1.7. Vitamin D as a novel immunomodulator

Vitamin D has received particular attention in recent years as it has an
unexpected and crucial interaction with both innate and adaptive immune
responses in highly specific ways.

1.7.1. Metabolism of Vitamin D3

Ultraviolet (UV) exposure, diet and vitamin supplement are the main source of
our vitamin D3. After synthesized from 7-dehydrocholesterol in the skin,
vitamin D3 then converted to 25-dihydroxyvitamin D3 [25(OH)D3] by the
enzyme 25-hydroxylase in the liver. In the kidney, 25(OH)D3 is hydroxylated by
la-hydroxylase to become 1,25-dihydroxyvitamin D3 [1,25(OH),D3], the most
physiologically active vitamin D3 metabolite, then reaches the blood where it
has multiple systemic effects’*®. Finally, 1,25(0H),D3 is catabolized to inactive

calcitroic acid by the enzyme 24-hydroxylase, and then excreted in the bile™®*.

1.7.2. 1,25(0OH),D3 and immune system

Immune cells, including macrophages, DCs, T and B cells express the sets of
the key enzymes, cytochrome P (CYP)27A1 and/or CYP27B1, which encode
25-hydroxylase and la-hydroxylase respectively, enabling synthesis of active
1,25(0H),D3'%31% 1 25(0H),D3 acts on immune cells in an autocrine or
paracrine manner by binding to the vitamin D receptor (VDR). The systemic
effects of 1,25(OH),D3 mediated by VDR include calcium and phosphate
regulation, and the local effects include reducing cell proliferation and
increasing cell differentiation. The immune target cells are DCs, T cells,
monocytes, macrophages and B cells®*®. The overall immunomodulatory
function of local 1,25(0OH),D3 is strengthening innate immune responses, by

16
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contrast, restraining adaptive immune responses®*’. 1,25(0OH),D3 could
enhance the function of macrophages and DCs, and stimulates the synthesis
of antimicrobial peptides (AMPs), thereby promoting innate immune response,
contrarily™’. In vitro, 1,25(0OH),D3 negatively affects adaptive immune reponse,
such as inhibits T cell proliferation and CD8 T cell-mediated cytotoxicity,
suppresses the expression of IL-2'%3% |FNy and costimulatory molecules in
T cells**®**2, Overall, the direct effects of 1,25(0OH),D3 on adaptive immune
system are promoting the development of Th2 cells and Tregs, while inhibiting
Thl and Th17 cells responses**®'* decreasing B cells proliferation, plasma

cells differentiation and immunoglobulin G (IgG) secretion'*.
1.7.3. Vitamin D and diseases

Considering its potential immunomodulatory properties, vitamin D and its
metabolites or its analogues have been already studied in diseases including
cancer, insulin resistance, inflammatory and autoimmune disease, confirming
that low serum vitamin D and/or its metabolites level is a risk factor in these
diseases and supplement of vitamin D or its metabolites or its analogues could
improve these diseases evidently****°, Vitamin D induces apoptosis of tumor
cells and inhibits proliferation mainly through VDR signals causing an inhibition
of mitogen activated protein kinase (MAPK) activity, but not immunological
pathways. In diseases such as psoriasis and multiple sclerosis, which are

146

characterized by increased Thl and Th17 cells™, may benefit from the

147,152,153 and

immunosuppressive effects of vitamin D that induces Tregs
reduces the induction of Thl and Th17 effector cells®**. Allergic asthma,
which is Th2 cell driven disease, can still benefit from vitamin D

supplementation®¢1*’

, even though, theoretically, vitamin D may stimulate Th2
type immune response. This probably because the sesitization and severe
inflammatory reaction are suppressed by vitamin D**3. Moreover, in contrast to
its suppressive effect on adaptive immune response, vitamin D
supplementation also benefits infectious diseases™®®**%1®° due to the
induction of AMPs and promotion of the chemotactic and phagocytic capacity
of macrophages, enhancing innate immune response and meanwhile prevent

161

immune-mediated tissue injury—"". Interestingly, supplement of 1,25(0OH),D3

analogues that exert immunomodulation didn't cause significant
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hypercalcemia®®®. 1,25(0H),D3 helps to prevent transplant rejection without,

however, significant interference with protective immune responses*®.
1.7.4 Vitamin D and Chronic hepatitis C

Vitamin D deficiency is universal among patients with chronic hepatitis C
(CHC)'®*%* In HCV infection, a certain correlation between vitamin D and
prognosis has been shown. Deficiency of vitamin D3 are associated with
considerably lower rates of sustained virologic response (SVR) in HCV
infected patients, while the probability of achieving an SVR following antiviral
treatment can be improved by vitamin D supplementation, especially in

165186 and no cytotoxicity was found in vivo'®’. This

difficult-to-treat patients
possibly because, vitamin D has an antiviral activity which is mediated by its
active metabolite, 1,25(0H),D3®1%° Matsumura T, et al.*®” demonstrated that
25(0OH)D3 affects HCV life cycle at the assembly step. 25(OH)D3 indeed
augmented IFN-induced HCV core antigen reduction, but did not induce the
expression of IFN-stimulated genes(ISGs). A study found that the expression
of Myxovirus resistance protein A (MxA), which has the strongest antiviral
activity of the IFN-induced antiviral proteins, in HCV-infected cells increased by
treatment of both vitamin D3 and 1,25(0OH),D3 (calcitriol) in a dose-dependent
manner*®®. Vitamin D not only affects the response of antiviral treatment in
CHC, low vitamin D levels may be also associated with severe liver injury and

fibrosis in HIV/HCV co-infected patients*’%!"*

. However, a study in CHC
genotype 1 infection found no correlation between vitamin D status and fibrosis
stage or SVR'"2. Moreover, VDR gene polymorphisms may be related to the

response to PEG-IFN plus ribavirin (RBV) therapy in CHC'"*174,
1.7.5 Vitamin D and Chronic hepatitis B

The effects of vitamin D in pathogenesis, treatment and outcome in patients
with chronic hepatitis B get more attention. Similarly, vitamin D deficiency is
also noted in patients with chronic hepatitis B'">. One of the reasons could be
the function of liver, where 25(OH)D3 is synthesized, was impaired in hepatitis
virus infection. It was observed that low 25(OH)D3 serum levels are associated
with high levels of HBV replication in patients with CHB'’®. In addition, it has

shown that spontaneous HBsSAgQ seroclearance was associated with a normal
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vitamin D level (>20 ng/mL), as well as age, HBeAg negativity and low viral

load*””.

It has been confirmed that adaptive immune response involve
HBV-specific CD8 cytotoxic T lymphocytes and CD4 helper T lymphocytes
palys main role in inhibition of HBV replication. Nonetheless, studies
demonstrated that HBV replication could also be inhibited by activated innate
immune cells such as NK cells, NK Tcells'’®, APCs**? and toll-like receptors
(TLRs)™® in vivo. Therefore, vitamin D has the possibility of inhibiting HBV
replication by activating innate immune response. The relationship of vitamin D
level and severity of inflammation provid the possibility that vitamin D
modulates the inflammatory process in viral hepatitis by inhibiting the activity of

2181,182 183,184

cyclooxygenase (COX)- and the synthesis of prostaglandins (PGs)

Genetic studies showed that VDR gene polymorphisms are associated with

186.187 in HBV infection in Asia and

distinct clinical phenotypes*®® and outcomes
Africa’®. However, the relationship among vitamin D, immune response and
CHB is less well characterized and the mechanisms of this effect have not yet

been elucidated.

MHBs LHBs  SHBs

Figure 1. Structural components of HBV (left) and open readingframes (ORF) for encoding
proteins in the covalently closed form of HBV DNA. Adapted from Gerlich WH et al. Virology
Journal 2013, 10:239
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1.8. Aims

The aims of the present study were to analyze the profile of peripheral blood T

lymphocyte subpopulations in chronic hepatitis B patients, and to assess their

function by measuring their expression of activation/exhaustion markers
(CD38, HLA-DR, CD226, CD39/CTLA4, PD1). Further investigated serum

vitamin D levels and its immunomodulatory function of T cells in chronic HBV

infection. This is also the first study that investigates the correlation between

serum vitamin D levels and the expression of activation/exhaustion markers on

T cells in patients with chronic hepatitis B.

Thus, we focus on following parameters:

1.

Serum 25(OH)D level in patients with chronic HBV infection.

T cell subsets analysis:
Analyze the frequence of CD8", CD4", CD4"CD25'FOXP3" Tregs and their

subpopulations from peripheral blood of patients with CHB.

Reasonable classification of Treg subtypes separated

a.

by the expression of FOXP3 and CD45RA: Resting Tregs (rTregs):
CD45RA'FOXP3"; actived Tregs (aTregs): CD45RAFOXP3";
cytokine-secreting CD45RA FOXP3° non-suppressive T cells
(non-Tregs).

by the expression of CD62L and CDA45RA: Naive Tregs (TregN):
CD62L"CD45RA"; central memory Tregs (TregCM): CD62L"CD45RA ;
preterminally differentiated effector memory Tregs (TregPreEM):
CD62L CD45RA; terminally differentiated effector memory Tregs
(TregTerEM): CD62L CD45RA".

Comparison of the expression of activation/exhaustion markers on
these subpopulations in healthy controls and hepatitis B patients.

Comprehensive analysis of CD8+ T cells and its subtypes.

a.

CD8+ T cell subtypes by the expression of CD62L and CD45RA: Naive
CD8 T cells (CD8N): CD62L"CD45RA"; central memory CD8 T cells
(CD8CM): CD62L'CD45RA; preterminally differentiated effector
memory CD8 T cells (CD8PreEM): CD62L CD45RA; terminally
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differentiated effector memory CD8 T cells (CD8TerEM):
CD62L CD45RA".
b. Comparison of the expression of activation/exhaustion markers on

CD8+ T cells and its subtypes.

5. Correlation among the expression of activation/exhaustion markers on T
cell subsets and vitamin D levels and HBV DNA levels.
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2. Patients, materials and methods

2.1. Patients:

Table 2.1. Characteristics of CHB patients and healthy donors

Characteristics All CHB patients (n=45) Healthy controls P value
(HC), (n=18)
Treatment naive Under treatment
(CHBN) (n=28) (CHBt), (n=17)
Mean age 44.40+13.90 45.24+10.89 36.0619.27 >0.05
(20-71) (28-67) (22-51)
Gender (m/f) 13/15 10/7 10/8 >0.05
ALT (IU/L) 28.68+25.33 31.00£14.19 NA* >0.05
Missing, n 9 3
AST(IU/L) 22.84+20.62 24.36+7.63 NA* >0.05
Missing, n 9 3
Cholesterol (mg/dI) 194.73+33.78 182.56+45.83 NA* >0.05
Missing, n 13 8
TSH (mUIL) 1.44+0.87 1.60+0.91 NA* >0.05
Missing, n 12 4
25(0OH)D (ng/mL) 21.76+8.56% 19.77+8.92° 31.37+14.54 <0.05
Missing, n 0 0 8
>30 4(14%) 3(18%) 5(50%) <0.05
30=->10 23(82%) 12(70%) 5(50%) <0.05
<10 1(4%) 2(12%) 0 <0.05
HBV DNA Load 3.59+1.92° 1.33+0.55" NA* <0.001
(Log, IU/mL)
Missing, n 9 4
HBeAg positive, n(%) 2 (7.15%) 2 (11.76%) NA* >0.05
Missing, n 11 3
HBsAg 9.81+12.40" 4.33+3.99" NA* <0.05
(X 10%1U/mL)
Missing, n 10 4

NA* not applicable; a comparasion with HC; b comparation of CHBn and CHBt.
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2.2. Materials:

Table 2.2.1. Laboratory Equipment

Equipment

Supplier

Pipette (100-1000 ul, 20-200 l, 2-20 yl,
0.5-10 ul, 0.1-2,5 pl)

Pipetman 8-5010

Measuring cylinder 2 L

Schott bottle 1L

Haemocytometer Neubauer Counting
Chamber, Improved

Stratacooler

Vortexer, Model MS 3 basic

Microscope Olympus CK2

Waterbath, Typ 1008

Eppendorf-Centrifuge 5810 R

Heraeus Labofuge 400

KS15 Laminar Flow

BD FACS Fortessa

Eppendorf AG, Hamburg, Germany

NeoLab Migge Laborbedarf-Vertriebs GmbH,

Heidelberg, Germany

Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

Karl Hecht GmbH, Sondheim/Rdhn, Germany

Stratagene Corp. La Jolla, CA, USA

IKA® Werke GmbH & Co. KG, Staufen,
Germany

Olympus Europa SE, Hamburg, Germany

Gesellschaft fir Labortechnik GmbH,
Burgwedel, Germany

Eppendorf AG, Hamburg, Germany

Heraeus, Hanau, Germany

Thermo Fisher Scientific GmbH, Schwerte,
Germany

BD Biosciences, Heidelberg, Germany

Table 2.2.2. Laboratory Consumable

Equipment

Supplier
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Plastic Filter Tips (1000 ul, 200 pl, 10 pl)

Serological Pipette Tips (25 ml, 10 ml, 5 ml)

Falcon Tubes (50 ml, 15 ml)

Safe-lock tubes 2 ml, 1,5 ml

Micro-tube 2 ml

FACS tubes

Nunc Cryotubes 1,8 ml

BD Vacutainer® CPT™ tube with Sodium
Citrate

Sarstedt, Nimbrecht, Germany

BD FALCONTM, Heidelberg, Germany

Sarstedt, Nimbrecht, Germany

Eppendorf AG, Hamburg, Germany

Sarstedt, Nimbrecht, Germany

Sarstedt, Nimbrecht, Germany

Thermo Fisher Scientific GmbH, Schwerte,
Germany

BD Biosciences, Heidelberg, Germany

Table 2.2.3. Solutions, Media and Reagents

Materials

Supplier

ddH,0O

Hydrochloric acid (HCI) 25%

Fetal Calf Serum (FCS)

PBS (Phosphate Buffered Saline 1x)

Trypan blue 0,4%

RPMI 1640 medium, L-GlutaMAX

DMSO

NaN;

Eppendorf AG, Hamburg, Germany

Th. Geyer, Renningen, Germany

Biochrom AG, Merck, Darmstadt, Germany

Gibco® Life Technologies, Darmstadt,
Germany

Gibco® Life Technologies, Darmstadt,
Germany

Gibco® Life Technologies, Darmstadt,
Germany

Gibco® Life Technologies, Darmstadt,
Germany

Sigma Aldrich, St. Louis, USA
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Kalium chloride (KCI) p.a.

Kaliumhydrogenphosphat (KH,PQO,) p.a.

Natriumchlorid (NaCl) p.a.

Dinatriumhydrogenphosphat dihydrate
(NazHPO4 . 2Hzo) p.a.

FOXP3 Fix/Perm buffer 4x

FOXP3 Perm buffer 10x

Fc Blocking Reagent

Aqua LIVE/DEAD marker

Th. Geyer, Renningen, Germany

Th. Geyer, Renningen, Germany

Carl Roth, Karlsruhe, Germany

Th. Geyer, Renningen, Germany

Biolegend®, Fell, Germany

Biolegend®, Fell, Germany

Biolegend®, Fell, Germany

Gibco® Life Technologies, Darmstadt,

(from Aqua LIVE/DEAD Fixable Dead Cell Germany
Stain Kit)
Table 2.2.4. Mixed Solutions
Solutions Ingredients
NaN; 9% ddeO
NaNs; 9%
PBS pH 7,4 ddH,O
NacCl 8%
KCI 0,2%
NazHPO4 ° 2H20 1,442%
KH,PO, 0.2%
FCFKSN3 PBSpH 7,4
FCS 1%
NaN; 9% 1%
Freezing Media FCS 50%
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RPMI 30%
DMSO 20%
Table 2.2.5. Kits
Kit Supplier

25-OH vitamin D ELISA test kit

EUROIMMUN AG, Libeck, Germany

Table 2.2.6. Antibodies

Specificity Species Isotype Fluorophore Clone Supplier

CD3 Mouse-anti 1gG1, x PerCP/Cy5.5 SK7 BD Biosciences,
human Heidelberg, Germany

CD4 Mouse-anti 1gG1, x BV570 RPA-T4 Biolegend®, Fell, Germany
human

CD8 Mouse-anti 1gG1, x BV785 RPA-T8 Biolegend®, Fell, Germany
human

CD25 Mouse-anti 1gG1, x BV605 2A3 BD Biosciences,
human Heidelberg, Germany

CD38 Mouse-anti 1gG1, x APC HIT2 Biolegend®, Fell, Germany
human

CD39 Mouse-anti 1gG1, x BV421 Al Biolegend®, Fell, Germany
human

CD45RA Mouse-anti  1gG1, x BV711 HI100 Biolegend®, Fell, Germany
human

CD62L Mouse-anti 1gG1, x BV650 DREG-56  Biolegend®, Fell, Germany
human

CD226 Mouse-anti  1gG1, x PE 11A8 Biolegend®, Fell, Germany
human

PD1 Mouse-anti 1gG1, x BV421 EH12.2H7 Biolegend®, Fell, Germany

(CD279) human

PD1 Mouse-anti 1gG1, BV605 EH12.2H7 Biolegend®, Fell, Germany

(CD279) human

CTLA4 Mouse-anti 1gG2a,k  APC BNI3 BD Biosciences,
human Heidelberg, Germany
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FOXP3 Mouse-anti  1gG1, k FITC 206D Biolegend®, Fell, Germany
human
Granzyme B Mouse-anti 1gG1, FITC GB11 BD Biosciences,
human Heidelberg, Germany
HLA-DR Mouse-anti 1gG1, x PE G46-6 BD Biosciences,
human Heidelberg, Germany
Perforin Mouse-anti I1gG2b, x  PE DG9 Biolegend®, Fell, Germany
human
Table 2.2.7. Isotypecontrols
Isotypecontrols (IsCo) Species Isotype Clone Supplier
IsCo, PerCP/Cy5.5 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, BV570 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, BV785 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, BV605 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, APC Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, BV421 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, BV711 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, BV650 Mouse-anti  IgG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, FITC Mouse-anti  1gG1, MOPC-21 Biolegend®, Fell, Germany
human
IsCo, PE Mouse-anti  1gG1, MOPC-21 Biolegend®, Fell, Germany
human
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2.3. Methodes:

