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Chapter 1

General Introduction
History and classification of influenza virus

Influenza viruses are the causative agents of acute respiratory disease, generally
termed “flu”, The earliest reports of an influenza-like illness include an outbreak in
412BC recorded by Hypocrates (60) and an epidemic in AD1173 (69). The first
influenza A virus was isolated in 1933 by Sir Andrewes and Sir Laidlaw (135),
quickly followed by influenza B and C virus in 1940 (46) and 1951 respectively
(145). Influenza viruses are classified as members of the family of
Orthomyxoviridae, and are divided into the genus of influenza A and B virus and
that of influenza C virus. Influenza A viruses are further divided into subtypes based
on the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA). At
present 15 different subtypes of HA and 9 subtypes of NA genes are known.

Virus structure and replication

Influenza viruses are enveloped negative stranded RNA viruses with a size of 100-
120 oM. The genome of influenza A virus is 13kb in length and consists of eight
gene-segments of different sizes. These gene-segments encede nine structural and
two non-structural proteins (71, 112) (Tab. 1). Each virus particle contains eight

The two glycoprotein spikes HA and NA, together with the M2 protein, are imbedded
into the lipid membrane of the virus. Eight gene-segments encoding the 11 different
viral proteins are depicted. Each segment binds to a single copy of PA, PB1 and PB2
{polymerase proteins) and multiple copies of the NP protein, forming a RNP complex,
M1 and NS2 are associated with the RNP complex and virus membrane. Reproduced
with permission from [71].

Figure 1. The structure of influenza A virus.
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different gene-segments, each bound to a single copy of the three polymerase
proteins (PB1, PB2 and PA} and multiple copies of the nucleoprotein (NP). This
RNP complex is surrounded by a matrix of protein (M1 and NS2) and a lipid
membrane, which is taken from the host cell. Inserted into the lipid membrane are

Table 1: Influenza A virus segments and encoded proteins

RNA seg_ment Gene product (amino acids) MO]e‘.:qus per

{nucleotides) virion
1.{2341) Polymerase PB2 (759) 30-60
2.(2341) Polymerase PB1 (737) 30-60

PB1-ORF2 (87)
3.(2233) Polymerase PA (716) 30-60
4. (1778) Hemagglutinin (566) 500
5. (1565) Nucleoprotein (498) 1000
6. (1413) Neuraminidase {454) 100
7.(1027) Matrix protein M1 (252) 3000
Matrix protein M2 (97) 20-60
8. (890) Non structural protein NS1 (230) -
Non structurai protein NS2 (121) 130-200

three different proteins, the M2
protein, HA and NA protein
{71, 112) (figure 1).

Upon attachment of the virus to
sialic acids on the surface of
airway epithelial cells, the
virus can enter the cells by
receptor-mediated endocytosis
via chlatrin-coated pits. Fusion
of the virus membrane with the
endosomal membrane allows
the RNP complex to be
released into the cytoplasm.
Prior to membrane fusion, the
HA molecule, responsible for
binding to the sialic acid
residues, must be cleaved into

. Figure 2: Replication cycle of influenza viruses.
a HAl and HAZ2 subunit by From Robert A. Lamb and Robert M. Krug’s

serine proteases, which allows  «Ophomyxoviridae: The viruses and  their
a  conformational  change replication” in Fields Virology, 4™ edition,
necessary for fusion. The Lippincott Williams & Wilkins, 2001. p 1505
conformational  change s

triggered by a low pH in the
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Chapter 1 General Introduction

endosomes, which also induces the dissociation of the RNP complexes from M1
proteins. The individual RNP complexes are than transported from the cytoplasm of
the infected cell into the nucleus, where transcription and translation can commence.
First, the vira]l RNA (vVRNA) molecules are transcribed into mRNA molecules and
subsequently translated into proteins. During the first few hours after infection
mainly NP and NS1 proteins are produced. The function of the NSI protein is to
counteract innate immune defense mechanisms and inhibit host mRNA transport,
while the NP protects the vRNA and induces a shift from mRNA production to
vRNA production in the nucleus. This shift in RNA production is as early as 3 hours
after infection and allows the production of new progeny virus particles. At this later
stage in the infection process more HA, NA and M1 proteins are produced, which
are necessary to form viral particles. These molecules together with newly formed
RINP complexes are transported to the membrane of the infected cell where new
virus particles are formed (71, 112) (figure 2).

Pathogenesis of influenza A virus in humans

Infection with influenza viruses can
take place after inhalation of
respiratory secretions from infected
individuwals (2, 105). These aerosols
are deposited in the respiratory tract,
initiating infection in the ciliated
columnar epithelial cells (67, 154) of
the tracheobronchial epithelium, from
where it may spread throughout the
entire respiratory tract (86, 87). Viral
shedding can be detected as early as
24 hours after infection, peaks around
48 hours, and declines to low levels at  s.r050] formation, ideal for depositing
day 5-6. The amount of Virus-  yiral particles in the respiratory tract. From
shedding is related to the severity of  www. health.state.mn.us/

illness and temperature elevation  divs/dpc/adps/flu2/influenza.htm.

(112).

The incubation period for influenza is 2-3 days, but can be as short as 24 hours after
infection. Good indicators of an infection with influenza virus are a sudden onset of
illness, cough, malaise and feverishness, while diarthea, dizziness and chest pain are
among the symptoms not associated with influenza virus (114). The clinical
symptoms associated with an influenza virus infection depend on the immune status,
patient age as well as the type of influenza virus. Severe complications include acute
bronchitis, laryngotracheobronchitis (croup), bronchilitis, bronchopneumonia with
multiple organ dysfunction and bacterial pneumonia (114).

In immune-competent individuals influenza virus infection during the winter
epidemics rarely leads to severe complications and rarely results in death. However
in immune-compromised patients, in particular the elderly, infections with influenza
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Chapter 1 General Introduction

viruses can lead to severe disease and death. In the Netherlands alone, 1000-4000
excess deaths in the elderly population are attributed to influenza virus infection
each year (124). Besides the elderly, diabetes patients, patients suffering from
respiratory conditions (asthmatics, chronic obstructive pulmonary disease patients
and cystic fibrosis) and the immune-compromised patients (transplant recipients and
HIV-infected individuals), also belong to the risk-group associated with influenza
virus infection.

Host range of influenza viruses

Influenza A viruses have been known to infect many different animal species
inciuding birds (mainly ducks and waterfowl), horses, whales, seals, humans and
pigs (figure 3) (39, 71). Aquatic birds or waterfowl are believed to be the main
reservoir for influenza A virus. From this reservoir, direct or indirect transmissions
via an intermediate host, allow the virus to cross species barriers. Examples of direct
transmission from birds to pigs, domestic poultry, horses and minks are abundant
(reviewed in (71, 112)), while direct transmissions from aquatic birds to humans are
rare (81). The latter was explained by the inefficient replication of avian influenza
viruses in man (5).

Several transmissions of avian influenza A viruses from domesticated birds, like
turkeys and chickens, to humans have been described. In 1997, an avian influenza A
virus of the H5NI1 subtype, circulating in chickens in the bird markets of Hong
Kong, infected 18 individuals, of whom six died (29, 139). A similar event occurred
in 2003, when one person died of a confirmed infection with an avian H5N1 virus.

*
Figure 3: Host range of influenza A viruses.
Epidemiological studies have shown that waterfowl are the main

reservoir for influenza A viruses, from which transmission can occur to
other species. Reproduced with permission from [71].
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Chapter 1 General Introduction

In addition to these transmissions with H5N1 viruses, two cases were reported to be
infected with a HON2 virus of avian origin in 1999 in the southern part of China (62,
63). Finally, many transmissions of an H7N7 avian influenza virus have been
recorded in the Netherlands in 2003 during an outbreak of fowl plague. These
transmissions occurred mainly in poultry workers and veterinarians, causing
conjunctivitis in a third of the cases (personal communication R.A. M. Fouchier and
ADME. Osterhaus). Besides avian-to-human transmissions, influenza viruses
circulating in pigs can also infect humans and cause severe disease (127, 131, 160).
The susceptibility of the pig for both avian and human influenza viruses makes it an
ideal ‘mixing’ vessel or intermediate host, capable of generating avian-human
reassortant viruses, which can than be transmitted to humans (132, 157}. This
scenario is believed to have produced both the 1957 and 1968 pandemic influenza A
viruses (78, 158).

Epidemiology and pandemics

Influenza A viruses have been around for many centuries and are thought to have
caused at least ten pandemics in the last 450 years. They have also, along with other
infectious diseases, played a significant role in shaping the demographics of the
current world. In the last century three pandemics have swept the globe, Spanish
influenza in 1918 being the most devastating and killing between 20 and 40 million
people worldwide. The other two pandemics occurred in 1957 (Asian flu) and 1968
(Hong Kong flu) (figure 4). A pandemic is usually preceded by the introduction of a
new subtype of influenza A virus in the human population who lack pre-existing
immunity against this subtype. Currently, three subtypes of influenza A virus

circulate in the human

HaN? population. The  H3N2
mrm— subtype, introduced in 1968,
H3NS is still circulating together

"""""""" with viruses of the HINI

HaN2 subtype, which was

- reintroduced in 1977.

HiN1 HINt  Finally in 2001 a new

subtype (HIN2) emerged,
which is a reassortant virus
of the human HINI1 and
W2 H3N2 viruses (57, 163).

Influenza A viruses escape
pre-existing immunity in
humans by means of

< . . , . antigenic drift and antigenic
Figure 4: Subtypes of influenza A viruses circulating shift. Antigenic drift is a

in humans in the past 125 years. The first H2N2 (-----)
and the H3N8 epidemic (----) have been determined by
serology.

H3N2

1880 1890 1900 1910 1920 1930 1840 1950 1960 1970 1980 1930 2000

process  involving  the
accumulation of  point
mutations in the HA and
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NA gene as a result of antibody-mediated immune pressure. These mutations allow
the virus to escape recognition by neutralizing antibodies induced during a previous
infection with influenza virus. Antigenic drift is thought to cause the yearly
epidemics with new variants of influenza A virus of the same subtype. A second
mechanism of influenza A virus to escape pre-existing immunity is called antigenic
shift. This unique ability of segmented RNA viruses can occur after an infection of a
single cell (read host) with two subtypes (a human and a non-human strain) of
influenza A virus. The gene-segments of these two viruses can be exchanged,
resulting in new progeny virus containing RNA segments of both viruses. If the
progeny virus or reassoriant virus has acquired the HA and/or NA gene of the non-
human virus strain, a potential new pandemic virus is produced, capable of
replicating efficiently in humans due to the “humanized” internal genes and abie to
infect many individuals due to the lack of pre-existing antibodies specific for the HA
and/or NA surface glycoproteins. Antigenic shift is thought to have occurred in 1957
and 1968, when the HA and/or NA gene of an avian influenza A virus were
incorporated into a human strain of influenza virus.

Immunity to influenza virus

As a model pathogen, influenza viruses have been used to study many different
aspects of the immune system. Especially in mice, although not the natural host for
influenza viruses, the importance of CD8+-, CD4+ T cells, innate immunity,
antibody producing B cells, cytokines and the complement system in protective
immunity against viruses has been identified.

These investigations have increased the knowledge of the immune system and the
interplay between the immune system and viruses considerably. Unfortunately, and
not without reason, less is known about the immunity and especially the cell-
mediated immunity to influenza virus in humans. A difficulty in studying cellular
immunity to influenza viruses in humans is the high degree of diversity among
individuals with regards to genetic background, history of influenza virus infections
and age.

Innate immunity

The innate immune response or non-specific immune response is the first line of
defense and is detectable within 24 hours after experimental infection with influenza
virus (112). Innate immunity is mediated by a cellular arm and the production of
antiviral proteins.

Upon infection with influenza viruses, epithelial cells and monocytes/macrophages
start producing chemokines and cytokines. Epithelial cells produce RANTES, MCP-
I and IL-8 (1, 91), while macrophages produce IFN-o/f3, RANTES, MIP-1¢;, MIP-
18, MCP-1, MCP-3, MIP-3¢. and IP-10 (20, 76, 90, 130, 137). The production of
these chemokines result in the recruitment of immune cells to the site of infection
(20, 137). These cells, including macrophages, neutrophils and natural killer (NK)
will lead to the production of more cytokines, chemokines and other anti-viral
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Chapter 1 General Introduction

proteins. Furthermore, cellular debris and infected cells are phagocytosed, while NK
cells kill virus-infected cells following activation by the HA protein of influenza
virus (89). Type I interferons (IFN-0/B3), produced by monocytes/macrophages, are
very important in controlling influenza virus infections as was shown in STAT-1
knockout mice (48) and in humans (68, 108, 125). IFN-0/f induce an antiviral state
in neighboring cells due to the expression of PKR, RNAaseL/2’-5” oligosynthetase
and Mx proteins. Besides IFN-0/B, double-stranded RNA initiates PKR activation,
resulting in phosphorylation of eukaryotic initiation factor 20 This factor reduces
translation initiation and hence the synthesis of cellular proteins. In addition to
activation of non-specific antiviral immunity, IFN-o/ is involved in the recruitment
of monocytes/macrophages and T cells. It also enhances antigen presentation via
increased major histocompatibility complex (MHC) expression and maturation of
antigen presenting cells (APC).

Another component of the innate immune system, C3, was also shown to link the
innate and adaptive immunity (80). The C3 factor, part of the complement system
and essential in chemotaxis and the formation of pore complexes, provides an
essential signal for CD4+ T cells. Besides C3, C2R double negative mice also
showed delayed T cell responses to influenza virus.

Adaptive immunity

In response to infection with influenza virus also adaptive immunity is induced,
mediated by B and T cells. The T- and B cell responses are initiated by professional
APC in the lymph nodes. The APC can stimulate both CD4+ (T helper or Th cell)
and CD8+ T cells (CTL). The activated Th-cells assist in the production of
antibodies by B cells and in the induction of a vigorous CTL response.

APC, like dendritic cells (DC), macrophages and B cells, are capable of expressing
both human leukocyte antigen (HLA) class I and 1l molecules. Th cells recognize
peptides (10-30 amino acids long), derived from an exogenous protein source by
endocytosis, in the groove of HLA class II molecules (19). In the endocytic
compartment peptides are generated after enzymatic cleavage of viral proteins (152).
Following fusion of the endosome with a second vesicle, forming the HLA class 1I
containing compartment (MIIC), the CLIP fragment is exchanged for the peptide
with the aid of the HLA-DM chain (113). Next the peptide/HLA class II complex is
transported to the surface of the APC.

At the same time, APC, like most cells of the body, present peptides (8-12 amino
acids long), in the context of HLA class I molecules (61, 164). These peptides are
derived from newly synthesized proteins in the cytosol (e.g. self of viral) and
cleaved by the proteosome into small peptide fragments. These fragments are then
transported into the endoplasmatic reticulum (ER} by TAP (transporter associated
with antigen processing), where they can bind to and stabilize HLA class I
molecules. In the ER additional N-terminal cleavage by the ERAAP (ER
aminopeptidase associated with antigen processing) is possible (134), increasing the
stability of the HLA-peptide complex. Ultimately these complexes are transported
through the Golgi-apparatus to the surface of the cell. DC, but also macrophages,
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Chapter 1 General Introduction

have been known for their ability to present peptides in the context of HLA class I
derived from exogenous protein, which is known as cross-priming (12, 129).

B cell immunity

The antibody response plays an important role in controlling the virus after a
primary infection with influenza virus (106, 146). In mice, antibody-secreting cells
become detectable in the lymph node between days 4-5 after primary infection (66,
77, 143), and in the respiratory tract between days 5-7 (66, 143). These responses
peak at day 5-7 and between day 10-20 respectively. The mucosal antibody
production following a primary infection is dominated by IgM antibodies, which are
replaced by IgA and IgG at later stages in the response (66, 77, 109, 111). The IgA
response can often still be detected up to 3-5 months after infection (109) and
provide protection against a reinfection. During a secondary response mainly IgA
antibodies are secreted, although IgG-type antibodies, transudated from the serum,
are present.

The target proteins for influenza virus-specific antibodies are the HA, NA, NP and
M proteins (118). Antibodies specific for the HA and NA can provide protection
from influenza virus infection, since these antibodies interfere with attachment (HA)
and release of progeny virus (NA) (30, 42, 110).

In humans, the antibody response in serum is long lasting and has been shown to be
significant for 5-7 years (32). In addition, people exposed to viruses of the HINI
subtype before 1957 were less susceptible to infection with HIN1 virus after its
reintroduction in 1977. The ievel of protection in humans correlates with the level of
HA- and NA-specific antibodies against the homologous strain, confirming the
importance of virus-specific antibodies (30, 32). Virus-neutralizing antibodies are
also responsible for selective pressure resulting in antigenic drift allowing the virus
to escape from these antibodies. Originally reported for antibody responses
following infection with influenza virus, original antigenic sin describes a
phenomenon in which the antibody response elicited in an individual after a
secondary viral infection reacts more strongly to the viral variant that originally
infected the individual (43, 156).

T cell immunity

From studies using *“knockout” mice, the importance of T cells during an influenza
virus infection was recognized (8, 50, 162), since T cell depleted mice are unable to
resolve the infection and eventually die. CDM4+ T c¢ells kill virus-infected cells and
are crucial for the induction of an antibody response. The contribution of CD8+ T
cells to the influenza virus-specific immune response is controversial. Several
studies have investigated the role of these cells in the protection from subsequent
influenza virus infections. Despite the existence of heterosubtypic cross-reactive
CTL, CTL provide little or no protection against reinfection with a different subtype
of influenza virus (for review (128)). However, CD8+ T cells have been shown to
control viral replication and shorten the duration of viral shedding (45). This was
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demonstrated in immune-competent mice following passive transfer of virus-
specific CD8+ T cells (144). Furthermore CD8+ T cell-depleted mice shed virus for
prolonged periods of time. In humans, the significance of CD8+ T cells was
demonstrated in a study by McMicheal, who showed that the pre-challenge levels of

Table 2: Known influenza A virus CTL epitopes

Restriction element

Protein

Amino acid

(HLA-) (amino acids) sequence Reference
Al PB1(591-599) VSDGGPNLY (33)
NP (44-52) CTELKLSDY (33)
A*0201 M1 (58-66) GILGFVFTL (6, 56)
M1 (59-68) ILGFVFTLTV (56)
NS1(122-130) AIMDKNIIL (38)
NS1(123-132) [IMDEKNIILKA (88)
NA (213-221) CVNGSCFTV (159)
A3 NP (265-273) ILRGSVAHK (35)
M1 (27-35) RLEDVFAGK (149)
A¥6801 NP (91-99) KTGGPIYKR {64)
B8 NP (380-388) ELRSRYWAI (140}
B*1402 NP (146-154) TTYQRTRAL (33)
B*2702 NP (381-388) LRSRYWAI (150)
B*2705 NP (383-391) SRYWAIRTR (72)
NP (184-194) RRSGAAVAAHK  (75)
B*35 M1 (128-135) ASCMGLIY (38)
B*3701 NP (339-347) EDLRVLSFI (148)
B44 NS1 (158-166)  GEISPLPSL (34)
NP (338-346) FEDLRVLSF (34)
NP (379-387) LELRSRYWA (34)
M2 (7-15) VETPIRNEW (74
Cw*0102 M1 (51-59) ILSPLTKGI 3)
MI (51-60) ILSPLTKGIL 3)
M2 (85-94) AVDADDSHFV 3
M2 (85-94) DADDSHFVSI 3
NP (470-479) KATSPIVPSL (3)

Partly taken from the influenza virus sequence database (www.flu.lanl.gov).

virus-specific CTL was associated with accelerated clearance of the virus from the
respiratory tract (98). Finally, the immune pressure on two CTL epitopes (NP3gg.3ss
and NPis3a51), believed to be associated with escape from pre-existing CTL
immunity, also indicates an important role for CTL-mediated immune pressure (126,
153) during an influenza virus infection.

The dynamics of the CD4+ and CD8+ cellular immune response is similar. In the
BAL and MLN of mice, tetramer staining showed that virus-specific CD8+ T cells
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were detectable on day 5 after primary infection and on day 3-4 after a secondary
infection (36). Virus-specific CTL remain present for prolonged periods of time
could potentially provide protection against infection with a different subtype of
influenza A virus (70). In humans, infiuenza virus-specific T cell responses are
detectable between day 3 and 6 after infection and return to baseline levels by day
28 (37). CTL specific for influenza virus appear in the blood at day 6-14 of infected
or vaccinated individuals and disappear by day 21 (41).

From the early 1980°s it was known that influenza virus-specific CTL recognize
most human influenza A virus subtypes (13, 17, 97). Later on it was discovered that
many CTL epitopes are generated from the internal proteins of the virus (NP, M1,
PBI, Tab. 2). Since these proteins display a high degree of sequence homology in
the different subtypes of influenza A virus (44, 96, 99, 166), CTL are able to
recognize various subtypes of influenza A virus (heterosubtypic recognition).
Homosubtypic CTL, capable of recognizing a single subtype of influenza A virus,
are usually specific for the glycoproteins HA and NA (75, 159).

During the early studies on CTL responses in mice, it was found that virus-specific
CTL responses were directed to a limited number of epitopes, a phenomenon now
called immunedominance (11, 165). The underlying principle of immunodominance
is an area of intense research and many factors have been shown to be involved. The
most dominant factors influencing immunodominance are thought to be epitope
abundance and epitope affinity, although several studies have demonstrated that high
affinity epitopes are not always the immunodominant ones (26, 107). Other factors
influencing immunodominance hierarchies are; IFN~y expression (4), available TCR
repertoire (7}, history of infections (18), viral persistence (161), HLA background
(7, 147, 150), the nature of the immunogen (28), antigen processing (27, 104) and
competition (147, 150).

Aging and the immune system

Aging is associated with a decrease in immune function, resulting in a higher
prevalence of infectious diseases like pneumonia and urinary tract infections in the
elderly. Although the decline in immune functioning is the primary cause of this,
underlying mechanisms, like diseases and nutritional status, play a role. The role of
the immune systemn in aging is apparent from the association between longevity and
HLA-polymorphism (73, 122, 141} and the well functioning immune system of
centenarians (31). The effects of nutrition and diseases on the functioning of
immune system lead to the installation of the so-called “SENIEUR” protocol. This
protocol is used for studies involving aging and excludes confounding effects due to
nutrition and disease (85).

The decline in immune function is called immunosenescence and entails both the
humoral and cellular arms of the immune system as well as the aging environment
and hormone status of the aging individual. Although the immunological changes
are very diverse and occur in most cells of the immune system, the number of
immune cells is similar in young and elderly individuals (102, 123). The exception
is NK cells, which increase significantly in number in the elderly (15, 116, 136). The
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reduction in immune responsiveness of immune cells of aging individuals is likely to
be caused by functional defects in these cells and generally believed to occur mainly
in T cells (102, 103). Among the most striking changes is the shift from CD45RA
“naive” to CD45RO “memory” type of T cells (47, 65, 151), higher number of
HLA-DR+ T cells (138), reduction in telomere length (40) and the loss of CD28
expression (16), in particular in the CD8+ T cell population. The CD28 molecule is
mvolved i co-stimulation and could explain the reduced CTL response in the
elderly (92, 93, 119, 120). CTL have also been reported to produce less perforin and
granzyme, resulting in less efficient killing of virus-infected cells (52). CD4+ T cells
were shown to have a reduced signaling capacity (22, 115) which may result in a
lower IL-2 production and reduced ability to proliferate (40).

DC function has been reported to remain stable during aging, in fact a few studies
suggest an increased ability to stimulated antigen-specific T cells. However, others
claim that monocytes and macrophages, a second type of APC, produce less pro-
inflammatory cytokines in vitro following stimulating with LPS (53, 95), while in
humans, alveolar macrophages have a reduced accessory cell function in aging
individuals (169).

B cell function is also reduced in the elderly. This is of particular interest since
influenza virus vaccinations aim to induce virus-neutralizing antibody responses,
especially in the elderly. In aging mice the germinal center formation is delayed 1-2
days and the hypermutation rate in B cells is reduced (168), something that is
believed to be caused by a defective T cell compartment in these mice. As a result of
the reduced immune responsiveness in the elderly the immune response following
natural infection or influenza vaccination is markedly reduced (9, 10, 124).

