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ABSTRACT
Characterization of Natural Killer Cell Responses
in Chronic Hepatitis C Virus Infection

Kathryn Anne Bowman
The University of Texas Southwestern Medical Center, 2014
Supervising Professor: Barbara Rehermann, M.D.

Background: Hepatitis C virus (HCV) has infected 170 million people worldwide and
is a leading cause of chronic viral hepatitis, liver cirrhosis, and hepatocellular carcinoma.
Liver injury and disease progression in hepatitis C virus infection is driven by the host
immune response. Previous research has largely focused on the contribution of virus-
specific T cells to this process. However, in chronic HCV infection, T cells are
functionally exhausted and do not control viremia. Thus, it is likely that immune cells
other than HCV-specific T cells contribute to disease pathogenesis.

Natural killer (NK) cells constitute the major innate immune cell population in the liver.
They are capable of producing cytokines and utilize multiple mechanisms of cytotoxicity.
The high prevalence of NK cells in the liver, along with their potential for viral
specificity, suggested we study NK cell function in the setting of chronic hepatitis C
infection. An improved understanding of the endogenous mechanisms that regulate liver
inflammation and disease pathogenesis in chronic hepatitis C infection may result in a
new focus for therapeutic options to decrease the rate of disease progression in
individuals who are unable to clear infection with antiviral agents.

Objective: Here we sought to characterize whether natural killer cells from individuals
chronically-infected with hepatitis C virus respond in chronic HCV infection and to
compare the frequencies of HCV-specific NK cell responses with corresponding virus-
specific T cell responses.

Methods: We tested the NK cell function of chronically HCV-infected patients not
currently on antiviral treatment using a whole blood activation assay. In this assay,
heparin-anticoagulated whole blood from 39 anti-HCV positive HCV patients and 10
healthy blood donors was stimulated for 8 hours with pools of overlapping 18 amino
acid peptides (OLPs) comprising the HCV envelope (E1, E2) and nonstructural (NS3)
sequences. Specificity controls consisted of a pool of overlapping hepatitis D virus
peptides and samples without peptide addition. As a readout for NK and T cell function,



the frequency of IFNy+ NK cells and T cells was assessed by multicolor flow cytometry.
In addition, cytotoxicity was assessed by the frequency of NK or T cells expressing
CD107a, a marker of cellular degranulation. Variance between responses in HCV-
infected versus healthy donors and variance between NK versus T cell responses were
analyzed by matched two-way ANOV A with multiple comparisons and Bonferroni post-
test using Graphpad Prism software.

Results: This study demonstrates that NK cells from chronically HCV-infected
individuals are activated in HCV infection in a whole blood peptide stimulation assay
with both structural and nonstructural HCV proteins, including E1 and E2 envelope
proteins and NS3 nonstructural protein. NK cells secrete cytokines assessed here by
release of [FNy, as well as NK cell degranulation, and degranulated, assessed by
CD107a expression. As expected, there were minimal NK cell or T cell responses in
healthy donor blood. NK cell cytokine responses were 4-6 times greater than HCV-
specific T cell cytokine responses.

Conclusion: This study demonstrates that NK cell cytokine production and
degranulation is greater than that of corresponding T cells. Further research is needed to
characterize the mechanism of these NK cell responses to understand antiviral
mechanisms and factors influencing disease progression.
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CHAPTER 1
Introduction
HCYV epidemiology and disease progression

Hepatitis C virus (HCV) has infected 170 million people (~2-3% of the global
population) and is a leading cause of chronic viral hepatitis, liver cirrhosis, and
hepatocellular carcinoma'. Of those acutely infected, 60-80% will develop persistent
infection (> 6 months) and chronic disease. Among chronically-infected individuals,
20% will develop progressive liver fibrosis and cirrhosis over the subsequent two to
three decades and 1-5% will develop hepatocellular carcinoma’. HCV-related liver
disease is the most common indication for liver transplantation in the United States and
Europe and the majority of patients demonstrate persistent viremia and recurrent liver
injury after transplantation®. In addition to cirrhosis and hepatocellular carcinoma,
chronic infection is associated with multiple extrahepatic manifestations, including an
increased prevalence of membranoproliferative glomerulonephritis, cryoglobulinemia,
Non-Hodgkin’s Lymphoma (NHL) and dermatological manifestations including lichen
planus, vitiligo, and porphyria cutanea tarda’.