Table 2.3.1. Surface staining

Sample | Isotypecontrols [ul]
# IsCo, PerCP/Cy5.5 | IsCo, BV570 | IsCo, BV785 | IsCo, BV605 | IsCo, APC | IsCo, BV421 | IsCo, BV711 | IsCo, BV650 | IsCo, FITC | IsCo, PE
1 5 3 1 3 2 1 2 25 7,5
Sample | Specificantibodies [pl]
# CD3, PerCP/Cy5.5 CD4, BV570 | CD8, BV785 | CD25, BV605 | CD38, APC | CD39, BV421 | CD45RA, BV711 | CD62L, BV650 | FOXP3, FITC | HLA-DR, PE
2 5 3 1 3 2 4 2 2 - 15
Sample | Specificantibodies [pl]
# CD3, PerCP/Cy5.5 CD4, BV570 | CD8, BV785 | CD25, BV605 | CD45RA, BV711 | CD62L, BV650 | CD226, PE | PD1, BV421 | CTLA4, APC | FOXP3, FITC
3 5 3 1 3 2 2 15 3 5 -
Sample | Specificantibodies [pl]
# CD3, PerCP/Cy5.5 CD4, BV570 | CD8, BV785 | CD45RA, BV711 | CD62L, BV650 | PD1, BV605 | CTLA4, APC | Granzyme B, FITC | Perforin, PE
4 5 3 1 2 2 5 5 - -
5 Noantibodies
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Table 2.3.2. Intracellular staining

Sample | Isotypecontrols [ul]
# IsCo, PerCP/Cy5.5 | IsCo, BV570 | IsCo, BV785 | IsCo, BV605 | IsCo, APC | IsCo, BV421 | IsCo, BV711 | IsCo, BV650 | IsCo, FITC | IsCo, PE
1 - - - - - - - - -
Sample | Specificantibodies [pl]
# CD3, PerCP/Cy5.5 CD4, BV570 | CD8, BV785 | CD25, BV605 | CD38, APC | CD39, BV421 | CD45RA, BV711 | CD62L, BV650 | FOXP3, FITC | HLA-DR, PE
2 - - - - - - - 5 -
Sample | Specificantibodies [pl]
# CD3, PerCP/Cy5.5 CD4, BV570 | CD8, BV785 | CD25, BV605 | CD45RA, BV711 | CD62L, BV650 | CD226, PE | PD1, BV421 | CTLA4, APC | FOXP3, FITC
3 - - - - - - - - - 5
Sample | Specificantibodies [pl]
# CD3, PerCP/Cy5.5 CD4, BV570 | CD8, BV785 | CD45RA, BV711 | CD62L, BV650 | PD1, BV605 | CTLA4, APC | Granzyme B, FITC | Perforin, PE
4 - - - - - - - 20 4

Noantibodies
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2. Patients, materials and methods
2.1. Patients:

The patient collective consistet of 45 out-patients with chronic hepatitis B (CHB)
(treatment naive, n=28; under treatment, n=17), attending the Department of
Medicine, University Medical Center Hamburg-Eppendorf (Germany), from
January to October 2013, were enrolled into the study. The clinical diagnosis of
CHB was based on the persistence of HBsAg lasting for more than 6 moths,
alanine aminotransferase (ALT) elevated, and HBV DNA was steady positive
in the serum®®. Patients in CHBt group were treated with NAs, entecavir or
tenofovir. All patients were negative for hepatitis C, D and HIV antibodies and
for other markers of viral hepatitis. Patients with non-viral hepatitis, such as
alcoholic hepatitis, toxic and drug-induced hepatitis, autoimmune hepatitis and
metabolic liver disease, were excluded. None of the patients were treated with

immunosuppressive therapy.

For comparison of T-cell subpopulations and serum vitamin D level with CHB
patients, 18 healthy individuals who were free of HBV infection and alcohol
consumption less than 60g/d, served as the control group (HC). 10 were male,
8 were female, mean age 36.06+9.27 (rang 22-51). Patients’ and uninfected
individuals’ biochemical and virological features are summaried in table 2.1.

2.2. Materials:
See table 2.2.1 — table 2.2.6.
2.3 Methods:

2.3.1. Liver enzymes, Hepatitis Serology and vitamin D evaluation:

Liver enzymes (ALT, AST), HBV markers (HBsAg, HBsAb, HBeAg, HBeAb,
HBcADb IgM), anti-HCV, anti-delta and anti-HIV antibodies were measured by
standard biochemical tests, acquired from patient care inspection. 25(OH)D is
the major metabolite of vitamin D in the liver and is widely used as an indicator
of serum vitamin D status*®°. The level of 25(0OH)D in patients with CHB were
determined by specific 25-hydroxyvitamin D ELISA test kit according to the
manufacturer’s instructions (EUROIMMUN). The calibrators/controls and
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heparin plasma of CHB patients and healthy controls were diluted 1:26 in
1:100 biotin, incubated for 10 minutes. 200 pl of each sample were removed
into each of the antibody-coated microplate wells, incubated for 2 hours. The
wells were then emptied and washed 3 times using 1:10 wash buffer. 100 ul of
enzyme conjugate was added into each of the well and incubated for 30
minutes. After wash as described above, 100 pl of chromogen/substrate
solution was added into each of the well and incubated for 15 minutes
protected from direct sunlight. The above procedure was performenced at
room temperature (18°C to 25°C) The reaction was stopped using stop
solution. Measurement of samples were carried out fully automatically using
the EUROIMMUN ELISA analysis device.

2.3.2. Isolation of PBMCs from fresh blood:

PBMCs were isolated from heparinized blood,which was collected by standard
technique for BD Vacutainer® Brand Blood collection tubes, by standard
density gradient centrifugation. Blood samples were centrifuged at 2000xg for
20 minutes at room temprature (15-25 ‘C). The lower layer, comprised of
mononuclear cells and platelets, was then collected into a 50 ml conical tube.
After adjusting the volume to 50ml by PBS, cells were centrifuged at 4 °C for
10minutes at 450xg, the supernatant was discarded. 5 ml 4 ‘C Roswell Park
Memoria Institute (RPMI) medium was used to resuspend cells. After adding
5ml 4°C freezing medium, PBMCs were cryopreserved in 2ml cryotubes, which
were then placed in a precooled (4 ‘C) Stratacooler and frozen in a 80 C
freezer. Ultimately all cryotubes were preserved in prelabled boxes in liquid

nitrogen tanks.
2.3.3. Thawing of PBMCs:

30 ml RPMI 1640 was transferred into a 50 ml Falcon tube and warmed up to
37 C in a water-bath. Cryotube with PBMCs was thawed in warm water at 37 'C
for 1 minute and cells were immediately transferred into the 50 ml tube with
warmed RPMI 1640. And then centrifuged at 4°C for 8 minutes at 450xg,
discarded supernatant, resuspended in 1 ml PBS (pH 7.4) for further staining.
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2.3.4. Flow cytometry:
2.3.4.1. Live/Dead staining of PBMCs:

To determine the population and percentage of alive mononuclear cells, the
cells were incubated with Aqua Live/Dead for fluorescence activated cell
sorting (FACS). 1 ul Aqua was added into 50 ml tube with thawed PBMCs (at
least 5x10°) for 30 minutes at 4°C shielded from light. After centrifugation at
450xg for 8 minutes, the supernatant was discarded, and the pellet
resuspended in 0.5 ml FCFKSNS3 for further staining.

2.3.4.2. Fc receptors Blocking:

In order to reduce nonspecific immunofluorescent staining, the cells were
incubated with Fc blocking reagent before immunophenotypic staining. The
cell suspension in 0.5 ml FCFKSN3 was pipetted into 5 FACS tubes
(100pl/tube). 5 yl Fc blocking reagent was added into each tube for 10 minutes
at 4°C shielded from light.

2.3.4.3. Surface staining of peripheral blood T lymphocytes:

After Fc bloking, to characterize T lymphocyte subsets, 5 PBMC samples in
FACS tubes were stained with appropriate fluorochrome-conjugated
antibodies against surface markers respectively according to table 2.3.1 for 30
minutes at 4°C shielded in the dark. After surface staining, cells were washed
once with 1 ml FCFKSN3, then centrifuged for 8 minutes at 4°C and 450xg,
after discarding supernatant intracellular staining was started.

2.3.4.4. Intracellular cytokines staining:

For intracellular cytokine staining, surface-stained cells were permeabilized by
using FOXP3 Staining Buffer Kit following the manufacturer’s instructions. 1 mi
FOXP3 FixPerm Buffer (1:4, diluted with PBS pH7.4) was added to the
washed cell pellet in each FACS tube and the tube vortexed immediately.
Samples were incubated for 20 minutes at room temprature (15-25 C) in the
dark. After permeabilization, cells were washed with 1 ml FCFKSN3 and 1 ml
FOXP3 Perm buffer (1:10, diluted with PBS pH7.4) successively, several cells
were re-suspend in 1ml FOXP3 Perm buffer, and incubated at room
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temperature in the dark for 15 minutes, centrifuged for 8 minutes at room
temperature and 450xg, the supernatant was discarded and the pellet
resuspended in 100 ul of FOXP3 Perm buffer. Flurochrome-conjugated
antibodies for intracelluar cytokines were added into each FACS tube
according to table 2.3.2, and incubated at room temperature in the dark for 30
minutes. Samples were washed once with 1 ml FCFKSN3, then centrifuged for
8 minutes at room temperature and 450xg. After discarding the supernatant
the cell pellet was resuspended in 0.5 ml FCFKSN3 and then analyzed with
flow cytometer with BD LSR Fortessa machine using FACS Diva version 5 (BD
Biosciences, Heidelberg Germany).

2.3.4.5. T lymphocyte subsets data acquisition:

The prepared samples were analyzed with flow cytometer performed on BD
LSR Fortessa machine using FACS Diva version 5 in strict accordance with
the manufacturer’s instructions. The obtained data was analyzed using FCS
express 4 software (De Novo Software, Los Angeles, CA).

Lymphocytes were analyzed using a gate set on forward scatter versus side
scatter, and further gated according to their physical parameters. T cell
subsets were examined as a percentage of the their superset population, and
the mean fluorescence intensity (MFI) on the activation (CD38, CD39, CD226,
HLA-DR) /exhaustion (PD1 and CTLA4) markers on antigen positive cells.

CD4 T lymphocytes were furhter selected either by CD25 and FOXP3 as
CD4'CD25'FOXP3" regulatory T cells (Tregs) or by CD45RA and FOXP3 as
CD45RA'FOXP3" resting Tregs (rTregs), CD45RA FOXP3" activated Tregs
(aTregs), and cytokine-secreting CD45RA FOXP3" nonsuppressive Tcells

(non-Tregs)'®*.

CD4'CD25'FOXP3" Tregs and the CD8 T cells were then sorted by CD45RA
and CD62L antibodies into four subsets: naive cells (N), which were
CD45RA*CD62L"; central memory cells (CM), which were CD45RA CD62L";
and two effector memory populations: preterminally differentiated effector
memory cells (PreEM), which were CD45RA/CD62L and terminally
differentiated effector memory cells (TerEM), which were CD45RA* CD62L %,
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CD8 T cells and the four subsets of memory cells were further determined by
intracellular staining with fluorochrome conjugated Granzyme B and Perforin.

2.3.5. Statistical analysis:

All flow-cytometric data were collected using FCS express 4 software.
Statistical analysis was carried out using Sigma Plot® 12 software (Systat
Software, Erkrath, Gemany). Descriptive statistics were used to determine the
characteristics of each group (CHBn, CHBt and HC), such as age, gender, ALT
and AST, cholesterol, TSH, 25(0OH)D, serum HBV DNA load and HBsAg
quantity, as well as to summarize T cell subpopulations for further analysis.
Bivariate analysis was performed by an independent t test, and for comparison
of more than two variables one-way ANOVA. The correlation among serum
25(0OH)D level, HBV DNA replication and activation/exhaustion markers on T
lymphocyte subpopulations were investigated only in CHBn cohort. Pearson’s
correlation was performed for the above bivariate correlation analyses. All data
was expressed as means = standard deviations (sd) or median and 25%-70%

range. A final P-value less than 0.05 was considered statistically signifcant.
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3. Results
3.1. 25(0OH)D insufficiency in patients with CHB.

Although 1,25(0OH),D is the most physiologically active vitamin D metabolite,
clinical measurement to quantify 1,25(0OH),D is normally unstable and
unreliable. 25(0OH)D is the major metabolite of vitamin D in the liver and is
therefore widely used as an indicator of serum vitamin D status. 25(OH)D
concentrations of <10 ng/mL is defined as deficiency, 10-30 ng/mL as
insufficiency, and >30 ng/mL is considered as adequate™®®'%*. 82% (23/28)
patients in CHBn group were insufficent of vitamin D, 70% (12/17) in CHBt and
50% (5/10) in HC cohorts (CHBn vs HC P=0.013999; CHBt vs HC P=
0.026325). Deficiency of vitamin D was found in 1(4%) and 2(12%) individuals
in CHBn and CHBt cohorts respectively, but not in healthy cohort. A lower
serum level of 25(OH)D was shown in CHBn (21.76+8.56 ng/mL) and CHBt
cohorts (19.77+8.92 ng/mL) compared to healthy controls (31.37+14.54
ng/mL). See Table 2.1 and Figure 3.1.
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Figure 3.1. 25(OH)D serum level is lower in patients with chronic HBV infection compared with
healthy controls. (A) Proportion of vitamin D insufficient and deficient individuals in HC (n=10),
CHBn (n=28) and CHBt (n=17) cohorts. (B) Comparison of 25(OH)D serum concentrations in
CHB groups and HC cohort. Data are presented as meantsd.
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3.2. Proportions of CD8, CD4 T cells and CD4"'CD25"FOXP3" Tregs in
peripheral blood showed no difference between patients with chronic
HBYV infection and healthy controls.

Clearence of hepatitis B virus is mainly dependent on the activation of CD8
CTLs, which with the help of CD4 T cell polarised Th1, induce apoptosis of the
infected cells or clearing virus from the hepatocytes by antiviral cytokines®.
Due to their cytotoxic effect, the activation of CD8 T cells results in liver injury
while clearing the virus. In oder to limit tissue damage, Tregs are needed to

inhibite the T cell proliferation, cytokine secretion and CTL activity*®°.

Arising regulatory T cells are closely associated with immune tolerance®®.
Increased Tregs, decreased CD4 non Tregs and defective functions of CD8 T
cells were widely reported in chronic HBV infection'®"%. However these
anomalies were found more in the liver, the location of infection, than in
peripheral blood.

This study analyzed CD8, CD4 T cells and CD4"CD25'FOXP3" Tregs in
peripheral blood of all cohorts. Frequencies of CD8 T cells were 15.38+6.40%,
13.09+4.73% and 14.19+4.13% in CHBn, CHBt and HC cohorts respectively,
and those of CD4 T cells were 28.76+8.23%, 27.24+10.62% and 33.26+5.42%,
and those of CD4"CD25'FOXP3" Tregs were 1.15+0.51%, 1.37+1.29% and
1.54+0.95%. No significant differences were detected in all groups (p>0.05).
See Figure 3.2.
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Figure 3.2. Frequencies of CD8, CD4 T cells and CD4"CD25'FOXP3" Tregs in peripheral
blood of all cohorts. (A) Representative FACS plots of CD8, CD4 T cells, CD4'CD25'FOXP3"
Tregs gating strategy in PBMCs. (B) Histogram of CD8, CD4 T cells, CD4"CD25'FOXP3"
Tregs frequencies in PBMCs in HC (n=18), CHBn (n=28) and CHBt (n=17). Data are
presented as meanzsd, all groups P>0.05.

3.3. Subpopulations of CD4 Tregs separated by the expression of FOXP3,
CD45RA and CD62L.

Traditionally regulatory T cells are defined as CD4"CD25'FOXP3" T cells. But
some studies identified both CD25 and FOXP3 can be induced during the

activation of non-T regulatory cells, without convertion to a regulatory

201-203 ° Moreover, one naive (CD45RA") and two memory

204-206

phenotype
phenotypes (CD62L ) of Tregs were defined in several studies

In this study, CD4'FOXP3" Tregs were furhter selected by CD45RA and
FOXP3 as CD45RA'FOXP3"° resting Tregs (rTregs), CD45RA FOXP3"
activated Tregs (aTregs), and cytokine-secreting CD45RA FOXP3"
nonsuppressive T cells (non-Tregs)'*!. See Figure 3.3. A. The expression of
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CD39 and HLA-DR were lower in rTregs (CD39 17.21+11.58%; HLADR
12.45+£9.98%) and non-Tregs (CD39 38.96+20.61%; HLADR 17.64+7.88%) of
all the cohorts, but higher in aTregs(CD39 70.43+24.08%; HLADR
49.45+12.91) (p<0.001). See Figure 3.3. B, C.
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Figure 3. 3. Three subpopulations of circulating CD4'FOXP3" Tregs in PBMCs of all
individuals. (A) Representative FACS plots displaying the gating strategy for rTregs, aTregs
and non-Tregs within the CD4 T cell population. (B) Representative FACS plots of HLA-DR
and CD39 expression on rTregs, aTregs and non-Tregs. (C) Comparison of HLA-DR and
CD39 frequencies of rTregs, aTregs and non-Tregs in all cohorts. Data are presented as
meanzsd. *P<0.05, **P<0.01, **P<0.001, ****P<0.0001

CD4'CD25'FOXP3" Tregs were then sorted by CD45RA and CD62L
antibodies into four subsets: naive cells (N), which were CD45RA"CD62L";
central memory cells (CM), which were CD45RA CD62L*; and two effector
memory populations: preterminally differentiated effector memory cells
(PreEM), which were CD45RA CD62L and terminally differentiated effector
memory cells (TerEM), which were CD45RA*CD62L **2. See Figure 3.4. A.
Similarly, CD45RA" regulatory T cells (TregN and TregTerEM) expressed small

amounts of CD39 (TregN 51.14+28.38%; TregTerEM 32.52+28.28%) and
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CD62L

HLA-DR (TregN 25.79+21.67%; TregTerEM 15.45+23.95%), whereas
CD45RA regulatory T cells (CM and PreEM regulatory T cells) expressed the
largest amounts of CD39 (TregCM 71.75+£25.08%; TregPreEM 66.27+25.62%)
as well as HLA-DR (TregCM 47.93+15.09%; TregPreEM 34.59+13.61%),
(p<0.001).See Figure 3.4. B, C.
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Figure 3.4. Subpopulations of circulating CD4'CD25'FOXP3" Tregs in PBMCs of all
individuals. (A) Representative FACS plots displaying the gating strategy for TregN, CM,
PreEM and TerEM within the CD4"CD25'FOXP3" Tregs population. (B) Representative FACS
plots of HLA-DR and CD39 expression on TregN, CM, PreEM and TerEM. (C) Comparison of
HLA-DR and CD39 frequencies of CD45RA" Tregs (N, TerEM) and CD45RA"™ Tregs (CM,
PreEM) in all cohorts. Data are presented as meanzsd. *P<0.05, **P<0.01.
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3.4. Comprehensive analysis of expression of CD38, HLA-DR, CD226,
CD39, PD1 on circulating T cells in CHB.