Bioactive compounds and the immune system

The impact of nutrition on the immune system was first identified in the mid-1980s
and since then this relationship has been investipated intensively (23, 24, 58, 59, 82,
84, 117). A positive role for vitamins and trace elements (vitamin A, (133), B6 (101,
142), B9 (14), C (14, 117), E (100), zinc (79), selenium (94}) on immunological
parameters have been described, although these data were not always confirmed (49,
54, 55). During the mid-1990s the effects of other bioactive compounds like poly-
unsaturated fatty acids, amino acids, phytosterols, isoflavones and several Chinese
herbal tea extracts (21, 155, 167) were studied. Again a rather pleiomorphic set of
data was generated, claiming positive, negative or no effect on different
immunelogical parameters. The discrepant data are explained to some extent by
differences in study-cohort; e.g. age, gender, SENIEUR protocol and social
background, as well as differences in the studied immunological parameters; e.g.
antigenic stimulus vs. mifogenic stimulus, cell count, proliferative responses,
antibody responses and NK activity. Often vaccination against influenza virus is
used as a model system to study the effect of micronutrients on the influenza virus-
specific immune response (23, 25, 51, 83, 121). It is important to note that
differences in the dose of supplemented micronutrients, the duration of the study and
the combination of different mitrients influence the outcome of these studies.
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Outline of the thesis

Although some aspects of virus-specific CTL immunity are poorly understood, CTL
are generally considered to play a pivotal role in the control of viral infections. The
aim of the study was to investigate the effect of HLA background, aging and
nutrition on virus-specific CTL responses, using influenza as a model. Investigating
CTL immunity to influenza virus is facilitated by the large number of study subjects
that have been exposed to the virus, the large number of CTL epitopes that have
been identified, the susceptibility of PBMC to infection and the availability of a
plethora of virus strains and virus-specific CTL clones.

In order to determine the role of HLA background on the influenza virus-specific
CTL response, a cohort of HLA-A and HLA-B genotyped donors was established.
These donors were divided into three groups of HLA-A and -B identical donors,
each group sharing two or three of the four alleles with other groups. In chapter 2,
the CTL response specific for individual influenza A virus CTL epitopes was
determined in PBMC of the HLA-typed donors ex vivo. Immunodominant epitopes
were identified and it was shown that the magnitude of the CTL response specific
for the virus or individual epitopes was dependent on HLA background. In addition,
the extent to which individual HLA-A and —B alleles contribute to virus-specific
CTL responses was investigated in chapter 3. A preferred HLA usage in the
mfluenza virus-specific CTL response was observed in addition to functional
diversity in CD8+ T cells which was dependent on the HLA allele.

Besides HLA background, the effect of aging on the CTL response was determined.
Several parameters were studied, ranging from precursor frequency of influenza
virus-specific T cells in PBMC of donors of various ages to proliferative capacity
upon stimulation and capacity to lyse virus-infected target cells (chapter 6). It was
found that the number of virus-specific CTL in PBMC did not fluctuate during
aging. The impaired CTL activity in the elderly was related to functional defects in
these cells. A new immunodominant HLA-B*3501-restricted CTL epitope is
described in chapter 4. This epitope exhibited extensive amino acid sequence
variation over time. This amino acid variation was associated with escape from CTL
recognition (chapter 4 and 5). In chapter 5 recognition of variants of the newly
identified HLA-B*3501-restricted epitope by CTL was studied in greater detail. It
was hypothesized that consecutive infections with variant viruses select for cross-
reactive CTL.

Finally, immune-stimulatory properties of bioactive compounds were investigated i
vitro. Two compounds were identified which enhanced the influenza virus-specific
T cell immunity.
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Chapter 2

The magnitude and specificity of influenza A viruns-specific CTL
responses in humans is related to HLA-A and -B phenotype

A.C.M. Boon, G. de Mutsert, Y.M.F. Graus, R.A.M. Fouchier, K.
Sintnicolaas, A.D.M.E. Osterhaus, G.F. Rimmelzwaan

Journal of Virology 2002,76(2):582-590
Abstract

The repertoire of human cytotoxic T lymphocytes (CTL) in response to influenza A
viruses has been shown to be directed towards multiple epitopes, with a dominant
response to the HLA-A2-restricted M1sz.45 epitope. These studies, however, were
performed with peripheral blood mononuclear cells (PBMC) of individuals selected
randomly with respect to HLA phenotype or selected for the expression of one HLA
allele without considering an influence of other HLA molecules. In addition, little
information is available on the influence of HLA makeup on the overall CTL
response against influenza viruses. Here, the influenza A virus-specific CTL
response was investigated in groups of HLA-A and -B identical individuals.
Between groups, the individuals shared three of the four HLA-A and -B alleles.
After in vitro stimuiation of PBMC with influenza virus, the highest CTL activity
was found in HLA-A2 positive donors. A similar pattern was observed for the
precursor frequency of virus-specific CTL (CTLp) ex vivo, with a higher CTLp
frequency in HLA-AZ2+ donors than in HLA-A2 negative donors, which were unable
to recognize the immunodominant Mlsz¢s epitope. In addition, CTL activity and
frequency of CTLp for the individual influenza virus epitopes were determined. The
frequency of CTLp specific for the HLA-B8-restricted epitope NP3go3¢ Was three-
fold lower in HLA-B27+ donors than in HLA-B27 negative donors. In addition, the
frequency of CTLp specific for the HLA-Al-restricted epitope NPasss» was three-
fold higher in HLA-A1-, A2-, B8-, -B35-positive donors than in other donors, which
was confirmed by measuring the CTL activity in vitro. These findings indicate that
the epitope specificity of the CTL response is related to the phenotype of the other
HLA molecules. Furthermore, the magnitude of the influenza virus-specific CTL
response seems dependent on the HLA-A and -B phenotype.
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Intreduction

Influenza viruses are negative-sense RNA viruses that cause annual epidemics in the
human population. Vaccination against influenza virus, aiming at the induction of
virus neutralizing antibodies specific for the hemagglutinin (HA) and neuraminidase
(NA) proteins, induces protective immunity when the HA and NA proteins of the
vaccine strains closely resemble those of the circulating virus strains, Mutation of
these proteins can result in viral escape from neutralizing antibodies (antigenic
drift). In addition, occasionally new potentially pandemic influenza viruses emerge
with novel HA and NA proteins, against which preexisting antibodies are absent in
the human population (antigenic shift). In these cases, cytotoxic T lymphocytes
(CTL) directed to more conserved internal proteins, such as nucleoprotein (NP),
matrix protein and polymerase proteins may contribute to protective immunity
against these pandemic viruses (25, 32, 37, 49), although changes in these internal
proteins causing loss of CTL recognition have also been described (33, 51).
Influenza virus-specific CTL-mediated immunity has been investigated in both
humans and mice. In mice, the CTL response was found to be directed to a limited
number of epitopes. This ability of the immune system to focus the T cell responses
to a limited number of epitopes is termed immunodominance (7, 8, 25, 52). In B6
mice the influenza A virus-specific CTL responses were directed against a number
of H-2-restricted immunodominant epitopes (3, 5, 6). Likewise, after an infection of
lymphocytic choriomeningitis virus (LCMV), the CTL response in mice was mainly
directed against an epitope derived from the NP (50). Similar examples of
immunodominance have been described for humans. In HLA-A2+ donors, the CTL
response against influenza virus is predominantly directed to the HLA-A2-restricted
epitope of the matrix protein (GILGFVFTL; Mlss.e) (2, 24, 25, 39). For Epstein-
Barr virus {EBV) infections, it was reported that the cellular response is focused
towards HLA-A11- and HLA-B8-restricted epitopes (23, 46). Nevertheless, other
studies have indicated that the CTL response after both acute (influenza virus) and
chronic (human immunodeficiency virus [HIV]) viral infections can be directed to a
large number of epitopes (9, 28, 45).

Several factors have been reported to contribute to the phenomenon of
immunodominance such as gamma interferon (IFN-y) production, major
histocompatibility complex (MHC) binding affinity of the epitopes, available T cell
receptor repertoire, epitope abundance and antigen processing (1, 12, 13, 16, 21, 22,
38). However, the correlation between immunodominance and epitope-MHC
binding affinity is presently under debate (15, 40). Several other factors that could
possibly have an effect on immunodominance have not been investigated
thoroughly, such as the influence of HLA phenotype, patient age, gender and history
of infection. The first evidence regarding the involvement of MHC phenotype in
immunodominance was observed by Doherty et al, describing in mice a
minimization of the H2D® response in the presence of H2K* (18). Using modern
tools for the measurement of CTL activity, these early findings were confirmed
recently (4). In humans the role of HLA phenotype in immunodominance is still
unclear. Tussey et al described the absence of a HLA-B8-restricted response against
the influenza A virus NPagpags epitope in a HLA-B27+, HLLA-B&+ donor (48), due to

34



Chapter 2 Epitope-specific CTL immunity

competition for overlapping epitopes in the endoplasmatic reticulum by HLA-BS
and HLA-B*2702, resuliing in the suboptimal loading of HLA-BS.

Although influenza virus-specific immunity mediated by CTL has been studied to a
certain extent, in these studies peripheral blood mononuclear cells (PBMC) were
obtained from donors selected for the presence of one particular HLA molecule, not
controlling for HLA background, patient age or history of infection. In the present
study CTL immunity towards influenza A virus and its individual epitopes was
studied in donors with identical HLA-A and -B phenotypes and was compared with
that of donors who share two or three out of the four HLA-A or -B alleles, enabling
us to investigate the effect of HLA-phenotype on the specificity and the magnitude
of the CTL response. To this end, the precursor frequency of CTL (CTLp) and CTL
activity directed against influenza A virus and individual epitopes were determined
ex vive and after in vitro stimulation of PBMC with influenza virus, respectively.

Table 1: HLA-A and -B genotype of the 18 donors

Donor HLA-A* HLA-B*

Group I 1 0101, 0201 0801, 3501
2 ¢101. 0201 0801, 3501

3 0101, 0201 0801, 3501

4 0101, 0201 0801, 3501

Group II 5 0101, 0201 0801, 2705
6 (101, 0201 0801, 2705

7 0101, 0201 0801, 2705

8 0101, 0201 0801, 2702

g 0101, 0201 0801, 2705

Group III 10 0101, 0301 0801, 3501
11 0101, 0301 0801, 3501

12 0101, 0301 0801, 3501

13 0101, 0301 0801, 3501

14 0101, 0301 0801, 3501

15 0101, 0301 0801, 3503

16 0101, 0301 (0801, 3503

Group IV 17 0201, 0302 2705, 3501
Group V 18 0201, 0301 0801, 3501

Material and Methods

Human subjects
A total of 18 healthy blood donors, between 35 and 50 years of age, were selected
according to serological homology within the A-locus and B-locus of HLA class I
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molecules (Tab. 1}, Genetic subtyping of the HLA-A and HLA-B locus was
performed using a commercial typing system (GenoVision, Vienna, Austria). PBMC
were isolated by Lymphoprep® (Nycomed, Norway) gradient centrifugation and
cryopreserved at -135°C. Serum samples were stored at -20°C and were used for
serology (see below). All donors had serum antibodies against one or more influenza
A virus strains (A/HINI or A/H3N2) measured by hemagglutination inhibition
assay (HIA), indicative of one or more exposures to influenza virus in the past.

Serology

Serum samples were tested for the presence of influenza A virus-specific antibodies
in the HIA according to standard methods (36, 41) using turkey erythrocytes. The
sera were tested for antibodies against 10 influenza virus (A/H3N2) vaccine strains
used since the emergence of these viruses in 1968, and for antibodies against 9
A/HINI strains, including the first isolate of HINI (A/Puerto Rico/8/34) and the
latest HIN1 vaccine strain (A/New Caledonia/20/99). Ferret sera raised against the
test antigens were used as positive controls.

Fable 2: Influenza virus CTL epitopes used in this study

Antigen
Epitope (amino acid Restriction element Reference
positions)
CTELKLSDY NP (44-52) HLA-Al (17}
VSDGGPNLY PB1 (591-599) HLA-Al (17)
GILGFVFTL MI (58-606) HLA-A™0201 (2}, (39)
AIMDKNIIL NS1 (122-130) HLA-A*0201 (33)
ILRGSVAHK NP (265-273) HLA-A3 a7
ELRSRYWAIL NP (380-388) HLA-B*0801 47)
ADRGLLRDI ® NP (263-271) HLA-B8 (44)
SRYWAIRTR NP (383-391) HLA-B*2705 (48), 27
RRSGAAGAAVE. NP (174-184) HLA-B27 (29)
ASCMGLIY M1 128-125 HLA-B*3501 (19)

® Influenza B virus epitope

Preparation of B lymphoblastoid cell lines (BLCL)

Autologous EBV-transformed BLCL of each donor was established by culturing
1x10° to 5x10° PBMC in 1 ml culture supernatant from the EBV-producing cell line
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S594 in 24-wells plates as previously described {43). No BLCL were established for
donors 11 and 13.

Influenza virus and peptides

Sucrose gradient purified influenza A virus (H3N2) Resvir-9, a reassortant between
A/Puerto Rico/8/34 (HINI1) and A/Nanchang/933/95 (H3N2), was used for the
infection of PBMC or BLCL.. The virus was selected for this study since it contains
all known influenza A virus CTL epitopes, in contrast to other virus strains (51). The
infectious virus titer (10° 50% tissue culture infectious dose) was determined in cell
culture using Madin-Darby-Canine-Kidney (MDCK) cells as indicator cells, as
described previously (42). All peptides (Tab. 2), corresponding to influenza A virus
CTL epitopes, were manufactured, HPLC purified and analyzed by mass
specirometry (Furogentec, Seraing, Belgium). Peptides were dissolved in DMSO at
5.0 ug/ml, diluted in RPMI 1640 (Life Technologies, Rockville, MD, USA} to 100
puM and stored at -20°C.

Infected PBMC for the stimulation of influenza virus-specific CTL

In order to validate the antigen-presenting capacity of PBMC, cells (10%ml) from
two HLA-A2 negative, HLA-A1 positive donors were infected with influenza virus
(Resvir-9) at a multiplicity of infection (MOI) of 3 in RPMI 1640 supplemented
with 10% fetal calf serum, glutamin (2 mM), streptomycin (100 pg/ml), and
penicillin (100 IU/ml) (R10F). After 1 h of incubation at 37°C, the cells were
pelleted and resuspended in RPMI 1640 medium supplemented with 10% pooled
human AB serum, glutamin (2mM), streptomycin (100 pg/ml), penicillin (100
IU/ml) and 2-mercaptoethanol (20 pM) (R10H) at a concentration of 2 x 10°
cells/ml and distributed in a 96-wells U-bottom plate (100 pl). In duplicate wells,
various numbers of cells of a HLA-A2+, HLA-Al-restricted T cell clone (A1/NP),
specific for the influenza A virus NPy4.5; epitope, were added and incubated for 5 h
at 37°C. Next, GolgiStop (Pharmingen, San Diego, CA, USA) was added to each
well and the cells were incubated for a subsequent 6 h at 37°C. The staining of
intracellular IFN-y was performed as recommended by the manufacturer, by using a
Cytofix/Cytoperm kit (Pharmingen), phycoerythrin-conjugated  anti-JFN-y
monoclonal antibody (MAb) (559326, Pharmingen), mouse anti-human-HLA-A2
MADb (Biotest AG, Dreieich, Germany) and a fluorescein isothiocyanate (FITC)-
conjugated rabbit anti-mouse MAb (F0313, Dako, Glostrup, Denmark) at previously
determined optimal MAb concentrations, The percentage HLA-A2+, IFN-y+ cells of
the A1/NP clone was determined by flow cytometry. AI/NP stimulated with peptide
loaded BLCL and uninfected PBMC were included as positive and negative controls
respectively. The assay was done in duplicate and the results were calculated from
the averages of duplicate wells.

In vitro stimulation of PBMC with influenza virus

PBMC were resuspended at 10%ml in RIOF and infected with influenza A virus
(Resvir-9) at an MOI of 3 for 1 h at 37°C, After centrifugation the stimulator PBMC
were resuspended in R10H and added to uninfected responder PBMC in a 25-cm’-
diameter flask at a ratio of 1:1, which was found to be optimal. A total of 10 x 10°
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PBMC were incubated for 2 days at 37°C before recombinant interleukin-2 was
added (50 U/ml). Following a subsequent 7-day incubation at 37°C the cells were
harvested, analyzed by flow cytometry, and used as effector cells in the CTL assay.

CTL assay

HLA-A- and —B-matched BLCL (10°) were incubated in R10F in the presence of 5
UM peptide (Tab. 2) and were used as target cells. In addition, BLCL were infected
with influenza A virus (Resvir-9) at an MOI of | or were left untreated and used as
positive and negative controls, respectively. In order to rule out any bystander
activation, every CTL assay contained target cells loaded with an HLA-BS8-restricted
influenza B virus epitope (NPas3.271, Tab. 2). After incubation for 16 hr at 37°C,
target cells were washed once in serum-free medium and 5 x 10° target cells were
labeled for 1 h at 37°C with 50 uCi of Na,[*'Cr]O, in RPMI 1640 medium. The cells
were washed three times in R10F and resuspended at 10° cells/ml. Effector cells
were transferred to 96-well V-bottom plates at a concentration of I x 10° and 5 x 10*
cells/100 pl and 50 pl of the different target cells were added (effector:target cell
ratio ([E:T-ratio] of 20:1 and 10:1). Furthermore, target cells were lysed with 100 pl
10% Triton X-100 or incubated with RIOF to determine the maximum and
spontaneous release. Following 4 h of incubation at 37°C, the supernatants were
harvested (Skatron instruments, Sterling, Va., USA) and radioactivity was measured
by gamma counting. The percentage specific lysis was calculated with the following
formula: [(experimental release - spontaneous release) / (maximum release -
spontaneous release)] x 100. The data are presented as the average specific lysis of
at least three wells.

Detection of CTL specific for individual influenza virus epitopes by ELIspot
assay

A 96-well Silent Screen Plate (Life Technologies) was coated with 7.5 pg/ml of
anti-IFN-y MAb 1-DIK (Mabtech, Stockholm, Sweden) in 100 pl sodium-
bicarbonate buffer (0.1 M) overnight at 4°C. The plates were washed three times
with PBS and blocked with R10H for 2 h at 37°C. For the detection of epitope-
specific CD8+ T cells, PBMC were incubated at a density of 2.5 x 10° cells/well in
150 pl R10H in the presence of HLA-compatible peptides (10 pM) in quadruplicate
wells. The specificity of the ELIspot assay for the enumeration of epitope-specific
CD8+ T cells was previously validated by others (31). Cells treated with
phytohemagglutinin (I pg/ml) (Roche Diagnostics, Mannheim, Germany) and
untreated cells were used as positive and negative controls respectively. After 6 h at
37°C the wells were washed six times with PBS-0.05% Tween 20 (PBST) (Sigma
Chemical Co., St. Louis, MO, USA). Detection of secreted IFN-y was done with 100
pl of bioctinylated anti-IFN-y MAb 7-B6-1 (1.0 pg/ml, Mabtech) overnight at 4°C.
After washing the plates three times with PBST, 100 ul of a 1:1000 diluted
streptavidin labeled with alkalin phosphatase was added for 1 h at room temperature.
The plates were subsequently washed three times and 100 pl of a phosphatase
substrate BCIP/NBT (Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA)
was added per well. After an incubation of 1 h at room temperature the reaction was
terminated by washing the plates three times with water. The frequency of peptide-
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specific CTLp was based on the number of spots obtained in two independent
experiments, counted by two individuals, and given as the number of CTLp per 2.5
x 10° PBMC for peptide-specific cells or percentage of CTLp within the CD8+ T
cell fraction.

Detection of virus-specific CTL by ELIspot assay
Since it has been shown that NK celis are specifically activated by influenza virus-
infected cells (34) it was necessary to isolate the CD8+ T lymphocytes, followed by
the depletion of CD16+ cells, using Dynabeads (see below), in order to exclude
IFN-y spots produced by CD4+ T cells or NK cells. The CD3+ CD8+ CDI16
negative cells (> 98% pure) were
incubated with 4 x 10* autologous
influenza A virus-infected BLCL or
uninfected BLCL, for 90 min at 37°C in
a 96-wells V-bottom plate following
centrifugation for 1 min at 140 x g. For
donor 11 and 13 no autologous BLCL
were available and therefore HLA-A-
and HLA-B-matched BLCL from donor
10 were used. A total number of 2 x 10*
or 1 x 10% effector cells were used and
the assay was performed in
quadruplicate. After preincubation the
cells were transferred to a plate coated
with anti-IFN-y MAb 1-DIK (se¢ above) | 7
and incubated for an additional 5 h at -

37°C. Virus-specific CD8+ T cells were 2
visualized as described above, and the
spots were counted by two individuals. 0 S —

0 2 4 6 B8 10 12
% A1-NP clone added to PBMC

% HLA-AZ+ IFN-p+ cells

The frequency of virus-specific CTLp
was calculated from the number of

Figure 1: Ability of influenza virus-infected PBMC to activate an influenza virus-
specific CTL clone.

Influenza virus-infected (Resvir-9, MOI = 3) or uninfected PBMC, from two HLA-A1-
positive, HLA-A2-negative donors (A and B), were incubated in the presence of
serially diluted HLA-A2+ A1/NP clone. The percentage of IFN-y positive cells within
the A1/NP population was determined by flow cytometry, using HLA-A2-specific
antibodies (@). The calculated percentage IFN-y-producing cells of AI/NP clone,
determined after multiplying the maximal percentage IFN-y positive AI/NP cells after
stimulation with NPys; (5 pM)-loaded HLA-Al-positive, HLA-A2-negative BLCL
(58.1%) with the percentage of cells of the A1/NP clone present within the total PBMC
population, was plotted (dotted line). When the experimental value (percentage IFN-y-
positive cells) is similar to the calculated value, the virus-infected PBMC are able to
stimulate the cells of the Al/NP clone. Uninfected PBMC did not induce IFN-y
production at any percentage of cells of the A1/NP clone ( ¥ ). The results represent the
averages of duplicate wells
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specific spots of multiple experiments and given as the percentage of influenza A
virus-specific CD8+ T cells within the total CD8 population.

Characterization, depletion and isolation of T cells from PBMC

Depletion and isolation of CD4+ or CD8+ T cells was performed using
DYNABEADS M-450 (111.05 and 111.07, Dynal, Oslo, Norway) according to
manufacturer’s protocol. The depletion of CD16+ cells was done with pan-anti-
mouse immunoglobulin G-labeled Dynabeads (110.22, Dynal) coupled to mouse
anti-human-CD16 MAb (30621 A, Pharmingen). The success of the procedure was
monitored by flow cytometry, using mouse MAb against human CD3 (CD3-RPE-
Cy5; C7067; Dako), CD4 (CD4-RPE: F0805; Dako), CD8 (CD8-FITC: F0765;
Dako) and CD16 (CD16-RPE: R7012; Dako). Flow cytometry was also used to
determine the percentage CD3+, CD4+, and CD8+ cells in each donor before and
after stimulation of PBMC with influenza virus,

Figure 2: CD8+ T cells mediate CTL
activity of PBMC afier in vitro
stimulation with influenza virus,
Uninfected PBMC (donor 7) were
stimulated in virro with influenza virus-
infected PBMC (Resvir-9, MOI = 3) at a
ratio of 1:1, and virus-specific T cells
were expanded for 9 days. Subsequently,
the effector cells were divided into three
portions; CD4 depleted (panel B and open
bars in panel D}, CD8 depleted (panel C
and grey bars in panel D), or unseparated
{panel A and black bars in panel D).
Confirmation of depletion was done by
flow cytometry (> 99% pure). The
effector cells were added to Nay[®>'Cr]O,-
labelled target cells (BLCL), at an E:T-
ratio of 10:1. BLCL were either infected
with influenza A virus (Resvir-9, MOI = Target cells
1}, left uninfected or pulsed with 5 pM

HLA-matched viral peptide (as indicated).

Results are given as the average of

triplicate wells + SD

Unseparated

% spacific lysis

Statistical analysis

Results are presented as mean * standard deviations (SD). Statistical significance
was determined using a Student ¢ test and P < 0.05 was considered statistically
significant. Donors with a genotypic mismatch for a certain HLA class I allele were
excluded from the data analysis.
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Results

Infected PBMC as antigen presenting cells for the stimulation of influenza
virus-specific CTL

Using an HLA-Al-restricted T cell clone (A1/NP) specific for NP4s.s, the antigen-
presenting capacity of influenza virus-infected PBMC was evaluated. First it was
demonstrated that a maximum of 58.1% of the cells of the A1/NP clone were
activated after stimulation with peptide-loaded HLA-A1+ BLCL. This percentage
was used to calculate the expected percentage of IFN-y-producing cells of the
Al/NP clone after stimulation with virus-infected HLA-Al+ PBMC (figure I,
dotted line), which was compared with the percentage of cells that were actually
activated (figure 1, solid line). Influenza virus-infected PBMC of donor A activated
cells of the A1/NP clone to similar extend as peptide loaded BLCL when the A1/NP
cells constituted up to 4% of the PBMC population (figure la). At higher cell
numbers of the A1/NP clone the antigen-presenting capacity of infected PBMC was
no longer sufficient for the activation of all A1/NP cells. Influenza virus-infected
PBMC of donor B activated the A1/NP cells when they constituted up to 2% of the
total PBMC population (figure 1b).