There are seven major genotypes of HCV, with significant differences of ~30%
at the nucleotide level®. These are further subcategorized into greater than 50 subtypes
that vary by 20-25% of nucleotide sequence’. Genotype 1 and genotype 2 are the most
common in the United States and Europe’. Adding to this viral diversity, HCV exists
within each infected individual as a heterogeneous population of differing viral isolates
or quasispecies®. This viral heterogeneity is multifactorial and poses a considerable

challenge for vaccine development. One major contributor to heterogeneity is the viral



RNA polymerase (NS5B), which is highly error-prone and lacks proofreading activity,
with estimated mutation rates of ~10™ to 10”/nucleotide/round of replication’'’. This
high error rate leads to the generation of frequent viral escape mutants which allow for
effective evasion of T cell responses and the establishment of chronic infection.
Transmission of HCV is primarily horizontal during adulthood through
parenteral routes. Intravenous drug use (IVDU) accounts for the majority of new
infections in the United States''. Since the introduction of screening of blood products
for HCV antibodies in 1992, transfusion transmission has become rare in the United
States, but remains a significant source of infection in countries without routine
screening of blood products’. Perinatal transmission is uncommon, occurring in 2-8% of
infants of HCV-infected women, and sexual transmission between monogamous partners
is rare, although the prevalence of HCV infection is higher among individuals with

multiple sexual partners’'".

HCV Treatment and Screening

HCV is the only hepatitis virus for which no effective vaccine has been
developed. Until recently, a significant percentage of patients (40-50% genotype 1) did
not achieve sustained virologic response (SVR) to the mainstay of therapy (pegylated-
[FNa, ribavirin), although this response improved to ~70% with the addition of
nucleoside analogues, including boceprevir and telaprevir'>'?. The recent development
of a new directly acting antiviral, sofosbuvir, which inhibits the viral RNA polymerase
NS5B, has drastically improved outcomes among all genotypes. New goals of therapy

will be achievement of SVR on interferon-free, all-oral regimens. Currently, multiple



phase II and III clinical studies with a single directly acting antiviral (DAA), sofosbuvir,
plus ribavirin demonstrate improvement in SVR for genotypes 2 and 3 over
peginterferon-based therapies'*'"”. For genotype 1 patients, several clinical trials using
two DAAs plus ribavirin have shown improvements in SVR, including high rates SVR
in treatment-naive patients and improvements in SVR in prior non-responders'®.
However, cost and access to drug therapy remains an issue for many people in the US
and abroad, underscoring the continuing need for development of a prophylactic vaccine.

Because chronic HCV infection is generally asymptomatic, an estimated 45-85%
of chronically infected individuals are unaware that they are infected'’. As a result,
recognition and subsequent treatment of infection requires appropriate screening for risk
factors, which should prompt HCV testing if found. These risk factors include: injection
or intranasal illicit drug use, long-term hemodialysis, healthcare-associated exposures,
incarceration, or recipients of blood/organs prior to 1992, HIV infection, or unexplained
chronic liver disease and chronic hepatitis including alanine aminotransferase (ALT)
elevations. However, based on the high rate of failure (50%) of risk-based screening to
identify HCV infections, the Centers for Disease Control (CDC) and US Preventive
Services Task Force (USPSTF) expanded HCV screening guidelines in 2012 with a
recommendation for a one-time HCV antibody test for all persons born between 1945
and 1965, regardless of other HCV risk factors'”'®. This 1945-1965 birth cohort

accounts for nearly three quarters of HCV infections.

HCYV structure and life cycle

HCV is an enveloped positive-sense single-stranded RNA virus of the



flaviviridae family which infects hepatocytes of humans and chimpanzees. Its genome,
which does not integrate into the host cell DNA, is approximately 9.6kb in length and
encodes a single long polyprotein within a single ORF*’. This polyprotein is processed
into 10 proteins including structural (core, E1, and E2) and nonstructural (p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B) proteins by viral enzymes (NS2/3 and NS3/4A serine
protease) and cellular enzymes (signal peptidase and signal peptide peptidase). The two
envelope glycoproteins, E1 and E2, are displayed on the viral surface and appear to be
responsible for receptor binding. The HCV nonstructural proteins (NS3, NS4A, NS4B,
NS5A, and NS5B) are used for replication. Notably, the NS3/NS4A serine protease is
the target of two directly-acting antivirals (DAAs), telaprevir and boceprevir. The NS5B
functions as the viral RNA-dependent RNA polymerase and is the target for the most
recent DAAs, NS5B polymerase inhibitors including sofosbuvir.

HCV viral entry into hepatocytes is mediated by binding of the virus to several
surface-expressed proteins, including tetraspanin CD81, the scavenger receptor class B
type I (SR-B1), two tight junction proteins — occluding (OCLN) and claudin (CLDN1),
and the cholesterol absorption receptor Niemann-Pick Cl-like 1 (NPCI1L1), as well as

several low-affinity attachment receptors™ >

. Subsequent viral entry by clathrin-
mediated endocytosis leads to HCV translation and replication in the cytosol as
discussed above. Capsid proteins and genomic RNA forms a nucleocapsid and are
released from cytoplasmic vesicles fusing with the plasma membrane through the
secretory pathway''.