Costimulatory and coinhibitory molecules presented on the T cell surface play
an important role on modulating the activation of T cells, as well as the
development of T cell tolerance. Better understanding of these molecules
could improve the treatment for certain diseases, such as to enhance
tolerance in autoimmune diesease and grafting or break tolerance in infectious
disease and cancer, from the perspective of pharmacology?®’?°°. Therefore,
the expression of the following activation/exhaustion markers (CD38, HLA-DR,
CD226, CD39, PD1, CTLA4) on different T cell subsets in periferal blood were
analyzed in a cohort of CHB patients. Among them, expression of CTLA4 in T
cell subsets was too low to be analyzed. CTLA4 frequency of CD8 T cells, CD4
nonTreg and Tregs were only 0.035+0.039%, 0.052+0.042% and 0.151+0.271%
respectively. More than 50% of all samples displayed a CTLA4 frequency of
(nearly) zero within the other T cell subsets. Therefore, CTLA4 was not
analyzed further.

3.4.1. Higher expression of PD1 on Tregs in CHB patients.

Among Tregs and its subpopulations the expression of activation markers
(CD38, HLA-DR, CD226, CD39) and exhaustion markers (PD1), only the PD1
MFI, but not the frequency, was higher on CD4"CD25'FOXP3" Tregs in the
CHBnN group (median 1415.73, 25%-70% range 1104.35-2365.96) and the
CHBt group (median 1485.44, 25%-70% range 1090.59- 1946.96) compared
to healthy controls (median 957.59, 25%-70% range 842.84-1174.11). On Treg
subpopulations, a higher expression of PD1 was observed in aTregs in the
CHBt group (median 1026.76, 25%-70% range 853.98-1210.03) compared to
healthy controls (median 827.90, 25%-70% range 724.86-975.07,
p=0.058593), howerver difference was not statistically significant. No
difference of Tregs on the expression of PD1 was found between the CHBNn
and CHBt groups. See Figure 3.5.
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Figure 3.5. Comprehensive analysis of expression of PD1 on CD4" CD25" FOXP3" Tregs,
aTregs and rTregs in PBMCs of CHB patients. (A) Representative FACS histogram of the MFI
of PD1" cells within CD4" CD25" FOXP3" Tregs, aTregs and rTregs in HC, CHBn and CHBt
groups. (B) Comparison of PD1 MFI within CD4" CD25" FOXP3" Tregs and aTregs in HC,
CHBn and CHBt groups. Data is presented as median and 25%-75% rang. Tregs, CD4"
CD25" FOXP3" Tregs. HC, healthy controls. CHBn, chronic hepatitis B patients treatment
naive. CHBt, chronic hepatitis B patients under therapy.
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Previous studies showed a different expression of CD39" Treg cells in periferal
blood of patients with different stages of chronic HBV infection (asymptomatic
HBV carrier, chronic active hepatitis B, acute-on-chronic liver failure and liver
cirrhosis) compared to healthy controls?*®?, In this study, CD39 frequency
and MFI of Tregs and its subphonotypes showed no difference in peripheral
blood among CHBn, CHBt and HC groups. Frequency of CD39" Tregs were
69.88+23.97%, 72.53+21.51% and 62.87+ 29.24% (F=0.799, p=0.499), MFI
were 1577.46+581.87, 1846.30+906.49 and 1648.99+701.58 (F=0.634,
p=0.596) in CHBn, CHBt and HC cohorts respectively. No significant difference
of CD38", CD226" and HLA-DR" Tregs was observed among all groups. (data

not shown)

3.4.2. Higher expression of CD226 on CD4 nonTreg cells and CD8 T
lymphocytes in peripheral blood of CHB patients.

The surface expression of CD226 molecules on CD4 and CD8 T lymphocytes
and their subsets was determined by flow cytometry with various cell-specific
surface markers. CD226 frequencies of CD4 nonTreg cells (median 75.67%,
25%-70% range 72.24%-82.71%) and CD8 T lymphocytes (median 72.82%,
25%-70% range 61.79%-74.47%) in the CHBt cohort were higher than in
healty controls (median CD4 nonTreg 64.89%, 25%-70% range
56.63%-71.30%, p=0.0070345; median CD8 T 53.12%, 25%-70% range
40.80%-69.41%, p=0.0205086). No such difference was detected in the CHBnN
cohort (median CD4 nonTreg 75.74%, 25%-70% range 64.33%-79.90%,
p=0.0922541; median CD8+ T 62.55%, 25%-70% range 52.58%-80.17%,
p=0.1211430) compared with healthy controls. See Figure 3.6. A, B.

We furher analyzed the expression of CD226 on CD8 T cell subsets (CD8N,
CD8CM, CD8PreEM and CD8TerEM). Higher CD226 frequencies of CD45RA"
CD8 T cells, CD8N (median 62.27%, 25%-70% range 47.38%-75.31%) and
CD8TerEM (median 79.60%, 25%-70% range 66.58%-84.23%), were
observed in the CHBt group compared with healthy controls (median CD8N
36.05%, 25%-70% range 29.93%-57.41%, p=0.0199018; median CD8TerEM
55.69%, 25%-70% range 40.80%-69.20%, p=0.0168195). See Figure 3.6. C,
D,E.
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Figure 3.6. Comprehensive analysis of expression of CD226 on CD4 nonTregs, CD8 T cells
and its subpopulations in PBMCs of CHB patients. (A) Representative FACS density plots of
CD226 frequencies of CD4 nonTregs and CD8 T cells in all cohorts. (B) Comparison of CD226
frequencies of CD4 nonTregs and CD8 T cells in the HC, CHBn and CHBt groups. (C)
Representative FACS plots displaying the gating strategy for CD8N, CM, PreEM and TerEM
within the CD8 population. (D) Representative FACS plots of CD226 expression on CD8N, CM,
PreEM and TerEM. (E) Comparison of CD226 frequencies of CD8N, TerEM in all cohorts. Data
are presented as median and 25%-75% rang. N naive cells. CM central memory cells. PreEM
preterminally differentiated effector memory cells. TerEM terminally differentiated effector

memory cells.
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3.4.3. Lower expression of CD39 on CD8Pre/TerEM T cells in peripheral
blood of CHB patients.

In peripheral blood, the frequencies of CD39 positive CD8 T cells and its
subsets were no significantly different among CHBn, CHBt and HC groups (all
p>0.05). However, compared to the HC cohort (MFI CD39 median CD8 T
943.66, 25%-70% range 742.56-1517.27; median TerEM 560.35, 25%-70%
range 459.45-911.03; median PerEM 625.91, 25%-70% range 537.60-859.21),
the expression of CD39 on both total CD8 T cells (MFI median CHBn 713.74,
25%-70% range 570.72-820.00, p=0.01472; median CHBt 670.62, 25%-70%
range 457.61-830.48, p=0.01239) and CD8TerEM (MFI median CHBn 439.59,
25%-70% range 393.97-487.00, p=0.001216; median CHBt 651.91, 25%-70%
range 440.46-1518.05, p=0.01305) were significantly lower in the two CHB
groups. Meanwhile a lower MFI of CD39 on CD8PreEM was observed in
CHBnN cohort (median 503.73, 25%-70% range 441.44-589.96, p=0.04393)
compared with healthy controls. They were not significantly different between
CHBnN and CHBt groups. See Figure 3.7.

CD38, HLADR and PD1 as both frequency and MFI showed no significant
difference on CD4 nonTregs, CD8 and its subsets among all groups. (data not

shown)
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Figure 3.7. Comprehensive analysis of CD39 expression on CD8 T cells and its
subpopulations (N, CM, PerEM and TerEM) in PBMCs of CHB patients. (A) Representative
FACS dotplots and histogram of CD39 as frequency and as MFI within CD8 T cells in all
cohorts. (B) Representative FACS histogram of CD39 as MFI within subpopulations of CD8 T
cells in all cohorts.(C) CD39 as MFI within CD8 T cells and its subpopulations in HC, CHBn
and CHBt groups. Data are presented as median and 25%-75% rang. HC, healthy controls.
CHBn, chronic hepatitis B treatment naive. CHBt, chronic hepatitis B under therapy.
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3.5. Correlations between HBV DNA replacation and T cell subsets in
treatment naive CHB patients.

Among T cells and their subpopulations, including CD8 and its subsets CD8N,
CD8CM, CD8PreEM, CD8TerEM T cells and CD4 non-Tregs, CD4" CD25"
FOXP3" Tregs and its subsets TregN, TregCM, TregPreEM, TregTerEM cells
and rTregs, aTregs, non-Tregs, the frequencies of CD4" CD25" FOXP3" Tregs
(r=0.47, p=0.042), and rTregs (r=0.47, p=0.0429) were correlated with HBV
DNA serum levels in CHBnN group. See Figure 3.8. No significant correlation
was observed in CD8 and CD4 non-Tregs with HBV viral loads in the
peripheral blood of the CHBnN group (all p>0.05).

Correlation analysis between ALT serum levels and the above T cell subsets
was performed in CHBn group as well. The results showed no significant
correlation between the frequencies, MFI of above T cell subsets with ALT
serum levels (all p>0.05).
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Figure 3.8. Correlation analysis of HBV DNA serum concentration with T lymphocytes and its
subsets in PBMCs of CHBn patients. Serum HBV viral loads are positively correlated with Treg
(r=0.47, p=0.042) and rTreg frequencies of CD4 T cells (r=0.47, p=0.0429) in CHBn cohort.
Treg CD4" CD25" FoxP3" regulatory T cells. rTreg resting regulatory T cells.
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3.6. Correlations between serum HBV DNA levels and the expression of
activation/exhaustion markers on T cells in CHBn patients.

Several previous studies demostrated that in chronic HBV infection not only
the quantities, but also the qualities of CD8, CD4 T cells and Tregs may
decrease because of the high frequency of expression of

costimulatory/coinhibitory molecules.

We analyzed the correlation between HBV viral loads and the expression of
activation markers (CD38, HLA-DR, CD226, CD39) and the exhaustion marker
(PD1) on T cells and its subpopulations in the CHBn group. As shown in
Figure 3.9-10, the expression levels of CD38 and PD1 were significantly
increased with the increasing replication of HBV. Previous studies showed that
CD39 might be a sensitive marker of the suppressive function of Tregs and
CD39" Tregs associated with the extent of liver injury **?°. Our study has
demostrated that the expression of CD39 on CD8, CD8PreEM and CD8TerEM
T cells were decreased in CHBn group compared to healthy controls (see
above 3.4.3.). We observed, however, no significant correlation between the
expression of CD39 on CD8, CD8PreEM, CD8TerEM T cells and Tregs with
HBV DNA loads in peripheral blood (all p>0.05).

Meanwhile, we also carried out a correlation analysis between ALT serum
levels and the expression of the above markers on T cells in CHBn group. No
significant correlation was demostrated between both the frequencies and MFI
of the above markers with ALT serum levels (all p>0.05).

3.6.1. Positive correlation between HBVY DNA levels and CD38

frequencies.

CD38 is a marker for continuous T cell activation and cytokine production.
Therefore, the expression of CD38 on CD8 T cells was concerned as a marker
for ongoing viral replication. Although HBV DNA levels have not shown strong
correlation to the frequency of CD38+ CD8 T cells (r=0.42, p=0.0768), a
significant positive correlation between HBV DNA levels and CD38"
CD8PreEM T cells (r=0.61, p=0.0055) was identified in the CHBn group. See
Figure 3.9. A.
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As shown in Figure 3.9. B, CD38 frequencies on Tregs, especially on aTregs
(r=0.57, p=0.010) and effector memory Tregs (PreEM r=0.46, p=0.048; TerEM
r=0.46, p=0.046), were positively correlated with HBV serum loads.
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Figure 3.9. Correlation analysis of HBV DNA serum concentration with costimulatory
molecules on T lymphocytes and its subsets in PBMCs of CHBn patients. Serum HBV viral
loads are positively correlated with CD38 frequencies of (A) CD8 (r=0.42, p=0.0768),
CD8PreEM (r=0.61, p=0.0055) and of (B) regulatory T cell subsets (aTregs r=0.57, p=0.010;
TregPreEM r=0.46, p=0.048; TregTerEM r=0.46, p=0.046) in the CHBn cohort.
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3.6.2. Positive correlation between HBV DNA levels and frequencies of
PD1+ aTregs.

Our study demostrated an up-regulation of PD1 expression on Tregs in the
CHB group in comparision with healthy controls (see above 3.4.1.).
Frequencies of PD1+ aTregs and HBV DNA serum levels showed a positive
correlation (r=0.46, p=0.049), but no correlation with ALT levels in peripheral
blood (r=-0.119, p=0.628). See Figure 3.10.
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Figure 3. 10. Correlation analysis of HBV DNA serum concentrations and serum ALT levels
with coinhibitory molecules on T lymphocytes and its subsets in PBMCs of CHBn patients.
Serum HBV viral loads are positively correlated with PD1 frequencies of aTregs (r=0.46,
p=0.049). Serum ALT levels are not correlated with PD1 expression (r=-0.119, p=0.628).

3.7. Correlation between T cell subsets and their expression of
activation/exhaustion markers with serum 25(OH)D levels in CHBn
patients.

Because of the immune modulatory effects of PEG-IFN and the direct antiviral
effects of NAs*%?'3 and their possible effects on vitamin D metabolism?*2%°,
the following correlations analyses were performed in treatment naive CHB

patients, and were compared with that in the HC group.
3.7.1. Correlation between T cell subsets and serum 25(OH)D levels.

We performed comprehensive correlation analysis of T cells (CD8 and its
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subsets CD8N, CD8CM, CD8PreEM, CD8TerEM T cells and CD4 non-Tregs,
CD4'CD25'FOXP3" Tregs and its subsets TregN, TregCM, TregPreEM,
TregTerEM cells and rTregs, aTregs, non-Tregs) and serum 25(OH)D levels.
The frequency of CD8 T cells and 25(OH)D serum concentrations showed a
tendency of inverse correlation, but no statistically significant difference (r=
-0.37, p=0.055) was observed. However, we observed a positive relationship
between 25(OH)D serum levels and propotions of CD8N T cells (r=0.38,
p=0.044) in the CHBnN group. While no such correlation between 25(OH)D
serum levels and propotions of CD8N T cells was shown in HC (r= -0.02,
p=0.952). See Figure 3.11. No significant correlation was observed in the
frequency of CD4"CD25"FOXP3" Tregs (r=0.1, p=0.6084) and rTregs (r= -0.09,
p=0.6551) with serum 25(OH)D levels in peripheral blood, even though our
study suggested that they were positively correlated with HBV DNA levels in
CHBnN group (see above 3.5.).
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Figure 3.11. Correlation analysis of 25(OH)D serum concentration with T lymphocytes and its
subsets in PBMCs of CHBn patients. Serum 25(OH)D levels are negatively correlated with
CD8N frequencies of CD8 T cells in CHBn cohort (r=0.38, p=0.044), but not in healthy controls
(r=-0.02, p=0.952). CD8N naive CD8 T cells. HC healthy control. CHBn chronic hepatitis B
treatment naive.

51



RESULTS

3.7.2. Correlation between serum 25(OH)D levels and the expression of
activation/exhaustion markers on T cells.

As an immunomodulatory agent, vitamin D was comprehensively studied in
vast diseases. But the mechanism by which it benifits these diseases is still not
well understood. Although there is a paper which demostrated that vitamin D
level may be inversely correlated with HBV viral load. The relationship
between vitaminD metabolism and CHB is still less well characterized. So far,
the relation of serum vitamin D3 levels with the variation of
activation/exhaustion markers on T cells have not been studied in patients with
chronic HBV infection.

3.7.2.1. Expression of CD226 on CD8CM is negatively correlated to
25(OH)D serum concentrations.

Although a significant increase of CD226 expression on CD8 T cell subsets
was observed in CHBt group, but not in the CHBn group, the expression of
CD226 on CD8CM was still strongly associated with low 25(OH)D serum
levels in the CHBN group (r= -0.48, p=0.009). While no such correlation was
shown in HC (r=-0.46, p=0.178). See Figure 3.12.
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Figure 3.12. Correlation analysis of 25(OH)D serum concentration with costimulatory
molecules on T lymphocytes and their subsets in PBMCs of CHBn patients. Serum 25(OH)D
levels are negatively correlated with CD226 frequencies of CD8CM in the CHBn cohort (r=
-0.48, p=0.009), but not in HC (r=-0.46, p=0.178). CD8CM central memory CD8 T cells.
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Our study demostrated that neither CD38+ regulatory T cells (including aTregs,
TregPreEM and TregTerEM ) nor CD38+ non-Tregs (include CD8+ T cells and
CD8PreEM cells), which were positively correlated with HBV DNA levels in the
CHBnN group (see above 3. 5.), was correlated with serum 25(OH)D levels in

peripheral blood (all p>0.05).

3.7.2.2. Positive correlation between 25(0OH)D serum levels and the

expression of PD1 on CD8PreEM T cells.

PD1 can broadly and efficiently inhibit the activation of T cells, thereby
negatively regulating immune responses. In concord with the putative
immunomodulatory function of vitamin D, PD1 frequencies of functional
CD8PreEM was positively correlated with serum 25(OH)D levels in peripheral
blood in CHBnN patients (r=0.47, p=0.011). No significant correlation was found
between 25(OH)D serum levels and PD1 both as frequency and as MFI in HC
(r=0.31, p=0.383). See Figure 3.13.

Expression of PD1 on CD4'CD25'FOXP3" Tregs and aTregs, which were
identified as being positively correlated with HBV DNA serum levels and
increased in CHB patients, did not correlate 25(OH)D serum levels (Tregs r=
-0.25, p=0.2054; aTregs r=-0.16, p=0.411).