Figure 3: Influenza virus- and epitope-

® Graup!t|| o 4 specific CTL activity in PBMC from donors

ny > 1 | with identical HLA-A and -B phenotypes.
e : e | PBMC were stimulated with influenza virus,
@l . and the resulting effector cells were tested for
» e .t T -g- . CTL activity against radioactively labeled
Y R HLA-A- and -B-matched target cells (BLCL),
0 T either infected with influenza virus (Resvir-9,
o @ 8 o P g MOI = 1), left uninfected, or loaded with 5
’ S M peptide (as indicated) at an E:T-ratio of
PR . . 20:1. The three groups correspond to HLA-
A L - M Al -A2. BB, -B35-positive donors (group
g =l - .| D, HLA-Al-, -A2-, -B8-, -B27-positive
g U° . L E donors (group IT) and HLA-A1, -A3-, -B8-, -
- P B35-positive donors (group II). The
° -.L g0 e - percentage of specific lysis was calculated
- , &, P B from at least three wells and the average CTL
* T activity for a given target cell within a group
w Grouplll ||| g is plotted (dotied line). The CTL activity
n . % | against virus-infected BLCL and HLA-B27
. + % | peptide-pulsed BLCL were not included for
a ° . . | domor 8 (HLA-B*2702+). Furthermore,
wl, ) - ~** | donors 15 and 16 (HLA-B*3503+) were
wl T TET T . excluded from the calculation of CTL activity
C ¥ ML specific for virus-infected BLCL and HLA-

+
o g o P
W

B*3501-restricted epitope Ml 5 35-pulsed

Target cells BLCL.
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CD&8+ phenotype of effector cells in CTL assays

To assess whether in vitro-expanded CD8+ T cells were responsible for the lysis of
mfluenza A virus-infected or peptide-loaded target cells, PBMC of one donor were
stimulated with influenza virus, followed by a CTL assay against HLA-matched
targets cells infected with influenza virus or leoaded with a number of different
peptides. Prior to the CTL assay the effector cells were divided into three portions;
one portion was used to deplete CD4+ T cells, from a second portion the CD8+ T
cells were depleted, and a third portion was used as unseparated control cells. The
depletion of either CD4+ or CD8+ T cells was confirmed by flow cytometry (figure
2). The three effector cell populations were added to target cells at an E:T ratio of
10:1. The lysis of virus-infected target cells and peptide-loaded target cells increased
after depletion of CD4+ T cells compared to that of the unseparated control effector
cell population. However, after depletion of CD&+ T cells it was found that the
specific lysis of the target cells was reduced to background levels (figure 2),
indicating that the CD8+ T cells were responsible for the lytic activity of virus-
stimulated bulk cultures.

CTL responses to influenza virus and epitopes in HLA class I defined donors

The CTL responses specific for influenza A virus or viral epitopes were compared
within a group of HLA-A and -B identical donors or between groups of donors
mismatched for one HLA molecule. The percentage specific lysis for HLA-AL-, A2-
, B8-, B35-positive donors revealed two donors (donor 1 and 2) with the highest
percentage of specific lysis against target cells loaded with the HLA-A2-restricted
Mlsg46 epitope (group I, figure 3). In donor 3 the highest response was directed
towards NPsss; (HLA-A1l), while donor 4 demonstrated the highest response
towards NS1y1a.30, @ second HLA-AZ-restricted epitope. In the second group,
containing HLA-A1-, -A2-, -B8-, -B27-positive donors, the response was dominated
by the Mlss.¢ epitope in four cut of five donors (group 1I, figure 3). One donor
(donor 6) showed a greater response against the HLA-B27-restricted NPigise
epitope. HLA-A1l-, -A3-, -B8-, -B35-positive donors within group III (Tab. 1)
demonstrated a more diverse response against the different epitopes tested. From the
seven donors within group III, three donors showed the highest response to the
HLA-B8-restricted epitope NPjgq.355 (group 111, figure 3). Furthermore, donor 14 had
the highest response to the HLA-A3-restricted epitope NPags.273, donor 10 had the
highest response against the HLA-B35-restricted epitope Ml 35435 and finally
donors 11 and 12 responded best to the HLA-A1-restricted epitope PB1sg;_s09. Of the
remaining two donors, donor 17, an HLA-A2-, -A3-, -BS-, -B27-positive donor, had
the highest percentage of specific lysis against the HLA-B27-restricted epitope
NP 74.184, whereas donor 18, an HLA-A2-, -A3-, -B27-, -B35-positive donor, showed
the highest response to the NP3g330; epitope (data not shown). Overall, the M1 sg_¢6-
specific response was found to be dominant in seven out of 11 HLA-A2-positive
donors compared with the response against the other epitopes. For HLA-AL, -A2
and -B27 the response to multiple peptides presented by one HLA molecule could
be investigated. It was found that for HLA-A2 the response against Mlsg e Was
higher than the response to NS1 20130 in 10 out of 11 cases (figure 3). For the HLA-
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B27-restricted epitopes (donor 8 excluded due to its HLA-B*2702 genotype), three
donors demonstrated the highest response towards NP;g;.30; and two donors to NPy
184. Finally, the preferred recognition of the two HLA-Al-restricted epitopes, NP4.s»
and PB1se;.500, was evenly distributed over the donors,

Comparison of the magnitude of the CTL response against virus-infected target cells
between the groups of donors revealed a lower average percentage of specific lysis
of target cells in group III (P < 0.001, figure 3). This inferior recognition of target
cells was not caused by a difference in infectibility of the three target cells (data not
shown). Therefore the lower percentage of specific lysis observed for donors within
group III is likely to be caused by a reduction in the number of influenza virus-
specific CTL after in vitro stimulation of PBMC or a reduced Iytic capacity of the
respective CTL. When the magnitude of the response against the different influenza

Figure 4: Frequency of CTLp specific for 50 Groupi
individual influenza virus epitopes. w :
PBMC from HLA-A and -B identical » . — av
donors were tested for the frequency of =] ° .
influenza A virus epitope-specific CTLp " L :

ex vivo using an Ellspot assay. The N S,
graphs represent the different groups of PRy
donors; group I (HLA-Al, -A2, -BS§, -
B35), group Il (HLA-A1, -A2, -B8, -B27)
and group III (HLA-A], -A3, -BS§, -B35).
The number of spots per 2.5 x 10° PBMC
specific for each epitope is given for each
donor individually and the average
number of spots is given for the entire
group (dotted line). The data are given as &
the average number of specific spots Growp i | [
derived  from  two independent ou
experiments of quadruplicate wells, .
counted by two individuals. Data from . ot
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virus epitopes presented by shared HLA molecules (Al, B8) was compared between
the three denor groups, no difference was found for the HLA-A1-restricted epitope
PBlsg1500 (figure 3). The second HLA-Al-restricted epitope NPys.s; had a higher
response in group I, than in both group II and III. The average percentage specific
lysis specific for the HLA-B8-restricted NP3g.332 epitope was lower in the donors
from group II (HLA-B27+) than in the donors from group I and HIL The response
against the only known HLA-B35 epitope was very low, and only two donors (10
and 13) showed a response (> 5% specific lysis) against the M1 24.135 epitope. As
expected, none of the donors had a response against the HLA-B8-restricted
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irrelevant influenza B virus epitope NPag;a7 after stimulation with influenza A virus
(Resvir-9).

0.5
03
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CTLp frequency
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Figure 5: Lower influenza virus-specific CTLp frequencies in HLA-A2-negative donors,
(A) The influenza A virus-specific CTLp frequency (presented as percentage virus-
specific cells of CD8+ T cells), determined in ELIspot assay after stimulation with
influenza virus-infected autologuous BLCL and uninfected autologuous BLCL, is
plotted for each group of donors: group I (HLA-A1, -A2, -B§, -B35), group [1 (HLA-A],
-A2, -BS, -B27) and group III (HLA-Al, -A3, -B8, -B35). A significant difference (, P
= 0.028) was found between CTLp frequency specific for influenza virus in HLA-A2+,
HLA-B27+ donors (group II} compared to that with HLA-A2-negative donors (%;roup
III). The box comprises 25% to 75" percentiles, while the error bars represent the 10™ and
90" percentile from the average CTLp frequency (solid line). Median CTLp frequency is
represented by a dotted line. (B) Representation of the contribution of CTLp frequency
specific for individual peptides (open bars) to the total influenza virus-specific CTLp
frequency (black bars). The percentage epitope-specific CTLp was calculated for each
donor by dividing the sum of the specific spots, found for all epitepes by the number of
CD8+ T cells within the PBMC (determined by flow cytometry). Results are given as the
average percentages virus-specific CTLp frequency (black bars) calculated from 2 to 3
independently repeated experiments + SD, whereas the epitope-specific CTLp frequency
{open bars) was determined in two independently repeated experiments. Donors 11 and
13 were stimulated with HLA-matched BLCL from donor 10.

Frequencies of T cells specific for individual influenza virus epitopes in HLA-
defined donors

The highest CTLp frequency in donors 1 and 2 was found to be specific for M1ss.46
(ranging from 24.6 to 57 per 2.5 x 10° PBMC, respectively) as determined by
ELIspot assay. Donor 3 had the highest frequency of CTLp specific for NPy4s; (31
per 2.5 x 10° PBMC) and donor 4 had the highest frequency of CTLp specific for
NS1i2293 (23 per 2.5 x 10° PBMC) (figure 4). In donors of group II a dominance of
the Mlss.¢s epitope was found in four out of five donors, ranging from 15 spots per
2.5 x 10° PBMC in donor 9 to 43 spots per 2.5 x 10° PBMC in donor 5. Donor 6
showed a higher frequency of NPjg; 39i-specific CTL (32 per 2.5 x 10° PBMC). Five
out of seven donors from group Hi showed a dominant response to the HLA-BS-
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restricted epitope NPage.sgs (2 t0 26 per 2.5 x 10° PBMC), while the remaining two
donors showed the highest responses to the PB1sg1.599 epitope (13 slsjots per2.5x 10°
PBMC in donor 11) and the NP2gs.27; epitope (12 spots per 2.5 x 10° PBMC in donor
12), respectively. In doner 17 the dominant response was directed to NP 74154 (88
spots per 2.5 x 10° PBMC), while donor 18 had the highest number of spots after
stimulation with M1sg.e (13 spots per 2.5 x10° PBMC) (data not shown).
Comparison of the frequencies of CTLp specific for two epitopes presented by the
same HLA class I molecule, showed that the HLA-A2-restricted epitope M1sg.66
dominated over NS1j313¢ in 10 out of 11 donors (figure 4). Within HLA-B27, a
higher CTLp frequency was found specific for NPig3.39; than for NPj7s.54 in three
out of five donors (figure 4, data not shown). Finally, for the HLA-A1 molecule the
NP44.52 epitope was dominantly recognized in 8 out of 16 donors and the PBlsgy.509
epitope in 4 donors, and the remaining 4 donors had a similar response to both
epitopes or no response at all (donor 9).

When the CTLp frequency against the different epitopes was compared between the
three groups, a three-fold lower NPsgq.3s3-specific CTLp frequency was found for the
i HLA-B8+, HLA-B27+ donors (P = 0.09, group II), when compared with HLA-
B8-positive, HLA-B27-negative donors (figure 4). Furthermore, the NP4, s>-specific
CTLp frequency in donors from group I was three times higher then the CTLp
frequency in donors from group II and III (P = 0.013). No difference in the CTLp
frequency specific for M1sg.ge, PBlsosos and NS1 25130 was observed between the
different groups. Finally, it was noted that the response to the HLA-B35-restricted
epitope M1 25135 was virtually absent in all donors.

Frequencies of influenza virus-specific T cells in HLA-defined donors

The sum of frequencies of CTLp specific for synthetic peptides representing known
CTL epitopes was lower in HLA-A2-negative donors (group III) than in HLA-A2+
donors (groups 1 and II) (P < 0.05). However, since the whole repertoire of HLA
class I-restricted epitopes for influenza A virus is not known, it is possible that in
HLA-A2-negative donors a dominant response was elicited against unknown
epitopes. To test whether this was the case or that indeed in HILLA-A2-negative
donors the CTL response towards influenza virus is less, the number of influenza A
virus-specific CD8+ CTL was enumerated in all donors. In figure 5a the average
percentage CTLp frequency is plotted for each of the three groups. In HLA-Al-, A2-
, BB-, B35-positive donors (group I) 0.28% of the CD8+ T cells were influenza A
virus-specific, and in HLA-A1-, -A2-, -B8-, -B27-positive donors (group II), 0.29%
were found to be specific for influenza virus. Donors in group 1II (HLA-AL, -A3, -
B8, -B35) had a significantly lower (P = 0.028) influenza virus-specific CTLp
frequency (0.16%) compared to that of group II (figure 5a), but not compared to that
of group I (P = 0.09). Comparison of all HLA-A2+ donors (including 17 and 18)
with all HLA-A2-negative donors, found a significantly higher frequency of CTLp
for influenza virus in HLA-A2+ donors (P = 0.011).

Comparison of the number of spots found after stimulation with whole virus with
that found after stimulation with individual peptides revealed that the response
against the individual peptides accounted for 12 to 100% of the total response
against influenza virus (figure 5b). Four donors had a response against the epitopes
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that was equal to the entire virus-specific response. Overall a correlation (» = 0.8;
with the exception of two outliers, donor 3 and 10) was observed between
frequencies of virus-specific CTLp and CTL activity (figure 6). Figure 6 also shows
the difference in CTLp frequency and CTL activity between HLA-A2-positive and
HLA-A2-negative donors.

Discussion

In this study it was shown that there is a relationship between HLA class I
background and the specificity and magnitude of the CTL response specific for
influenza A virus and its individual epitopes.

Prior to this study the ir vitre stimulation protocol and the phenotype of the resulting
effector cells were validated. It was concluded that influenza virus-infected PBMC

were able to activate large numbers of
cells of a CD8&+ T cells clone (A1/NP)
efficiently and quantitatively. In
addition, the effector function was
solely mediated by CD8&+ T cells and
the observed CTL activitics were not the
result of bystander activation, since the
response towards an influenza B virus
epitope (N-Pgsg,_gjg) was similar to the
response against uninfected control
cells.

The virus used for this study was a
reassortant virus between A/Puerto
Rico/8/34 and A/Nanchang/933/93,
which contains the HA, NA and NP
from the A/Nanchang/933/95 virus and
all known CTL epitopes for influenza
virus. The donors selected for this study
were between 35 and 50 years of age,
thereby controlling for age-related
differences in immune reactivity and
reducing the impact of the number of
times the donors had been infected with
influenza virus. All donors had been
infected with influenza virus at least
once, as indicated by the presence of
virus-specific serum antibodies. Based
on the age of the donors it can be
expected, however, that they had been
infected at least two or three times
consecutively, which is important
because it has been described that
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Figure 6: Correlation between CTL
activity and influenza virus-specific CTLp
frequency.

Virus-specific CTL activity was plotted,
using influenza virus-infected HLA-
matched BLCIL at an E:T ratio of 20:1,
against the frequency of virus-specific
CTLp (presented as percentage virus-
specific cells of CD8+ T cells), obtained
from the ELIspot assays using influenza
virus-infected autologous BLCL. All 18
donors were divided into several groups;
HLA-A2-negative donors (), HLA-A2-
positive, HLA-B27-negative (@ ) and
HLA-A2-positive, HLA-B27-positive (M)
Two HLA-A2-negative doners (11 and 13)
were stimulated with HLA-matched BLCL
(donor 10). Donor 8 was excluded from the
analysis.
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responses against single epitopes differ between primary and secondary infections
(10, 11).

The number of virus-specific CTLp ex vivo corresponded to approximately 0.1 to
0.5% of the total number of CD8+ T cells, which is within the normal range of
percentage of IFN-y+ influenza A virus-specific T cells measured by flow cytometry
(unpublished observation). Comparison of the percentage virus-specific CTL
between groups revealed a significant difference in CTLp frequency between HLA-
A2-positive donors and HLA-A2-negative donors (figure 5 and 6), paralleled by a
lower in vitro CTL activity against influenza virus-infected target cells in HLA-A2-
negative donors. The clinical relevance of a lower frequency of virus-specific CTLp
in individuals infected with influenza virus and whether a reduced CTLp frequency
in vivo results in a similar reduction in specific CTL activity during virus infection
remains unknown. This study is not the first to describe an association between
magnitude of CTL response and HLA phenotype in humans. Disease severity in
malaria, progression to AIDS in HIV infected individuals and human T celi
lymphotropic type 1 associated myelopathy were reported to be associated with
certain HLA molecules. However, these findings were mainly based on
epidemiological data in heterogeneous cohorts of donors (20, 26, 30). In contrast,
our study used a very well-defined cohort of HLLA identical donors, enabling us to
investigate the relationship between HLA phenotype and CTL response in detail.
HLA class I phenotype was found to influence the frequency of CTLp specific for
individual influenza virus epitopes. The CTLp frequency specific for the HLA-A1-
restricted epitope NPas.s; was significantly higher in HLA-A1-, -A2-, -B8-, -B35-
positive donors (group I) than in both groups II and III (figure 4), resulting in a
higher epitope-specific CTL activity following in vitro stimulation of PBMC with
influenza virus. Since the higher CTLp frequency was observed in group I and not in
groups II and IIT, it is difficult to link this difference to one HLA-A or -B molecule.
Possibly, HLA-C or HLA class II molecules have influenced the outcome of the
CTL response to this epitope. It was also noted that the frequency of CTLp specific
for the HLA-B8-restricted epitope NPigo3ss was three-fold lower in HLA-B8+,
HILA-B27+ donors (group II). This reduction in frequency of cells specific for the
NPigoass peptide in HLA-B27+ donors can be explained by the presentation of
overlapping peptides, as described previously by Tussey et al (48). However, after in
vitro stimulation with influenza virus, the difference in CTL activity, specific for the
NP1gg3s8 epitope, between HLA-B27-positive and HLA-B27-negative donors was
less pronounced.

From the peptide-specific responses it was concluded that the CTL response against
influenza virus is multispecific and directed against a number of different epitopes.
On average 50% (ranging from 12% to 100%) of the virus-specific response is
accounted for by known viral epitopes, indicating that in some donors more
unknown epitopes are recognized in the response to influenza virus infections. The
variability of the peptide-specific responses indicates that these data should be used
with caution for the interpretation of the virus-specific CTL response against all
epitopes (9). CTL activity in individual donors ranged from specificity towards all
known peptides or two peptides, independent of HLA background. The observation
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that in humans the influenza virus-specific CTL response is directed to multiple
epitopes is in agreement with previously described studies (24, 28).

The dominance of the HLA-A2-restricted epitope Mlsgss (24) is less strict than
previously thought. Although all donors had a response to this epitope, 4 out of 11
HLA-A2+ donors showed a greater response against another epitope. In each of
these four cases the dominant epitope was different. This finding adds to a study by
Martinon, describing a greater response against an HLA-B37-restricted epitope than
the HLA-AZ epitope Mlsg.s (35). It was also noted that in several cases the CTL
response restricted to one HLA class 1 molecule was directed to both epitopes
equally, indicating that there was no immunodominant response to one of the two
epitopes. A low CTL response towards the HEA-B35-restricted epitope M1yg.135
was detected in 2 out of 13 HLA-B35+ donors. A possible explanation for the low
reactivity against this peptide is the cysteine residue within the epitope, enabling the
epitope to form dimers, and therefore reduce the ability to bind to the HLA molecule
(14). However, freshly diluted peptide loaded onto target cells for 1 h did not result
in a higher CTL activity. A second possibility is the relatively low binding affinity
of the epitope to the HLA-molecule (19). Finally, the donors selected for this study
can have an undetectable frequency of M12g 135-specific CTL.

To our knowledge this is the first systematic study in which influenza virus-specific
CTL responses are compared in groups of donors of well-defined HLA phenotype.
The data presented here indicate that the HLA class I background of individuals has
a major influence on the magnitude and specificity of the CTL response against
influenza A virus. Even in individuals who share a certain HLA allele, the CTL
response restricted by this HLA allele may be affected by other nonmatching HLA
molecules resulting in different CTL responses. This finding may have implications
on vaccination strategies aiming at the induction of CD8+ T cell responses.

References

1. Badovinac, V. P,, A. R. Tvinnereim, and J. T. Harty. 2000. Regulation of
antigen-specific CD8(+) T cell homeostasis by perforin and interferon-gamma.
Science. 290:1354-8.

2. Bednarek, M. A., S. Y, Sauma, M. C. Gammon, G. Porter, S.
Tamhankar, A. R. Williamson, and H. J. Zweerink. 1991. The minimum peptide
epitope from the influenza virus matrix protein. Extra and intracellular loading of
HLA-AZ2. J. Immunol. 147:4047-53.

3. Belz, G. T., J. D. Altman, and P. C. Doherty. 1998. Characteristics of
virus-specific CD8(+) T cells in the liver during the control and resolution phases of
influenza pneumonia. Proc. Natl. Acad. Sci. U. S. A. 95:13812-7.

4, Belz, G. T., P. G. Stevenson, and P. C. Doherty. 2000. Contemporary
analysis of MHC-related immunodominance hierarchies in the CD8+ T cell response
to influenza A viruses. J. Immunol. 165:2404-9,

5. Belz, G. T., W. Xie, J. D. Altman, and P. C. Doherty. 2000. A previously
unrecognized H-2D(b)-restricted peptide prominent in the primary influenza A
virus-specific CD8(+) T cell response is much less apparent following secondary
challenge. J. Virol. 74:3486-93.

48



Chapter 2 Epitope-specific CTL immunity

6. Belz, G. T., W. Xie, and P. C. Doherty. 2001. Diversity of epitope and
cytokine profiles for primary and secondary influenza a virus-specific CD8+ T cell
responses. J. Immunol. 166:4627-33.

7. Bennink, J. R., and J. W, Yewdell. 1988. Murine cytotoxic T lymphocyte
recognition of individual influenza virus proteins. High frequency of nonresponder
MHC class I alleles. J. Exp. Med. 168:1935-9.

8. Berzofsky, J. A. 1988. Immunodominance in T lymphocyte recognition.
Immunol. Lett. 18:83-92.
9. Betts, M. R., J. P. Casazza, B. A. Patterson, S. Waldrop, W. Trigona, T.

M. Fu, F. Kern, L. J. Picker, and R. A. Koup. 2000. Putative immuncdominant
human immunodeficiency virus-specific CD8(+) T cell responses cannot be
predicted by major histocompatibility complex class I haplotype. J. Virol. 74:9144-
51.

10. Blattman, J. N., D. J. D. Sourdive, K. Murali-Krishna, R. Ahmed, and
J. D. Altman. 2000. Evolution of the T Cell Repertoire During Primary, Memory,
and Recall Responses to Viral Infection. J. Immunol. 165:6081-6090.

11. Bousso, P., F. Lemaitre, J. Bilsborough, and P. Kourilsky. 2000. Facing
two T cell epitopes: a degree of randomness in the primary response is lost upon
secondary immunization. J. Immunel. 165:760-7.

12. Chen, W., §. Khilko, J. Fecondo, D. H. Margulies, and J. McCluskey.
1994. Determinant selection of major histocompatibility complex class I-restricted
antigenic peptides is explained by class [-peptide affinity and is strongly influenced
by nondominant anchor residues. J. Exp. Med. 180:1471-83.

13. Chen, W., C. C. Norbury, Y. Cho, J. W, Yewdell, and J. R. Bennink.
2001. [Immunoproteasomes shape immunodominance hierarchies of antiviral cd8(+)
t cells at the levels of t cell repertoire and presentation of viral antigens. J. Exp. Med.
193:1319-26.

14, Chen, W., J. W. Yewdell, R. L. Levine, and J. R. Bennink. 1999,
Modification of cysteine residues in vitro and in vivo affects the immunogenicity
and antigenicity of major histocompatibility complex class I-restricted viral
determinants. J. Exp. Med. 189:1757-64.

15. Crotzer, V, L., R. E. Christian, J. M. Brooks, J. Shabanowitz, R. E.
Settlage, J. A. Marto, F. M. White, A. B. Rickinson, D. F. Hunt, and V. H.
Engelhard. 2000. Immunodominance among EBV-derived epitopes restricted by
HLA-B27 does not correlate with epitope abundance in EBV-transformed B-
lymphoblastoid cell lines. J. Immunol. 164:6120-9.