Since the identification of HCV in 1989, HCV research has been complicated by

the virus’ species specificity for humans and chimpanzees and its cellular tropism for



hepatocytes. The initial lack of efficient cell culture systems and small animal models
slowed research on the viral life cycle and necessitated development of alternative
research models. Although functional cDNA clones of HCV were generated in 1997
which infected in chimpanzees, these clones did not replicate well in cell culture. The
first breakthrough for cell culture of HCV came with the development of selectable
subgenomic HCV replicons that were able to efficiently replicate in cell culture™~°,
Unfortunately, adaptive mutations that allowed replicons to replicate well in transfected
hepatoma cells in culture were not infectious, limiting a complete study of the viral life
cycle. However, in 2005, the cloning of a genotype 2a HCV isolate from a Japanese
patient with fulminant hepatitis (JFH1 strain) generated an isolate which both efficiently
replicates in human hepatoma cell line (Huh) and produces infectious virions in vitro and

272 Efforts to address the need for small animal models for in vivo studies have

in vivo
included the use of immunodeficient mice transplanted with human hepatocytes and,
more recently, the development of genetically humanized mice permissive to HCV

infection®”. However, these models, while useful for study of the viral lifecycle, do not

allow adequate analysis of immune cell responses™.

Anatomy of the Liver and its Inmune system

A brief review of the structural organization of the liver and its immune
components is critical to an understanding of the immunopathology of chronic HCV and
especially important to shed light on the limitations of immunologic assays using non-
hepatic tissue or cell culture®’. The liver provides an immunologically complex setting

wherein antigen-rich blood from the splanchnic venous system circulates through a



sinusoidal network, thereby allowing extended contact with liver resident lymphocytes
and antigen-presenting cells. The liver is composed of a diverse array of
nonparenchymal cells in addition to hepatocytes including Kupffer cells, stellate cells,
intrahepatic lymphocytes, sinusoidal endothelial cells (LSEC), and biliary cells.
Intrahepatic lymphocytes include innate populations, including NK cells, CD1d+ NKT
cells, and gamma-delta T cells, as well as adaptive populations, including B cells, CD4+
and CD8+ T cells’’. The liver also contains an array of resident antigen presenting cells
(APC) that capture antigen from blood circulating through the liver or released when
infected hepatocytes die. These APCs include Kupfter cells (liver resident macrophages),
liver sinusoidal endothelial cells (LSEC), and dendritic cells (DCs). These APCs appear
to play a significant role in maintaining tolerance and their role in T cell priming in

. . . . 1
immune responses to infection is not well defined”".

Immunology of Hepatitis C

Liver injury and disease progression in HCV infection is driven by the host
immune response. Previous research has focused mainly on the role of virus-specific T
cells in this process, which are critical for viral clearance. However, only 20-30% of
acutely infected individuals will mount an effective T cell response and 70-85% of
individuals with acute infection will develop chronic infection'®. In chronic HCV
infection, T cells are functionally exhausted, demonstrating markedly impaired
proliferative ability, cytotoxicity, and cytokine production, and do not control viremia*>.
This T cell exhaustion is due to high and persistent levels of viral antigen, which lead to

upregulation of programmed death-1 (PD-1) on HCV-specific T cells. This PD-1 binds



its ligand PD-L1, expressed on the surface of liver sinusoidal endothelial cells (LSECs),
Kupffer cells, and stellate cells in the liver, and leads to the decreased functionality that
characterizes the exhausted phenotype®. Additionally, neutralizing antibodies are not
necessary to clear HCV and appear only after chronic infection has been established®.
Neutralizing antibodies select escape variants, rendering them ineffective, and their titers
decay over time**. In the setting of a downregulated T cell response and ineffective,
declining neutralizing antibody titers, it is unclear what causes the intrahepatic

inflammatory response that drives disease pathogenesis.

An introduction to natural killer cells

Natural Killer (NK) cells are effector cells of the innate immune system, which
can recognize and kill virally infected cells or tumor cells and produce antiviral
cytokines, including IFNy and TNFa™’. Unlike cells of the adaptive immune system,
they do not require priming, lack a T cell receptor and do not produce immunoglobulins.
Additionally, unlike T cells, they can recognize non-self or infected cells in the absence
of antibodies and MHC. NK cells directly kill through release of constitutively-
expressed, pre-formed intracellular granules containing perforin (a cytolytic protein) and
granzyme (a serine protease), which lead to apoptosis in the target cell. NK cells require
activation by type I interferons (IFNa and IFNP), or pro-inflammatory cytokines,
including interleukin-15 (IL-15), IL-12, and IL-18, or they may directly recognize and
respond to virally infected cells. NK cells do not express CD3, but do express CD56 and
CD16 (FcylIl receptor), thus their basic phenotype is CD3-CD56+ lymphocytes. NK

cells may be divided into CD56"€" cells, which produce IFNy and contribute to CD4+ T



cell type 1 priming, and a fully mature CD56%™ subset which is more highly cytotoxic
and capable of antibody-dependent cellular cytotoxicity using its FcylIll receptor (CD16)
expressed on its surface®>™’. Additionally, a dysfunctional and rare CD56-CD16+ has
also been described. In addition to an array of cytokine receptors, NK cells express both
activating and inhibitory cell surface receptors, including killer cell immunoglobulin-like
receptors (KIRs), lectin-like receptors (NKG2A-F), and natural cytotoxicity receptors

(NKp30, NKp44, NKp46).