CHBn HC

25(0OH)Vit D ng/ml

25(OH)Vit D ng/ml
8 =

T T T ] T T T T T T 1
0 5 10 15 20 25 30 35 8 10 12 14 16 18 20 2 24

PD1 frequency of CD8PreEM % PD1 frequency of CD8PreEM

Figure 3.13. Correlation analysis of 25(OH)D serum concentration with coinhibitory molecules
on T lymphocytes and its subsets in PBMCs of CHBn patients. Serum 25(OH)D levels are
positively correlated with PD1 frequencies of CD8PreEM in CHBn cohort (r=0.47, p=0.011),
but not in HC (r=0.31, p=0.383). CD8PreEM preterminally differentiated effector memory CD8
T cells.
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3.7.2.3. 25(0OH)D serum levels negatively correlated with HLA-DR
expression on rTregs.

The direct effects of 1,25(0OH),D3 on T cells is promoting the development of
Th2 cells and Tregs. In contrast, in our study on 25(OH)D in patients with
chronic HBV infection, we haven’t found a widespread, significant relationship
between 25(0OH)D serum levels and Tregs as well as the activation
/exhaustion markers on them. Only a inverse correlation between expression
of an activation marker, HLA-DR, on rTregs and 25(OH)D serum levels was
shown in peripheral blood (r= -0.47, p=0.012). No correlation was found
between 25(0OH)D serum levels and HLA-DR on Tregs both as frequency and
as MFl in HC (r=0.24, p=0.507). See Figure 3.14.
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Figure 3.14. Correlation analysis of 25(OH)D serum concentration with costimulatory
molecules on Tregs and its subsets in PBMCs of CHBn patients. Serum 25(OH)D levels are
negatively correlated with HLA-DR as MFI within rTregs in CHBn cohort (r= -0.47, p=0.012),
but not in HC (r=0.24, p=0.507). rTregs resting regulatory T cells.
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3.8. No correlation was found between 25(0OH)D serum concentrations
and serum ALT, HBV DNA levels in peripheral blood of CHB treatment
naive patients.

Farnik et al'’® demostated, in both uni- and multivariate analyses, that there
was a strong inverse correlation between 25(0OH)D3 serum levels and HBV
DNA viral loads in peripheral blood in treatment naive CHB patients. However,
our study did not display such a correlation. Serum 25(OH)D concentrations
associated neither with HBVY DNA serum levels (r=0.07, p=0.776) nor with ALT
levels (r=-0.05, p=0.836) See Figure 3.15.
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Figure 3.15. Correlation analysis of 25(OH)D serum concentration with serum HBV viral loads
and ALT levels of CHBnN patients. No correlation between serum 25(OH)D levels and HBV viral
loads (r=0.07, p=0.776), between serum 25(OH)D levels and ALT levels (r=-0.05, p=0.836) in
CHBnN cohort.
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4. Discussion

HBV infection is one of the most common public health concerns worldwide.
Immune tolerance to HBV are the major host factors leading to HBV
persistence. Tregs, costimulatory and coinhibitory receptors that are directly
expressed on T cell may be a crucial mechanism responsible for the

hyporesponsiveness of an antiviral immune system.

Recently Vitamin D has received particular attention as it has an unexpected
and crucial interaction with both innate and adaptive immune responses.
Previous studies displayed emerging roles of Vitamin D in Chronic hepatitis C
both in vivo and in vitro, especially as a complementary medication for its
antiviral and immunomodulatory perspectives. In contrast, data of vitamin D in
HBV infection are scanty, not to mention researches on the relationship
between vitamin D and immune responses in CHB.

4.1. Vitamin D insufficiency in patients with chronic HBV infection.

Vitamin D deficiency and insufficiency has recieved more and more attention
as a healthy risk worldwide?'®. The critical function of vitamin D3 in bone health
through modulating calcium and phosphorus metabolism is already well

understood?t’?18,

However, concerning the immunomodulatory effects of
vitamin D, it is not surprising that more attention has been paied to vitamin D
and autoimmune diseases, infectious diseases, cancer, diabetes and viral

hepatitis*®2%°.

Because of the important role of the liver in vitamin D
metabolism, liver disease may, consequently, induce a series of vitamin D
deficiency related syndromes by reducing vitamin D levels. Vitamin D related

221-223

abnormal bone metabolism has also been reported in viral hepatitis and

224-226

liver cirrhosis . Deficiency of vitamin D is reported common among

patients with chronic hepatitis C*®.

The results of this study suggest that patients with chronic HBV infection are
prone to vitamin D insufficiency. This is consistent with a past research by
Farnik et al, where vitamin D deficiency was identified in hepatitis B patients,
but not correlated with liver fibrosis’’®. Varying degrees of lower serum
25(0OH)D levels were observed in hepatitis B patients with or without cirrhosis
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in northeastern China”®. These may suggest that the reason of low level
25(0OH)D in CHB patients is more than just liver dysfunction. Moreover, no
correlation was found between 25(0OH)D serum concentrations and ALT levels
in the CHBnN cohort in our study. Therefore, we consider that, except for liver
injury, there could be some other mechanisms leading to decreased vitamin D
levels in HBV infection. In contrast to Farnik et al., our data did not show a
significant correlation between 25(0OH)D serum levels and HBV DNA
replication. Instead we found relationships between 25(OH)D serum levels and
adaptive immune cells as well as costimulatory molecules in the CHBn cohort,
which did not appear in the HC group. This may suggest that viral replication
does not directly affect the vitamin D metabolism, but acts through some kind
of immune-mediated mechanism upon vitamin D levels.

4.2. Subpopulations of Tregs separated by the expression of FOXP3,
CD45RA and CD62L.

Tregs, as major contributors to immune tolerance, play an important role in
persistance of HBV infection. Therefore, an accurate systemic identification of
Treg subpopulations and a comprehensive comparision of both their quantities
and qualities might be usefull for a better understanding of their effects in HBV
infection. CTLA-4, and HLA-DR are usually used as the phenotype markers for
Treg cells. But in our study the expression of CTLA-4 on Tregs was too low to
be analized. Therefore, we compared the expression of HLA-DR and CD39,
which can be used as a marker of functional Tregs?® on all Treg
subpopulations to identify their different characteristics.

As shown in Figure 3.3 and 3.4, CD4 T cells were selected and further sorted
by FOXP3, CD25, CD62L and CD45RA surface markers into CD4" CD25"
FOXP3" Tregs and its subpopulations, TregN, TregCM, TregPreEM and
TregTerEM, and by FOXP3, CD45RA markers in PBMCs into rTregs, aTregs
and non-Tregs. As shown in Figure 3.3. C, aTregs expressed the most
HLA-DR and CD39 molecules, whereas rTregs and non-Tregs poorly
expressed HLA-DR and CD39. These three CD4" FOXP3" T cell subsets were

also identified by Miyara et al.?’.

aTregs were identified to be
activated/effector Tregs, which play the main role in immune suppression and

tolerance. However these died rapidly, whereas rTregs proliferated and
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converted into aTregs to maintain the Treg pool. Similarly, higher expression of
HLA-DR and CD39 were observed in CD45RA Tregs (TregCM, TregPreEM)
than CD45RA" Tregs (TregN, TregTerEM). CD45RA"™ Tregs, considered naive
Tregs, are more prevalent in early life, whereas CD45RO is expressed on
90-95% of all Tregs in the perifheral blood of adults, which were highly
differentiated primed Tregs®®*°. However, activated CD45RA Tregs are
sensitive to apoptosis and have the limitation of self-renewal, meanwhile,
CD45RA" Tregs expand readily to converte to CD45R0O expression CD45RA
Tregs in adults after activation, suggesting that CD45RA™ Tregs, similar to
rTregs, might contribute to maintening the Treg pool in adults®**?3!, Booth et
al.?*? confirmed that Tregs expressing CD45RA* or CD45RO" display different
preferntial migration to different tissues and considered that they might be
radically different cells, but not the same cells at different stages of
differentiation, by ascertaining there very distinct gene expression patterns.
Together with a previous study, which has shown that only activated Tregs, but
not naive Tregs, can migrate to inflamed tissue and exert antigen-specific

233

suppressive action effectively?®*, we conclude that aTregs and CD45RA Tregs

represent the major immune suppressor.

The above results established a solid basis to classify Tregs into concrete Treg
subtypes. Different from previous studies, our research was not conducted in
general terms of the function of Tregs in chronic HBV infection, but based on a
precise classification of Tregs to further clarify the changes in Treg subtypes in
the chronicity of hepatitis B.

4.3. Dynamic of T lymphocytes in peripheral blood may not reflect the
immunological mechanisms in persistence of HBV infection.

Whether the peripheral CD8 and CD4 T lymphocytes are decreased and Tregs
are increased in chronic HBV infection remains controversial. In HBV infection,
it is widely accepted that CD8 T cells are primarily responsible for the removal
of viruses, whereas HLA-class Il restricted CD4 helper-T cells are required for
the development of functional efficient CD8 cytotoxic T lymphocytes and B
cells®?. Numerous previous researches found that both HBV-specific CD4 and
CD8 T cells have not only declined in quantity but also in quality in chronic

HBV infection compared to acute infection and non-infected individuls®*2%". A
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significant decrease of CD3, CD4 T cells, CD4:CD8 ratio and increase of CD8
T cells in peripheral blood in CHB patients was also reported®®. In contrast,
another study found, that CD8 T cells were sifnificantly decreased, and
CD4:CD8 ratio was higher in CHB patients®*®. More controversial results
regarding Tregs changes in chronic hepatitis B have been reported®239240 A
likely reason for these contradictory results may be the determination of

regulatory T cells.

There is no significant differences in circulating CD8, CD4 T cells and CD4"
CD25" FOXP3" Tregs frequencies among CHBn, CHBt and HC groups in our
analysis. Similar results were obtained in another study by our group, which
found no increase of Tregs in peripheral blood but in liver tissue of patients
with chronic hepatitis C. A possible explaination for this discrepancy is that the
kinetics of peripheral lymphocytes may not reflect the immune activities at the
site of liver**’. Since the liver is highly immunotolerant and the hepatic
enviroment is quite different to that found in the circulatory system?*. It is
possible, that the frequencies of CD4, CD8 and Treg populations are not
different in the circulation. Another underlying reason for the indistinct
frequencies of CD8, CD4 T cells and CD4" CD25" FOXP3" Tregs in the blood
in hepatitis B patients and healthy controls might be that the quantitative
variation of T cells in peripheral blood could not reflect the populations of
HBV-specific T cells in HBV infection. As for the experiment itself, there were
some defects in the selection of patients. Firstly, 7 patients showed viral loads
lower than 1 X 10° IU/ml in the CHBn group. Secondly the clinical data of CHBt
cohort were incomplete, for example the stage of HBV infection and HBY DNA
levels before treatment were missing. This high variance of HBV viral load and
missing of comparable clinical data may explain why we have shown neither a

viral load associated T cell function failure in the CHBn cohort *%?%

antiviral therapy related T cell restoration in the CHBt cohort®*.

nor an

In summary, the immnological mechanisms of HBV persistence are still not
fully clear. The dynamic of T lymphocytes in peripheral blood may not explain
the persistence of HBV infection. More focus should be placed on HBV-specific
T cells and intrahepatic immunity.
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4.4. Imbalanced expression of costimulatory/coinhibitory molecules on T
cells may play arole in the persistence of HBV infection .

In addition to Tregs, the activation and tolerance of T lymphocytes are strictly
regulated by APCs and costimulatory/coinhibitory molecules to restrict
autoimmunity while foreign antigens are eliminated effectively?****°. Variances
in the levels of some costimulatory/coinhibitory molecules were observed
during different stages of CHB. As inhibitory molecules, PD1 and CTLA-4 were
better understood both in phenotype and in different expression between
intrahepatic T cells and peripheral T cells in HCV infection®**?*® than in HBV.

Our results displayed higher expression of PD1 on CD4" CD25" FOXP3*
Tregs and lower expression of CD39 on CD8 and its subtypes
CD8PreEM/TerEM T cells in peripheral blood of CHB patients. These may
indicate that the imbalanced expression of costimulatory/coinhibitory
molecules on T cells may play a role in the persistence of HBV infection. In
contrast to the inhibitory effect on virus-specific T cells, expression of PD1 on
Tregs is required for maintenance and enhances the suppressive effect of

TregSZ49,250

, thereby contributing to immune tolerance. However, we did not
see a increased expression of PD1 but an increased MFI in the CHB cohort.
This could be explained by the different expression of
costimulatory/coinhibitory molecules among intrahepatic T cells, virus-specific
T cells and general peripheral T cells. Previous studies have shown higher
PD1 expression on virus-specific T cells and intrahepatic HBV-specific CD8
cells*?*?1 Another study confirmed that the intrahepatic HBV-specific CD8
cells and their counterparts in peripheral blood are different phenotypes®?.
This could also explain why the increased levels of PD1 were not observed in
total CD8 cytotoxic T cells in peripheral blood of the CHB cohort. Similarly, we
have not observed an increase of CD39 levels on Tregs, even though CD39"
Tregs were recently reported to be expanded in peripheral blood of
asymptomatic HBV carriers but reduced in chronic active hepatitis B, which
correlated positively with HBV DNA replication®*’. However, reduced CD39
expression in circulating CD8 T cells and their subtypes CD8PreEM/TerEM T
cells in peripheral blood of the CHB cohort suggests that CD8 T cells are less

activited in HBV infected patients compared to uninfected individuals. As
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shown in Figure 3.7, no significant difference of CD39 expression on CD45RA
functional effector memory CD8 T cells was observed between the CHBt group
and healthy controls suggest that the activity of CD45RA functional effector
memory CD8 T cells has been restored after treatment, but the result could
also be distorted by individual samples that have higher CD39 MFI value.

Collectively, our study suggests probable changes of PD1* Tregs in the
peripheral blood of patients with hepatitis B. We speculate that the variations in
the MFI levels of PD1 and CD39 while the frequencies remain unchanged
probably point to the fact that the major changes may take place on

virus-specific T cells (including Tregs), which we will analyse further.
4.5. CD226 might be an indicator of immune response restoration.

CD226, also known as DNAM-1, was confirmed as an adhesion molecule
implicated in CTL-mediated cytotocicity and lymphokine secretion®3. An
increased CD226 expression polarizes differentiation of CD4 T cells towards
Thl and enhances their activation and effector functions, while Th2 cells are
down regulated®®®. However, in a study of DNAM-1 gene deficient mice with
lymphocytic choriomeningitis virus (LCMV) infection, Welch et al.
demonstrated that virus-specific CD4 T cells, in contrast to CD8 T cells,
displayed significant elevations in expression of TNF-a and IL-2'%". Therefore,
the role of CD226 positive CD4 T cells in viral infection is still uncertain. CD226
is involved in differentiation and proliferation of naive T cells, but previous
studies focused only on CD4 T cells, whereas the effect of CD226 molecules
on other T cell subsets was not investigated in chronic HBV infection.

In this study, we observed a significant increase in CD226 levels on CD4
nonTreg cells and CD8 T cells and its CD45RA" subsets (CDSN and
CD8TerEM) in the CHBt group compared to healthy controls. Since all patients
in the CHBt group were treated with NAs, the above results may indicate that
CD226 might be an efficient indicator of immune restoration effected by NAs
treatment. However, we also saw, as shown in Figure 3.6, a slightly elevated
frequency of CD226 in the CHB treatment naive group compared to the
healthy cohort, even though these differences were not statistically significant.

Since the role of CD226 in HBV infection poorly investiagted, we compared our
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results with research on HIV infection, demonstrating significantly higher
expression of CD226 on CD3, CD4, and CD8 T cells of HIV-infected patients
than that of normal controls®®*. Another study on HIV and LCMV in humans
and mice revealed that DNAM-1 did not express on PD1 high positive CD8 T
cells and demonstrated a positive correlation between DNAM-1/PD1"9" CD8 T
cells and HIV-1 viral loads in both humans and mice'®. However, a slightly
increase of DNAM-1 expression on PD1* CD8 T cells was reported in mice,
meanwhile the levels of DNAM-1 expression on this T cell subset reduced in

humans!®®

. A possible reason for the discrepancies of the above reports, could
be that under the stimulation of virus, the virus non-specific T cells are also
activated and start to proliferate and differentiate, so that the levels of CD226
expression are increased in general T cells, but the absolute variance of
CD226 on virus-specific T cells is unclear. Taken together, we concern that
CD226 may play a role in the immune response to HBV infection and further

investigation is needed to characterise CD226 in chronic HBV infection.

4.6. Both the quantity and quality of Tregs are responsable for the active
replication of HBV.

8255—258 C259—26l

Tregs have been extensively studied in hepatitis and and
consistently reported playing an important role in immune tolerance, thereby
contributing to viral persistence. We analyzed the correlation of Tregs and HBV
viral loads in CHBn cohort, and further investigated the relationship between
Treg subphonotypes and HBV viral loads. Our study showed a positive
correlation between serum concentrations of HBV and CD4" CD25" FOXP3"
Tregs frequencies (among CD4 T cells) in peripheral blood. This result is
supported by previous studies in CHB, which reported that both of CD4"
CD25"" Tregs and CD4" CD25" FOXP3" Treg frequencies are positively
correlated with serum viral load?®#%®®, Morover, there was signifcant positive
correlation between circulating rTreg frequencies and HBV DNA copies. As we
discribed above, rTregs are very important in maintaining the Treg pool. This
finding indicates, for the first time, that a higher level of HBV replication may
induce the expension of rTregs, but not aTregs, which are rapidly dividing and

prone to apoptosis®?’?%2,

To investigate the suppressive function of Tregs in chronic HBV infection in
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more depth, acitvation/exhaustion markers (CD38, HLA-DR, CD226,
CD39/PD1, CTLA4) were used to evaluate the quality of Tregs. Among all
these markers, we found an elevated PD1 expression on aTregs, which also
displayed an increased level of MFI in CHB patients, consistent with high
levels of HBV replication. PD1, as an inhibitory molecule expressed on the
surface of activated T cells, B cells, and macrophages, has a broader function
in negatively regulating immune responses. Recent studies concentrated more
on the PD1 expression of CD8 and CD4 effector T cells than on Treg PD1
expression in chronic hepatitis B**?%*. Our results provide new insights into
the mechanisms of Tregs in inducing immunotolerance in chronic HBV
infection.

In summary, the positive correlations between HBV DNA levels and the
frequencies of rTregs, PD1" aTregs in peripheral blood of CHBn patients
suggest that in persistant HBV infection, a sufficient Treg pool ensures the
guantity of functional aTregs, meanwhile the quality of aTregs is enhanced by
increased PD1 expression improving the suppressive capacity.