16. Daly, K., P. Nguyen, D. L. Weoodland, and M. A. Blackman. 1995.
Immunodominance of major histocompatibility complex class I-restricted influenza
virus epitopes can be influenced by the T cell receptor repertoire. J. Virol. 69:7416-
22.

17. DiBrino, M., T. Tsuchida, R. V. Turner, K. C. Parker, J. E. Coligan,
and W. E. Biddison. 1993. HLA-A1 and HLA-A3 T cell epitopes derived from
influenza virus proteins predicted from peptide binding motifs. J. Immunol.
151:5930-5.

49



Chapter 2 Epitope-specific CTL immunity

18. Doherty, P. C., W. E. Biddison, J. R. Bennink, and B. B. Knowles. 1978.
Cytotoxic T cell responses in mice infected with influenza and vaccinia viruses vary
in magnitude with H-2 genotype. J. Exp. Med. 148:534-43,

19. Dong, T., D. Boyd, W. Rosenberg, N. Alp, M. Takiguchi, A. McMichael,
and S. Rowland-Jones. 1996. An HLA-B35-restricted epitope modified at an
anchor residue results in an antagonist peptide. Eur. J. Immunol. 26:335-9,

20. Flores-Villanueva, P. O., E. J. Yunis, J. C. Delgado, E. Vittinghoff, S.
Buchbinder, J. Y. Leung, A. M. Uglialoro, O. P. Clavijo, E. S. Rosenberg, S. A.
Kalams, J. D. Braun, S. L. Boswell, B. D. Walker, and A. E. Goldfeld. 2001.
Control of HIV-1 viremia and protection from AIDS are associated with HLA-Bw4
homozygosity. Proc. Natl. Acad. Sci. U. S. A. 98:5140-5,

21. Gallimore, A., T. Dumrese, H. Hengartner, R. M. Zinkernagel, and H.
G. Rammensee. 1998. Protective immunity does not correlate with the hierarchy of
virus-specific cytotoxic T cell responses to naturally processed peptides. J. Exp.
Med. 187:1647-57.

22. Gallimore, A., J. Hombach, T. Dumrese, H. G. Rammensee, R. M.
Zinkernagel, and H. Hengartner. 1998, A protective cytotoxic T cell response to a
subdominant epitope is influenced by the stability of the MHC class I/peptide
complex and the overall spectrum of viral peptides generated within infected cells.
Eur. J. Immunol. 28:3301-11. .

23. Gavioli, R., M. G. Kurilla, P. O. de Campeos-Lima, L. E, Wallace, R.
Dolcetti, R. J. Murray, A. B. Rickinson, and M. G. Masucei. 1993. Multiple HLA
All-restricted cytotoxic T lymphocyte epitopes of different immunogenicities in the
Epstein-Barr virus-encoded nuclear antigen 4. J. Virol. 67:1572-8.

24. Gianfrani, C., C. Oseroff, J. Sidney, R. W. Chesnut, and A. Sette. 2000.
Human memory CTL response specific for influenza A virus is broad and
multispecific. Hum. Immunol. 61:438-52.

25. Gotch, F., A. McMichael, G. Smith, and B. Moss. 1987. Identification of
viral molecules recognized by influenza-specific human cytotoxic T lymphocytes. J.
Exp. Med. 165:408-16,

26. Hill, A. V., J. Elvin, A. C. Willis, M. Aidoo, C. E. Allsopp, F. M. Getch,
X. M. Gao, M. Takiguchi, B. M. Greenwood, A. R. Townsend, and et al, 1992.
Molecular analysis of the association of HLA-BS53 and resistance to severe malaria.
Nature. 360:434-9,

27. Huet, S., D. F. Nixon, J. B, Rothbard, A. Townsend, S. A. Ellis, and A.
J. McMichael. 1990. Structural homologies between two HLA B27-restricted
peptides suggest residues important for interaction with HLA B27. Int. Immunol.
2:311-6.

28, Jameson, J., J. Cruz, and F. A, Ennis. 1998, Human cyiotoxic T
Iymphocyte repertoire to influenza A viruses. J. Virol, 72:8682-9.

29, Jameson, J., J. Cruz, M. Terajima, and F. A. Ennis. 1999. Human CD8&+
and CD4+ T lymphocyte memory to influenza A viruses of swine and avian species.
J. Immunol. 162:7578-83.

30. Jetfery, K. J., A. A, Siddiqui, M. Bunce, A. L. Lloyd, A. M. Vine, A. D.
Witkover, S. Izumo, K. Usuku, K. 1. Welsh, M. Osame, and C. R. Bangham.

50



Chapter 2 Epitope-specific CTL immunity

2000. The influence of HLA class I alleles and heterozygosity on the outcome of
human T cell lymphotropic virus type I infection. J. Immunol. 165:7278-84.

31. Lalvani, A., R. Brookes, S. Hambleton, W. J. Britton, A. V. Hill, and A.
J. McMichael. 1997. Rapid effector function in CD8+ memory T cells. I. Exp. Med.
186:859-65.

32. Lukacher, A. E., V. L. Braciale, and T. J. Braciale, 1984, In vivo effector
function of influenza virus-specific cytotoxic T lymphocyte clones is highly specific.
J. Exp. Med. 160:814-26.

33, Man, S., M. H. Newberg, V. L. Crotzer, C. J. Luckey, N. S. Williams, Y.
Chen, E. L. Huczko, J. P. Ridge, and V. H. Engelhard. 1995. Definition of a
human T cell epitope from influenza A non-structural protein 1 using HLA-A2.1
transgenic mice. Int. Immunol. 7:597-605.

34, Mandelboim, O., N. Lieberman, M. Lev, L. Paul, T. I. Arnon, Y.
Bushkin, D. M. Davis, J. L. Strominger, J. W, Yewdell, and A. Porgador. 2001.
Recognition of haemagglutinins on virus-infected cells by NKp46 activates lysis by
human NK cells. Nature. 409:1055-60.

33. Martinon, F., E. Gomard, C. Hannoun, and J. P. Levy. 1990. In vitro
human cytotoxic T cell responses against influenza A virus can be induced and
selected by synthetic peptides. Eur. J. Immunol. 20:2171-6.

36. Masurel, N., P. Ophof, and P. de Jong. 1981. Antibody response to
immunization with influenza A/USSR/77 (H1N1) virus in young individuals primed
or unprimed for A/New Jersey/76 (HIN1) virus. J. Hyg. (Lond). 87:201-5.

37. McMichael, A. J., F. M. Gotch, G. R. Neble, and P. A. Beare. 1983,
Cytotoxic T cell immunity to influenza. N. Engl. J. Med. 309:13-7.

38. Mo, A. X, S. F. van Lelyveld, A. Craiu, and K. L. Rock. 2000.
Sequences that flank subdominant and cryptic epitopes influence the proteolytic
generation of MHC class I-presented peptides. J. Immunol. 164:4003-10.

39. Morrison, J., J. Elvin, F. Latron, F. Gotch, R. Moots, J. L. Strominger,
and A, McMichael. 1992. Identification of the nonamer peptide from influenza A
matrix protein and the role of pockets of HLA-A2 in its recognition by cytotoxic T
lymphocytes. Eur. J. Immunol. 22:903-7.

40. Mullbacher, A., M. Lobigs, J. W. Yewdell, J. R. Bennink, R. Tha Hla,
and R. V. Blanden. 1999. High peptide affinity for MHC class I does not correlate
with immunodominance. Scand. J. Immunol. 50:420-6. :

41. Palmer, D., W. Dowdle,-. M. Coleman, and G. Schild 1975.
Haemagglutination inhibition test, p. 25-62. In Anonymous (ed.), Advanced
laboratory techniques for influenza diagnosis. Procedural Guide. US Dept. Hlth.
ED., Atlanta.

42, Rimmelzwaan, G. F., M. Baars, E. C. Claas, and A. D. Osterhaus. 1998.
Comparison of RNA hybridization, hemagglutination assay, titration of infectious
virus and immunofluorescence as methods for monitoring influenza virus replication
in vitro. J Virol Methods. 74:57-66.

43, Rimmelzwaan, G. F., N. Nieuwkoop, A. Brandenburg, G. Sutter, W. E.
Beyer, D. Maher, J. Bates, and A. D, Osterhaus. 2000. A randomized, double
blind study in young healthy adults comparing cell mediated and humoral immune

51



Chapter 2 Epitope-specific CTL immunity

responses induced by influenza ISCOM vaccines and conventional vaccines.
Vaccine, 19:1180-7.

44, Robbins, P. A., P. A. Rota, and 8. Z. Shapire. 1997. A broad cytotoxic T
lymphocyte response to influenza type B virus presented by multiple HLA
molecules. Int. Immunol. 9:815-23.

45, Rowland-Jones, S. L., T. Dong, K. R. Fowke, J. Kimani, P. Krausa, H.
Newell, T. Blanchard, K. Ariyoshi, J. Oyugi, E. Ngugi, J. Bwayo, K. S.
MacDonald, A. J. McMichael, and F. A. Plummer. 1998. Cytotoxic T cell
responses to multiple conserved HIV epitopes in HIV-resistant prostitutes in
Nairobi. J. Clin. Invest. 102:1758-65.

46. Silins, S. L., S. M. Cross, S. L. Elliott, S. J. Pye, S. R. Burrows, J. M.
Burrows, D. J. Moss, V. P. Argaet, and 1. S. Misko. 1996. Development of
Epstein-Barr virus-specific memory T cell receptor clonotypes in acute infectious
mononucleosis. J. Exp. Med. 184:1815-24.

47. Sutton, J., S. Rewland-Jones, W. Rosenberg, D. Nixon, F. Getch, X. M.
Gao, N. Murray, A. Spoonas, P. Driscoll, M. Smith, and et al. 1993. A sequence
pattern for peptides presented to cytotoxic T lymphocytes by HLA B8 revealed by
analysis of epitopes and eluted peptides. Eur. J. Immunol. 23:447-53,

48, Tussey, L. G., S. Rowland-Jones, T. S. Zheng, M. J. Androlewicz, P.
Cresswell, J. A. Frelinger, and A. J. McMichael. 1995. Different MHC class [
alleles compete for presentation of overlapping viral epitopes. Immunity. 3:65-77.
49, Ulmer, J. B., J. J. Donnelly, S. E. Parker, G. H. Rhodes, P. L. Felgner,
V. J. Dwarki, S. H. Gromkowski, R. R. Deck, C. M. DeWitt, A. Friedman, and
et al. 1993, Heterologous protection against influenza by injection of DNA encoding
a viral protein. Science. 259:1745-9,

50. van der Most, R. G., A, Sette, C. Oseroff, J. Alexander, K. Murali-
Krishna, L. L. Lau, S. Southwood, J. Sidney, R. W. Chesnut, M. Matloubian,
and R. Ahmed. 1996. Analysis of cytotoxic T cell responses to dominant and
subdominant epitopes during acute and chronic lymphocytic choriomeningitis virus
infection. J. Immunol. 157:5543-54.

51. Voeten, J. T., T. M. Bestebroer, N. J. Nieuwkoop, R. A. Fouchier, A. D,
Osterhaus, and G. F. Rimmelzwaan. 2000. Antigenic drift in the influenza A virus
(H3N2) nucleoprotein and escape from recognition by cytotoxic T lymphocytes. J.
Virol. 74:6800-7.

52. Yewdell, J. W,, and J. R. Bennink. 1999. Immunodominance in major
histocompatibility complex class I-restricted T lymphocyte responses. Annu. Rev.
Immunol. 17:51-88.

52



Chapter 3 HLA usage in CTL response

Chapter 3

Preferred HL A usage and HLA dependent differential cytokine
expression in the influenza virus-specific cytotoxic T lymphocyte
response

A.CM. Boon, G. de Mutsert, R.A.M. Fouchier, K. Sintnicolaas, A.D.M.E.
Osterhaus, G.F. Rimmelzwaan

Submitted for publication

Abstract

In order to study whether individual HLLA class I alleles are used preferentially or
equally in human virus-specific CTL responses, the contribution of individual HLA-~
A and -B alleles to the human influenza virus-specific CTL response was
investigated. To this end, PBMC were obtained from three groups of HLA-A and —B
identical blood donors and stimulated with influenza virus. In the virus-specific
CD8+ T cell population the proportion of IFN-y and TNF-o producing celis,
restricted by individual HLA-A and -B alleles was determined using virus-infected
CI1R cells expressing a single HLA-A or —B allele for restimulation of these cells. In
HLA-B*2705- and HLA-B*3501-positive individuals, these alleles were
preferentially used in the influenza A wvirus-specific CTL response, while the
contribution of HLA-B*0801 and HLA-A*0101 was minor in these donors. The
magnitude of the HLA-B*0801-restricted response was even lower in the presence
of HLA-B*2705 indicating that the CTL response resiricted by a single HLA
molecule is influenced by the coexpression of another. CIR cells expressing HLA-
B*2705, HLA-A*0101 or HLA-A*0201 were preferentially lysed by virus-specific
CD8+ T cells. In contrast, the CTL response to influenza B virus was mainly
directed towards HLA-B*0801-restricted epitopes. Thus, the preferential use of
HLA alleles depended on the virus studied. Finally, analysis of IFN-y and TNF-«
expression demonstrated that HLA-A*01Q1-restricted CD8+ T cells produce
relatively more TNF-o than IFN-y, in comparison to CD8+ T cells restricted by
other alleles. Thus, differential cytokine expression profiles were identified in
influenza virus-specific CTL depending on the epitopes recognized and/or their
restriction elements,
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Introduction

Cytotoxic T lymphocytes ({CTL) have been shown to play an important role in the
control and clearance of virus infections including those caused by influenza virus
(4, 19). Although a large number of peptides are generated during processing of viral
proteins in infected cells, only some of these peptides are ultimately presented by
major histocompatibility complex (MHC) class I molecules and recognized by
specific CTL. This limited recognition of a small number of dominant CTL epitopes
has been termed immunodominance (3, 5, 33). Usually immunodominance is
defined using a number of synthetic peptides representing known CTL epitopes,
without taking into account the full repertoire of potential epitopes. Little
mformation is available on the complete repertoire of CTL epitopes of viral
pathogens and the corresponding human leukocyte antigen (HLA) alleles presenting
these epitopes to specific CTL. Using transient HLA expression systems, HLA-A11,
HLA-B8 and HLA-B44 were identified as the preferred restriction elements in the
CTL response to Epstein-Barr virus (EBV) (15, 17, 22, 27). These studies also
demonstrated that the HLA-Al-testricted EBV-specific CTL response is of minor
importance.

In most studies addressing the contribution of individual HLA molecules in CTL
responses, synthetic peptides representing known CTL epitopes have been used (6,
7, 11, 13, 20, 28). It has been shown recently that the magnitude and specificity of
influenza A virus-specific CTL. response, using nine peptide analogues of known
influenza A virus CTL epitopes, is related to the MHC class I haplotype of
individuals (7). In this study it was demonstrated that the magnitude of the influenza
A virus-specific CTL response was highest in HLA-A*0201-positive individuals.
This association was thought to be related to recognition of an HLA-A*0201-
restricted immunodominant epitope (M1sg.66) from the matrix protein. Thus it might
be expected that if CTL responses were analyzed by individual HLA-A and -B
alleles, the majority of CTL would recognize influenza A virus-infected targets in a
HLA-A*020]1-restricted fashion. Although the use of synthetic peptides provide
some information on HLA usage in CTL response, this approach has limitations and
does not account for the full repertoire of viral epitopes presented by infected cells.
In the present study, the contribution of individual HLA-A and -B alleles to the CTL
response against a model viral pathogen was investigated. To this end, the influenza
virus-specific memory CTL response was studied, using CIR cells expressing a
single HLA-A or -B allele and influenza virus-stimulated PBMC obtained from
three groups of healthy blood donors with defined HLA class I haplotypes. Between
groups the individuals shared two or three of the four HLA-A and -B alleles.
Intracellular gamma-interferon (IFN-Y) and tumor necrosis factor {TNF)-o staining
was used for the enumeration of virus-specific CTL restricted by a single HLA-A or
-B allele and the lytic capacity of these cells was determined in classical *'Cr-release
assays.

We found that individual HLA-alleles were not used to the same extent and that in
each group of HLA-typed individuvals a hierarchy existed between HLA-alleles.
Especially HLA-B*2705 and HLA-B*3501 were found to be preferred alleles in the
influenza A virus-specific CTL response. The preferred HLA usage was found to
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depend on the type of influenza virus (A or B) studied. In addition, for some alleles
(e.gz. HLA-A*0101) a discrepancy was observed between IFN-y and TNF-o
production indicating that CTL exhibited functional diversity depending on the
epitopes recognized and/or their HLA class I restriction element.

Material and Methods

Cells

Peripheral blood mononuclear cells (PBMC) obtained from 13 healthy blood donors
(Tab. 1) were isolated between 1999 and 2002 using Lymphoprep (Nycomed, Oslo,
Norway) gradient centrifugation and cryopreserved at -135°C. Three groups of
donors, aged between 35 and 50 years of age, were selected according to serological
homology within the A locus and B locus of HLA class I molecules (Tab. 1).
Genetic subtyping was performed in the laboratory for Histocompatibility and
Immunogenetics at the Bloodbank Rotterdam (Rotterdam, Netherlands) using a
commercial typing system (GenoVision, Vienna, Austria). All donors had serum
antibodies against one or more influenza A virus strains, measured by
hemagglutination inhibition assay (HAI), indicative of one or more exposures in the
past. Also three of the four donors tested for influenza B virus-specific CTL
immunity (group I1), had influenza B virus-specific antibodies.

Table 1: HLA-A- and —B genotype of donors

Grou HLA-A and -B No. of
P genotype donors
I A*0101, A*0201, 4
B*0801, B¥3501
II A*0101, A*0201, 4
B*0801, B*2705
I A*0101, A*0301, 5
) B*080}, B*3501

Of each group of HLA-A- and -B-matched donors, EBV-transformed B-
lymphoblastoid cell-lines (BLCL) were produced as described previously (24).
BLCL were cultured in RPMI 1640 medium supplemented with 10% fetal calf
serum (FCS), 2 mM glutamin, 100 pg/ml streptomycin and 100 IU/ml penicillin
(R10F).

Hmy2-C1R (C1R) is a human BLCL with low expression of endogenous HLA-Cw4
(34, 35), but no expression of HLA-A or -B alleles. Control CIR cells and those
transfected with individual HLA-A or —B genes were cultured in R1QF. The
transfected C1R cells were kindly provided by several investigators; HLA-AI-
transfected C1R cell-line by Dr. P. Cresswell (Section of Immunobiology, Howard
Hughes Medical Institute, Yale University School of Medicine, New Haven, USA),
HLA-A2.1-transfected C1R cell-line by Dr. P. Romero (Division of Clinical Onco-
Immunology, Ludwig Institute for Cancer Research, Lausanne, Switzerland), HLA-
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A3-transfected C1R ceil-line by Dr. W. Biddison (Molecular Immunology Section,
National Institute of Neurological Disorders and Stroke, National Institute of Health,
Bethesda, USA), HLA-B*2705-transfected C1R cell-line by Dr. J. Lopez de Castro
(Centro de Biologia Molecular Severo Ochoa, Universidad Autonoma de Madrid,
Facultad de Ciencias, Madrid, Spain) and HLA-B*3501-transfected C1R cell-line by
Dr. M. Takiguchi (Division of Viral Immunology, Kumamoto University,
Kumamoto, Japan). Finally, an HLA-B*0801-transfected CIR cell-line was
established as described previously (paper submitted for publication). Although the
genotype of the majority of these HLA-transfected C1R cell-lines is known, the cell-
lines will be depicted by their serotype throughout the manuscript (for example
C1R-B27). Because CIR-Al cells gradually loose the expression of HLA-Al, an
enrichment procedure was performed every two to three weeks using anti-HLA-A1,
36 monoclonal antibodies (MAb, BIH0331, One Lambda Inc., Canoga Park, CA,
USA) together with DNA-linked anti-mouse-Ig beads (Dynal Biotech GmBH,
Hamburg, Germany) according to manufacturers instructions, to ensure a high
percentage of HLA-Al+ CI1R cells (minimal of 80% HLA-A1+ cells).

Serology

Plasma samples were stored at —20°C and tested for the presence of influenza A
virus (H3N2) and influenza B virus-specific antibodies in an HAT assay according to
standard methods (18, 21) using turkey erythrocytes and four hemagglutinating units
of virus. The sera were tested for antibodies against eleven vaccine strains of
subtype H3N2 used since 1968 and eleven influenza B virus strains (from 1979 till
2001). Ferret sera raised against the test antigens were used as positive controls.

Influenza viruses and peptides

Sucrose gradient purified influenza viruses Resvir-9 and B/Harbin/7/94 (kindly
provided by CSL Ltd., Parkville, Victoria, Australia) were used for infection of
cells. Resvir-9 is a reassortant virus between strains A/Puerto Rico/8/34 (HIN1) and
A/Nanchang/933/95 (H3N2), containing the nucleoprotein (NP), hemagglutinin
(HA) and neuraminidase (NA) of A/Nanchang/933/95. The infectious virus titers of
the virus preparations were determined in cell-culture using Madin-Darby-Canine-
Kidney (MDCK) cells as indicator cells, as described previously (23). Peptide
analogs of influenza A virus CTL epitopes were manufactured, HPLC purified and
analyzed by mass spectrometry (Eurogentec, Seraing, Belgium). The peptide
analogs correspond to the HLA-A1-restricted NPy4.50, HLA-A%0201-restricted M1 s5.
663 HLA-A3-restricted NP255_273, HLA-B*080-restricted NP330_333, HLA-B*2705-
restricted NPigy.a9 and HLA-B*3501-restricted NPyj5.426 epitope. The peptides were
dissolved in DMSO at 5.0 mg/ml, diluted to 100 uM in RPMI 1640 and stored at -
20°C.

In vitro stimulation of PBMC with influenza virus

Stimulation of PBMC with influenza virus was performed as described previously
(7). Cells were resuspended at 1x10° cells/ml in R10F and infected for one hour at
37°C with Resvir-9 or B/Harbin/7/94, at a multiplicity of infection (MOI) of three.
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Next, the cells were washed once and resuspended in RPMI 1640 medium
supplemented with 10% human AB serum, 2 mM glutamin, 100 pg/ml
streptomycin, 100 IU/ml penicillin and 20 pM B-mercaptoethanol (R10H)} and added
to uninfected PBMC at a ratio of 1:1 in a 25 cm® culture flask. After two days,
recombinant interlenkin-2 (rIL-2, final concentration 50 U/ml, Chirion B.V.,

Amsterdam, Netherlands) was added and the cells were incubated for another six
days at 37°C and used as effector cells in a *'Cr-release assay or intracellular
cytokine staining (ICS) assay (see below).

Isolation of CD8+ T cells

CD8+ T cells were isolated from the effector cell populations by magnetic sorting,
using a CD8+ cell selection kit (Dynal Biotech GmbH). First the cells were washed
once in PBS supplernented with 2.0% FCS (P2F) and finally resuspended in P2F at a
concentration of 1x10”/ml. Capture beads were added to the cell suspension at a
bead to CD&+ T cell ratio of 8:1. Following a 30-minute incubation at 4°C, the
beads/cells were washed six times with 5.0 ml of P2F. The beads, together with the
attached cells, were reconstituted in 200 pl of RPMI 1640 medlurn with 1.0% FCS.
To detach the cells from the beads, 20 pl of DETACHaBEAD® (Dynal Biotech
GmBH) was added and incubated for one hour at 20°C, The released cells were
isolated, washed once in R10F and used as effector cells in *'Cr-release assays (16).

Preparation of target cells for *! Cr-release assay

HLA-A- and —B-matched BLCL, C1R and CIR cells transfected with various HLA
genes were used as target cells in *'Cr-release assays. All cells were infected with
Resvir-9 at a MOI of three in RPMI 1640 medium, containing 0.1% bovine serum
albumin, 2 mM glutamin, 100 pg/ml streptomycin and 100 IU/m! penicillin (R0.1B).
Following a one-hour infection at 37°C, the cells were washed once in R10F and
incubated in R1QF for 16 h at 37°C. The following day 1x10° cells were washed
once in R0.1B medium and incubated for one hour at 37°C with 75uCi Na,[>'Cr]O..
The cells were then washed three times in R10F and used as target cells. Uninfected
cells of the HLA-matched BLCL, CIR and HLA-transfected CIR cell-line were
included to determine non-specific lysis of target cells.