NK cells in chronic HCV infection

NK cells constitute the major innate immune cell population in the liver,
composing 30% of resident lymphocytes in a healthy liver, compared to 5-20% of
peripheral blood lymphocytes, and their frequency is further enriched in the liver in
chronic HCV infection. In the context of hepatitis, the intrahepatic NK cell population

may constitute up to 90% of liver resident lymphocytes>”".

Both their high frequency
in the liver at baseline and further enrichment in the setting of chronic HCV, as well as
their multiple mechanisms of cytotoxicity against virally-infected hepatocytes, make NK
cells potentially important effector cells in acute and chronic HCV infection. Further,
immunogenetic studies have demonstrated that KIR/HLA haplotypes affect the
outcomes of acute and chronic HCV infection, likely as a result of differential NK cell
activation, with some KIR/HLA haplotypes associated with increased likelihood of viral
clearance (KIR2DL3 and HLA-C group 1 allelic homozygosity), while others (KIR2DS3)
39-41

have been associated with increased liver injury in chronic infection

NK cell activation results in cytotoxicity as well as release of antiviral cytokines



such as IFNy. NK cells may utilize multiple mechanisms of cytotoxicity, including
antibody-dependent cellular cytotoxicity (ADCC), which depends on NK cell CD16
(FcyRIID) recognition of circulating antigen-specific immunoglobulins bound to virally-
infected cells, with specificity contributed by the antibody.

In chronic HCV infection, intrahepatic NK cells are more activated than their
counterparts in the peripheral blood*. In patients with chronic infection, the activating
receptor NKG2C, NKp44, and TRAIL, which are all markers of activated NK cells, as
well as CD122, a subunit of the IL-2 receptor, which is important in NK cell activation,
were expressed on a higher percentage of NK cells than in healthy controls. The
upregulation of these activating receptors, and the downregulation of inhibitor receptors,
demonstrates that NK cells are activated in chronic infection compared to healthy
controls.

The activated NK cell phenotype demonstrated in chronic HCV does not result
in equal increases in cytotoxicity and cytokine production. Intrahepatic NK cells are
polarized towards cytotoxicity, indicated by increased degranulation and TRAIL

production, without significantly increased IFNy production®®*

. This polarization
towards cytotoxicity appears to be induced by chronic exposure to HCV-induced type I
interferons in chronic infection *°. The absence of IFNy may contributes to viral
persistence because IFNy suppresses HCV replication, and IFNy —mediated viral
clearance is more effective and efficient than individual 1:1 killing of infected
hepatocytes by cytotoxic mechanisms®. The relative importance of IFNy has been

further suggested by the observation that the increase in intrahepatic IFNy-mRNA levels

in the liver corresponds with clearance of acute HCV infection in chimpanzee models**.
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Objectives / Hypothesis

The high prevalence of NK cells in the liver, along with their potential for viral
specificity and multiple mechanisms of activation and cytotoxicity, suggested we study
NK cell function in the setting of chronic hepatitis C infection. Given the recent interest
in antibody-dependent cellular cytotoxicity, we sought to understand whether NK cells
respond in chronic HCV and if so, how these responses compared to corresponding T
cell responses. An improved understanding of the endogenous mechanisms that regulate
liver inflammation and disease pathogenesis in chronic hepatitis C infection may result
in a new focus for therapeutic options to decrease the rate of disease progression in those

individuals who are wunable to clear infection with antiviral agents.
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CHAPTER 2: MATERIALS AND METHODS
Study Cohort

Peripheral blood NK cells and T cells were studied in thirty-seven individuals
with chronic hepatitis C infection and ten HCV-uninfected healthy blood donors (Table
1) at the National Institute of Diabetes, Digestive and Kidney Diseases. Inclusion criteria
included patients with chronic infection (> 6 months) with genotype 1a or 1b HCV only,
who were not currently or recently (>2 years) on therapy for HCV. Study subjects
include both patients who failed to respond to previous therapy (non-responders) and
treatment-naive patients. Reasons for exclusion included co-infection with HIV or more
than one genotype of HCV. Whole blood samples were drawn in sodium heparin tubes.
All subjects gave written informed consent for research testing under protocols approved
by the National Institute for Diabetes and Digestive and Kidney Diseases Institutional

Review Board and the National Cancer Institute Institutional Review Board.