4.7. CD38 is a marker of sustained viral replication in CHB.

As shown in Figure 3.9, we observed increased frequencies of CD38 on CD8
T cells and Treg subsets concomitant with elevated HBV DNA replications in
CHBn patients. As a T cell activation marker, CD38 expresses

nonlineage-dependently®®®

and serves as a marker of T cell development.
Normally, the circulating T cells express less CD38, whereas majority of T cell
precursors in thymus and mature T cells in tissue are CD38 positive?®®. CD38
was reported increase in many acute or chronic infections involved in the
pathogenesis and progression®®”?%®, Based on the above theories, similar
results were reported in studies of chronic hepatitis B, in which proportions of
CD38+ CD8 T cells were higher in CHB treatment naive patients, and declined
after treated by nucleos(t)ide analogues?®®?’°. Even though, in our reasurch,
the correlation between HBV viral loads and CD38+ CD8 T cells is not
statisticly significant (r=0.42, p=0.0768), a strong positive correlation between
serum HBV DNA levels and CD38 frequencies of CD8PreEM was identified in
our reasurch (r=0.61, p=0.0055). This result may conclude that the expression

of CD38 on CD45RA effector CD8 T cell subpopulation in peripheral blood
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could reflect more precisely the abnormally activated T cell response in HBV
immunity, thereby serving as a marker of progression and be used in
prognosis of chronic HBV infection.

Interestingly, apart from identifying increased proportions of CD38" CD8PreEM
T cells, our study has shown positive correlations between CD38 frequencies
on Treg subsets, aTregs and CD62L negative Tregs (PreEM and TerEM), and
HBYV viral loads in peripheral blood of CHBn patients. The relationship between
HBV DNA replication and circulating CD38" Tregs has not been investigated in
previous studies. However, in contrast to the expression on CD8 T cells, Arasli
et al. reported a significantly low CD38 frequency among CD4 T cells in CHB
treatment naive patients and further decreased percentage after tenofovir
treatment®’®. Studies in celiac disease confirmed that CD38 expression was
correlated with FOXP3, thereby reflecting a Treg phenotype®”*. Moreover,
CD62L" CD38" T cells have been detected not only in small intestinal, but also
in some other mucosal tissues such as human tonsils.?”* In addition, CD62L"
CD38" FoxP3" CD4 Tregs expressed mucosal-philic characteristics in celiac
disease?’?. Therefore, it is not surprising that we observed positive correlations
between CD38 expression on aTregs and on CD62L negative CD4" CD25"
FOXP3" Tregs with HBV viral loads, which may suggest that increased CD38
molecules precipitate FOXP3* CD4 Tregs homing to the inflamed tissue, futher
exacerbate intrahepatic immunotolerance, resulting in unscrupulously HB virus
replication.

We have not observed any fluctuations of CD38 neither in frequency nor in
MFI on all peripheral T cell subpopulations among the CHBn, CHBt and HC
cohorts in our study. This could be an effect of patient selection, there are 7
patients whose HBV viral loads are lower than 1x10°IU/ml, which is sufficient
to influence the median of CD38 frequency and MFI. Given the limitation of our
study, the immunofunction of CD38 positive CD62L negative T cells in chronic
HBV infection requires further confirmation.

4.8. 25(0OH)D might influence CD8 T cells more than Tregs in peripheral
blood of patients with CHB.

We declared a prevalence of vitamin D insufficiency in patients with chronic
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hepatitis B in the present study, which was also observed in chronic hepatitis C.
It was demonstrated by many studies on vitamin D in chronic hepatitis C, that
vitamin D and/or its metabolites have an antiviral effect, possibly through
amplifying the interferon signaling pathway*®’~'%. Clinical data has also shown
that low 25(OH)D serum levels were correlated with poor SVR achievement,
whereas corrected 25(0OH)D3 serum levels by supplement of vitamin D3 or
calcitriol improved the achieving of SVR in IFN-based antiviral

treatm ent165| 169,273,274

. A recent review analysed the complementary and
alternative therapies in HCV infection and concluded that vitamin D could be
the best complement of antiviral therapy in patients with vitamin D deficiency?°.
Although clinical and laboratory studies have confirmed the existence of a
close relationship between vitamin D and hepatitis C, no explicit correlation
between vitamin D serum levels and HCV replication was defined by

correlation analysis in vivo. Farnik et al.}”®

reported a significant association
between 25(0OH)D3 serum concentrations and HBV viral loads in treatment
naive patients with chronic hepatitis B. An association between normal vitamin
D serum level and spontaneous HBsSAgQ seroclearance was mentioned in a
group of chronic inactive hepatitis B patients*’”. Besides these reports, the
clinical and laboratory data of vitamin D in chronic hepatitis B is extremely

insufficient, compared with that in chronic hepatitis C.

Our ongoing reasearch on the effects of vitamin D and its metabolites on both
HBV and HCV replication in vitro showed a dose-dependent suppression of
vitamin D and its metabolites in HCV replication, but not in HBV replication
(results are not published). In addition, we have not shown correlations
between 25(OH)D serum concentrations and HBV viral loads, as well as ALT
serum levels. Therefore, we consider that there is no direct correlation
between 25(OH)D serum levels and HBV viral replication as well as
intrahepatic inflammation. However, we can not completely exclude the
existance of an effect of vitamin D on the outcome and prognosis of antiviral
treatment in chronic hepatitis B patients with vitamin D deficiency. A possible
reason for the discrepancy between the effect of vitamin D in HCV infection
and that in HBV may lie in their different structure and replication. As HBV is a
DNA virus, the replication of its genome takes place in host cell nucleus, where
the virus can complete its replication entirely relying on the host’'s DNA and
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RNA synthesis maschinery. Whereas, HCV is a RNA virus, whose genetic
information is stored in RNA. Therefore, the replication of HCV usually occurs
in the cytoplasm and is characterized by the usage of its own RNA replicase to
replicate the genome. However, it was reported that with respect to the life
cycle of HCV the inhibition by 25(OH)D3 took place at the virus assembly
step™®’.

Consistent with the immunomodulatory function of 1,25(0OH),D3, our study
displayed a reverse correlation between 25(OH)D serum levels and the
frequencies of CD8 T cells and CD226+ CD8CM cells. Furthermore we found
a positive correlation between 25(0OH)D serum levels and the frequencies of
CD8N T cells as well as the expression of PD1 on CD8PreEM in peripheral
blood of the CHBn group. Whereas, within Tregs, only negative correlation
between 25(OH)D serum levels and the proportion of HLADR+ rTregs was
found. These findings again confirm the suppressive immunomodulatory effect
of adaptive immune responses. However, it is noteworthy that increased
25(0OH)D levels are not accompanied by significantly elevated Tregs in
treatment naive patients with CHB. This contradicts the theory that
1,25(0OH),D3 promotes dramatic differentiation of Tregs under normal
circumstances, in autoimmune disease or in Graft-versus-host disease. This
may suggest that vitamin D might trigger different regulatory mechanisms in
immunotolerance diseases and immuno-hyperactive diseases. In hepatitis B,
1,25(0OH),D3 may inhibit the cytotoxic CD8 T lymphocytes more than Tregs,
thereby limiting the cytotoxicity on hepatocytes and activation-induced cell
death of other immune cells by highly activated CD8 T cells, meanwhile
preventing suppression of some innate immune cells, such as NK and APCs,
induced by Tregs®*®. Another study suggests that 1,25(0OH),D3 might influence
the CD4" Foxp3™ T cells more than the CD4" Foxp3* Tregs in experimental
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autoimmune encephalomyelitis®™. Interestingly, Essen et al. reported that

vitamin D activates human T cells by controlling T cell antigen receptor

signaling®’’, which was refuted immediately by Smolders et al.>’®.

In conclusion, the relationship of vitamin D and outcome of hepatitis B is still
ambiguous. Vitamin D may benefit CHB patients not through regulating

adaptive immune responses but through enhancing the innate immune
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DISCUSSION

responses while also protecting the infected tissue against immune attack.

To the best of our knowledge, this study was the frist to investigate the
immunomodulatory function of vitamin D on the expression levels of CD38,
HLA-DR, CD226, CD39 and PD1, CTLA4 on the T cells of patients with CHB.
We obtained some results supported by previous studies, furthermore
comprehensively analyzed different activation/exhaustion markers on T-cell
subtypes, such as PD1+ Tregs and CD62L" CD38" FoxP3" CD4 Tregs, in
chronic HBV infection. Additionally, several limitations in our study should be
pointed out. Patient selection and incomplete clinical data may have distorted
the results. Additionally, experiments were performed only with samples from
peripheral blood but not from liver tissue. However, the description of vitamin D
deficency in the CHB cohort and the different influences of vitamin D on
effector T cells and Tregs in different diseases may provide a new way of
thinking about the relationship between vitamin D and hepatitis B.
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5. Summary

To analyze the profile of peripheral blood T lymphocyte subpopulations and
serum vitamin D levels in chronic hepatitis B patients, 45 out-patients with
CHB (treatment naive, n=28; under treatment, n=17) 18 healthy individuals
were selected aimed at comprehensive analyzing the peripheral blood T
lymphocyte subpopulation profile in CHB patients, and to assess their function
by measuring their expression of activation/exhaustion markers (CD38,
HLA-DR, CD226, CD39/CTLA4, PD1) using flow cytometry. Further
investigated serum vitamin D levels and its correlation with the expression of
activation/exhaustion markers on T cells in chronic HBV infection. Among all
the costimulatory and coinhibitory markers, we demonstrated an increased
expression of PD1 on Tregs in CHB cohort, which is also positively correlated
with  HBV DNA replication, emphasized the important role of Tregs in
persistance of HBV infection. Meanwhile, a reduction of costimulatory
molecule, CD39, expression on effectory memory CD8 T cells suggested the
balance between costimulatory and coinhibitory molecules is broken in CHB. A
significant increase in CD226 levels on CD4 nonTreg cells and CD8 T cells
and its CD45RA" subsets (CD8N and CD8TerEM) in CHBt group compared to
healthy controls, suggested that CD226 might be a marker implies that the
immune response start to restore. The increased frequencies of CD38 on CD8
T cells and Treg subsets concomitant with elevated HBV DNA replications in
CHBnN patients, consistent with the results of previous studies, emphasized
that CD38 is a marker of sustained viral replication in CHB.

Moreover, we demonstrated a prevalence of vitamin D insufficiency in CHB
patients, but no correlation between HBV viral loads and 25(OH)D serum
levels, as well as ALT serum levels. Therefore, we consider that there is no
direct correlations between 25(0OH)D serum levels and HBV viral replication,
intrahepatic inflammation. However, our study displayed a reverse correlation
between 25(OH)D serum levels and frequency of CD8 T cells, proportion of
CD226+ CD8CM, and a positive correlation between 25(OH)D serum levels
and frequency of CD8N T cells, the expression of PD1 on CD8PreEM in
peripheral blood in CHBn group. Whereas, within Tregs, only negative

correlation between 25(OH)D serum levels and proportion of HLADR+ rTregs
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SUMMARY

was found. This may demonstrated that, in CHB vitamin D suppresses the
activation of CD8 T cells more than increases Tregs, suggests at least vitamin
D may perform an unique immunomodulatory function at the pressure of HBV.

For these conclusion, more studies in vivo are needed to investigate the
replication of HBV DNA and T cell response incubated with vitamin D and its
metabolites, in order to provide a theoretical basis for clinical studies of vitamin
D application as a complementary therapy. Meanwhile, attention should also
be placed in innate immune response in CHB, while vitamin D may protect
infected hepatocytes from cytotoxic T cell induced cell death, whereas inhence

the innate immunity to control virus.
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ABBREVIATIONS

6. Abbreviations

1,25(0H),D3
25(0OH)D
ALT

AMPs
APCs

AST
ATregs
CccDNA
CD8CM
CD8N
CD8PreEM
CD8TerEM
CHBn
CHBt

CHC

COX

CTL
CTLA4
CYP

DCs

ddH.0
DMSO

DNA

1,25-dihydroxyvitamin D3

25-dihydroxyvitamin D

alanine aminotransferase

antimicrobial peptides

antigen-presenting cells

aspartate aminotransaminase

actived Tregs

covalently closed circular DNA

central memory CD8 T cells

naive CD8 T cells

preterminally differentiated effector memory CD8 T cells

terminally differentiated effector memory CD8 T cells
patients with chronic hepatitis B treatment naive
patients with chronic hepatitis B under treatment

chronic hepatitis C

cyclooxygenase

cytotoxic T lymphocyte

cytotoxic T-lymphocyte-associated protein 4

cytochrome P

dendritic cells

doble distilled water

dimethyl sulfoxide

deoxyribonucleic acid
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ABBREVIATIONS

DNAM-1
EBV
ELISA
ER
FACS
FCS
FOXP3
GITR
HBCcADb
HBCcAg
HBeAb
HBeAg
HBsADb
HBsAgQ
HBV
HBx
HC
HCC
HCI
HCV
HIV
HLA
IFNy

IgG

DNAX accessory molecule-1
Epstein—Barr virus

Enzyme-linked immunosorbent assay
endoplasmic reticulum
fluorescence activated cell sorting
fetal calf serum

forkhead box P3
glucocorticoid-induced TNF receptor
hepatitis B core antibody
hepatitis B core antigen

hepatitis B e antibody

hepatitis B e antigen

hepatitis B surface antibody
hepatitis B surface antigen
Hepatitis B virus

hepatitis B X protein

healthy controls

hepatocellular carcinoma
Hydrochloric acid

Hepatitis C virus

human immunodeficiency virus
human leukocyte antigen
interferon gamma
immunoglobulin G

Interleukin
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ABBREVIATIONS

IsCo
ISGs

KCI
KH,PO,
LCMV
MAPK
MFI

MHC
Mrna
MxA

NA
Na,HPO, * 2H,0
NaCl
NaN;

NK cells
non-Tregs
NTCP
ORF

PBS

PBS

PD1
PEG-IFN
pg mMRNA
PGs

RBV

Isotypecontrols

IFN-stimulated genes

Kalium chloride
Kaliumhydrogenphosphat
Lymphocytic choriomeningitis virus
mitogen activated protein kinase
mean fluorescent intensity

major histocompatibility complex
messenger ribonucleic acid
Myxovirus resistance protein A
nucleoside/ nucleotide analogue
Dinatriumhydrogenphosphat dihydrate
Natriumchlorid

Sodium azide

Natural Killer cells

cytokine-secreting CD45RA FOXP3" non-suppressive T
cells

sodium taurocholate cotransporting polypeptide
open reading frame

phosphate buffered saline

Phosphate Buffered Saline

programmed cell death protein 1

pegylated interferon

pregenomic mMRNA

prostaglandins

Ribavirin
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ABBREVIATIONS

RNA

RPMI
rTregs

Sd

SSDNA
SVR

TCR

TGFB

Th

TLR

TNF

Trl cells
TregCM
TregN
TregPreEM
Tregs
TregTerEM
TSH

uv

VDR

WHO

ribonucleic acid

Roswell Park Memoria Institute

resting Tregs

standard deviations

single-strand DNA

sustained virologic response

T-cell receptor

transforming growth factor beta

helper T cells

toll-like receptor

tumor necrosis factor

T regulatory type 1 cells

central memory Tregs

naive Tregs

preterminally differentiated effector memory Tregs
regulatory T cells

terminally differentiated effector memory Tregs
thyroid-stimulating hormone

Ultraviolet

vitamin D receptor

World Health Organization

73



REFERENCES

7. References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Alter, H. J. & Blumberg, B. S. Further studies on a “new” human
iIsoprecipitin system (Australia antigen). Blood 27, 297-309 (1966).

Zuckerman, A. J. Hepatitis-B vaccine. Safety criteria and non-B infection.
Lancet 1, 1396-7 (1976).

Blumberg, B. S. The discovery of the hepatitis B virus and the invention

of the vaccine: a scientific memoir. J. Gastroenterol. Hepatol. 17 Suppl,

S502-3 (2002).

Goldstein, S. T. et al. A mathematical model to estimate global hepatitis

B disease burden and vaccination impact. Int. J. Epidemiol. 34, 1329-39
(2005).

Schilsky, M. L. Hepatitis B “360”. Transplant. Proc. 45, 982-5 (2013).

Kose, S., Olmezoglu, A., Gozaydin, A. & Ece, G. Seroprevalence of
hepatitis B and C among oncology patients in Turkey. J. Health. Popul.
Nutr. 29, 652-5 (2011).

Jemal, A. et al. Global cancer statistics. CA. Cancer J. Clin. 61, 69-90

WHO | Hepatitis B. at
<http://www.who.int/mediacentre/factsheets/fs204/en/>

Liu, C.-J. & Kao, J.-H. Global perspective on the natural history of
chronic hepatitis B: role of hepatitis B virus genotypes A to J. Semin.
Liver Dis. 33, 97-102 (2013).

Kay, A. & Zoulim, F. Hepatitis B virus genetic variability and evolution.
Virus Res. 127, 164—76 (2007).

Locarnini, S. Molecular virology of hepatitis B virus. Semin. Liver Dis. 24
Suppl 1, 3-10 (2004).

Beck, J. & Nassal, M. Hepatitis B virus replication. World J.
Gastroenterol. 13, 48-64 (2007).

Yan, H. et al. Sodium taurocholate cotransporting polypeptide is a
functional receptor for human hepatitis B and D virus. Elife 1, e00049
(2012).

Liang, T. J. Hepatitis B: the virus and disease. Hepatology 49, S13-21
(2009).

Tuttleman, J. S., Pourcel, C. & Summers, J. Formation of the pool of
covalently closed circular viral DNA in hepadnavirus-infected cells. Cell
47, 451-60 (1986).

Seeger, C. & Mason, W. S. Hepatitis B virus biology. Microbiol. Mol. Biol.
Rev. 64, 51-68 (2000).

Gerelsaikhan, T., Tavis, J. E. & Bruss, V. Hepatitis B virus nucleocapsid
envelopment does not occur without genomic DNA synthesis. J. Virol. 70,
4269-74 (1996).

74



REFERENCES

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Locarnini, S. & Zoulim, F. Molecular genetics of HBV infection. Antivir.
Ther. 15 Suppl 3, 3—-14 (2010).

Glebe, D. & Bremer, C. M. The molecular virology of hepatitis B virus.
Semin. Liver Dis. 33, 103-12 (2013).

Verschuere, V., Yap, P. S. H. & Fevery, J. Is HBV genotyping of clinical
relevance? Acta Gastroenterol. Belg. 68, 2336

Khawaja, R. A. & Khawaja, A. A. Hepatitis B virus genotypes: “clinical &
therapeutic implications”. J. Pak. Med. Assoc. 59, 101-4 (2009).