The antigen presentation capacity of HLA-transfected CIR cells was compared with
cells of two BLCL. To this end, the minimal peptide concentration was determined
for which 50% of the target cells were killed (ECsp) by epitope-specific CTL clones.
Afier a one-hour incubation with Na,[*'Cr]O,, the cells were washed twice in R10F
and distributed in 96-well V-bottom plates Next, the cells were incubated with a
ten-fold serial dilution of the peptldes in R10F for one hour at 37°C, washed once in
RI10OF and used as target cells in a *'Cr-release assay. The HLA—AI- -A2-, -A3-,
B8-, -B27-, and -B35-restricted influenza virus-specific CTL clones were prevmusly
described (8, 31, 32).
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Intracellular cytokine staining

Influenza virus-stimulated PBMC were also used for ICS assay. One hundred
thousand PBMC were incubated in 100 pl R10F containing GolgiStop (monensin,
[Pharmingen, Alphen a/d Rijn, Netherlands]) and GolgiPlug (brefeldin,
[Pharmingen]). In addition, 2x10° influenza virus-infected (Resvir-9, MOI = 3 or
B/Harbin/7/94, MOI = 1) and uninfected HLA-matched BLCL cells and CIR cells
with or without HLA transgene were also incubated in 100 ul RI1OF containing
GolgiPlug and GolgiStop and used as stimulator cells. After 30 minutes at 37°C, the
stimulator cells were added to the PBMC for six hours at 37°C. Next the cells were
washed, stained and fixed as previously described (10) using anti-CD§ (Dako,
Glostrup, Denmark), anti-CD3 (Becton Dickinsen, Alphen a/d Rijn, Netherlands),
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Figure i: Expression of foreign HLA-A or —B alleles on C1R cells.

(A) HLA expression on BLCL, CIR and HLA-transfected C1R cells. HLA expression
was measured with saturating levels of anti-HLA-ABC MAb. The level of HLA
expression (fluorescence intensity, solid line) is shown for cells of BLCL, C1R and HLA-
transfected CIR cell-lines. Unstained cells are shown as dotted lines in the figures.

(B) HLA-transfected C1R cell-lines stimulate influenza A virus-specific CTL clones.
HLA-transfected C1R cells (open symbols) and two HLA-matched BLCL (closed
symbols) were used as target cells in a *'Cr-release assay after a one-hour incubation with
10-fold serial dilutions of peptide analogous of epitopes. C1R-Al cells were incubated
with the NPus; epitope, CIR-A2 cells with the Mg epitope, C1R-A3 cells with the
NPys.273 epitope, CIR-B8 cells with the NP3gg395 epitope, C1R-B27 cells with NP3gz 301
epitope and finally C1R-B33 cells with the NP4;5.42¢ epitope and used as target cells for
CTL clones specific for the respective epitopes (effector-to-target cell (E:T) ratio of
10:1).

{C) HL A-restricted recognition of influenza A virus-infected HLA-transfected C1R cells
by virus-specific CTL. HLA-transfected CIR cells, C1R control cells and three different
BLCL cells were infected with Resvir-9 (MOI = 3) and used as target cells in a *'Cr-
release assay. Influenza A virus-specific CTL clones (see above) were used as effector
cells at an E:T ratio of 10:1. The results are given as the % lysis of each target cell minus
the lysis of virus-infected CIR cells. HLA-genotyped BLCL were included as controls to
confirm the HLA restriction of the influenza A virus-specific CTL clones.

The percentage lysis is represented by different colors (I, 100%-80%; H , 80%-
60%; 2, 60%-40%,; B8, 40%-20%, 1, 20%-0%).

anti-IFN-y (Pharmingen) and anti-TNF-o (Becton Dickinson) MAb. At least 2000
gated CD3+ CD8+ T cells were acquired using a FACSCalibur flow cytometer
(Becton Dickinson). Data were analyzed with CellQuest Pro (Becton Dickinson) and
are expressed as the % cytokine-positive cells following stimulation with influenza
virus-infected cells minus the % cytokine-positive cells after stimulation with
uninfected cells. To determine the % allele-specific cytokine-positive T cells, the
proportion of cytokine-positive cells following stimulation with C1R control cells is
subtracted from the % cytokine-positive cells following stimulation with HLA-
transfected C1R cells.

S Crrelease assay

*!Cr-release assays were performed as described previously (7). Influenza A virus-
specific CTL clones were added to 5 x 10° *'Cr-labeled target cells at an effector-to-
target cell ratio (E:T ratio} of 10:1 or 5:1. Isolated CD&+ T cells, obtained from
influenza A virus stimulated PBMC cultures, were also used as effector cells at E:T
ratios of 10:1 to 1.25:1. After four hours at 37°C, the culture supernatants were
harvested (Skatron instruments, Sterling, Va., USA) and radioactivity was measured
by gamma-counting. The % specific lysis was calculated with the following
formula: [(experimental release - spontaneous release) / (maximum release -
spontaneous release)] x 100. The % influenza A virus-specific lysis was calculated
from the % lysis of infected cells minus the percentage lysis of uninfected cells of at
least three wells.
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Flow cytometry

Following isolation of CDD8+ T cells the purity of the CD8+ T cell population was
tested. Approximately 1x10° cells were washed once in P2F, and incubated in 50 ul
P2F containing anti-CD8, anti-CD4 (Dako} and anti-CD3 MAb for 30 minutes at
4°C. Next the cells were washed once in P2F and at least 1x10* events were
acquired using a FACSCalibur flow cytometer. The CD8+ T cell purity of the
isolated CD8+ T cells was generally > 90%.

Prior to *'Cr-release and ICS assays, target cells were tested for the expression of
transfected HLA genes. CIR-Al and CIR-A3 cells were incubated with biotin-
conjugated anti-HLA-A1/36 and anti-HLA-A3 (BIH0269, One Lambda Inc.) MADb
respectively, followed by FITC-conjugated streptavidin (Dako). C1R-A2, C1R-BS§
and CIR-B27 cells were incubated with FITC-conjugated anti-HLA-A2/28
(FH0037, One Lambda Inc.), anti-HLA-B8 (FH0536A, One Lambda Inc.) or anti-
HLA-B27 (B27F50X, One Lambda Inc.) MADb respectively. Finally C1R-B35 were
incubated with culture supematant of hybridoma 4D12 (ATCC No. HB-178, ATCC,
Manansass, VA, USA), and subsequently stained with FITC-conjugated anti-raouse-
Ig F, fragments (Dako). The level of HLA expression on C1R and CIR cells with
various HLA fransgenes was determined by flow cytometry using saturating levels
of anti-HLLA-ABC antibodies (Pharmingen). All the antibody staining procedures
were performed in P2F at 4°C. At least 10000 cells were acquired with a
FACSCalibur flow cytometer and analyzed with CellQuest Pro.

Statistical analysis

To identify statistical differences between IFN-y responses restricted by individual
HLA-A or -B alleles a student ¢ test was performed. To investigate preferential
HLA-A or ~B usage in the three groups of donors, a Friedman test was performed,
comparing the response to individual alleles with a theoretical random contribution
of the four HLA-A and -B alleles. Differences in ratio IFN-y+ cells and TNF-o+
cells were analyzed with a univariate ANOVA post-hoc analysis. Ratio IFN-y/TNF-
o positive cells was determined if both proportions cytokine-positive cells > 1.0%.
P-values of < 0.05 were considered statistically significant.

Results

Validation of HLA-transfected CIR cells

Before using CIR cells expressing HLA transgenes as antigen presenting cells
(APC), their HLA expression and antigen presenting capacity was tested. As shown
in figure 1a, all CIR cells transgenic for individual HLA genes exhibited HLA class
I expression after incubation with an antibody specific for all HLA-A, -B and -C
alleles. The expression was in the same order of magnitude as in normal BLCL cells
(solid lines, figure 1a). Control C1R cells also exhibited surface expression of HLA
class I molecules to a limited extend as a result of endogenous HLA-Cw4 expression
(34, 35). This expression was at least 10-fold lower than in the HLA-transfected
CIR cells. The expression of HLA-A or —B molecules by the respective CIR cells
was further confirmed using allele-specific antibody preparations (data not shown).
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Furthermore, the HLLA expression was not reduced after infection of these cells with
influenza A viruses (data not shown).

The concentration of peptide analogous of CTL epitopes required to give 50% of the
maximum lysis (ECsy values) of target cells by corresponding CTL clones was used
as a measure for antigen presenting capacity of CIR cells. As shown in figure 1b,
the ECso values ranged from 107 M for the HLA-B*0801-restricted epitope (NP3g. "
3gs} 10 10% M for the HLA-B*3501-restricted epitope {(NP43.42). More importantly
the ECsq values for the HLA-transfected CIR cells were similar or slightly lower
than the ECsy values measured with HLA-matched BLCL cells, indicating that
functional presentation of peptides is comparable.

Inf. BLCL Uninf. BLCL CiR Uninf. C1R
0.2% 0.0%
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Figure 2: TFN-y expression in CD8+ T cells after stimulation of PBMC with
influenza virus.

PBMC expanded after stimulation with influenza A virus were restimulated with
HILA-matched BLCL, C1R and HLA-transfected C1R cells infected with influenza
A virus (Resvir-9) at a ratio of 1:2 for six hours in the presence of monensin and
brefeldin. Stimulation with uninfected cells was used as negative controls. Virus-
specific CTL restricted by individual alleles were visualized after staining with
MADb specific for CD§, CD3 and IFN-y. The dotplots show an example of the
expression of IFN-y in T cells following stimulation of PBMC of donor 1 {group I)
with infected and uninfected cells of an HLA-matched BL.CL and CIR conirol cells
and infected CIR cells expressing HLA-A1, HLA-A2, HLA-B® or HLA-B35. The
proportion IFN-y+ cells in the CD3+ CD8&+ T cell fraction is indicated.

Using HLA-transfected CIR celis infected with influenza A virus it was
demonstrated in a *'Cr-release assay that the natural CTL epitope was liberated from
viral proteins and presented to specific CTL clones (figure 1c). In addition, the
respective CTL clones only recognized HLA-transfected C1R target cells expressing
the matching HLA molecule.
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Figure 3: Influenza A virus-specific IFN-y responses restricted by individual HLA-A and
—B alleles in three groups of HLA-A and -B matched donors.

A) Virus-specific effector cells expanded from PBMC were restimulated with influenza
A virus-infected and uninfected HLA-matched BLCL, C1R and HLA-transfected CIR
cells at a ratio of 1:2 for six hours in the presence of monensin and brefeldin. Virus-
specific CTL were visualized after staining for CD8, CD3 and IFN-y. The proportion of
IFN-y+ cells in the CD3+ CD8+ T cell fraction after stimulation with infected HLA-
matched BLCL cells (6358, 7482 and 5507) or CIR cells expressing individual HLA-A
or —B alleles is shown. The proportion influenza A virus-specific IFN-y+ CD8+ T cells
was calculated by subtracting the % of IFN-y+ CD8+ T cells following stimulation with
uninfected cells and virus-infected C1R control cells from the % IFN-y+ CD8+ T cells
obtained after stimulation with virus-infected HLA-transfected CIR cells.

B) The contribution of HLA-A and -B alleles in the influenza A virus-specific CTL
response. The different parts in the pie-charts represent the proportion of CD8+ T cells
restricted by individual HLA alleles (shades of grey), starting with HLA-A*0101 (H )
and going anti-clock wise via HLA-A*0201 in group | and II (B) or HLA-A*0301 in
group III (), and HLA-B*0801 (g4) to HLA-B*2705 in group II (-: ) and HLA-B*3501
in group III (¢ ). The proportion of unresponsive CD&+ T cells is also shown ([ ). The
bar-charts indicate the percentage influenza A virus-specific IFN-y+ CD8+ T cells after
stimulation with HLA-matched BLCL. cells (black bars) or the sum of the percentage
IFN-y+ CD8+ T cells after stimulation with C1R cells transfected with individual HLA-A
and —B alleles (white bars). The average proportion of [FN-y+ CD8+ T cells of ail donors
in group I-III is shown in figure 3a by horizontal bars (---).
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IFN-yresponses in CD8+ T cells restricted by individual HLA-A and —B

alleles

The contribution of individual HLA-A and —B alleles to the influenza A virus-
specific CTL response was determined by measuring the proportion of IFN-vy+
CDS&+ T cells in influenza A virus-specific PBMC cultures, which were restimulated
with HLA-matched BLCL or CIR cells expressing individual HLA-A and -B
alleles. An example of such an analysis is shown in figure 2.

Using this procedure, PBMC of all (n = 13) donors were tested. In donors of group 1
(HLA-Al, HLA-A2, HLA-B8, HLA-B35), the proportion of CD8+ T cells
producing IFN-y after stimulation with HLA-matched BLCL cells was 46% {figure
3a). Stimulation with HLA-transfected C1R cells showed that on average 16.4% of
these cells were restricted by HLA-B*3501. HLA-A*(201-, HLA-B*0801- and
HLA-A*0101-restricted CD8+ T cells accounted for 10.2%, 9,2% and 5,5% on
average respeclively. None of these differences were statistically significant.

In donors of group II (HLA-A1, HLA-A2, HLA-B8, HLA-B27) on average 41% of
the CD8+ T cells were [FN-y+ after stimulation with HLA-matched BLCL cells.
The majority of these cells were specific for CTL epitopes presented in the context
of HLA-B*2705 with an average of 23,8% of IFN~y+ CD&+ T cells in these donors
(figure 3a). This HLA-B*2705-restricted response differed significantly with the
percentages IFN-y+ CD8+ T cells found after stimulation with C1R-A2 (10,5%, P =
0.008), CIR-Al (2,4%, P = 0.002) and CI1R-B8 (2,9%, P = 0.002). The proportion
IFN-yt+ cells after stimulation with CIR-A2 (10,5%) also differed from the
responses to CIR-Al (P =0.016) and C1R-B8 (P =0.02).

In donors of group III (HLA-A1, HLA-A3, HLA-BE, HLA-B335), the proportion of
CD8+ T cells producing IFN-y after stimulation with HLA-matched BLCL cells was
on average 32% (figure 3a), which was lower than the proportion influenza virus-
specific CTL found in group 1 (46%) and 1l (41%). Most of the influenza A virus-
specific CD8+ T cells were specific for CTL epitopes presented by HLA-B*3501
(15,9% IFN-y+ cells) followed by those presented by CIR-A3 (10,0%), C1R-B8
(7,8%) and C1R-A1 (3,5%). Although the average % IFN-y+ cells of HLA-A*0101-
restricted CD8+ T cells was lower than the proportion of cells restricted by the other
alleles in this group, only the difference between the proportion of HLA-A*(Q101-
and HLA-A*0301-restricted CTL were statistically significant (P = (.007).

We also compared the magnitude of the responses restricted by shared alleles
between donors of different groups. The HLA-B*0801-restricted response was
lower in donors of group II (2.9%) than in those of group 1 (9.1%, £ = 0.09) and
group IIT (7.8%, P = 0.04). Also the HLA-A*Q101-restricted response was slightly
higher in group I (5.5%) than in group II {2.4%) and IIl (3.5%), although these
differences were not statistically significant. No differences were found between
groups in the proportion of IFN-y+ CD8+ T cells restricted by HLA-A*0201 (10.2%
vs. 10.5%) or HLA-B*3501 (16.4% vs. 15.9%).

To demonstrate preferential HLA usage in individual donors, pie charts were
constructed (figure 3b), illustrating the IFN-y responses for each HLA allele (shades
of gray) within the CD8+ T cell population (entire circle). Not all CD8+ T cells
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produced IFN-y upen stimulation with virus-infected stimulator cells (white part). In
donors of group I, an HLA-A*0201-restricted response was always found, which
was dominant in donor 1 and 2. HLA-B*3501 was found to be an immunodominant
allele in two other donors (3 and 4). Subdominant HLA-B*0801-restricted responses
were found in all donors, while the HLA-A*0101-restricted response was detected
in 3 out of 4 donors. Preferential HLA usage in this group of donors was not
demonstrated (P = 0.165).
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In ail four donors of group II a dominant HLA-B*2705-restricted IFN-y response
was observed in addition to the HLA-A*0201-restricted IFN-y response. The HLA-
A*0101- and HLA-B*0801-restricted IFN-y responses only contributed to a limited
extend to the influenza A virus-specific CTL response in these donors. The preferred
usage of certain HLA class I alleles in these donors was statistically significant (P =
0.011).

In group III, the most dominant response was restricted by HLA-B*3501 in donors
1, 2, 4 and 5, while in donor 3 this response was only minor (figure 3b). An HLA-
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A*0301-restricted response was observed in all five donors and was found
immunodominant in three donors. Also the HLA-A*Q101- and B*(801-restricted
responses were detected in all donors, but were found to be subdominant. Again the
preferred recognition of certain alleles in these donors was statistically significant (P
=0.005).
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Figure 5: Influenza B virus-specific IFN-y responses restricted by individual HLA-
A and -B alleles in donors of group 11,

A) Effector cells were restimulated with influenza B virus-infected (MOI=1) and
uninfected HL.A-matched BLCL cells, C1R cells and HLA-transfected C1R cells at
a ratio of 1:2 for six hours in the presence of monensin and brefeldin. Influenza B
virus-specific CTL were visualized after staining for CD8, CD3 and IFN-y. The data
represents the proportion of influenza B virus-specific IFN-y+ cells in the CD3+
CD8+ T cell fraction after stimulation with HLA-matched BLCL celis (7482) and
CIR cells expressing individual HLA alleles as indicated. In addition, the sum of
the proportion IFN-y+ CD8+ T cells restricted by individual HLA-A and -B aileles
is depicted for each individual. The average proportion of IFN-y+ CD8+ T cells of
all donors in group Ii is shown by a horizontal bar {---). The symbols represent the
four different donors from this group.

The sum of the IFN-y+ CD&+ T cells observed after stimulation with four different
CIR cell-lines expressing the four HLA-A and —B alieles, was compared with the
number of IFN-y+ CD8+ T cells observed after stimulation with HLA-matched
BLCL cells. As shown in figure 3b (bar charts), the sum of the responses restricted
by individual alleles (white bars) almost accounted for the total influenza A virus-
specific response (black bars) in most cases. In 11 out of 13 donors the difference
was less than 10% and only in donor 4 of group II and donor 3 of group III the
differences exceeded 10%.

HLA-A- and -B-restricted lysis of target cells by CD8+ T cells
The contribution of individual HLA-A and -B alleles in the recognition of infected
target cells by influenza A virus-specific CTL was also studied in *'Cr-release
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assays, using infected and uninfected HLA-transfected C1R cells and HLA-matched
BLCL cells (figure 4). The CD8+ effector cell populations obtained from donors in
group 1 recognized HLA-matched BLCL, CIR-Al and C1R-A2 cells to a similar
extent (average percentage of 65%). CIR-Al and CI1R-A2 cells were recognized
and killed more efficiently than C1R-B8 and C1R-B35 cells (P < 0.05).

Influenza A virus-specific CD8+ T cells obtained from donors in group II lysed
influenza virus-infected C1R-B27 cells efficiently. The percentage lysis that was
observed was higher than HLA-matched BLCL cells or any of the other C1R cells
expressing the other three alleles, including HLA-A*0201 which ranked second.
Infected C1R-B8 cells were recognized relatively poorly.

CD8+ effector cells obtained from donors in group III did not exhibit a clear
preferred HLA usage in the recognition of their target cells, although C1R-Al cells
were lysed more efficiently than C1R-A3, CIR-B8 or CI1R-B35 cells.

HILA-A- and -B-restricted IFN-yresponses specific for influenza B virus

The IFN-y response restricted by HLA-A and -B alleles was determined in PBMC of
donors of group II (HLA-AI, HLA-A2, HLA-B8 and HLA-B27) stimulated with
influenza B virus, in order to investigate whether HLA-B*2705 was also the
preferred allele in response to another type of influenza virus. On average 41% IFN-
v+ CD8+ T cells were detected after restimulation with influenza B virus-infected
HI.A-matched BLCL cells. The majority of these cells recognized their epitopes in
the context of HLA-B*0801 (22.7%), followed by the HLA-B*2705- (7.4%), HLA-
A*0Q101- (2.4%) and HLA-A*0201-restricted (2.3%) responses. The proportion
HLA-B*0801-restricted IFN-y+ CD8+ T cells was significantly greater than the
proportion CIR-Al- (P = 0.05) or C1R-A2- (P = 0.05) restricted IFN-y+ CD8+ T
cells. The HLA-A*0101- and HLA-A*0201-restricted IFN-y responses were also
significantly smaller than the HLA-B*2705-restricted response (P = 0.017 and P =
0.002 respectively).

IFN-yand TNF-a expression in influenza A virus-specific CTL restricted by

individual HLA-A and —B alleles

The expression of TNF-t was determined as a third functional parameter after
restimulation of influenza A virus-stimulated PBMC with HLA-matched BLCL and
HLA-transfected CIR cells. The ratio between % IFN-y+ and % TNF-o+ cells
within the CD8+ T cell fraction for each individual for the different HLA-
transfected CIR cells and HLA-matched BLCL cells was calculated (figure 6). The
ratio IFN-y+ and TNF-o+ cells following stimulation with HLA-matched BLCL
cells is on average 1.1, indicating that most virus-specific cells produce both
cytokines upon restimulation. However, stimulation with HLA-transfected CIR cells
resulted in higher ratios starting from 1.2 for CIR-B27 to 1.8 for C1R-A3, C1R-B8
and C1R-B35. The ratio observed for C1R-B8 was significantly different from the
ratio observed with HLA-matched BLCL (P = 0.024) and indicate that some HI.A-
B8-restricted CTL (but also HLA-A3 and HLA-B35) produce IFN-y and not TNF-o.
Stimulation with CI1R-A1 cells resulted in an average ratio IFN-y+/TNF-o+ cells of
0.7, indicating that some HLA-A*0101-restricted influenza A virus-specific CTL
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produce TNF-¢¢ but not IFN-y. This ratio was significantly different from the
average ratio of CIR-A2 (P = 0.011), C1R-A3 (£ =0.072), C1R-B8 (P <0.001) and
CIR-B35 (F=10.001).

Discussion

The contribution of individual HLA-A and —B alleles in influenza virus-specific
CTL responses was determined in groups of HLA class I matched donors. It was
shown that influenza virus-stimulated PBMC of HLA-A- and —B-matched donors
preferentially recognized certain HLA alleles, which depended on the type of virus
studied. Furthermore, it was shown that the magnitude of CTL responses restricted
by individual alleles can be influenced by the presence of other alleles, confirming
data we have obtained recently with synthetic peptides (7). In addition, it was
demonstrated that cytokine production profiles of CD8+ CTL depended on their
HLA class I restriction elements.

Prior to investigation of CTL responses restricted by individual HLA-A and -B
alleles the use of HLA-transfected CIR cells as APC was validated. The level of
expression of HLA molecules was similar in the different CIR cells as measured
with saturating amounts of antibody. These cells were also capable of processing
and presenting influenza A virus-specific CTL epitopes to a similar extent as EBV-
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Figure 6: IFN-y and TNF-o. production in influenza virus-specific CD8+ T cells.
After simultaneous detection of IFN-y and TNF-¢, the ratio was calculated of IFN-y
and TNF-o producing cells after restimulation of CD8+ T cells obtained after virus-
specific expansion of PBMC with HLA-matched BLCL or CIR cells expressing
individual HLA-A or ~B alleles. Each symbol represents a study subject. The average
ratio IFN-y/TNF-¢ of all donors in group I-III is depicted (—--).
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transformed BLCL. In addition, only small differences in susceptibility of the
individual CIR cells for infection with influenza A virus was found (between 55-
80% infected), with the exception of CIR-B35. This however did not interfere with
our ICS assay, since an excess number of stimulator cells was used to stimulate
influenza virus-specific CTL in the in vitro stimulated PBMC cultures. In contrast to
the use of BLCL matched for a single HLA allele, the use of CIR expressing single
HLA alleles prevents possible competition for processing/presentation between
overlapping epitopes (30). In EBV-transformed BLCL cells or CIR cells
competition for available HLA-A or —B alleles between epitopes from influenza
virus and EBV may occur. For example, an immunodominant HLA-B*0801-
restricted CTL epitope of EBV (EBNA3Assis) could interfere with the
presentation of HLA-B*0801-restricted influenza virus epitopes. However, influenza
A virus-infected C1R-B8 cells were readily killed by HEA-B*0801-restricted
influenza A virus-specific CTL indicating that competition between epitopes of
these two viruses does not constitute a significant problem.