Synthetic HCV peptides

Overlapping peptides (OLPs; 18mers overlapping by 10 to 11 amino acids)
spanning HCV genotype 1 sequence for each of three proteins, HCV E1, E2, and NS3,
were chosen and arranged in pools. To make each pool, S0ul. of each 18mer was
combined and volume was adjusted with PBS/5% DMSO to a volume of 2100 uL
(Img/mL — 24 ug/mL each). The peptides were synthesized by the NIAID NIH AIDS

Research Reagents Program.
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Whole-blood intracellular cytokine staining (ICS) and NK cell degranulation assay
The frequencies of NK cells and T cells producing interferon-gamma (IFNy)
were determined by stimulating from HCV-infected subjects or healthy donors with
peptide pools. 400uL of whole blood, collected in sodium heparin Vacutainer tubes, was
stimulated with HCV E1, E2, and NS3 peptide pools at a final concentration of 2ug/mL
in the presence of costimulatory anti-CD28 and anti-CD49d (BD Biosciences) and
Brefeldin A (10ug/mL; Sigma-Aldrich). Specificity controls included a tube with no
peptide added, as well as a positive control tube with stimulation by PMA-ionomycin
(lug/mL and 0.5 ug/mL; Sigma-Aldrich), both in the presence of costimulatory
molecules and Brefeldin A. Samples were incubated for 6 hours at 37C at 5% CO2 in
dark. Following incubation, red blood cells were lysed using red blood cell lysis buffer
(145 mM NH4Cl, 0.ImM EDTA, 12mM NaHCO3 in distilled water). Cells were
washed, and stained with ethidium monoazide (EMA, Sigma) at 4 degrees under light,
followed by surface staining for 30 minutes in the dark at 4 degrees with the following
panel: anti-CD14/ CD19 Cy5SPE (CD14 Cy5-phycoerythrin, BIORAD; CD19 Cy5-
phycoerythrin, BD Biosciences), CD56-Cy7PE (Cy7 phycoerythrin, BD Biosciences),
CD3 Alexa700 (Alexa Fluor 700, BD Pharmingen), CD57 Pacific Blue (Biolegend), and
CD16 Violet500 (BD Horizon). After fixation/permeabilization (eBioscience), cells
were intracellularly stained for 30 minutes in the dark at 4C for TNFa FITC (fluorescein
isothiocyanate, BD Pharmingen) and IFNy PE (phycoerythrin, BD Pharmingen). Cells
were then washed and resuspended in phosphate-buffered saline with 5% FBS and

DNAse (3x10™ U/mL final concentration). Samples were acquired within 36 hours of
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fixation on the LSR II flow cytometer (BD Biosciences), with filtration of cells (50um
pore) directly prior to acquisition. 800,000 to 1.5 million events were acquired for each
sample.

NK cell degranulation in response to stimulation with HCV peptides was studied
using whole blood stimulated with HCV peptide pools in the presence of monensin
(GolgiStop, BD Biosciences) and anti-CD107a PE (BD Pharmingen) in addition to
Brefeldin A and costimulatory anti-CD28 and anti-CD49d (BD Biosciences) as
described previously. Peptide stimulations were initiated within 12 hours of blood draw
on 10 HCV infected patients and 10 healthy donors in parallel with cytokine release
assays. A negative specificity control tube with no peptide added was included for each
patient sample and a positive control stimulated with PMA-I was included in each
experiment, as in the cytokine assay.

Samples were analyzed by multicolor flow cytometry using an LSRII FacsDiva
Version 6.1.3 (BD Biosciences, San Jose, CA) and flow cytometry data was analyzed
using FlowJo software version 8.8.6 (Tree Star, Ashland, OR). Gating strategy involved
an initial time gate, followed by exclusion of doublet cells (FSC-A vs. FSC-H), a gate
on a normal lymphocyte population (SSC-A vs. FSC-A), and a gate to exclude
monocytes, B cells, and dead cells using CD14+, CD19+, and EMA to purify the
lymphocyte population (Fig 1). Simultaneous gating of CD56+ CD3- NK cells and
CD3+ CD56- T cells allowed for parallel analysis of NK cells and T cells from each
whole blood sample. In the cytokine release assays, gating on IFNy and TNFa allowed
for selection of single and double-positive populations. Analysis of degranulation

involved gating on CD107a+ NK cell and T cell populations.
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Laboratory Tests

Serum immunoglobulin levels (IgG), alanine aminotransferase (ALT), and HCV
RNA were tested at the NIH Clinical Center and lab testing was conducted by the NIH
Department of Laboratory Medicine. Serum HCV RNA was tested by quantitative and
qualitative reverse transcriptase polymerase chain reaction (Amplicor; Roche Molecular
Systems, Pleasanton, CA, USA) (>100 viral copies/mL; 50 IU/mL). Results of these lab
tests were accessed using the NIH Clinical Research Information System and only lab
results from the same day as whole blood collection for corresponding NK and T cell

assays were utilized.

HCV Genotyping

Genotyping for genotype la or 1b was conducted by the NIH Clinical Center.
Patient records were accessed using the NIH Clinical Research Information System and
were searched for a previously recorded viral genotype and genotyping was ordered for

those patients without previously recorded genotype.