Le Bouvier, G. L. et al. Subtypes of Australia antigen and hepatitis-B
virus. JAMA 222, 928-30 (1972).

Magnius, L. O. & Norder, H. Subtypes, genotypes and molecular
epidemiology of the hepatitis B virus as reflected by sequence variability
of the S-gene. Intervirology 38, 24—34 (1995).

Okamoto, H. et al. Typing hepatitis B virus by homology in nucleotide
sequence: comparison of surface antigen subtypes. J. Gen. Virol. 69 ( Pt
10, 2575-83 (1988).

Westland, C. et al. Hepatitis B virus genotypes and virologic response in
694 patients in phase Il studies of adefovir dipivoxill. Gastroenterology
125, 107-16 (2003).

Kao, J. H., Chen, P. J., Lai, M. Y. & Chen, D. S. Hepatitis B genotypes
correlate with clinical outcomes in patients with chronic hepatitis B.
Gastroenterology 118, 554-9 (2000).

Tsubota, A. et al. Genotype may correlate with liver carcinogenesis and
tumor characteristics in cirrhotic patients infected with hepatitis B virus
subtype adw. J. Med. Virol. 65, 257-65 (2001).

Sumi, H. et al. Influence of hepatitis B virus genotypes on the
progression of chronic type B liver disease. Hepatology 37, 19-26
(2003).

Thakur, V., Guptan, R. C., Kazim, S. N., Malhotra, V. & Sarin, S. K.
Profile, spectrum and significance of HBV genotypes in chronic liver
disease patients in the Indian subcontinent. J. Gastroenterol. Hepatol.
17, 165-70 (2002).

Kao, J.-H., Chen, P.-J., Lai, M.-Y. & Chen, D.-S. Genotypes and clinical
phenotypes of hepatitis B virus in patients with chronic hepatitis B virus
infection. J. Clin. Microbiol. 40, 1207-9 (2002).

Janssen, H. L. A. et al. Pegylated interferon alfa-2b alone or in
combination with lamivudine for HBeAg-positive chronic hepatitis B: a
randomised trial. Lancet 365, 123-9

Norder, H., Couroucé, A. M. & Magnius, L. O. Complete genomes,
phylogenetic relatedness, and structural proteins of six strains of the

75



REFERENCES

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

hepatitis B virus, four of which represent two new genotypes. Virology
198, 489-503 (1994).

Stuyver, L. et al. A new genotype of hepatitis B virus: complete genome
and phylogenetic relatedness. J. Gen. Virol. 81, 67—74 (2000).

Arauz-Ruiz, P., Norder, H., Robertson, B. H. & Magnius, L. O. Genotype
H: a new Amerindian genotype of hepatitis B virus revealed in Central
America. J. Gen. Virol. 83, 2059-73 (2002).

Norder, H. et al. Genetic diversity of hepatitis B virus strains derived
worldwide: genotypes, subgenotypes, and HBsAg subtypes.
Intervirology 47, 289-309 (2004).

Tran, T. T. H., Trinh, T. N. & Abe, K. New complex recombinant
genotype of hepatitis B virus identified in Vietnam. J. Virol. 82, 5657-63
(2008).

Olinger, C. M. et al. Possible new hepatitis B virus genotype, southeast
Asia. Emerg. Infect. Dis. 14, 1777-80 (2008).

Arankalle, V. A. et al. A novel HBV recombinant (genotype 1) similar to
Vietnam/Laos in a primitive tribe in eastern India. J. Viral Hepat. 17,
501-10 (2010).

Tatematsu, K. et al. A genetic variant of hepatitis B virus divergent from

known human and ape genotypes isolated from a Japanese patient and
provisionally assigned to new genotype J. J. Virol. 83, 10538-47 (2009).

Jung, M.-C. & Pape, G. R. Immunology of hepatitis B infection. Lancet
Infect. Dis. 2, 43-50 (2002).

Fattovich, G., Stroffolini, T., Zagni, |. & Donato, F. Hepatocellular
carcinoma in cirrhosis: incidence and risk factors. Gastroenterology 127,
S35-50 (2004).

Gerlich, W. H. Medical virology of hepatitis B: how it began and where
we are now. Virol. J. 10, 239 (2013).

Bertoletti, A. & Gehring, A. J. The immune response during hepatitis B
virus infection. J. Gen. Virol. 87, 1439-49 (2006).

Liu, D. X. A new hypothesis of pathogenetic mechanism of viral hepatitis
B and C. Med. Hypotheses 56, 405-8 (2001).

Shapiro, C. N. Epidemiology of hepatitis B. Pediatr. Infect. Dis. J. 12,
433-7 (1993).

Andersson, M. I. et al. Investigation of a large community-based
outbreak of hepatitis B infection in the United Kingdom. Epidemiol. Infect.
140, 47-57 (2012).

Fairley, C. K. & Read, T. R. H. Vaccination against sexually transmitted
infections. Curr. Opin. Infect. Dis. 25, 66—72 (2012).

Heimer, R., Khoshnood, K., Jariwala-Freeman, B., Duncan, B. & Harima,
Y. Hepatitis in used syringes: the limits of sensitivity of techniques to

76



REFERENCES

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

detect hepatitis B virus (HBV) DNA, hepatitis C virus (HCV) RNA, and
antibodies to HBV core and HCV antigens. J. Infect. Dis. 173, 997-1000
(1996).

Li, W. et al. The estimation of prevalence, incidence, and residual risk of
transfusion-transmitted human hepatitis B infection from blood donated
at the Anhui blood center, China, from 2009 to 2011. PLoS One 8,
e73472 (2013).

Ganem, D. & Prince, A. M. Hepatitis B virus infection--natural history and
clinical consequences. N. Engl. J. Med. 350, 1118-29 (2004).

Mast, E. E. et al. A comprehensive immunization strategy to eliminate
transmission of hepatitis B virus infection in the United States:
recommendations of the Advisory Committee on Immunization Practices
(ACIP) part 1: immunization of infants, children, and adolescents.
MMWR. Recomm. Rep. 54, 1-31 (2005).

Broderick, A. L. & Jonas, M. M. Hepatitis B in children. Semin. Liver Dis.
23, 59-68 (2003).

Samuel, C. E. Antiviral actions of interferons. Clin. Microbiol. Rev. 14,
778-809, table of contents (2001).

Wieland, S., Thimme, R., Purcell, R. H. & Chisari, F. V. Genomic
analysis of the host response to hepatitis B virus infection. Proc. Natl.
Acad. Sci. U. S. A. 101, 6669-74 (2004).

Reignat, S. et al. Escaping high viral load exhaustion: CD8 cells with
altered tetramer binding in chronic hepatitis B virus infection. J. Exp.
Med. 195, 1089-101 (2002).

Chen, M. T. et al. A function of the hepatitis B virus precore protein is to
regulate the immune response to the core antigen. Proc. Natl. Acad. Sci.
U. S. A. 101, 14913-8 (2004).

Lau, G. K. K. et al. Resolution of chronic hepatitis B and anti-HBs
seroconversion in humans by adoptive transfer of immunity to hepatitis B
core antigen. Gastroenterology 122, 614—24 (2002).

Hyodo, N., Nakamura, I. & Imawari, M. Hepatitis B core antigen
stimulates interleukin-10 secretion by both T cells and monocytes from
peripheral blood of patients with chronic hepatitis B virus infection. Clin.
Exp. Immunol. 135, 462—6 (2004).

Murakami, S. Hepatitis B virus X protein: a multifunctional viral regulator.
J. Gastroenterol. 36, 651-60 (2001).
Benhenda, S., Cougot, D., Buendia, M.-A. & Neuveut, C. Hepatitis B

virus X protein molecular functions and its role in virus life cycle and
pathogenesis. Adv. Cancer Res. 103, 75-109 (2009).

Shoukry, N. H., Cawthon, A. G. & Walker, C. M. Cell-mediated immunity
and the outcome of hepatitis C virus infection. Annu. Rev. Microbiol. 58,

391-424 (2004).
77



REFERENCES

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Thimme, R. et al. CD8(+) T cells mediate viral clearance and disease
pathogenesis during acute hepatitis B virus infection. J. Virol. 77, 68—76
(2003).

Chu, C. M., Shyu, W. C., Kuo, R. W. & Liaw, Y. F. HLA class | antigen
display on hepatocyte membrane in chronic hepatitis B virus infection: its
role in the pathogenesis of chronic type B hepatitis. Hepatology 8, 712—7

Milich, D. R. et al. Is a function of the secreted hepatitis B e antigen to
induce immunologic tolerance in utero? Proc. Natl. Acad. Sci. U. S. A. 87,
6599-603 (1990).

Milich, D. R., Schddel, F., Peterson, D. L., Jones, J. E. & Hughes, J. L.
Characterization of self-reactive T cells that evade tolerance in hepatitis
B e antigen transgenic mice. Eur. J. Immunol. 25, 1663—-72 (1995).

Urbani, S. et al. Acute phase HBV-specific T cell responses associated
with HBV persistence after HBV/HCV coinfection. Hepatology 41,
826-31 (2005).

Norris, P. J. & Rosenberg, E. S. CD4(+) T helper cells and the role they
play in viral control. J. Mol. Med. (Berl). 80, 397-405 (2002).

Webster, G. J. M. et al. Longitudinal analysis of CD8+ T cells specific for
structural and nonstructural hepatitis B virus proteins in patients with
chronic hepatitis B: implications for immunotherapy. J. Virol. 78,
5707-19 (2004).

Chang, J. J. et al. Reduced hepatitis B virus (HBV)-specific CD4+ T-cell
responses in human immunodeficiency virus type 1-HBV-coinfected
individuals receiving HBV-active antiretroviral therapy. J. Virol. 79,
3038-51 (2005).

Belkaid, Y. & Rouse, B. T. Natural regulatory T cells in infectious disease.
Nat. Immunol. 6, 353—-60 (2005).

Suvas, S. & Rouse, B. T. Treg control of antimicrobial T cell responses.
Curr. Opin. Immunol. 18, 344-8 (2006).

Chen, L. & Flies, D. B. Molecular mechanisms of T cell co-stimulation
and co-inhibition. Nat. Rev. Immunol. 13, 227-42 (2013).

Li, S., Gowans, E. J., Chougnet, C., Plebanski, M. & Dittmer, U. Natural
regulatory T cells and persistent viral infection. J. Virol. 82, 21-30
(2008).

Von Boehmer, H. Mechanisms of suppression by suppressor T cells. Nat.

Immunol. 6, 338—-44 (2005).

Ghiringhelli, F., Ménard, C., Martin, F. & Zitvogel, L. The role of
regulatory T cells in the control of natural killer cells: relevance during
tumor progression. Immunol. Rev. 214, 229-38 (2006).

Mills, K. H. G. Regulatory T cells: friend or foe in immunity to infection?
Nat. Rev. Immunol. 4, 841-55 (2004).

78



REFERENCES

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Bluestone, J. A. & Abbas, A. K. Natural versus adaptive regulatory T
cells. Nat. Rev. Immunol. 3, 253-7 (2003).

Baecher-Allan, C. & Hafler, D. A. Suppressor T cells in human diseases.
J. Exp. Med. 200, 273-6 (2004).

Shimizu, J., Yamazaki, S., Takahashi, T., Ishida, Y. & Sakaguchi, S.
Stimulation of CD25(+)CD4(+) regulatory T cells through GITR breaks
immunological self-tolerance. Nat. Immunol. 3, 135-42 (2002).

Roncarolo, M. G. et al. Interleukin-10-secreting type 1 regulatory T cells
in rodents and humans. Immunol. Rev. 212, 28-50 (2006).

Kitani, A., Chua, K., Nakamura, K. & Strober, W. Activated
self-MHC-reactive T cells have the cytokine phenotype of Th3/T
regulatory cell 1 T cells. J. Immunol. 165, 691-702 (2000).

Yamagiwa, S., Gray, J. D., Hashimoto, S. & Horwitz, D. A. A role for
TGF-beta in the generation and expansion of CD4+CD25+ regulatory T
cells from human peripheral blood. J. Immunol. 166, 7282-9 (2001).

Chen, W. et al. Conversion of peripheral CD4+CD25- naive T cells to
CD4+CD25+ regulatory T cells by TGF-beta induction of transcription
factor Foxp3. J. Exp. Med. 198, 1875-86 (2003).

Kretschmer, K. et al. Inducing and expanding regulatory T cell
populations by foreign antigen. Nat. Immunol. 6, 1219-27 (2005).

Stoop, J. N. et al. Regulatory T cells contribute to the impaired immune
response in patients with chronic hepatitis B virus infection. Hepatology
41, 771-8 (2005).

Yang, G. et al. Association of CD4+CD25+Foxp3+ regulatory T cells with
chronic activity and viral clearance in patients with hepatitis B. Int.
Immunol. 19, 133—-40 (2007).

Aalaei-Andabili, S. H. & Alavian, S. M. Regulatory T cells are the most
important determinant factor of hepatitis B infection prognosis: a
systematic review and meta-analysis. Vaccine 30, 5595-602 (2012).

Sitkovsky, M. V. T regulatory cells: hypoxia-adenosinergic suppression
and re-direction of the immune response. Trends Immunol. 30, 102-8
(2009).

Franzese, O. et al. Modulation of the CD8+-T-cell response by CD4+
CD25+ regulatory T cells in patients with hepatitis B virus infection. J.
Virol. 79, 3322-8 (2005).

Mueller, D. L., Jenkins, M. K. & Schwartz, R. H. Clonal expansion versus
functional clonal inactivation: a costimulatory signalling pathway
determines the outcome of T cell antigen receptor occupancy. Annu.
Rev. Immunol. 7, 445-80 (1989).

Johnson, J. G. & Jenkins, M. K. Accessory cell-derived signals required
for T cell activation. Immunol. Res. 12, 48—64 (1993).

79



REFERENCES

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107

Deaglio, S., Mehta, K. & Malavasi, F. Human CD38: a (r)evolutionary
story of enzymes and receptors. Leuk. Res. 25, 1-12 (2001).

Deterre, P. et al. CD38 in T- and B-cell functions. Chem. Immunol. 75,
146-68 (2000).

Reinis, M., Morra, M., Funaro, A., Di Primio, R. & Malavasi, F. Functional
associations of CD38 with CD3 on the T-cell membrane. J. Biol. Regul.
Homeost. Agents 11, 137-42

Malavasi, F. et al. CD38 and chronic lymphocytic leukemia: a decade
later. Blood 118, 3470-8 (2011).

Gerber, J. M. et al. A clinically relevant population of leukemic
CD34(+)CD38(-) cells in acute myeloid leukemia. Blood 119, 3571-7
(2012).

Karimi-Busheri, F., Rasouli-Nia, A., Zadorozhny, V. & Fakhrai, H.
CD24+/CD38- as new prognostic marker for non-small cell lung cancer.
Multidiscip. Respir. Med. 8, 65 (2013).

Antonelli, A. & Ferrannini, E. CD38 autoimmunity: recent advances and
relevance to human diabetes. J. Endocrinol. Invest. 27, 695-707

Mamik, M. K. et al. HIV-1 and IL-1B regulate astrocytic CD38 through
mitogen-activated protein kinases and nuclear factor-kB signaling
mechanisms. J. Neuroinflammation 8, 145 (2011).

Chou, J. P., Ramirez, C. M., Wu, J. E. & Effros, R. B. Accelerated aging
in HIV/AIDS: novel biomarkers of senescent human CD8+ T cells. PLoS
One 8, 64702 (2013).

Lynne, J. E. et al. Major expansions of select CD8+ subsets in acute
Epstein-Barr virus infection: comparison with chronic human
immunodeficiency virus disease. J. Infect. Dis. 177, 1083—7 (1998).

Manion, M. et al. Interferon-alpha administration enhances CD8+ T cell
activation in HIV infection. PLoS One 7, e30306 (2012).

SHIBUYA, A. DNAM-1, A Novel Adhesion Molecule Involved in the
Cytolytic Function of T Lymphocytes. Immunity 4, 573-581 (1996).

Tahara-Hanaoka, S. Functional characterization of DNAM-1 (CD226)
interaction with its ligands PVR (CD155) and nectin-2 (PRR-2/CD112).
Int. Immunol. 16, 533-538 (2004).

Dardalhon, V. et al. CD226 is specifically expressed on the surface of
Th1 cells and regulates their expansion and effector functions. J.
Immunol. 175, 1558-65 (2005).

Elishmereni, M., Bachelet, |. & Levi-Schaffer, F. DNAM-1: an amplifier of
immune responses as a therapeutic target in various disorders. Curr.
Opin. Investig. Drugs 9, 491-6 (2008).

. Welch, M. J., Teijaro, J. R., Lewicki, H. A., Colonna, M. & Oldstone, M. B.

A. CD8 T cell defect of TNF-a and IL-2 in DNAM-1 deficient mice delays
80



REFERENCES

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

clearance in vivo of a persistent virus infection. Virology 429, 163-70
(2012).

Cella, M. et al. Loss of DNAM-1 contributes to CD8+ T-cell exhaustion in
chronic HIV-1 infection. Eur. J. Immunol. 40, 949-54 (2010).

Bozzano, F. et al. Activating NK cell receptor expression/function
(NKp30, NKp46, DNAM-1) during chronic viraemic HCV infection is
associated with the outcome of combined treatment. Eur. J. Immunol. 41,
2905-14 (2011).

Kansas, G. S., Wood, G. S. & Tedder, T. F. Expression, distribution, and
biochemistry of human CD39. Role in activation-associated homotypic
adhesion of lymphocytes. J. Immunol. 146, 2235-44 (1991).

Gouttefangeas, C. et al. The CD39 molecule defines distinct cytotoxic
subsets within alloactivated human CD8-positive cells. Eur. J. Immunol.
22, 2681-5 (1992).

Schulze Zur Wiesch, J. et al. Comprehensive analysis of frequency and
phenotype of T regulatory cells in HIV infection: CD39 expression of
FoxP3+ T regulatory cells correlates with progressive disease. J. Virol.
85, 1287-97 (2011).

Parodi, A. et al. CD39 is highly involved in mediating the suppression
activity of tumor-infiltrating CD8+ T regulatory lymphocytes. Cancer
Immunol. Immunother. 62, 851-62 (2013).