Using the HLA-transfected C1R cell lines it was shown that the influenza A virus-
specific CTL response in these donors measured by intracellular IFN-y staining was
dominated by HLA-B*2705- and HLA-B*3501-restricted CTL in groups II and I/III
respectively. Based on previous findings with synthetic peptides (7, 9) it was
anticipated that the HLA-A*0201-restricted response, presenting the
immunodominant epitope Mlsg.es, would be recognized preferentially. Therefore,
the observed hierarchy of virus-specific responses indicate that other yet
unidentified HLA-B*2705- and HLA-B*3501-restricted epitopes exist. Recently an
immunodominant HLA-B*3501-restricted epitope (NPais.a26) was identified (7, 9),
which may have contributed to the preferred usage of HLA-B*3501 in the CTL
response. In addition to the dominance of HLA-B27 and HIL.A-B35, a large
proportion of T cells were specific for epitopes presented by HLA-A*0201 and
HLA-A*0301. Most likely the presentation of the immunodominant epitope M1sz.44
has contributed to the dominance of the HLA-A*0201-restricted response. The large
proportion of HLA-A*Q301-restricted CTL indicate that more unknown
immunodominant epitopes exist, since the HLA-A*0301-restricted NPyg5.573 epitope
has been shown to be subdominant in response to influenza A viruses (7). Indeed, a
novel HLA-A3-restricted CTL epitope was identified recently, which could
contribute to the influenza A virus-specific CTL response (29). Finally, the IFN-y
response specific for epitopes presented in the context of HLA-A*0101 and HLA-
B*0801 contributed little to the overall influenza virus-specific CTL response,
which is in agreement with previous work (30). The small contribution of these
alleles to the overall CTL response could be caused by the presence of alleles HLA-
B*2705 or HLA-B*3501 presenting immunodominant epitopes. This hypothesis
was supported by a high proportion IFN-y+ HLA-B*0801-restricted cells in an
HLA-A*0101, HLA-B*080] homozygous donor (data not shown). In addition, the
HLA-B*0801-restricted response was lower in donors of group II (HLA-B27+
donors) than in donors in the two other groups (HLA-B35+ donors), which is in
agreement with the poor recognition of the HLA-B*0801-restricted NP3g.338 epitope
in HLA-B27+ individuals (7, 30). These data also indicate that more
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immunodominant high affinity HLA-B*0801-restricted epitopes are not existing for
influenza A virus.

Changes in epitope speciﬁcity of the virus-specific CTL Tesponse as a result of
differences in HLA expression profiles were previously reported in mice mfected
with influenza A virus (3, 12, 28). In these studies, the expression of an H-2K" allele
(elther transgenic or through breeding with C57BL mice), resulted in a reduced H-
2% restricted response.

In a previous study (7), we reported a lower influenza A virus-specific immune
response in HLA-A*0201 negative donors (group III). Also in the current study, the
average number [FN-y+ cells following restimulation with HLA-matched BLCL is
lower in HLA-A*0201 negative donors than in HLA-A*0201 positive donors,
although this difference was not statistically significant (P = 0.28). This is partly
explained by the exclusion of two HLA-A¥0201 negative donors with an HLA-
B*3503 instead of an HLA-B*3501 genotype.

Using influenza B virus for the stimulation of PBMC we demonstrated that the
preferential HLA usage is dependent on the virus studied. In contrast to the
influenza A virus-specific CTL response, the HLA-B*0801-restricted response
specific for influenza B virus, was highly immunodominant, followed by HLA-
B*2705, The HLA-A*0101- and HLA-A*0201-restricted responses were shown to
contribute little to the overall influenza B virus-specific response. It is difficult to
correlate these responses to known (immunodominant) epitopes since only four
influenza B virus CTL epitopes are known (25, 26), of which three are presented in
the context of HLA-B8 (26). These data indicate that the available epitope repertoire
determines the outcome of the CTL response and preferred HLA usage.

In contrast to other studies addressing the preferential use of HLA molecules in CTL
responses we used virus-infected human cells expressing a single HLA allele which
accounts for the full repertoire of CTL epitopes presented by these HLA molecules.
The preferential usage of certain alleles in the virus-specific CTL response has also
been reported for EBV-specific CTL responses. These data demonstrated that certain
HLA class I alleles were dominantly recognized, such as IILA-B8, HLA-Al1l or
HLA-B44, while HLA-A1 was not (17, 22). For HIV-specific CTL responses it was
shown with synthetic peptides that the HLA-A2-restricted response contributed
hardly to the overall HIV-specific response (6, 11).

Most of these studies used IFN-y production to identify epitope-specific CTL.
However, our data suggest that CTL differ in their ability to produce cytokines
depending on the epitopes recognized and/or the HLA molecules presenting these
epitopes. Influenza A virus-specific HLA-A*0Q101-restricted CTL produced less
IFN-y and more TNF-¢ than CTL restricted by other HLA molecules. Therefore,
some caution should be exercised in interpreting frequencies of CTL based on IFN-y
production alone. The difference in ratio IFN-y/TNF-o production for HLA-
A*0101-restricted CTL in comparison with other allele-restricted CTL is striking.
These differences were not the result of the restimulation protocol with HLA-
transfected C1R cell lines, since similar results were obtained after stimulation with
an influenza virus-infected HLA-A*0101-homozygous BLCL, which also induced
more TNF-¢+ cells than IFN-y+ CD8+ T cells (data not shown). To our knowledge
this is the first study to identify differences in cytokine production in CD8+ CTL
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effector cell populations. Previous studies identified functional differences between
EBV-, CMV- and HIV-specific CTL, based on perforin and surface marker staining
(1, 2). These studies also showed reduced killing of two HIV tetramer positive cell
populations in comparison with a CMV tetramer positive population. Qur data
provides evidence that also acute viral infections, like influenza virus, induce
functionally different CD8+ CTL populations. At present it is unclear what the
underlying mechanism is for differential cytokine expression in virus-specific CTL
and how epitope specificity and the HLA molecules control this. Additional studies
are required to further characterize these functional differences in CTL function and
to investigate the implications of differential cytokine expression.

Thus collectively the present study has shown in donors of well-defined HLA
genotypes that; 1) In response to virus infection CTL responses are induced which
use certain HLA molecules preferentially, depending on the available repertoire of
CTL epitopes, 2} The magnitude of CTL responses restricted by a single HLA-allele
can be influenced by the presence of another HLA-A or —B allele, and 3) CTL
exhibit differential cytokine expression depending on their epitope specificity and/or
HLA-restriction.
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Chapter 4

Sequence variation in a newly identified HLA-B35-restricted epitope in
the influenza A virus nucleoprotein associated with escape from
cytotoxic T lymphocytes

A.CM. Boon, G. de Mutsert, Y.M.F. Graus, R.A .M. Fouchier, K.
Sintnicolaas, A.D.M.E. Osterhaus, G.F. Rimmelzwaan

Journal of Virology 2002; 76(3):2567-2572

Abstract

Here, we describe a new HLA-B*3501-restricted cytotoxic T lymphocyte (CTL)
epitope in the influenza A virus (H3N2) nucleoprotein, which was found to exhibit a
high degree of variation at nonanchor residues. The influenza virus variants emerged
in chronological order, and CTL directed against old variants failed to recognize
more recent strains of influenza A virus, indicating an escape from CTL immunity.
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CD8&+ cytotoxic T lymphocytes (CTL) contribute to the control of viral infections by
recognizing antigenic peptides of viral proteins presented by major
histocompatibility complex (MHC) class I molecules on infected cells. The specific
recognition of these MHC-peptide complexes by CTL may lead to the elimination of
virus-infected cells. One of the mechanisms exploited by viruses to evade
recognition by CTL (19, 23, 28), involves antigenic variation in CTL epitopes or
mutations in sequences flanking these epitopes. Antigenic variation in CTL epitopes,
resulting in evasion from immune surveillance by specific CTL has been described
for several viruses causing chronic infections including Epstein-Barr virus (EBV) (5,

Table 1: Variation in HLA-B35-restricted influenza A virus epitope NP4,S42_5

Sequence® ;f;ggi;ﬁ 51\1;11-1:;;[3 No. of viruses®  Epitope Name
LPFDRPTIM Before 1933 HINI1 I
----- T--- 1934 HIN1 1
Rl R 1940-1957 HIN1/H2N2 6
-——--K--=-- 1957-1972 H2N2/H3N2 7 NP41g.456/1957
----K3--- 1972-1978 H3N2 12 NP415.426/1972
----K8-V- 1977 H3N2 1
---EK8--- 1983 H3N2 1
---EK8-V- 1980 — present H3N2 35 NP413.426/ 1980

* A dash indicates identity with amino acid position with the first sequence.

® Number of viruses with the reported sequence in the influenza sequence database
(http://www.flulanl.gov). Influenza A (HIN1} viruses were excluded from the analysis
from 1977, the year of reintroduction of viruses with this subtype.

8, 9, 12), human immunodeficiency virus (4, 7, 13, 14, 22, 26), hepatitis B virus (1,
2) and hepatitis C virus (6, 35).

Recently, mutations were also found at the anchor residue of an HLA-B*2705-
restricted epitope of the influenza A virus nucleoprotein (NP), which consisted of
amino acid 383 to 391 (NPsgs.a01). Both the Ri334G and the R3gK mutation abolished
class [-restricted presentation and allowed for escape from CTL recognition (33).
Thus, these viruses, which cause acute infections in a significant portion of the
human population annually, can escape from immune surveillance by CTL in
addition to escape from neutralizing antibodies (antigenic drift and antigenic shift).
For the identification of new CTL epitopes, CD3+ and CD8+ T cell clones were
generated by limiting dilution (33), from peripheral blood mononuclear cells
(PBMC) of an HLA-A*Q101-, -A*0201-, -B*0801-, B*3501-positive donor after in
vitro stimulation with influenza virus Resvir-9, a reassortant vaccine strain of
A/Nanchang/933/95 (3). For the initial specificity testing of the T cell clones, an
enzyme-linked immunospot assay was used, as described previously (3), with
infected autologous B-lymphoblastoid cell line (BLCL) as stimulator cells.
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Figure 1: Characterization of an HLA-B¥*3501 -restricted epitope and CTL clone (1980-
1).

(A) HLA class 1 restriction of CTL clone 1980-1 was determined by partially
mismatched target cells (BLCL) infected with influenza A (H3N2) virus (Resvir-9) in a
3'Cr release assay at effector-to-target cell (E:T) ratios of 10:1 (black bars) and 5:1 (grey
bars) as described previously (3). Autologous BLCL cells (HLA-A*0101, -A*0201, -
B*0801,and -B*3501) and BLCL cells mismatched for a single HLA class I molecule
(A*0101-, A*0201- and B*3501-) were used. All BLCL expressed HLA-B*0801. The
percent lysis of uninfected target cells was subiracted from the percent lysis of target
cells infected with influenza virus. (B} Protein specificity of an HLA-B*3501-restricted
CTL clone. HLA-B*3501+ target cells were infected with influenza A (H3N2) virus
{Resvir-9) or were left uninfected and used as a positive and negative control
respectively. In addition, HLA-B*3501+ target cells were incubated overnight with 100
pg of bacterial expressed rNP of A/Netherlands/18/94 (A/H3N2)/ml, as previously
described (33). The target cells were used in a *'Cr-release assay with CTL clone 1980-1
at E:T ratios of 10:1 (black bars) and 5:1 (grey bars). (C) A 9-mer peptide (NPajg.a26,
LPFEKSTVM) ( ¥/ ), predicted with a HLA binding prediction program (25) was loaded
onto HLA-B*3501+ BLCL cells and used as target cells in a *'Cr-release assay with the
T cell clone 1980-1 at the indicated E:T ratios. Untreated BLCL cells (@) were included
as a negative control. (D) Minimal epitope mapping of HLA-B*3501-restricted epitope.
Peptides were synthesized based on the initial 9-amino-acid sequence LPFEKSTVM that
were extended or truncated at the C- or N-terminal end of the NPy5.426 €pitope in order
to determine the minimal epitope. BLCL cells loaded with 5 pM concentrations of the
different peptides were used as target cells in a CTL assay at an E:T ratio of 5:1, or
applied to stimulate the CTL clone (1980-1) in an enzyme-linked immunospot assay . A
(plus) indicates gamma-interferon (IFN-v) production by the CTL clone, while (minus)
means no production of IFN-y. Influenza virus (Resvir-9)-infected BLCL cells and
uninfected BLCL cells were included in both assays as positive and negative controls,
respectively. Percent lysis is given + SD and the results are representative of multiple
experiments.

Clone 1980-1 was found to recognize a yet unidentified epitope in an HLA-B*3501-
and HLA-B*3503-restricted fashion, as demonstrated with HLA matching and
nonmatching infected BLCL as target cells (figure la, also data not shown). This
clone was specific for the NP of influenza A virus (H3N2) since it lysed target cells
incubated with recombinant NP (rNP) (figure 1b) as described previously (3, 34).
Using a CTL epitope prediction program (25) (http://www.umds.ac.ul/tissue),
putative HLLA-B*3501-restricted epitopes in the NP of influenza A virus (H3N2)
were predicted. The 9-mer with the highest ranking, LPFEKSTVM (NP45.426/1980),
was synthesized and was found to be recognized by clone 1980-1 in a CTL assay
(figure 1c). Removal of the C-terminal methionine abolished recognition by the T
cell clone 1980-1 (figure 1d). A similar result was observed when the lysine at the N
terminus from the 9-mer epitope LPFEKSTVM was removed. Addition of one
amino acid at the N or C terminus of the epitope did not significantly improve
recognition of target cells, indicating that NP4;5.42¢ was the minimal epitope.
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Figure 3: Epitope specificity of the polyclonal response following in vitro
stimulation of PBMC cryopreserved in the year 2001 with influenza A viruses
(H3N2) containing different variants of the epitope.

PBMC of HLA-B35+ donors, aged between 30 and 50 years, were stimulated in
vitro with AfVictoria/3/75 (A, C, and E), containing the NPqj5.426/1972 variant, or
Resvir-9 (B, D, and F) containing the NP4 342¢/1980 epitope as described
previously (3). After 8 days, the effector cells were tested for lytic activity against
target cells incubated with the peptides corresponding to NPup6/1980 (V),
NPa1sa26/1972 ([]) and NPyj5.426/1957 ( @ ). Untreated target cells (@) were
included in each assay as a negative control. Mean percentages of specific lysis of
two independently repeated experiments are shown for denors 5972 (A and B),
5017 (C and D), and 5991 (E and F).
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Experiments with rINPs from different virus strains indicated that clone 1980-1 did
not react with the rNP obtained from A/Hong Kong/2/68 (H3N2) {data not shown).
Therefore known NP4z sequences of influenza A viruses obtained from the
influenza sequence database (http://www.flu.lanl.gov) were compared. It was found
that the amino acid sequence in the epitope varied at four positions and that these
variants emerged in chronological order. All variants and their designations are
shown in Table 1. Although the strains used for NP sequence comparison were not
controlled for passage history of the strains (egg grown or passaged in mammalian
cell lines), it is unlikely that this has biased the analysis, since no immediate
selective pressure was observed on the NP by adaptation in eggs, as was for the
hemagglutinin (29).

A T2 cell line expressing HLA-B*3501 (30) was used to assess the affinity of the
NPaj15426 epitopes for the HLA-B*3501 molecule as previously described (32). The
concentration of peptide necessary to inhibit the signal {mean fluorescence intensity
[MFI]) of the FITC-labeled reference peptide LPSCr ADVEF (20) by 50% (ICsp)
was determined. The mean ICsy of the NP4j5.426/1980 epitope was 1.1 uM, while the
mean ICsy values of the NPyis426/1972 and NPyjg426/1957 were 1.5 and 1.6 uM

Table 2: Binding affinity of NP4;3_4_26 peptide to HLA-B*3501

Peptide Sequence 1Cso (pM)?
NP413.426'1957 LPFDKPTIM 13-20
NP41g4261972 LPFDKSTIM 1.1-2.0
NP415.426/1980 LPFEKSTVM 09-13
M1 28.135" ASCMGLIY >20

® Binding capacity to HLA-B*3501 is expressed as the
concentration (uM) of peptide able to inhibit binding of the FL-
labeled reference peptide with 50% (32) of two assays.

® HLA-B35-restricted influenza virus epitope from the matrix
protein with a reported low binding affinity (10).

respectively. This indicates that all three epitopes bound strongly and in the same
order of magnitude to HLA-B*3501 (Tab. 2), which suggests that the three peptides
represent CTL epitopes. For comparison, the 1Csy value of a previously described
HLA-B35-restricted influenza A virus epitope M1 25.135 was determined and found
to be higher than the highest concentration used (20 uM).

The frequency of peptide-specific CTL precursors was determined for the NP5,
426/ 1980, NPy 15426/ 1972, and NPy 5426/ 1957 variant of the epitope and found to differ
considerably among four HLA-B35+ donors (Tab. 3). The average frequency of
NP415.426/1980-specific cells was 1 in 7426, ranging from 1 in 4073 to 1 in 15485,
which is relatively high compared to the frequencies of other CTL epitopes of
influenza A virus (3), indicating that NPy4;5.42¢/1980 is an immunodominant epitope.
The mean frequency of NPsjs42¢/1972-specific cells is much lower (1 in 16226),
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however one donor exhibited a high number of NP45.476/1972-specific cells. For the
NPs15426/1957 epitope, low to undetectable numbers of specific cells were detected.

Based on the prevalence of the sequences (Tab. 1), we decided to focus on the NP4
426/1980, NP4]3_425/1972, NP4]8_425/1957 epitopes. Since mutations in the NP413_426
epitope emerged in an evolutionary fashion, we speculated that CTL immunity
directed against these epitopes was at the basis of the selection and/or emergence of
mutant viruses. To test this hypothesis, more T cell clones were raised against
historic (A/Victoria/3/75) and recent (Resvir-9) viruses by using PBMC from HLA-
B35+ donors obtained in the year 2001. CTL clone 1972-1 directed against the

Table 3: NPy 5436 peptide-specific CTL frequencies in PBMC

Donor NP4]3_425/1980 NP418_426/1 972 NP413_426/1957
5017 1/1885 1/17921 2
5972 1/4073 1/5054 1/86550
2384 1715485 1/17329 1/10108
5991 1/7542 1/24600 1/24600
Mean 1/7246 1/16226 1/40419

*No specific spots detected

NP4i5426/1972 epitope failed to recognize the NPyjp.42¢/1980 epitope (figure 2a).
Similarly, three out of five CTL clones (1980-1, 1980-4, and 1980-5) directed
against the NP4i5.46/1980 epitope failed to react with the NPs15.426/1957 and NPyjs.
426/1972 epitopes (figure 2c¢, also data not shown). With the other two CTL clones
(1980-2, and 1980-3) some cross-reactivity was observed with the epitopes in older
influenza A virus strains (figure 2b, also data not shown). The absence of
recognition of the NPjs426/1980 epitope by CTL directed against older variants was
also demonstrated with PBMC obtained from two donors stimulated in vitro with
influenza virus A/Victoria/3/75 (figure 3e, also data not shown). These PBMC did
however recognize the homologous NP4is426/1972 epitope. PBMC of some donors
displayed cross-reactivity with both variants after stimulation with A/Victoria/3/75
or Resvir-9 (figure 3). This cross-reactivity can be explained by the expansion of
cross-reactive CTL in PBMC, a phenomenon previcusly described in C57BL/10
mice infected with different strains of influenza A virus (15). Finally, one donor
(donor 5017} did not respond at all after stimulation with A/Victoria/3/75 (figure
3c).

To exclude the influence of consecutive natural infections with various influenza A
viruses on the NP, g ng-specific CTL response, we obtained HLA-A2+, HLA-B35+
PBMC cryopreserved between the years 1982 and 1984. Since this occurred shortly
after the introduction of the NP45426/1980 variant epitope, the chance of an infection
with an NPais.a26/1980 variant virus in these donors is relatively small. The NPyjq.
426/ 1980 epitope was not recognized by the PBMC of these donors (donor MHO and
JHQO), (figure 4), after stimulation with both a recent strain of influenza virus
(Resvir-9) and A/Victoria/3/75, which contained the NPijg.426/1972 epitope. The
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lack of NPj4jg42¢/1980-specific activity was not caused by the absence of virus-
specific CTL activity, since the NP4 5426/1972 variant epitope and the conserved
HLA-A*Q201-restricted M154.¢5 epitope were recognized.

Based on these findings, we argue that in addition to the variation in the HLA-BS-
and HLA-B*2705-restricted epitopes, NPigosgs and NPigsse respectively, the
variation in this newly identified HLA-B*3501-restricted NPajg.426 epitope is driven
by CTL immunity leading to escape from recognition by these CTL. The variation in
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Figure 4: CTL responsiveness after stimulation of PBMC cryopreserved between
1982 and 1984 with influenza A viruses (H3N2) containing the NPy5.426/1980 or
NP415.42¢/1972 variant epitope.

PEMC from two HLA-A2+, -B35+ donors (donors JHO and MHO) were stimulated
in vitro with A/Victoria/3/75 (A and C) containing the NPy 5.426/1972 variant epitope,
or Resvir-9 (B and D), containing the NPjg476/1980 variant epitope. The lytic
activities of the effector cells were determined after 8 days of culture against target
cells incubated with 5 pM concentrations of peptides corresponding to NP4jg.426/1980
(V) NP413426/1972 (1), NPy1gi06/1957 (@) or M1sg.46 epitope { /\), and a negative
control { @ ) at different effector-to-target cell ratios. NPgjs.406/1957 was not
determined for PBMC of donor MHO after stimulation with Resvir-9. The mean
percentage specific lysis + SD was given for one experiment.
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the NPsgosgs and NPigase epitopes were found at the anchor residues (RigG
mutation) of the respective 9-mers (34). In the NP45.426 €pitope, the anchor residues
for binding to HLA-B35 were perfectly conserved in all virus strains isolated and
sequenced since 1933, It can be speculated that variation at these residues is
restricted by functional constraints. For example, an Rag;A mutation within an HLA-
A3-restricted epitope has been shown to affect RNA binding by NP (11). Since the
NP of A/Hong Kong/2/68 containing the NP45426/1957 epitope, and the NP of
A/Netherlands/18/94 containing the NPs46/1980 epitope function equally well
(34) and both viruses grow to comparable titers, it is unlikely that the mutations in
the NP4j1s.426 were selected based on improved fitness of these viruses.
HLA-B35-positive individuals constitute a significant portion of the human
population, ranging from 5% in Orientals to 10% in Caucasians (21), The immune
pressure mediated by CTL in these individuals recognizing the NP4 5426 epitope may
have contributed to the emergence of escape mutant viruses from the quasi species
of influenza viruses and their continued circulation. As a result of the
immunodominant nature of the epitope, the CTL response might have been
oligoclonal in HLA-B35+ individuals, allowing for the selection of mutant viruses.
Alternatively, other unknown epitopes may overlap with NPyjgas, further
contributing to the selection pressure. The variants are maintained in HLA-B35-
negative individuals because the mutations in the NP4j5.46 epitope did not reduce the
fitness of these viruses. It is of interest that the infection of mice transgenic for a
single T cell receptor (TCR) specific for the H-2DP-restricted NPags.374 epitope of
influenza A virus resulted in the emergence of viruses contfaining amino acid
mutations in this epitope, which impaired the presentation of viral peptides by MHC
class I molecules or interfered with TCR recognition (27). Other mutations at
nonanchor residues have been described in sporadic virus isolates, and their effect
on T cell recognition was not studied (24). A mutation in a CTL epitope {NS1;22.130)
in the (not naturally occurring) high yield vaccine strain of influenza virus
A/Texas/36/91 (31), inhibited recognition by a CTL clone. Other mechanisms based
on mutations in CTL epitopes contributing to reduction or elimination of CTL
recognition have been described, like “original antigenic sin” (18), antagonism (16,
17), and anergy. Although ‘original antigenic sin’ and anergy were not investigated
in great detail, in one of the PBMC samples, obtained in 1982, a response was found
that was specific for the NP4j5.42/1972 epitope but not for the homologous NP4js.
126/1980 epitope used for stimulation.