Statistical Analysis

Statistical analyses were performed with GraphPad Prism Version 6.0 (GraphPad
Software, Inc, San Diego, CA) and Microsoft Excel Version 14.3.2 (Microsoft
Corporation). A matched:stacked 2-way Analysis of Variance (ANOVA) with multiple
comparisons followed by Bonferroni posttest was used to compare peripheral blood NK

cells from HCV-infected samples and healthy donor samples. The appropriateness of
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using a matched:stacked 2-way ANOVA was verified by a low p value demonstrating
significant variation between individual subjects. Wilcoxon matched paired test was

used to compare ALT values. A P value < 0.05 was considered significant.
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CHAPTER 3
Results
Cytokine production

The frequency of IFNy-producing NK cell responses from HCV-infected
individuals was significantly greater compared with healthy controls (variance p <0.05)
(Fig 2). The frequencies of IFNy+ NK cells in whole blood stimulated with HCV E2
peptides (p < 0.01) and HCV NS3 peptides (p < 0.05) were statistically greater than the
frequency of IFNy+ NK cells in whole blood stimulated with the HDV overlapping
peptide pool (Fig 2). However, a parallel analysis of T cell responses from the same
peptide-stimulated whole blood samples shows a very low frequency of T cell cytokine
responses, with frequency of IFNy+ responses approximating baseline levels seen in
unstimulated HCV+ or healthy whole blood (Fig 3). The frequencies of T cell IFNy
responses were small with no significant variance between HCV-infected and HCV-
uninfected samples. On comparison of NK cell IFNy production with T cell IFNy
production in the same whole blood HCV peptide stimulation assays, the frequency of
IFNy+ NK cell responses was 2-5 fold greater than corresponding IFNy+ T cell
responses, with significant variance p < 0.0001 between IFNy+ responses in NK cells

and T cells in whole blood stimulated with HCV E1, E2, or NS3 peptides (Fig 4).

Degranulation/cytotoxicity
In addition to cytokine production, we also assessed the cytotoxic activity of NK
and T cells in the whole blood peptide stimulation assay, using CD107a surface

expression as a marker of degranulation. The frequency of cytotoxic NK cell responses
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was increased in HCV-infected samples (n=10) over healthy controls (n=10) after
stimulation of whole blood with structural (E1, E2) and nonstructural (NS3) peptides
(variance p < 0.01) (Fig 5). The frequency of CD107a+ T cells in response to peptide
stimulation was higher in HCV+ whole blood than in healthy controls, demonstrating
some HCV-stimulated T cell degranulation. However, on comparison of NK cell
degranulation to corresponding T cell degranulation responses in the whole blood assay,
NK cell degranulation in response to HCV E1 and E2 were significantly larger than T
cell responses to these peptides (variance p<0.05). Notably, there is considerable
variability of responses to individual HCV peptide pools between subjects. NK cell
responses to each HCV protein tested varied between subjects. Notably, NK cell

responses did not correlate with T cell responses, liver transaminase levels, or viremia.
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CHAPTER 4
Conclusions and Discussion

This study demonstrates that NK cells degranulate and produce cytokines in
chronic HCV infection. These NK cell responses are detectable with HCV peptide
stimulation of whole blood.

NK cell cytotoxic and cytokine responses were larger than corresponding T cell
responses. Consistent with previous observations of dampened T cell responses in
chronic infection, this study demonstrated that T cells were producing cytokines and
degranulating in response to HCV peptide stimulation at low frequencies in these
chronically infected individuals. The significantly more robust NK cell response
underscores the importance of understanding the role of NK cells in chronic infection,
both for understanding antiviral mechanisms and disease progression-

Several mechanisms may be considered to explain these findings:

First, it is possible that NK cells from a chronically HCV-infected patient may
elicit a non-specific increased baseline activation due to inflammatory environment of
chronic infection. However, low NK cell responses without peptide stimulation were
subtracted from corresponding stimulated samples and blood stimulated with HDV
overlapping peptides generated very low frequencies of responding NK cells.

Second, NK cells can mediate cytotoxicity through ADCC, using surface-
expressed CD16 (FcyRIIl), to recognize circulating HCV-specific immunoglobulins
which could bind HCV proteins on the surface of virally-infected cells. In this case,
specificity for HCV-infected cells is contributed by the antibody and depends on the

presence of HCV proteins on the surface of infected hepatocytes. While viral proteins
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are not expressed on the surface of infected hepatocytes to the same degree as in many
infections, Dumonceaux et al. demonstrated cell-surface expressed E1/E2 heterodimers
in cells transfected with HCV envelope-encoding sequences®. The limited prior research
on HCV-specific NK cell activation through ADCC has focused on demonstration of
NK-mediated ADCC responses to surface-expressed HCV E2 peptide on a hepatoma
cell line, and have not yet demonstrated whether NK cell responses occur in chronic
HCV directly in response to HCV peptide stimulation*. Our study demonstrates NK cell
responses resulting from stimulation of whole blood, not isolated NK cells, with both
structural (E1 and E2) as well as nonstructural (NS3) peptides. However, because in
these experiments, HCV proteins were added as overlapping peptides, constituting linear
rather than conformational epitopes, this study does not demonstrate in what context or
presentation these peptides would be important in vivo. Additionally, it is still unclear
whether E1 or NS3 can be transiently expressed on the surface of infected hepatocytes
and, if so, whether it is present as a whole protein.