Grant, C. R. et al. Dysfunctional CD39(POS) regulatory T cells and
aberrant control of T-helper type 17 cells in autoimmune hepatitis.
Hepatology 59, 1007-15 (2014).

Read, S. et al. Blockade of CTLA-4 on CD4+CD25+ regulatory T cells
abrogates their function in vivo. J. Immunol. 177, 4376-83 (2006).

Barber, D. L. et al. Restoring function in exhausted CD8 T cells during
chronic viral infection. Nature 439, 682—7 (2006).

Barber, D. L. et al. Restoring function in exhausted CD8 T cells during
chronic viral infection. Nature 439, 682—7 (2006).

Rosignoli, G., Lim, C. H., Bower, M., Gotch, F. & Imami, N. Programmed
death (PD)-1 molecule and its ligand PD-L1 distribution among memory
CD4 and CD8 T cell subsets in human immunodeficiency
virus-1-infected individuals. Clin. Exp. Immunol. 157, 90-7 (2009).
Wakamatsu, E., Mathis, D. & Benoist, C. Convergent and divergent
effects of costimulatory molecules in conventional and regulatory CD4+
T cells. Proc. Natl. Acad. Sci. U. S. A. 110, 1023-8 (2013).

Rathod, S. B., Das, R., Thanapati, S., Arankalle, V. A. & Tripathy, A. S.
Suppressive activity and altered conventional phenotype
markers/mediators of regulatory T cells in patients with self-limiting
hepatitis E. J. Viral Hepat. 21, 141-51 (2014).

81



REFERENCES

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

Cao, J. et al. Aberrant production of soluble co-stimulatory molecules
CTLA-4 and CD28 in patients with chronic hepatitis B. Microb. Pathog.
51, 262-7 (2011).

Boni, C. et al. Characterization of hepatitis B virus (HBV)-specific T-cell
dysfunction in chronic HBV infection. J. Virol. 81, 4215-25 (2007).

Wenjin, Z., Chuanhui, P., Yunle, W., Lateef, S. A. & Shusen, Z.
Longitudinal fluctuations in PD1 and PD-L1 expression in association
with changes in anti-viral immune response in chronic hepatitis B. BMC
Gastroenterol. 12, 109 (2012).

Feng, I.-C. et al. HBcAg-specific CD4+CD25+ regulatory T cells
modulate immune tolerance and acute exacerbation on the natural
history of chronic hepatitis B virus infection. J. Biomed. Sci. 14, 43-57
(2007).

Hollinger, F. B. & Lau, D. T.-Y. Hepatitis B: the pathway to recovery
through treatment. Gastroenterol. Clin. North Am. 35, 895-931 (2006).

Tillmann, H. L. et al. Safety and efficacy of lamivudine in patients with
severe acute or fulminant hepatitis B, a multicenter experience. J. Viral
Hepat. 13, 256-63 (2006).

Bréchot, C. et al. Persistent hepatitis B virus infection in subjects without
hepatitis B surface antigen: clinically significant or purely “occult”?
Hepatology 34, 194-203 (2001).

Wai, C. T., Chu, C.-J., Hussain, M. & Lok, A. S. F. HBV genotype B is
associated with better response to interferon therapy in HBeAg(+)
chronic hepatitis than genotype C. Hepatology 36, 1425-30 (2002).

Erhardt, A. et al. Response to antiviral treatment in patients infected with
hepatitis B virus genotypes E-H. J. Med. Virol. 81, 1716—20 (2009).

Wiegand, J., Hasenclever, D. & Tillmann, H. L. Should treatment of
hepatitis B depend on hepatitis B virus genotypes? A hypothesis
generated from an explorative analysis of published evidence. Antivir.
Ther. 13, 211-20 (2008).

Chang, T.-T. et al. Entecavir treatment for up to 5 years in patients with
hepatitis B e antigen-positive chronic hepatitis B. Hepatology 51, 422—-30
(2010).

Kitrinos, K. M. et al. No detectable resistance to tenofovir disoproxil
fumarate after 6 years of therapy in patients with chronic hepatitis B.
Hepatology (2013). doi:10.1002/hep.26686

Holick, M. F. Vitamin D deficiency. N. Engl. J. Med. 357, 266—81 (2007).

Akeno, N., Saikatsu, S., Kawane, T. & Horiuchi, N. Mouse vitamin
D-24-hydroxylase: molecular cloning, tissue distribution, and
transcriptional regulation by l1alpha,25-dihydroxyvitamin D3.
Endocrinology 138, 2233-40 (1997).

82



REFERENCES

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

Sigmundsdottir, H. et al. DCs metabolize sunlight-induced vitamin D3 to
“‘program” T cell attraction to the epidermal chemokine CCL27. Nat.
Immunol. 8, 285-93 (2007).

Hart, P. H., Gorman, S. & Finlay-Jones, J. J. Modulation of the immune
system by UV radiation: more than just the effects of vitamin D? Nat.
Rev. Immunol. 11, 584-96 (2011).

Hewison, M. Vitamin D and the intracrinology of innate immunity. Mol.
Cell. Endocrinol. 321, 103-11 (2010).

Rigby, W. F., Stacy, T. & Fanger, M. W. Inhibition of T lymphocyte
mitogenesis by 1,25-dihydroxyvitamin D3 (calcitriol). J. Clin. Invest. 74,
1451-5 (1984).

Lemire, J. M. et al. 1,25-Dihydroxyvitamin D3 suppresses human T
helper/inducer lymphocyte activity in vitro. J. Immunol. 134, 3032-5
(1985).

Reichel, H., Koeffler, H. P., Tobler, A. & Norman, A. W. 1
alpha,25-Dihydroxyvitamin D3 inhibits gamma-interferon synthesis by

normal human peripheral blood lymphocytes. Proc. Natl. Acad. Sci. U. S.
A. 84, 3385-9 (1987).

Rigby, W. F., Yirinec, B., Oldershaw, R. L. & Fanger, M. W. Comparison
of the effects of 1,25-dihydroxyvitamin D3 on T lymphocyte
subpopulations. Eur. J. Immunol. 17, 563-6 (1987).

Meehan, M. A., Kerman, R. H. & Lemire, J. M. 1,25-Dihydroxyvitamin D3
enhances the generation of nonspecific suppressor cells while inhibiting
the induction of cytotoxic cells in a human MLR. Cell. Immunol. 140,
400-9 (1992).

Van Etten, E. & Mathieu, C. Immunoregulation by 1,25-dihydroxyvitamin
D3: basic concepts. J. Steroid Biochem. Mol. Biol. 97, 93-101 (2005).

Daniel, C., Sartory, N. A., Zahn, N., Radeke, H. H. & Stein, J. M. Immune
modulatory treatment of trinitrobenzene sulfonic acid colitis with calcitriol
is associated with a change of a T helper (Th) 1/Th17 to a Th2 and
regulatory T cell profile. J. Pharmacol. Exp. Ther. 324, 23—-33 (2008).
Chen, S. et al. Modulatory effects of 1,25-dihydroxyvitamin D3 on human
B cell differentiation. J. Immunol. 179, 1634—-47 (2007).
Johnson-Huang, L. M. et al. Effective narrow-band UVB radiation
therapy suppresses the IL-23/IL-17 axis in normalized psoriasis plagues.
J. Invest. Dermatol. 130, 2654-63 (2010).

Smolders, J. et al. Vitamin D status is positively correlated with

regulatory T cell function in patients with multiple sclerosis. PLoS One 4,
€6635 (2009).

Hollams, E. M. et al. Vitamin D and atopy and asthma phenotypes in
children: a longitudinal cohort study. Eur. Respir. J. 38, 1320-7 (2011).

83



REFERENCES

149.

150.

151.

152.

158.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Beard, J. A., Bearden, A. & Striker, R. Vitamin D and the anti-viral state.
J. Clin. Virol. 50, 194-200 (2011).

Yamshchikov, A. V, Desai, N. S., Blumberg, H. M., Ziegler, T. R. &
Tangpricha, V. Vitamin D for treatment and prevention of infectious
diseases: a systematic review of randomized controlled trials. Endocr.
Pract. 15, 438-49

Littorin, B. et al. Lower levels of plasma 25-hydroxyvitamin D among
young adults at diagnosis of autoimmune type 1 diabetes compared with
control subjects: results from the nationwide Diabetes Incidence Study in
Sweden (DISS). Diabetologia 49, 2847-52 (2006).

Slavov, G. S. et al. Vitamin D immunomodulatory potential in multiple
sclerosis. Folia Med. (Plovdiv). 55, 5-9

Prietl, B., Treiber, G., Pieber, T. R. & Amrein, K. Vitamin D and immune
function. Nutrients 5, 2502-21 (2013).

Zhang, H., Shih, D. Q. & Zhang, X. Mechanisms underlying effects of
1,25-Dihydroxyvitamin D3 on the Th17 cells. Eur. J. Microbiol. Immunol.
(Bp). 3, 237-40 (2013).

Chang, J.-H., Cha, H.-R., Lee, D.-S., Seo, K. Y. & Kweon, M.-N.
1,25-Dihydroxyvitamin D3 inhibits the differentiation and migration of
T(H)17 cells to protect against experimental autoimmune
encephalomyelitis. PLoS One 5, €12925 (2010).

Xystrakis, E. et al. Reversing the defective induction of IL-10-secreting
regulatory T cells in glucocorticoid-resistant asthma patients. J. Clin.
Invest. 116, 146-55 (2006).

Majak, P., Olszowiec-Chlebna, M., Smejda, K. & Stelmach, I. Vitamin D
supplementation in children may prevent asthma exacerbation triggered
by acute respiratory infection. J. Allergy Clin. Immunol. 127, 1294-6
(2011).

Basit, S. Vitamin D in health and disease: a literature review. Br. J.
Biomed. Sci. 70, 161-72 (2013).

Esteve Palau, E., Sanchez Martinez, F., Knobel Freud, H., Lopez
Colomés, J.-L. & Diez Pérez, A. [Tuberculosis: Plasma levels of vitamin
D and its relation with infection and disease.]. Med. Clin. (Barc). (2013).
doi:10.1016/j.medcli.2013.09.036

Grober, U., Spitz, J., Reichrath, J., Kisters, K. & Holick, M. F. Vitamin D:
Update 2013: From rickets prophylaxis to general preventive healthcare.
Dermatoendocrinol. 5, 331-347 (2013).

Lang, P. O., Samaras, N., Samaras, D. & Aspinall, R. How important is
vitamin D in preventing infections? Osteoporos. Int. 24, 1537-53 (2013).

Cantorna, M. T. et al. 1,25-Dihydroxyvitamin D3 prolongs graft survival
without compromising host resistance to infection or bone mineral

density. Transplantation 66, 828—31 (1998).
84



REFERENCES

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Arteh, J., Narra, S. & Nair, S. Prevalence of vitamin D deficiency in
chronic liver disease. Dig. Dis. Sci. 55, 2624-8 (2010).

Ladero, J. M. et al. Vitamin D deficiency and vitamin D therapy in chronic
hepatitis C. Ann. Hepatol. 12, 199-204

Bitetto, D. et al. Vitamin D supplementation improves response to
antiviral treatment for recurrent hepatitis C. Transpl. Int. 24, 43-50
(2011).

Mandorfer, M. et al. Low vitamin D levels are associated with impaired
virologic response to PEGIFN+RBV therapy in HIV-hepatitis C virus
coinfected patients. AIDS 27, 227-32 (2013).

Matsumura, T. et al. 25-Hydroxyvitamin D3 suppresses hepatitis C virus
production. Hepatology 56, 1231-9 (2012).

Gal-Tanamy, M. et al. Vitamin D: an innate antiviral agent suppressing
hepatitis C virus in human hepatocytes. Hepatology 54, 1570-9 (2011).

Bitetto, D. et al. Complementary role of vitamin D deficiency and the
interleukin-28B rs12979860 C/T polymorphism in predicting antiviral
response in chronic hepatitis C. Hepatology 53, 1118-26 (2011).

Guzman-Fulgencio, M. et al. Vitamin D deficiency is associated with
severity of liver disease in HIV/HCV coinfected patients. J. Infect. 68,
176-84 (2014).

Terrier, B. et al. Low 25-OH vitamin D serum levels correlate with severe
fibrosis in HIV-HCV co-infected patients with chronic hepatitis. J. Hepatol.
55, 75661 (2011).

Kitson, M. T. et al. Vitamin D status does not predict sustained virologic
response or fibrosis stage in chronic hepatitis C genotype 1 infection. J.
Hepatol. 58, 467-72 (2013).

Garcia-Martin, E. et al. Influence of vitamin D-related gene
polymorphisms (CYP27B and VDR) on the response to
interferon/ribavirin therapy in chronic hepatitis C. PLoS One 8, e74764
(2013).

Baur, K. et al. The vitamin D receptor gene bAt (CCA) haplotype impairs
the response to pegylated-interferon/ribavirin-based therapy in chronic
hepatitis C patients. Antivir. Ther. 17, 541-7 (2012).

Kong, J. et al. Severe vitamin D-deficiency and increased bone turnover

in patients with hepatitis B from northeastern China. Endocr. Res. 38,
215-22 (2013).

Farnik, H. et al. Low vitamin D serum concentration is associated with
high levels of hepatitis B virus replication in chronically infected patients.
Hepatology 58, 1270-6 (2013).

85



REFERENCES

177.

178.

179.

180.

181

182.

183.

184.

185.

186.

187.

188.

189.

190.

Mahamid, M. et al. Normal vitamin D levels are associated with
spontaneous hepatitis B surface antigen seroclearance. World J.
Hepatol. 5, 328-31 (2013).

Baron, J. L. et al. Activation of a nonclassical NKT cell subset in a
transgenic mouse model of hepatitis B virus infection. Immunity 16,
583-94 (2002).

Kimura, K., Kakimi, K., Wieland, S., Guidotti, L. G. & Chisari, F. V.
Activated intrahepatic antigen-presenting cells inhibit hepatitis B virus
replication in the liver of transgenic mice. J. Immunol. 169, 5188-95
(2002).

Isogawa, M., Robek, M. D., Furuichi, Y. & Chisari, F. V. Toll-like receptor
signaling inhibits hepatitis B virus replication in vivo. J. Virol. 79,
7269-72 (2005).

. Hirsch, D., Archer, F. E., Joshi-Kale, M., Vetrano, A. M. & Weinberger, B.

Decreased anti-inflammatory responses to vitamin D in neonatal
neutrophils. Mediators Inflamm. 2011, 598345 (2011).

Aparna, R. et al. Selective inhibition of cyclooxygenase-2 (COX-2) by
lalpha,25-dihydroxy-16-ene-23-yne-vitamin D3, a less calcemic vitamin
D analog. J. Cell. Biochem. 104, 1832—-42 (2008).

Krishnan, A. V & Feldman, D. Molecular pathways mediating the
anti-inflammatory effects of calcitriol: implications for prostate cancer
chemoprevention and treatment. Endocr. Relat. Cancer 17, R19-38
(2010).

Krishnan, A. V et al. Calcitriol as a chemopreventive and therapeutic
agent in prostate cancer: role of anti-inflammatory activity. J. Bone Miner.
Res. 22 Suppl 2, V74-80 (2007).

Huang, Y.-W. et al. Vitamin D receptor gene polymorphisms and distinct
clinical phenotypes of hepatitis B carriers in Taiwan. Genes Immun. 11,
87-93 (2010).

Bellamy, R. et al. Tuberculosis and chronic hepatitis B virus infection in
Africans and variation in the vitamin D receptor gene. J. Infect. Dis. 179,
721-4 (1999).

Li, J. et al. [Study on association between vitamin D receptor gene
polymorphisms and the outcomes of HBV infection]. Zhonghua Yi Xue Yi
Chuan Xue Za Zhi 23, 402-5 (2006).

Lwong, K. vinh quéc & Nguyén, L. T. H. Theoretical basis of a beneficial
role for vitamin D in viral hepatitis. World J. Gastroenterol. 18, 5338-50
(2012).

EASL clinical practice guidelines: Management of chronic hepatitis B
virus infection. J. Hepatol. 57, 167-85 (2012).

Abu-Mouch, S., Fireman, Z., Jarchovsky, J., Zeina, A.-R. & Assy, N.

Vitamin D supplementation improves sustained virologic response in
86



REFERENCES

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

chronic hepatitis C (genotype 1)-naive patients. World J. Gastroenterol.
17, 5184-90 (2011).

Zhang, M. et al. Dissection of a circulating and intrahepatic
CDA4(+)Foxp3(+) T-cell subpopulation in chronic hepatitis B virus (HBV)
infection: a highly informative strategy for distinguishing chronic HBV
infection states. J. Infect. Dis. 205, 1111-20 (2012).

Sallusto, F., Lenig, D., Forster, R., Lipp, M. & Lanzavecchia, A. Two
subsets of memory T lymphocytes with distinct homing potentials and
effector functions. Nature 401, 708-12 (1999).

Vitamin D Insufficiency — NEJM. at
<http://www.nejm.org/doi/full/10.1056/NEJMcp1009570>

Holick, M. F. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. Am J Clin
Nutr 80, 1678S-1688 (2004).

Sakaguchi, S. Naturally arising CD4+ regulatory t cells for immunologic
self-tolerance and negative control of immune responses. Annu. Rev.
Immunol. 22, 531-62 (2004).

Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T cells
and immune tolerance. Cell 133, 775-87 (2008).

You, J. et al. Peripheral T-lymphocyte subpopulations in different clinical
stages of chronic HBV infection correlate with HBV load. World J.
Gastroenterol. 15, 3382-93 (2009).

Shrivastava, S. et al. Increased regulatory T cells and impaired functions
of circulating CD8 T lymphocytes is associated with viral persistence in
Hepatitis B virus-positive newborns. J. Viral Hepat. 20, 582-91 (2013).

Chen, M. et al. Nondeletional T-cell receptor transgenic mice: model for
the CD4(+) T-cell repertoire in chronic hepatitis B virus infection. J. Virol.
74, 7587-99 (2000).

You, J. et al. Effect of viral load on T-lymphocyte failure in patients with
chronic hepatitis B. World J. Gastroenterol. 14, 1112-9 (2008).

Tran, D. Q., Ramsey, H. & Shevach, E. M. Induction of FOXP3
expression in naive human CD4+FOXP3 T cells by T-cell receptor
stimulation is transforming growth factor-beta dependent but does not
confer a regulatory phenotype. Blood 110, 2983-90 (2007).

Allan, S. E. et al. Activation-induced FOXP3 in human T effector cells
does not suppress proliferation or cytokine production. Int. Immunol. 19,
345-54 (2007).