In conclusion, a new variable CTL epitope was identified in the NPs of influenza A
viruses. Epidemiological and imnmnological evidence indicates that the variation
found in this epitope was the result of antigenic drift resulting from immune
pressure mediated by specific CTL. Thus, in addition to the introduction of
mutations in the surface glycoproteins, which allows for the escape from antibody-
mediated immunity, further evidence which shows that influenza viruses can escape
from CTL-mediated immunity is accumulating. This would make these viruses
masters in disguise, partially explaining their relative success in infecting a large
portion of the human population every year for the past several decades.
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Abstract

In the present study, the recognition of epitope variants of influenza A viruses by
human cytotoxic T lymphocytes (CTL) was investigated. To this end, human CD8+
CTL clones, specific for natural variants of the HLA-B*3501-restricted epitope in
the nucleoprotein (NPaig.42), were generated. As determined in SCr-release assays
and by flow cytometry with HLA-B*3501-peptide tetrameric complexes, CTL
clones were found to be specific for epitopes within one subtype or cross-reactive
with heterosubtypic variants of the epitope. Using all eleven known natural variants
of the epitope, positions in the 9-mer important for T cell recognition and involved
in escape from CTL immunity were identified and visualized using
multidimensional scaling. It was shown that positions 4 and 5 in the S-mer epitope
were important determinants of T cell specificity. The in vivo existence of CD8+
cells cross-reactive with homo- and heterosubtypic variants of the epitope was
further confirmed using polyclonal T cell populations obtained after stimulation of
PBMC with different influenza viruses. Based on the observed recognition patterns
of the clonal and polyclonal T cell populations and serology it is hypothesized that
consecutive infections with influenza viruses containing different variants of the
epitope select for cross-reactive T cells in vivo.
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Introduction

Cytotoxic T cells (CTL) play an important role in the control of viral infections. In
influenza A virus-infected mice, CTL were shown to contribute to protective
immunity against viruses of various subtypes (3, 12, 16, 30, 33), while human CTL
have been reported to reduce morbidity (21, 23) and virus titers in the lung. Recently
it was demonstrated that CTL immunity can exert selective pressure on influenza A
virus CTL epitopes, further implicating a role for CTL in the control of influenza
virus replication in infected individuals (5, 32). Besides amino acid changes in the
anchor residues of CTL epitopes (32), changes in non-anchor residues were
observed in an HLA-B*3501-restricted CTL epitope within the nucleoprotein (NP)
of influenza A virus (NPajs.426) (5). Epitope variants of influenza A (H3N2) viruses
(homosubtypic variants) were found to emerge in a chronological order (5). In
addition, a variant of the epitope was identified in influenza A (HIN1) viruses,
which differed from those found in A/H3NZ2 viruses (heterosubtypic variants).
Although the majority of CTL epitopes are conserved between different subtypes
(15, 16, 19, 35, 36), both human and murine CTL have been described that
recognize a single subtype of influenza A virus (5, 6, 11, 17, 19). It has been shown
that sequential infections with two influenza A viruses, containing different variants
of the same epitope, induced CTL reactive against both epitopes, whereas infection
with one influenza A virus only induced CTL reactive with the homologous peptide
sequence (13, 29). These experiments were carried out in naive mice and are
difficult to extrapolate to humans. Furthermore, the data on the cross-reactive nature
of human CTL is sparse.

The observed variability in the HLA-B*3501-restricted epitope NPyiz4z allows
investigation of the cross-reactive nature of CTL obtained from humans, which
constitute a natural host for influenza viruses. Here, the recognition of natural
epitope variants by clonal and ponclonal T cell popuiatlons was studied. T cell
recognition was studied in conventional *'Cr-release assays, and also by direct
visualization of T cells displaying monospecific or cross-reactive T cell receptors
using HLA-B*3501-peptide tetrameric complexes (2).

It was found that most CTL recognize one subtype of currently circulating influenza
A viruses. However, some of the CTL exhibited a broader recognition pattern and
recognized homosubtypic and even heterosubtypic variants of epitope NPsjg426.
Based on these findings obtained in vitro, the origin of these cross-reactive CTL is
discussed.

Material and Methods

Cells

Peripheral blooed mononuclear cells (PBMC) from normal healthy non-vaccinated
HLA-B35+ blood donors (Tab 1), between 30 and 48 years of age, were isolated
between 1999 and 2001 using Lymphoprep® (Nycomed, Oslo, Norway) gradient
centrifugation and cryopreserved at -135°C. HLA sero- and genotyping was
performed in the laboratory for Histocompatibility and Immunogenetics at the
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Bloodbank Rotterdam (Rotterdam, Netherlands) using a commercial typing system
(GenoVision, Vienna, Austria).

Serology

Plasma samples were stored at —20°C and tested for the presence of influenza A
virus (H3N2 and HIN1) specific antibodies in a hemagglutination inhibition (HAI}
assay according to standard methods (22, 24) using turkey erythrocytes and four
hemagglutinating units of virus. The sera were tested for antibodies against eleven
vaccine strains of subtype H3N2 and six vaccine strains of the HIN1 subtype used
since 1968. Ferret sera raised against the test antigens were used as positive controls.
An HAI titer of >30 against a vaccine strain used in a particular season was
considered indicative of an infection with an epidemic influenza A virus of that year.

Table 1: HLA-phenotype and age of blood donors

Donor HLE: nﬁt}%;g B Age (years)
1 Al1,2; B57,35 44
2 A3,-; B27,35 46
3 Al,2; B7.35 41
4 A3,26; B27,35 30
5 Al,2; B8.35 37
6 Al,2; B8,35 48
7 Al3; B8,35 38

Influenza A viruses and pepftides

Sucrose gradient purified influenza A viruses were used for the infection of PBMC
and cells of B-lymphoblastoid cell lines (BLCL). Resvir-9 is a reassortant virus
between A/Puerto Rico/8/34 (HIN1) and A/Nanchang/933/95 (H3N2), containing
the NP, hemagglutinin (HA) and neuraminidase (NA) of A/Nanchang/933/95 with
the LPFEKSTVM variant of the NP4jg426 epitope (designated NPpsy), which was
first identified in 1980 (Tab. 2). A second virus, A/Victoria/3/75 (H3N2) containing
the LPFDKSTIM variant of the NPasjz.a25 epitope (designated NPpg)), introduced in

Table 2: Name, sequence, virus and subtype of the different NP4g6 epitopes

Virus Subtype Virus strain Epitope Name Epitope sequence
HINI A/Netherlands/306/00 NPpm LPFDKTTIM

H2N2/H3N2 - NPpp LPFDKPTIM
H3N2 AlVictoria/3/75 NPps 1PFDKSTIM
H3N2 Resvir-9 NPEsy LPFEKSTVM
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1972, was also used. As prototype of currently circulating HINI viruses in the
Netherlands, we used A/Netherlands/306/00. This virus contains the LPFDKTTIM
variant of the NP4 3 455 epitope (designated NPpm, Tab. 2). The infectious virus titers
of the virus preparations were determined in cell-culture using Madin-Darby-
Canine-Kidney (MDCK)} cells as indicator cells, as described previously (26). All
peptide analogs of epitope NP4jsa2¢ found in human influenza A viruses were
manufactured, HPLC purified and analyzed by mass spectrometry (Eurogentec,
Seraing, Belgium). Influenza A virus NP sequence information was obtained from
the Influenza Sequence Database (Los Alamos National Laboratories, Los Alamos,
N.M., USA) (20). Peptides were dissolved in DMSO at 5.0 mg/ml, diluted to 100
pM in RPMI 1649 (Invitrogen, Breda, Netherlands} and stored at -20°C until use.

In vitro stimulation of PBMC with inﬂuenza A virus

Stimulation of PBMC with influenza A virus was perfomled as previously described
(4). The cells were resuspended at 1 x 10° cells/ml in RPMI 1640 medium
supplemented with 10% fetal calf serum (FCS), 2 mM gluotamin, 100 pg/ml
streptomycin and 100 IU/ml penicillin (R10F). Following a one hour infection at
37°C with Resvir-9, A/Victoria/3/75 or A/Netherlands/306/00 at a multiplicity of
infection (MOI) of three, the cells were washed once and resuspended in RPMI 1640
medium supplemented with 10% human AB serum, 2 mM glutamin, 100 pg/ml
streptomycin, 100 [U/ml penicillin and 20 uM B-mercaptoethanol (R 10H) and added
to uninfected PBMC at a ratio of 1:1 in a 25 cm’ culture flask. The PBMC were
incubated for two days before recombinant interleukin-2 (rIL-2, final concentration
50 U/ml, Chirion BV, Amsterdam, Netherlands) was added. Subsequently the cells
were incubated for six days at 37°C and used as effector cells in a °'Cr-release assay
or stained with fluorescently-labeled HLA-B*3501-peptide tetrameric complexes
(see below).

Generation of NP 415.426-specific CD8+ T cell clones

CTL clones were generated by limiting dilution (LDA) (32) after in vitro stimulation
of PBMC infected with influenza A virus (Resvir-9) or pulsed with 10 uM of the
variant NPg 406 epitopes. After two subsequent rounds of non-specific stimulation
with 1.0 pg/ml PHA (Sigma Aldrich, St. Louis, MD, USA), the ability of the cells to
recognize the NPgjga6 epitope used during the initial stimulation was tested in an
ELIspot assay (see below) The CTL clones with spemﬁmty for the NPyjg.426 epitope
were PHA stimulated in 75 cm?® culture flasks prior to cryopreservation at -135°C.
The CD8+, CD3+ cell phenotype of the NPyg46-specific clones was confirmed by
flow cytometry, using monoclonal antibodies (MAb) specific for CD3, CD4 and
CD&8 (Dako, Glostrup, Denmark).
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Screening of virus- or epitope-specific T cell clones by ELIspot assay.
Approximately 10° cells of a T cell clone were added to an equal number of HLA-
B*3501 positive BLCL cells that were infected with influenza A virus, uninfected or
loaded with one of the NPyjs.426 peptide variants, in 150 pl R10F in a 96-well V-
bottom plate. Following a one-minute centrifugation at 140 x g, the plate was
incubated for two hours at 37°C before the cells were transferred to a 96-well Silent
Screen Plate (Nalge Nunc, Rochester, NY, USA) coated with anti-human IFN-y
MADb (Mabtech, Nacka, Sweden). After four hours at 37°C, the plates were washed
and developed according to the manufacturer’s recommendations. T cell clones that
produced IFN-y in the presence of peptide loaded BLCL or infected BLCL celis and
failed to produce IFN-y after stimulation with negative control BLCL cells, were
selected for further investigation.

Table 3: CTL clone definition

S;:I}e Stimulation {(conc.) Jﬁ::ﬂiiyge Name Donor
D1 LPFEKSTVM (10uM) H3N2/1980 NPggy 5
Clo LPFEKSTVM (10pM) H3N2/1980 NPggy 5
15.9 Infection with Resvir-9 H3AN2/1980 NPggy 6
F10 LPFEKSTVM (10pM) H3N2/1980 NPEgy 7
G2 LPFEKSTVM (10pM) H3N2/1980 NPggy 7
2384 LPFDKTTIM (10pM) HIN1 NPy 1
5017 LPFDKTTIM (10uM) HINI1 NPy 4
3180 LPFDKTTIM (10puM) HIN1 NPy 5
C4 LPFDKSTIM (i0uM) H3N2/1972 NPpg 5

Preparation of target cells for °' Cr-release assay

BLCL were established as previously described (27), and used as target cells in >'Cr-
release assays. Cells of an HLA-B*3501 positive BLCL were infected with Resvir-
9, A/Victoria/3/75 or A/Netherlands/306/00 at a MOI of three in RPMI medium,
containing 0.1% bovine serum albumin, 2 mM glutamin, 100 ug/ml streptomycin
and 100 IU/ml penicillin (R0.1B). After one hour at 37°C the cells were washed
once in R10F and incubated in R10F for 16 h at 37°C. To test the ability of CTL
clones to recognize synthetic peptides, 10° cells of a BLCL were loaded with 5 pM
of different NPy)g.426 variants for 16 hours at 37°C in R10F, Next, peptide loaded and
virus-infected BLCL cells were incubated for 1 h at 37°C with Nag[’lCr}O4, washed
three times with R10F and used as target cells in a *'Cr-release assay. As a measure
of functional avidity of CTL (1), the minimal peptide concentration was determined
for which 50% of the target cells were killed (ECsq). After a one-hour incubation of
HLA-B*3501+ BLCL cells with Na,[>'Cr]O, at 37°C, the cells were washed twice
in RI10F and distributed in 96-well V-bottom plates. Next, the cells were
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subsequently incubated with ten-fold serial dilutions of peptide analogs of different
NP4j5.406 epitope variants in R10F for one hour at 37°C, washed once in R10F and
used as target celis.

I Cy-release assay

SCr-release assays (CTL assay) were performed as described previously (4). T cell
clones were added to 5 x 10° *'Cr-labeled target cells at different effector to target
cell ratios (E:T-ratio). Following a 4-h incubation at 37°C, the culture supernatants
were harvested (Skatron instruments, Sterling, Va., USA) and radioactivity was
measured by gamma counting. The percentage specific lysis was calculated with the
following formmla: [(experimental release - spontaneous release) / (maximum
release - spontaneous release)] x 100. The data are presented as the average
percentage specific lysis of at least three wells.

Flow cytometry and tetramer staining

HLA-B*3501 molecuies were complexed with four different HLA-B*3501-
restricted NPujg406 epitope variants within the NP of influenza A virus (NPgsy,
NPpsi, NPp1, NPpri) as previously described (2). These natural variants of the NP5
426 epitope were selected based on the predominance of these variants since 1957 in
H2N2 (NPppy), since 1968 in H3N2 viruses (NPgsy, NPpsi, NPpe) and since 1977 in
HINI viruses (NPpr). HLA-B¥*3501-peptide complexes were enzymatically
biotinylated, FPLC purified and tetramerized by addition of allophycocyanin (APC)-
or phycoerythrin (PE)-conjugated streptavidin (Sanquin Research at CLB,
Amsterdam, Netherlands). Two or three-color ﬂuorescence analysis was performed
as described previously (31). Briefly, CTL clones (10°) were stained in PBS
supplemented with 2.0% FCS (P2F) and combinations of two HLA-B*3501-peptide
tetrameric complexes with different NP4 g6 epitope varlants After staining for 20
minutes at 20°C, cells were washed with P2F and at least 10* events were acquired
using a FACSCalibur flow cytometer (Becton Dickinson, Aiphen a/d Rijn,
Netherlands). Tetramer staining of influenza A virus stimulated PBMC was
performed after 8-10 days of culture. Two hundred thousand cells were stained in
P2F with combinations of two different HLA class I tetramers for 20 minutes at
20°C, followed by a 10 minute incubation with anti-CD8 MADb at 20°C, Cells were
washed with P2F and on average 10* CD8+ cells were acquired. Data were analyzed
using the software program CellQuest Pro (Becton Dickinson). A proportion
tetramer positive cells in the CD8+ cells fraction of > 0.4% was considered positive.

Multidimensional scaling

An “antigenic map” based on the reactivity of the CTL clones against the variant
peptides was constructed from the ECsy values of the variant NPy 5406 peptides for
each CTL clone (18, 25). The map-making technigue is a combination of metric (28)
and non-metric (14) multidimensional scaling (MDS). The distance between two
grids in the map corresponded to a ten-fold dilution of the peptide, starting at an
ECso value of 0.001 nM (the most parsimonious choice for these data). The distance
between a peptide and a CTL clone or two peptides is a measure for respectively the
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avidity between peptides and a CTL clone or antigenic dissimilarity between variant
peptides. The clones and the peptides are positioned to minimize the sum of the
squared errors between the target distances and the achieved map distances. The
average error between target and achieved distances is 0.37 10-fold dilutions (SD =
0.45), indicating a good fit in two dimensions.

Results

Lytic activity of NPqs.426-specific CTL clones against target cells infected

with various influenza A viruses

In addition to six previously described CTL clones ((5), Tab. 3), obtained after
stimulation with two NP,jz.416 epitope variants associated with the H3N2 subtype of
influenza A viruses (NPggy and NPpgj), three additional CTL clones were generated
against the currently circulating NPajs.a26 €pitope variant of HINI viruses (NPpm).
The original stimulation protocol, concentration of peptide, and origin of PBMC is
given for each CTL clone (Tab. 3).

The ability of CTL clones to recognize influenza A virus-infected target cells was
tested in a *'Cr-release assay (Tab. 4). BLCL were infected with either an HINI
virus (A/Netherlands/306/00; NPp;) or one of two H3N2 viruses (A/Victoria/3/75
or Resvir-9) and used as target cells. The latter two viruses contained either the
NPps; or the NPggy variant of the NP4jz.406 epitope respectively (Tab. 2). All CTL

Table 4: Virus specificity of NP, s.426-specific CTL clones

CTL clone CTL activity (average % lysis)'
Resvir-9 AfVictoria/3/75 A/Netherlands/306/00
(NPgsy) (NPps1) (NPp1p)
D1 72 3 14
Cl0 73 0 6
15.9 63 12 3
F10 61 i 0
G2 21 14 26
2384 0 58 63
5017 2 60 74
3180 62 42 63
C4 0 53 44

! Average was calculated from two assays. The values represent the specific lysis
minus the background lysis of uninfected target cells. The E:T ratio was 10:1.

clones exhibited lytic activity against at least one of the viruses (Tab. 4). CTL clones
D1, C10, 15.9, F10 and G2 lysed target cells infected with Resvir-9, but not cells
infected with A/Victoria/3/75 or A/Netherlands/306/00. In contrast, CTL clones
2384, 5017 and C4 recognized both the A/Netherlands/306/00 and A/Victoria/3/75
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Figure 1: Functional avidity of NPy g 4-specific CTL clones

(A). Determination of ECy, values. The lytic activity of CTL clones was tested against
10-fold serial dilutions of nine different variants of the NP4 epitope. The
concentration (nM) at which 50% of the farget cells (ECyp), at an E:T ratio of 10:1
were killed was determined. The results are shown for CTL clone 3180. Each symbol
represents a different NPy 3406 epitope variant. (B) For all nine NPy g.42¢-specific CTL
clones the ECsy values (nM) were determined of NP,jg.42¢ epitope variants, which
induced >25% specific lysis of target cells at a peptide concentration of 5 pM (data
not shown). Absence of lytic activity at a concentration of 5 uM peptide is depicted as
>5x10%, while a value of >10* means that the ECsp value could not be determined,
however target cell lysis >25% was observed at a concentration of 5 uM peptide. The
CTL clones are divided into the three groups based on their original in vifro stimulus
(table 3). ¥ Consensus sequence, * ECs value in nM.

infected target cells but not the Resvir-9 infected cells. Finally, clone 3180
recognized all three virus-infected target cells fo a similar extent, demonstrating the
ability of this CTL clone to recognize homo- and heterosubtypic variants of the
NP4 3425 epitope present in influenza A viruses of the H3N2 and HIN1 subtype.
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Effect of amino acid changes at position 4, 5, 6 and 8 of the NP 15426 epitope
on the functional avidity of the CTL clones

In order to study the avidity of the respective T cell clones, target cells loaded with
ten-fold serial dilutions of NP4jgazs 9-mers were used to determine the peptide
concentration at which the T cell clones lysed 50% of the target cells (ECsq, see
figure 1a). First, a pre-screening was performed with a high concentration of peptide
(5 pM) to determine which epitopes were recognized by the different CTL clones
(data not shown). Whenever a peptide induced more than 25% specific lysis, at a
concentration of 5 pM, the ECs value was determined for the clone/peptide
combination. The ECs, values are depicted in the table in figure 1 and were used to
assess the relative importance of the four amino acid positions (P4, P5, P6, Pg)
exhibiting variability in the NPyjs.426 epitope. To exclude confounding effects of co-
mutations, we preferred to consider single amino acid substitutions in the natural
epitope variants, used to establish the CTL clones. If an amino acid substitution
resulted in a greater than 100-fold change in ECsq value the amino acid mutation was
considered to significantly alter T cell receptor avidity. The glutamic acid (E) to an
aspartic acid (D) substitution at P4 or vice versa reduced T cell receptor avidity in
six CTL clones (15.9, F10, G2, 2384, 5017 and C4), but not in clone 3180, DI and
C10. The effect of a substitution at P5 could only be studied in three CTL clones
(2384, 5017, and 3180). The change of a lysine (K} to an arginine (R) at P5 reduced
T cell receptor avidity in all three CTL clones, including the cross-reactive CTL
clone 3180. At P6 either a serine (S) or a proline (P) was found in A/H3N2 viruses
or a threonine (T) in A/HINI viruses. Clone C4, obtained after stimulation with
peptide containing an S at P6, tolerated both the S—T and the S—P substitutions at
P6. The CTL clones obtained after stimulation with peptide LPFDKTTIM
containing the T at P6 (2384, 5017 and 3180) all tolerated the T—S mutation, but
the T—P mutation reduced the avidity in clones 2384 and 5017 by more than 10000-
fold, while the avidity of 3180 was reduced by a factor 300. To study the effect of
the S—T substitutions at P6 on the recognition of NPsjg426 by NPgsy-specific CTL
clones, the ECse values of LPFEKSTIM peptide and LPFEKTTIM peptide were
compared for CTL clones that exhibited similar ECsy values for the peptides
LPFEKSTVM and LPFEKSTIM peptide (DI, C10, 15.9 and G2). The S—T
substitution at Pé significantly reduced TCR avidity in three of these four CTL
clones. We therefore conclude that the effect of the S—T or T—S substitutions at P6
differs between the NPggy~ and the NPpripgi-specific CTL clones.

The effect of amino acid substitutions at position 8 was evaluated for six CTL
clones. CTL clones D1, C10, 15.9, G2 and C4 tolerated a valine (V) to isoleucine (I)
substitution at P8, while the ECsq value of this variant epitope increased by a factor
of 260 in CTL clone F10. We therefore conclude that the natural amino acids at P4
and P5 are important for CTL recognition, while the amino acids at P6 and
especially P8 are less critical.

Antigenic map of T cell recognition constructed by multidimensional scaling

Using the ECsq values from the table in figure I, an antigenic map was constructed
by MDS. Using this mathematical procedure, the antigenic dissimilarity of the
peptides and the avidity of NPsigse-specific CTL clones for these peptides is

95



Chapter 5 NPj415.426 epitope-specific CTL

. LPFDKPTIM®
__HZN2/H3N2 {1957-1872)

_LPFDRTTIM® ..

LPFEKTTIM @

LPFEKSTIM g

|
cz
LPFEKSTVM
H3NZ (1880-present)

3L ‘

Fiom €10

Figure 2: An “antigenic map” visualizing functional avidity between the variant NP,
426 peptides and the CTL clones.

The functional avidity between the peptides and CTL. clones was calculated from the
ECs; values (table in figure 1). The CTL clones are depicted by squares while circles
represent the vartant peptides. The large circles contain the CTL clones and the NP4
126 €pitope variant used for in vigro stimulation of these clones. The distance between
two grids corresponds to a 10-fold dilution in ECsq titer. For example, the ECs; value
for clene 15.9 with peptide LPFEKSTIM is 0.1 nM, this is two 10-fold dilutions from
the assumed baseline titer of 0.001 nM, thus the "target" distance from clone 15.9 to
peptide LPFEKSTIM when constructing the map was two units.

visualized by the relative positioning of the peptides and T cell clones in a plot
(figure 2). The large distance between peptides containing an E and those containing
a D at P4 exemplified their antigenic dissimilarity. An R at P5 outplaced peptide
LPFDRTTIM, confirming the importance of K at this position for recognition by the
respective CTL clones. In addition, smaller antigenic distances were observed based
on the observed amino acid variation at P6 and P8. The effect of amino acid
substitutions at P6 on recognition by CTL differed between NPggy- and the
NPpsipr-specific CTL. For the latter, the S—T or T—S substitution did not
significantly alter the antigenicity of the peptides, whereas the S-»T substitution
altered the antigenicity of the peptide LPFEKSTIM for NPgsy-specific clones as
indicated by a significant increase of the antigenic distance in the plot (figure 2). The
NPgsv-specific T cell clones (D1, C10, 15.9, F10 and G2) were positioned in close
proximity to the LPFEKSTVM peptide against which they were raised in vitro.
Likewise, clones 2384, 5017 and C4 were positioned in proximity of their
homologous peptides, although C4 was situated closer to the heterclogous peptide
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Figure 3: Binding of HLA-B*3501-peptide tetrameric complexes containing different
NP413.426 peptides to NPy gas-specific CTL clones.

The NPyjg.42¢-specific CTL clones were incubated with five different combinations of
tetramers containing four different variants of the NPijs404 epitope (NPgsy, NPpsy,
NPDT[, NPDPI)- NPDTI tetramer is PE-labeled, NPDSI and NPD])] tetramers are APC-
labeled and NPggy tetramers are available with PE and APC fluorescent label. Presented
are four CTL clones with different reactivity patterns representative of the remaining
five clones. CTL clone G2 bound to the different NPyg.406 peptide/HLA-B*3501
tetrameric complexes in the same way as CTL clones D1, C10, 15.9 and F10. CTL
clone 2384 bound in a similar fashion as CTL clone 5017, while CTL clones 3180 and
C4 were unique in their ability to bind to different NP4 g4y peptide/HLA-B*3501
tetrameric complexes.