Third, other factors in whole blood which could lead to NK cell activation and/or
degranulation include: IL-2 from activated CD4+ T cells, IL-12, IL-15, or IL-18 form
monocytes, [L-12 or type 1 IFNs from dendritic cells, and IL-2 or IL-12 from induced
natural killer T cells (iNKTs). Granulocytes may potentially also contribute to NK cell
activation; however, no role for granulocytes in NK cell activation has been previously
described. Additionally, NK cells in the whole blood could dampen HCV-specific CD8+
T cell responses through the release of IL-10. Future studies include IL-2 blocking with
anti-IL-2 antibodies in the whole blood assay to assess for decreased frequency of NK

cell responses.
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This study includes several limitations. First, conclusions of this study are limited
by the artificial nature of any in vitro experiment. Additionally, as described in the
introduction, the liver constitutes an immunologically unique environment through its
structure and enrichment of resident immune cells. Thus, this study using peripheral
blood may not give an accurate representation of NK cell responses in the chronically
HCV-infected liver. Experimentally, the overlapping peptide pools used for stimulation
constitute linear epitopes rather than conformational epitopes, which would provide
more effective, physiologic binding sites for antibodies.

A large amount of research has recently demonstrated that NK cells play an
important role in the immunology of chronic HCV, with potential for driving pathology
as well as antiviral activity through multiple diverse mechanisms. However, additional
research is needed to clearly understand how the NK cell response might be modulated
to eliminate HCV and reduce liver damage. Additionally, with the ongoing need for a
prophylactic HCV vaccine, it is unclear whether modulation of NK cell responses could

assist in vaccine development.



LIST OF TABLES

Table 1: Chronic HCV+ Cohort.

Patients with chronic

HCYV infection
Subjects 39
A
e 59
(median year)
Gender 2811
(male: female)
HCV RNA 15,417,000

(median copies/mL)

(869,400-67,770,000)
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1700 (918-2700)

21



22

LIST OF FIGURES

Figure 1: Flow cytometry gating strategy

Figure 2: NK cell IFNy Production in HCV+ patients vs. healthy controls
Figure 3: T cell IFNy Production in HCV+ patients vs. healthy controls

Figure 4: NK cell vs. T cell IFNy Production in HCV-infected patients

Figure 5: NK cell Degranulation in HCV+ patients vs. healthy controls

Figure 6: T cell Degranulation in HCV+ patients vs. healthy controls

Figure 7: NK cell vs. T cell Degranulation in HCV+ patients vs. healthy controls



23

single cells lymphocytes dump gate

SSC-A

FSC-H

EMA/CD14/CD19

~ autofluorescence

NK cells
2 4 W & Cytokine
5 E> S e = ssay
CD3 IFNy IFNy
1.03 0.15
5 5 Degranulation
> 3 S ; Assa
? B : > y
NK cells T cells
CD56 CD3

Figure 1. Flow Cytometry Gating Strategy: Stained, washed cells from whole blood HCV peptide stimulation
assay were run on LSRII FacsDiva Version 6.1.3. Flow cytometry data was analyzed using the above gating
strategy. (1) A time gate to gate out any obvious machine or operator errors. (2) Single cell gate to exclude
any cells stuck together. (3) Within a SSC-A vs. FSC-A plot, lymphocytes are gated using established size and
complexity. (4) Lymphocyte population is further purified with plot to exclude dead cells, monocytes, and B
cells (EMA, CD14, CD19) and autofluorescence. (5) Within the lymphocyte population, NK cells
(CD56+CD3-) and T cells (CD3+CD56-) are differentiated and individually gated. At this point two different
assays analyses were done depending on the staining done. For the cytokine assay, NK cells and T cells were
analyzed in parallel for expression of TNFa and IFNy. For the degranulation assay, NK cells and T cells were
analyzed in parallel for expression of CD107a, a surface marker for degranulating cells.
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Figure 2. Natural Killer cell activation (IFNy+) in HCV-infected patients vs. healthy controls in whole blood peptide
stimulation assay. Natural killer cell IFNy production was assessed in HCV-infected individuals and healthy controls using
the whole blood assay with stimulation with either HCV E1, E2, NS3 or HDV OLPs. Baseline responses seen in whole blood
sample without peptide stimulation were subtracted from responses in peptide-stimulated samples for corresponding blood
samples. Matched:stacked 2way ANOVA demonstrates significant variance (p < 0.05) between NK cell IFNy production in
HCV+ whole blood stimulated with HCV peptides in HCV-infected vs. healthy whole blood. Frequencies of IFNy+ NK cells
stimulated with HCV E2 peptides (p < 0.01) and HCV NS3 peptides (p < 0.05) were statistically greater than the frequency of
IFNy+ NK cells stimulated with the HDV peptide pool.