Kuczma, M. et al. TCR repertoire and Foxp3 expression define
functionally distinct subsets of CD4+ regulatory T cells. J. Immunol. 183,
3118-29 (2009).

87



REFERENCES

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214,

215.

216.

217.

Valmori, D., Merlo, A., Souleimanian, N. E., Hesdorffer, C. S. & Ayyoub,
M. A peripheral circulating compartment of natural naive CD4 Tregs. J.
Clin. Invest. 115, 1953-62 (2005).

Schmetterer, K. G., Neunkirchner, A. & Pickl, W. F. Naturally occurring
regulatory T cells: markers, mechanisms, and manipulation. FASEB J.
26, 2253-76 (2012).

Vukmanovic-Stejic, M. et al. The kinetics of CD4+Foxp3+ T cell
accumulation during a human cutaneous antigen-specific memory
response in vivo. J. Clin. Invest. 118, 3639-50 (2008).

Nurieva, R. |., Liu, X. & Dong, C. Molecular mechanisms of T-cell
tolerance. Immunol. Rev. 241, 133-44 (2011).

Soong, R.-S. et al. Direct T Cell Activation via CD40 Ligand Generates
High Avidity CD8+ T Cells Capable of Breaking Immunological
Tolerance for the Control of Tumors. PLoS One 9, €93162 (2014).

Hirai, T. et al. A novel approach inducing transplant tolerance by
activated invariant natural killer T cells with costimulatory blockade. Am.
J. Transplant 14, 554-67 (2014).

Tang, Y., Jiang, L., Zheng, Y., Ni, B. & Wu, Y. Expression of CD39 on
FoxP3+ T regulatory cells correlates with progression of HBV infection.
BMC Immunol. 13, 17 (2012).

Li, C., Xing, S., Duan, X., Wan, M. & Wang, H. [The study on frequency
distribution of regulatory T cells and its functional markers in peripheral
blood of chronic hepatitis B]. Zhonghua Shi Yan He Lin Chuang Bing Du
Xue Za Zhi 25, 33-5 (2011).

Lin, C.-L. & Kao, J.-H. Recent advances in the treatment of chronic
hepatitis B. Expert Opin. Pharmacother. 12, 2025-40 (2011).

Hattab, S. et al. Comparative impact of antiretroviral drugs on markers of
inflammation and immune activation during the first two years of
effective therapy for HIV-1 infection: an observational study. BMC Infect.
Dis. 14, 122 (2014).

Lange, C. M. et al. A genetic validation study reveals a role of vitamin D
metabolism in the response to interferon-alfa-based therapy of chronic
hepatitis C. PLoS One 7, e40159 (2012).

Avihingsanon, A. et al. Decline in serum 25 hydroxyvitamin D levels in
HIV-HBV-coinfected patients after long-term antiretroviral therapy.
Antivir. Ther. 19, 41-9 (2014).

Rosen, C. J. Clinical practice. Vitamin D insufficiency. N. Engl. J. Med.
364, 248-54 (2011).

DelLuca, H. F. Overview of general physiologic features and functions of
vitamin D. Am. J. Clin. Nutr. 80, 1689S-96S (2004).

88



REFERENCES

218.

2109.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Holick, M. F. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. Am J Clin
Nutr 80, 16785-1688 (2004).

Ponsonby, A.-L., McMichael, A. & van der Mei, |. Ultraviolet radiation
and autoimmune disease: insights from epidemiological research.
Toxicology 181-182, 71-8 (2002).

Wacker, M. & Holick, M. F. Sunlight and Vitamin D: A global perspective
for health. Dermatoendocrinol. 5, 51-108 (2013).

Gallego-Rojo, F. J. et al. Bone mineral density, serum insulin-like growth
factor I, and bone turnover markers in viral cirrhosis. Hepatology 28,
695-9 (1998).

Orsini, L. G. S., Pinheiro, M. M., Castro, C. H. M., Silva, A. E. B. &
Szejnfeld, V. L. Bone mineral density measurements, bone markers and
serum vitamin D concentrations in men with chronic non-cirrhotic
untreated hepatitis C. PLoS One 8, e81652 (2013).

Huang, W.-H., Yu, M.-C., Huang, J.-Y. & Lai, P.-C. Impact of hepatitis C
virus infection on bone mineral density in renal transplant recipients.
PLoS One 8, 63263 (2013).

Crawford, B. A. L., Kam, C., Donaghy, A. J. & McCaughan, G. W. The
heterogeneity of bone disease in cirrhosis: a multivariate analysis.
Osteoporos. Int. 14, 987-94 (2003).

Monegal, A. et al. Osteoporosis and bone mineral metabolism disorders
in cirrhotic patients referred for orthotopic liver transplantation. Calcif.
Tissue Int. 60, 148-54 (1997).

Chen, C.C.,Wang, S. S., Jeng, F. S. & Lee, S. D. Metabolic bone
disease of liver cirrhosis: is it parallel to the clinical severity of cirrhosis?
J. Gastroenterol. Hepatol. 11, 417-21 (1996).

Miyara, M. et al. Functional delineation and differentiation dynamics of
human CD4+ T cells expressing the FoxP3 transcription factor. Immunity
30, 899-911 (2009).

Taams, L. S. et al. Human anergic/suppressive CD4(+)CD25(+) T cells:
a highly differentiated and apoptosis-prone population. Eur. J. Immunol.
31, 1122-31 (2001).

Seddiki, N. et al. Persistence of naive CD45RA+ regulatory T cells in
adult life. Blood 107, 2830-8 (2006).

Vukmanovic-Stejic, M. et al. Human CD4+ CD25hi Foxp3+ regulatory T
cells are derived by rapid turnover of memory populations in vivo. J. Clin.
Invest. 116, 2423-33 (2006).

Haas, J. et al. Prevalence of Newly Generated Naive Regulatory T Cells
(Treg) Is Critical for Treg Suppressive Function and Determines Treg
Dysfunction in Multiple Sclerosis. J. Immunol. 179, 1322-1330 (2007).

89



REFERENCES

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

Booth, N. J. et al. Different proliferative potential and migratory
characteristics of human CD4+ regulatory T cells that express either
CD45RA or CD45RO0. J. Immunol. 184, 4317-26 (2010).

Tomura, M. et al. Activated regulatory T cells are the major T cell type
emigrating from the skin during a cutaneous immune response in mice. J.
Clin. Invest. 120, 883-93 (2010).

Ferrari, C. et al. Cellular immune response to hepatitis B virus-encoded
antigens in acute and chronic hepatitis B virus infection. J. Immunol. 145,
3442-9 (1990).

Rico, M. A. et al. Hepaititis B virus-specific T-cell proliferation and
cytokine secretion in chronic hepatitis B e antibody-positive patients
treated with ribavirin and interferon alpha. Hepatology 33, 295-300
(2001).

Jung, M. C. et al. Activation of a heterogeneous hepatitis B (HB) core
and e antigen-specific CD4+ T-cell population during seroconversion to
anti-HBe and anti-HBs in hepatitis B virus infection. J. Virol. 69, 3358—-68
(1995).

Vingerhoets, J. et al. HBV-specific lymphoproliferative and cytokine
responses in patients with chronic hepatitis B. J. Hepatol. 28, 8-16
(1998).

Wang, L., Zhao, C., Peng, Q., Shi, J. & Gu, G. Expression levels of
CD28, CTLA-4, PD-1 and Tim-3 as novel indicators of T-cell immune
function in patients with chronic hepatitis B virus infection. Biomed.
reports 2, 270-274 (2014).

Xu, D. et al. Circulating and liver resident CD4+CD25+ regulatory T cells
actively influence the antiviral immune response and disease
progression in patients with hepatitis B. J. Immunol. 177, 739-47 (2006).

Nan, X.-P. et al. Circulating CD4+CD25high regulatory T cells and
expression of PD-1 and BTLA on CD4+ T cells in patients with chronic
hepatitis B virus infection. Viral Immunol. 23, 63-70 (2010).

Ferrari, C. et al. Selective sensitization of peripheral blood T
lymphocytes to hepatitis B core antigen in patients with chronic active
hepatitis type B. Clin. Exp. Immunol. 66, 497-506 (1986).

Crispe, I. N. et al. Cellular and molecular mechanisms of liver tolerance.
Immunol. Rev. 213, 101-18 (2006).

Boni, C. et al. Transient restoration of anti-viral T cell responses induced
by lamivudine therapy in chronic hepatitis B. J. Hepatol. 39, 595-605
(2003).

Mondino, A. & Jenkins, M. K. Surface proteins involved in T cell
costimulation. J. Leukoc. Biol. 55, 805-15 (1994).

Appleman, L. J. & Boussiotis, V. A. T cell anergy and costimulation.
Immunol. Rev. 192, 161-80 (2003).
90



REFERENCES

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Raziorrouh, B. et al. Inhibitory molecules that regulate expansion and
restoration of HCV-specific CD4+ T cells in patients with chronic
infection. Gastroenterology 141, 1422-31, 1431.e1-6 (2011).

Golden-Mason, L. et al. Upregulation of PD-1 expression on circulating
and intrahepatic hepatitis C virus-specific CD8+ T cells associated with
reversible immune dysfunction. J. Virol. 81, 9249-58 (2007).

Radziewicz, H. et al. Liver-infiltrating lymphocytes in chronic human
hepatitis C virus infection display an exhausted phenotype with high
levels of PD-1 and low levels of CD127 expression. J. Virol. 81, 2545-53
(2007).

Manigold, T. & Racanelli, V. T-cell regulation by CD4 regulatory T cells
during hepatitis B and C virus infections: facts and controversies. Lancet
Infect. Dis. 7, 804-13 (2007).

Wong, M., La Cava, A. & Hahn, B. H. Blockade of programmed death-1
in young (New Zealand Black x New Zealand White)F1 mice promotes
the suppressive capacity of CD4+ regulatory T cells protecting from
lupus-like disease. J. Immunol. 190, 5402-10 (2013).

Peng, G. et al. PD-1 upregulation is associated with HBV-specific T cell
dysfunction in chronic hepatitis B patients. Mol. Immunol. 45, 963—-70
(2008).

Fisicaro, P. et al. Antiviral intrahepatic T-cell responses can be restored
by blocking programmed death-1 pathway in chronic hepatitis B.
Gastroenterology 138, 682-93, 693.e1-4 (2010).

Shibuya, A. et al. DNAM-1, a novel adhesion molecule involved in the
cytolytic function of T lymphocytes. Immunity 4, 573—81 (1996).

Ye, X. et al. Expression of human CD226 on T cells and natural killer
cells and of soluble CD226 in plasma of HIV-1-infected Chinese patients.
Viral Immunol. 19, 576-81 (2006).

Li, J., Shi, J., Ren, W., Wu, W. & Chen, Z. Regulatory Role of
CDA4(+)CD25 (+)Foxp3 (+) Regulatory T Cells on IL-17-Secreting T Cells
in Chronic Hepatitis B Patients. Dig. Dis. Sci. (2014).
doi:10.1007/s10620-013-3022-1

Zhang, H.-H. et al. [Inhibition of CD4+ CD25+ regulatory T cells in
chronic hepatitis B patients]. Zhonghua Yi Xue Za Zhi 88, 511-5 (2008).

El-Badawy, O. et al. Relations of regulatory T cells with hepatitis markers
in chronic hepatitis B virus infection. Hum. Immunol. 73, 335-41 (2012).

Nan, X.-P. et al. Inhibition of viral replication downregulates
CD4(+)CD25(high) regulatory T cells and programmed death-ligand 1 in
chronic hepatitis B. Viral Immunol. 25, 21-8 (2012).

Cabrera, R. et al. An immunomodulatory role for CD4(+)CD25(+)
regulatory T lymphocytes in hepatitis C virus infection. Hepatology 40,
1062-71 (2004).

91



REFERENCES

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Rushbrook, S. M. et al. Regulatory T cells suppress in vitro proliferation
of virus-specific CD8+ T cells during persistent hepatitis C virus infection.
J. Virol. 79, 7852-9 (2005).

Larrubia, J. R. et al. Adaptive immune response during hepatitis C virus
infection. World J. Gastroenterol. 20, 3418—-3430 (2014).

Peng, G. et al. Circulating CD4+ CD25+ regulatory T cells correlate with
chronic hepatitis B infection. Immunology 123, 57—-65 (2008).

Xu, H., Xing, T., Li, H. & Ye, J. Association of T regulatory cells with
natural course and response to treatment with interferon-a in patients
with chronic hepatitis B infection. Chin. Med. J. (Engl). 125, 1465-8
(2012).

Watanabe, T., Bertoletti, A. & Tanoto, T. A. PD-1/PD-L1 pathway and
T-cell exhaustion in chronic hepatitis virus infection. J. Viral Hepat. 17,
453-8 (2010).

Mehta, K., Shahid, U. & Malavasi, F. Human CD38, a cell-surface
protein with multiple functions. FASEB J. 10, 1408-17 (1996).

Deaglio, S., Mehta, K. & Malavasi, F. Human CD38: a (r)evolutionary
story of enzymes and receptors. Leuk. Res. 25, 1-12 (2001).

Liu, Z. et al. Elevated CD38 antigen expression on CD8+ T cells is a
stronger marker for the risk of chronic HIV disease progression to AIDS
and death in the Multicenter AIDS Cohort Study than CD4+ cell count,
soluble immune activation markers, or combinations of HLA-DR. J.
Acquir. Immune Defic. Syndr. Hum. Retrovirol. 16, 83-92 (1997).

Plaeger, S. et al. The prognostic significance in HIV infection of immune
activation represented by cell surface antigen and plasma activation
marker changes. Clin. Immunol. 90, 238—-46 (1999).

Cao, W., Qiu, Z.-F. & Li, T.-S. Parallel decline of CD8+CD38+
lymphocytes and viremia in treated hepatitis B patients. World J.
Gastroenterol. 17, 2191-8 (2011).

Arasli, M., Ustundag, Y., Delikanli, B., Harmandar, F. & Buyukuysal, C.
Peripheral blood lymphocyte dynamics and viral kinetics in patients with
chronic active hepatitis B virus infection treated by tenofovir.
Hepatogastroenterology. 59, 851-7 (2012).

Du Pré, M. F. et al. CD62L(neg)CD38" expression on circulating CD4" T
cells identifies mucosally differentiated cells in protein fed mice and in
human celiac disease patients and controls. Am. J. Gastroenterol. 106,
1147-59 (2011).

Van Leeuwen, M. A. et al. Changes in natural Foxp3(+)Treg but not
mucosally-imprinted CD62L(neg)CD38(+)Foxp3(+)Treg in the circulation
of celiac disease patients. PLoS One 8, e68432 (2013).

92



REFERENCES

273.

274.

275.

276.

277.

278.

Petta, S. et al. Low vitamin D serum level is related to severe fibrosis
and low responsiveness to interferon-based therapy in genotype 1
chronic hepatitis C. Hepatology 51, 1158-67 (2010).

Rahman, A. H. & Branch, A. D. Vitamin D for your patients with chronic
hepatitis C? J. Hepatol. 58, 184-9 (2013).

Marzio, D. L. H.-D. & Fenkel, J. M. Complementary and alternative
medications in hepatitis C infection. World J. Hepatol. 6, 9-16 (2014).
Mayne, C. G., Spanier, J. A, Relland, L. M., Williams, C. B. & Hayes, C.
E. 1,25-Dihydroxyvitamin D3 acts directly on the T lymphocyte vitamin D
receptor to inhibit experimental autoimmune encephalomyelitis. Eur. J.
Immunol. 41, 822-32 (2011).

Von Essen, M. R. et al. Vitamin D controls T cell antigen receptor
signaling and activation of human T cells. Nat. Immunol. 11, 344-9
(2010).

Smolders, J., Thewissen, M. & Damoiseaux, J. Control of T cell
activation by vitamin D. Nat. Immunol. 12, 3; author reply 3—4 (2011).

93



ACKNOWLEDGEMENT

8. Acknowledgement

First of all, I would like to thank my supervisor, Stefan Lueth. Without your
encouragement and guidance, | was just a physician, science was something
far away. Your profound professional knowledge and rigorous scholarship
opened the door of scientific research for me. From the design of the project to
the research and quality control, from the result analysis to finalizing the paper,
you have devoted great efforts. You not only brought me into the research field,
but also gave me enough tolerance and freedom on learning German and
getting to know Germany. | am deeply gratefull for everything you did for me.

The successful completion of this thesis would neither have been possible
without the help of Werner Dammerman. The first thing you said to me was
"There are no stupid questions, only stupid answers,"” which dispelled my
worries of asking the wrong questions. | thank you for trying to solve my
problems and difficulties, for your incredible patience in explaining protocols,
for your help on how to collect useful information from papers, how to collect
and analyze experimental data, just to name a few. In addition | would like to
thank you for your encouragement and support in learning the German
language. You not only let me see the meticulousness and rigorousness of a
scientist but also the sincerity and enthusiasm of a friend.

| am also very grateful for having Julian Schultz as a collaborator in this project.
You gave me lots of valuable advice in the initial design, the interim
improvement and the final analysis of the results. Here | would like to
appreciate your support. Your solid and extensive knowledge on immunology,
the perfect combination of it with clinical work made my research focused and
more complete. You always encouraged me, which gave me the confidence to
finish this work.

| am very grateful to Iluna Toth for providing me the most important
experimental specimens. With your rich flow cytometry technique and
knowledge, you gave me a lot of invaluable advice on my experiment, such as
panel design and data analysis.

Mareika Kohring, you are the best technician I've seen. Your work attitude and

94



ACKNOWLEDGEMENT

style were inspiring. Without your continous support | would not have been
able to master all the laboratory work.

Thanks also to Timo Kessler for extensive IT support and general education on
data analysis techniques. You improved both the quality and efficiency of my
research work.

| would like to thank all my colleges in the Lab for their ongoing and
outstanding support and consideration in this two years.

Thanks to my Chinese friends | meet in UKE. Your wealth of experience in
laboratory work and selfless support helped me a lot. You made my life in
Germany more lively and colorful.

| want to thank my parents for their selfless love. There goes a Chinese saying,
"The thread in a caring mother's hands becomes the sweater of the son
outside.” Wherever the kids go, they are always accompanied by their parents’
love. Today | was able to successfully complete this study because of the
ordinary but great love and support from all my family.

This is the most important two years in my life. | saw a more wonderful world, a
more brilliant life. Thanks to all the people | have met in the past two years, you
weave a beautiful rainbow in my life.

95