Abbreviations: Interferon y (IFNy); Hepatitis C virus (HCV); Natural killer cell (NK cell); Envelope 1 (E1) protein; Envelope
2 (E2) protein; Non-structural 3 (NS3) protein; Hepatitis D virus (HDV); Overlapping peptides (OLPs); Analysis of Variance
(ANOVA)
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Figure 3. T cell activation (IFNy+) in HCV-infected patients vs. healthy controls in whole blood peptide stimulation
assay. Frequencies of T cell IFNy responses were small with no significant difference between HCV-infected and HCV-
uninfected samples on matched:stacked 2way ANOVA. Subgroup comparisons revealed significantly greater (p <0.05) T cell
IFNy production on whole blood stimulation with HCV E1 than HCV NS3. Baseline T cell responses to unstimulated whole
blood samples for each individual were subtracted from corresponding T cell responses in peptide-stimulated samples.
Abbreviations: Interferon y (IFNy); Hepatitis C virus (HCV); Envelope 1 (E1) protein; Envelope 2 (E2) protein; Non-structural
3 (NS3) protein; Hepatitis D virus (HDV); Overlapping peptides (OLPs); Analysis of Variance (ANOVA)
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Figure 4. NK cell vs. T cell activation (IFNy+) in HCV-infected patients in a whole blood peptide stimulation assay.
Matched:stacked 2way ANOVA demonstrates significantly greater (p < 0.0001) frequency of NK cell IFNy production
than T cell IFNy production in the same whole blood assays in samples stimulated with HCV E1, E2, or NS3 OLPs. There
is no significant difference between NK cell and T cell IFNy production in whole blood stimulated with HDV OLPs.
Abbreviations: Interferon y (IFNy); Hepatitis C virus (HCV); Natural killer cell (NK cell); Envelope 1 (E1) protein;
Envelope 2 (E2) protein; Non-structural 3 (NS3) protein; Hepatitis D virus (HDV); Overlapping peptides (OLPs);
Analysis of Variance (ANOVA).

*=p<0.05; ¥*=p<0.01; ***=p<0.001

NKvs T cell IFNy Production
p <0.0001

0.8 | i } i

Bl HCVE1

Bl HCVE2

Bl HCVNS3

= HDV

Frequency of IFNy+ NK or T cells (%)




27

Figure S. Natural killer cell degranulation (CD107a+) in HCV-infected patients vs. healthy controls in whole
blood peptide stimulation assay. CD107a expression is a marker for degranulation (cytotoxicity). The frequency
of cytotoxic NK cell responses is increased in HCV-infected samples (n=10) over healthy controls (n=10) after
stimulation with structural (E1, E2) and nonstructural (NS3) peptides (p < 0.01).

Abbreviations: Interferon y (IFNy); Hepatitis C virus (HCV); Natural killer cell (NK cell); Envelope 1 (E1) protein;
Envelope 2 (E2) protein; Non-structural 3 (NS3) protein; Hepatitis D virus (HDV); Analysis of Variance
(ANOVA).
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Figure 6. T cell degranulation (CD107a+) in HCV-infected patients vs. healthy controls in whole blood peptide
stimulation assay. There is no significant variance between frequency of T cell degranulation in HCV+ whole blood
versus healthy control whole blood by matched:stacked 2-way ANOVA. On multiple comparisons, the frequency of
CD107a+ T cells in whole blood stimulated by NS3 is greater (p < 0.001) than the frequency of CD107a+ T cells in E1-
stimulated whole blood. T cell responses in healthy whole blood were near baseline regardless of peptide stimulation.
Abbreviations: Interferon y (IFNy); Hepatitis C virus (HCV); Natural killer cell (NK cell); Envelope 1 (E1) protein;
Envelope 2 (E2) protein; Non-structural 3 (NS3) protein; Hepatitis D virus (HDV); Analysis of Variance (ANOVA).
*=p<0.05; **=p<0.01; ***=p<0.001
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Figure 7. NK cell vs. T cell degranulation (CD107a+) in HCV-infected patients in a whole blood peptide stimulation
assay. The frequency of NK cell degranulation in response to whole blood stimulation with HCV E1, E2, and NS3 is
greater (variance p <0.05) than the frequency of T cell degranulation in whole blood stimulated with these peptides.
Frequencies of degranulating NK or T cells in whole blood stimulated with HDV OLPs, which were used as a negative
control, are not statistically different. Baseline responses from these whole blood samples and not stimulated with peptides
were subtracted from these responses.

Abbreviations: Interferon y (IFNy); Hepatitis C virus (HCV); Natural killer cell (NK cell); Envelope 1 (E1) protein;
Envelope 2 (E2) protein; Non-structural 3 (NS3) protein; Hepatitis D virus (HDV); Analysis of Variance (ANOVA).
*=p<0.05; ¥*=p<0.01; ***=p<0.001
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