LPFDKTTIM and clones 2384 and 5017 to the heterologous peptide LPFDKSTIM.
Finally, clone 3180 was positioned in the middle of the plot, close to the HINI
peptide and the H3N2 peptides from 1972 and 1980 confirming its ability to
recognize hetero- and homosubtypic variants of the NP4j5.426 epitope.

Staining of CTL clones with HLA-B*3501-peptide tetrameric complexes
containing different NPy;s.42¢ variants

The ability of CTL clones to recognize homo- and heterosubtypic variants of the
NP4is.426 cpitope was further studied using HLA-B*3501-peptide tetrameric
complexes (tetramers) prepared with the four main variants of the NPyig424 epitope
(NPgsy, NPps;, NPpr1, NPppp) present in influenza A viruses of the HIN1 subtype (n
= 1) and of the H3N2 subtype (n = 3, Tab. 2). The dotplots generated after flow-
cytometry following incubation with differentially labeled tetramers are shown in
figure 3. CTL clone G2 (figure 3) as well as CTL clones D1, C10, 15.9 and F10
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(data not shown) bound to the NPggy tetramer, but did not react with any of the other
tetramers, further demonstrating the failure of these T cell clones to recognize homo-
and heterosubtypic variants of the NP4js.126 epitope. Of particular interest were CTL
clones D1 and C10, which killed NPpg; peptide-pulsed target cells at a relatively low
ECsq value (18 nM and 17 nM respectively), but were unable to lyse A/Victoria/3/75
infected target cells (Tab. 4) and bind to NPpg containing tetramers. The lack of
recognition of infected target cells coincided with the lack of binding to NPpg
containing tetramers by CTL clones D1 and C10 indicating the fine specificity of
these NP4j3426 tetramers. Clone 2384 (figure 3) and 5017 (data not shown) reacted
with the tetramers containing the NPpr and NPpg peptide, but not with those
containing the NPpp; or the NPgsy variant of the epitope. CTL clone C4 reacted
similarly to clone 2384 and 5017, but also bound the NPpp tetramer (figure 3).
Finally, clone 3180 bound all four tetramers containing different homo- and
heterosubtypic variants of the epitope confirming the cross-reactive nature of this T
cell clone. Overall, the ability of the CTL clones to bind tetramers with different
peptides correlated well with their ability to kill virus-infected target cells.

Staining of PBMC after in vitro stimulation with influenza A viruses using
HILA-B*3501-peptide tetrameric complexes containing different NPyjs.az6
variants

The specificity of NPyjg44 tetramer staining was confirmed in the previous section
with well-defined CTL clones and this technology was also used to evaluate the
specificity of NPsza6-specific human polyclonal CTL responses using PBMC
stimulated with influenza A virus. Following stimulation of PBMC of five HLA-
B35+ donors with Resvir-9, a H3N2 virus containing the NPggy epitope, the
percentage of NPgsy-specific cells ranged from 1.1% to 18.5% of the CD8+ cells
(figure 4a and data not shown). In the same PBMC cultures the percentage of NPpr-
, NPpg- and NPpp-specific cells was also determined using HLA-B*3501-peptide
tetrameric complexes containing the respective peptides. In the in vifro expanded
PBMC of donor 1 small numbers of NPpy and NPgsy double reactive CD&+ cells
were observed (0.4%), demonstrating the presence of heterosubtypic reactive CD&+
cells (figure 4a). In the PBMC of the remaining four donors no NPpr-specific cells
were detected after stimulation with Resvir-9. The ability to recognize homosubtypic
variants of the NP4 3415 epitope following stimulation with a virus containing the
NPgsv variant peptide (Resvir-9) was variable between donors. In donors 1 and 2 a
fraction of the NPgsy-specific cells also bound to NPpg; tetramers (figure 4a), while
donor 3 to 5 did not (figure 4a and data not shown). Finally in vitro expanded
NPgsyv-specific cells did not bind to the NPpp; tetramer (figure 4a).

Similar experiments were performed with PBMC following stimulation with
influenza viruses A/Victoria/3/75 (H3N2, NPpg) or A/Netherlands/306/00 (HINI,
NPprp). Of each of the five donors tested, 0.4%-4.5% of the CD8+ cells that were
expanded after stimulation with influenza virus A/Victoria/3/75 bound to the
homologous NPpg; tetramers. In some donors a large fraction of the NPpg-specific
cells also bound to the NPpy; tetramers (donors 1, 3 and 4, figure 4b and data not
shown), indicating a high degree of cross-reactivity between these epitopes.
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Figure 4: Staining of polyclonal NP,jg.qa-specific CTL response in PBMC
stimulated with influenza A virus using HLA-B*3501-peptide tetrameric
complexes.

PBMC of donors 1-5 were stimulated ir vifro with Resvir-9 (NPgsy),
AfVictoria/3/75 (NPpg;) or A/Netherlands/306/00 (NPpyy) as indicated. The effector
cells were incubated with APC- or PE-labeled NPggy and one of the three other
tetramers (PE-labeled NPpy, APC-labeled NPpg or APC-labeled NPgpy). Depicted
are donors 1, 2 and 3 respectively stained with (A) NPgey tetramers (vertical) and
NPpq, NPpg, of NPpp; tetramers after stimulation with Resvir-9 or (B) NPpg
tetramers (vertical) and NPpp or NPpgy tetramers following stimulation with
AfVictoria/3/75 or (C) NPpy tetramers (vertical) and NPgsy, NPps; or NPpp
tetramers following stimulation with A/Netherlands/306/00. Staining profiles of
donors 4 and 5 were not shown, since they resembled those of donor 3 (donor 4) or
had low to undetectable levels of tetramer positive cells. The percentages indicaie
the percentage tetramer positive cells in 10* CD8+ cells.
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The NPpgr-specific cells from donor 2 however, cross-reacted with the NPgoy
tetramer and not with the NPpr, tetramer, confirming the existence of homosubtypic
cross-reactive CTL in this donor.

Upon stimulation with influenza virus A/Netherlands/306/00, NPpr-specific CD8+
cells were detected in some PBMC cultures (range 0.0%-6.2%, figure 4¢). Most of
the NPpr-specific CD8+ cells also bound the NPpg tetramers (donor 1, 3 and 4,
figure 4¢ and data not shown). In addition, a portion of the NPpr-specific cells from
domnor 1 cross-reacted with NPggy tetramers (figure 4¢), confirming the existence of
these cells following stimulation with Resvir-9 virus. Finally, only in donor 3 some
NPpr-specific cells in the PBMC cultures stimulated with A/Netherlands/306/00
also bound to the NPpp, tetramers (figure 4¢).

Thus, tetramer staining provided evidence for the existence of CTL cross-reactive
with current H3N2 (NPggy) and HIN] (NPpy;) viruses in one donor, whereas in the
other four donors only influenza A virus subtype-specific cells were demonstrated or
cells cross-reactive with previous H3N2 (NPpg)) and current HIN1 (NPpyy) viruses.

Influenza A virus-specific antibody titers

To correlate the NPgjg.a26-specific CTL response in the PBMC of donors to the
history of influenza A virus infections, serum HAI titers specific for A/HIN1 and
A/H3N?2 viruses were determined.

Serum antibodies were detected in donor 1 against the 1978-vaccine strain (HIN1),
which cross-reacted with later vaccine strains, and the 1991 vaccine strain.
Antibodies specific for H3IN2 viruses were observed against A/Hong Kong/1/68
(NPpp) and the 1995 vaccine strain (NPgsy). These findings indicate that donor 1
was exposed to influenza A viruses of the HIN1 subtype around 1978 and 1991 and
to the H3INZ2 viruses around 1968 and 1995 (figure 5). In donor 2 antibodies specific
for 1968, 1977, and 1995 vaccine strains of the H3N2 subtype were readily detected
(figure 5). These findings suggest that this donor has experienced multiple exposures
to influenza A viruses of the H3N2 subtype but not to those of the HIN1] subtype.
Donor 3 had serum antibodies against the 1968 and 1995 strain of the H3N2 subtype
(figure 5). Donor 4 was found to have serum antibodies to viruses of the A/H3N2
(1977, 1979, 1982, 1987 and 1995) and the A/HIN1 subtype (1978, 1983 and 1996),
whereas in donor 5 solely antibodies against viruses of the H3N2-subtype from
1977, 1979, 1995 and 1998 were detected (figure 5).

Discussion

In the present study the recognition of natural variants of an HLA-B*3501-restricted
CTL epitope within the NP of influenza A viruses by human clonal and polyclonal
CTL populations was investigated. Using classical *'Cr-release assays and direct
visualization of specific T cells with tetramers, CTL were identified that were
specific for a single subtype variant or cross-reactive with homo- and heterosubtypic
variants. The use of CTL clones specific for the respective epitope variants allowed
the elucidation of the molecular basis for the recognition of these variants. Based on
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the finding that cross-reactive CTL were found at low frequencies in PBMC
stimulated with infiuenza virus, we hypothesize that in response to influenza virus
infections, HLA-B*3501+ individuals develop a CTL response against the
homologous epitope variant of which a small proportion may be cross-reactive with
other variants. These cross-reactive cells may then be further expanded upon a
subsequent infection with viruses carrying a heterologous variant epitope. It was
assumed that the study subjects were infected in the past with a homogeneous virus
population with regard to the epitope NP1g426, based on epidemiological data on the
circulation of these variants (20).
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The results obtained in *'Cr-release assays with virus-infected target cells and direct
visualization with labeled tetramers correlated well, confirming the specificity of
these procedures. When target cells were used in the *'Cr-release assay pulsed with
peptides some discrepant results were obtained, in particular with CTL cell clones
D1 and C10, which were able to recognize the NPgsy and the NPpg; peptide at very
low ECsy values. These clones however, failed to bind NPy tetramers or recognize
target cells infected with influenza virus A/Victoria/3/75. Using serial dilutions of
the peptides, the avidity of the CTL clones for the peptides was determined in >'Cr-
release assays and the effect of the amino acid substitutions was assessed. /n vitro
three T cell clones were established after stimulation with peptide NPy (5017, 2384
and 3180) and one after stimulation with NPpg (C4). Although these clones had
high avidity for these peptides it is not clear which variant of the epitope had primed
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these CTL in vivo. As can be judged from the ECs; values (table in figure 1) and the
MDS plot (figure 2), some clones exhibited the highest avidity for a heterologous
peptide. For example, clone C4 may have been directed to NPpp; and clone 2384 to
NPpg. In contrast, T cell clones raised in vitro to peptide NPggy all showed the
highest avidity to this peptide, suggesting that indeed it was the homologous peptide
responsible for the activation of these cells in vivo.

The NPy 5426 epitope was found to vary in influenza viruses isolated during the past
70 years at position 4, 5, 6 and 8 of the %-mer epitope. All peptides retained the
anchor residues at position 2 and 9 indicating that they bind to HLA-B*3501 with
equal affinity, as has been demonstrated previously in an HLA-peptide binding
assay (5). Substitutions at P4 and P5 were found to have the largest effect on
recognition by specific T cells as can be judged from the ECsy values and therefore
the antigenic distance in the MDS plot. The Dy; E substitution in 1980 allowed the
virus to escape from NPpg; specific CTL (5). These findings are in agreements with
data obtained with dengue virus-specific CTL, confirming the importance of
position 4 for the recognition of an HLA-B*3501-restricted epitope (34). Although a
mutation at P4 had a major impact on TCR recognition, CTL do exist (3180) that
recognize peptides containing either an E or a D at position 4. These CTL may have
been selected for by repeated infections with different influenza A viruses
containing different variants of the epitope. The K4»R substitution also had a
dramatic effect on the recognition of the epitope. However the Ryz2 sequence is rare
and has only been found in influenza A viruses isolated in 1933 and 1934, and in
several human isolates of avian origin. Substitutions at P6 and P8 had relatively little
impact on TCR recognition, although for most NPggy-specific T cell clones the T—S
substitution at P6 reduced the TCR avidity for the epitope. In contrast to NPsjg26-
specific CTL, CTL specific for an HLA-B*3501-restricted epitope of dengue virus
(NSsg0.508) tolerated substitution at position 8§ poorly {34).

Upon stimulation of PBMC with different influenza A viruses, various recognition
patterns were observed that correlated partially with the history of infections of the
respective donors (see below). In three donors (no. 1, 3 and 4), CTL expanded after
stimulation with influenza virus A/Netherlands/306/00 (of the HINI subtype
containing NPpr) were cross-reactive with the NPpg; variant present in influenza
viruses of the H3N2 subtype, circulating between 1972 and 1980, and vice versa.
Thus also stimulation with A/Victoria/3/75 (H3N2) lead to the expansion of NPpg;
specific cells cross-reactive with NPpy. This finding resembles the cross-reactivity
observed with CTL specific for epitopes in HIV-1, dengue virus and SIV (8§, 9, 34).
HIV-1-specific CTL could recognize variants of epitopes present in different clades
of this virus. An important difference between influenza virus and HIV-1 infections
is that individuals usually are not infected with HIV from different clades whereas
for influenza, repeated infections with variant viruses of distinct or the same subtype
is very common. For that reason, repeated infections with variant viruses may select
for cross-reactive CTL from the pool of NP4js6-specific CTL induced during the
primary infection. To correlate the presence of cross-reactive CTL with the history
of influenza A virus infections of the respective donors, serology was performed.
Donor | was infected with an influenza A virus of the HIN! subtype and
subsequently with an H3N2 virus. This is in agreement with the observation in this
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donor of NPpy- and NPggy-specific cells. A small proportion of these cells cross-
reacted with NPgsy and NPpyy;. Similarly, donor 2 and 5 were found to be exposed to
viruses of the H3N2 subtype circulating in 1977 and 1995 and not to HINI viruses.
As a result, NPggy mono-specific CTL were found in both donors and not T cells
reactive with the NPpy (HIN1) variant of the epitope. In addition homosubtypic
cross-reactive CTL were found in donor 2. In donor 4 the serology correlated with
the presence of NPgsy- and NPpri-specific cells, although cross-reactive cells were
not observed in this donor. A similar reaction pattern was observed in donor 3,
although HINI-specific antibody titers were very low. This and the absence of
heterosubtypic cross-reactive CTL may be explained by the long period between
infection with an HIN1 virus and an H3N2 virus. Thus in two out of five donors
tested, there was evidence for the existence of T cells cross-reactive with homo- and
heterosubtypic variants of the NPajs.426 epitope. The heterogeneity in the NP4jgq6-
specific responses in these donors of similar age can be the result of differences in
history of infection, as well as many other factors influencing the CTL response in
these donors.

In mice it has been demonstrated ex vivo (13) and in vitro (29) that consecutive
infections with influenza viruses containing different variants of the same epitope
(NP3g6.374) resulted in the expansion of CTL able to recognize both variants of the
epitope, whereas infection with the same virus resulted in the induction of mono-
specific cells. This expansion of cross-reactive CTL may even take place after
consecutive infections with unrelated viruses as has been observed in mice (7, 10).
We hypothesize that also in humans cross-reactive CTL can be selected for against
variable epitopes by multiple infections with influenza viruses carrying variant
epitopes (apart from true cross-reactive responses against conserved epitopes).

The percentage of heterosubtypic cross-reactive T cells specific for the NPyjza26
epitope is relatively small in the subjects compared to those observed in vivo in
mice. In some of the donors there was no evidence for exposure to both subtypes,
explaining the absence of cross-reactive CTL. Secondly, the timing of the infections
may be crucial as the frequency of cross-reactive CTL in the pool of memory cells
may have declined to undetectable levels, unable to dominate the response to the
variant epitope.

We conclude that upon influenza virus infections a small proportion of the NPyg «26-
specific CTL can cross-react with variants of the epitope. Apparently the flexibility
of the TCR of this subset of CTL allows the recognition of naturally occurring
variants of the epitope which may be escape mutants selected for by CTL-mediated
immune pressure. This subset of cross-reactive CTL may increase after repeated
infections with heterologous viruses and may contribute to protective immunity
against arising mutant viruses.
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Influenza A virus-specific T cell immunity in humans during aging
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Abstract

To study the decreasing responsiveness of the immune system during aging,
influenza virus-specific cellular immunity was investigated in a cohort of healthy
blood donors between 18 and 70 years of age. The percentage of influenza A virus-
specific T cells was determined by flow cytometry and found not to change during
aging. After stimulation with phorbol 12-myristate I13-acetate and ionomycin, an
increase in the percentage of IFN-y and IL-4 producing CD8+ T cells was observed
during aging. In addition, the cytotoxic T lymphocyte (CTL) activity was
investigated in two additional groups of five donors, 18-20 and 68-70 years of age.
The lytic capacity of purified CD8+ T cells, after in vitro stimulation of peripheral
blood mononuclear cells with influenza A virus, seemed lower in 68- to 70-year-old
donors than in 18- to 20-year-old donors. Therefore we conclude that the reduced
CTL activity in the elderly is not the result of a lower frequency of virus-specific T
cells, but more likely the result of impaired antigen-specific proliferation or lower
lytic capacity of these cells.
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Introduction

The elderly form a growing group at high risk for complications related to infections
with respiratory syncitial virus (RSV) and influenza virus, resulting in high
morbidity and mortality rates (2, 15, 16, 19, 29). The more severe clinical course of
these virus infections in the elderly can partially be atiributed to a reduced
responsiveness of the immune system, also known as immunosenescence.
Immunosenescence has been associated with reduced T cell proliferative responses
to antigens and mitogens, reduced interleukin-2 production, increased interferon-y
(IFN-y) production and reduced expression of the co-stimulatory molecule CD28 on
T cells (18, 28, 34, 42). In the elderly this phenomenon may alse underlie lower
vaceine efficacy (12).

In addition to the induction of virus-specific antibodies, the induction of cellular
immune responses has been shown to contribute to protective immunity against
influenza. In mouse models the protective effect of CD8+ cytotoxic T lymphocytes
(CTL) has been demonstrated against homologous and heterologous subtypes of
influenza virus (17, 23, 40, 44). Also in humans protective immunity was associated
with the induction of CTL responses (4, 27). Furthermore, the selective pressure of
CTL-mediated immunity indicates a role for CTL in the control of influenza virus
replication in infected individuals (7, 41). It has been described that CTL activity is
reduced in the elderly both in vivo (18) and ir vitro (25, 26, 35). Several steps
determine the extent of CTL activity after stimulation with antigen during infection.
These steps include the virus-specific CTL precursor frequency (CTLp) in the pool
of memory cells, the stimulation and subsequent expansion of virus-specific cells
and the cytolytic effector function per cell. The latter is still a matter of debate since
some reports describe a reduced expression of perforin and granzyme in the elderly,
while others describe no change in CTL activity on a per cell basis (18). Currently
no data are available on the frequency of virus-specific CTL during aging. In the
present study, the CTLp frequency of influenza virus-specific CTL was investigated
in a cohort of 87 donors of various ages, ranging from 18 to 70 years. It was found
that the number of virus-specific CTL remained stable during aging. Thus the
reduced in vitro CTL activity of activated peripheral blood mononuclear cells
(PBMC) obtained from elderly people cannot be explained by fluctuations in the
quantity of virus-specific CTL. Functional studies performed with PBMC from a
group of 18- to 20-year-old individuals and a group of 68- to 70-year-old individuals
indicated that the observed reduction of CTL activity in vifro is more likely the
result of a reduced proliferation of T cells upon activation or a reduced Iytic capacity
of the CTL.

Material and Methods

Human subjects

Blood samples of 10 ml were collected in heparin-containing vacutainers (Becton
Dickinson, Plymouth, UK) at the bloodbank in Rotterdam from 87 donors of various
ages, ranging from 18 to 70 years (Tab. 1). Within 4 h after collection, the blood was
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diluted in PBS (1:1), and the PBMC were isolated by gradient centrifugation using
Lymphoprep® (Nycomed, Oslo, Norway), as recommended by the manufacturer.
The cells were washed three times in PBS and left overnight at 37°C in RPMI 1640
(Life Technologies, Rockville, USA) supplemented with 10% pooled human AB
serum, streptomycin (100 U/ml), penicillin (100 pg/ml), glutamin (2 mM) and 2-
mercaptoethanol (2 pM) (R10H). The plasma, 1:1 diluted in PBS, was collected and
stored at — 20°C. From two groups of donors, aged 18-20 year (n = 5) and 68-70
year (n = 5), buffy-coats were obtained from which PBMC were isolated and
cryopreserved as previously described (6). Before collecting blood, informed
consent was obtained from each of the blood donors.

Table 1: Demographics of study participants

Ape group  Total no. Female Male
18-25 10 5 (50%)" 2 (20%)"
26-35 i2 7 (58%) 5 (42%)
36-45 14 8 (57%) 6 (43%)
46-55 22 8 (36%) 14 {64%)
56-65 23 7 (30%) 16 (70%)
66-70 6 1 (17%) 5(83%)
Total 87 36 (41%) 48 (55%)

" The gender of three donors was unknown

Preparation of B lymphoblastoid cell lines (BLCL)

Autologous Epstein-Barr virus (EBV)-transformed BLCL of each of the five young
and five old donors was established by culturing 1-5 x 10° PBMC in 1.0 ml culture
supernatant from the EBV producing cell line S594 in 24-wells plates as previously
described (37).

Influenza virus

Sucrose-gradient purified influenza A virus (H3N2) Resvir-9, a reassortant between
A/Puerto Rico/8/34 (HIN1) and A/Nanchang/933/95 (H3N2), containing the
hemagglutinin  (HA), neuraminidase (NA) and nucleoprotein (NP) of
A/Nanchang/933/95, was used for the infection of PBMC or BLCL. The infectious
virus titer {1 x 10° TCIDsy) was determined in cell culture using Madin-Darby-
Canine-Kidney (MDCK) cells as indicator cells as previously described (36). For
lymphocyte proliferation studies, Influvac 97/98 (kindly provided by Solvay
Pharmaceuticals BV, Weesp, Netherlands), a trivalent vaccine consisting of the
influenza virus glycoproteins HA and NA from A/Johannesburg/82/95 (HINI),
A/Nanchang/933/95 (H3N2) and B/Harbin/7/94, was used.
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Enumeration of influenza A virus-specific T cells

PBMC were resuspended and washed twice in RPMI 1640 supplemented with 10%
fetal calf serum (FCS), streptomycin (100 U/ml), penicillin (100 pg/ml) and
glutamin (2 mM) (R10F) to remove influenza virus-specific antibodies present in the
human serum, Subsequently, 1 x 10° PBMC were infected for 1 h at 37°C with
Resvir-9 at a multiplicity of infection (MOI) of 3. Uninfected PBMC were included
as a conirol. After 1 h incubation at 37°C, the PBMC were spun down, resuspended
in R10H and divided over two wells in a 96-well round-bottom Costar™ plate
(Coming Incorporated, Corning, NY, USA), with each well containing 3 x 10°
PBMC in 150 ul R10H. After a previously determined optimal period of 5 h at
37°C, GolgiStop (Pharmingen, San Diego, CA, USA) was added and left for a
subsequent six hours at 37°C. Influenza virus-specific T cells were visualized by
intracellular IFN-y staining and flow cytometry (see below).

Enumeration of IFN-yand IL-4 producing T cells upon non-specific

stimulation

PBMC, 2 x 10° cells per well, were stimulated with 50 ng/ml PMA (Sigma
Chemical Co., St Louis, MO, USAY} and 500 ng/m! ionomycin {Sigma) for six hours
at 37°C in R10F. The percentage IFN-y and interleukin-4 (IL-4) positive cells were
determined using an intracellular cytokine staining protocol and flow cytometry (see
below).

Intracellular cytokine staining and flow cytometry analysis

After stimulation of PBMC with PMA/ionomycin or influenza A virus, the cells
were transferred to a V-bottom shaped 96 wells plate and subsequently stained, fixed
and permeabilized with the Cytofix/Cytoperm kit (Pharmingen) according to
instructions provided by the manufacturer. Briefly, PBMC were washed once in
PBS with 2.0% FCS (P2F) and incubated with a mix of anti-human CD3-RPE-Cy5
(Dako, Glostrup, Denmark) and anti-human CD8-FITC (Dako) or anti-human CD3-
RPE-Cy5 and anti-human CD4-FITC (Dako) in 50 ul P2F for 30 min at 4°C.
Following two washing steps with P2F, the cells were fixed with 100 pl Cytofix
buffer for 30 min at 4°C. Next, the cells were washed twice in permeabilization
buffer and subsequently incubated for 30 min at 4°C in 50 ul permeabilization
buffer containing anti-human IFN-y-PE (Pharmingen) or anti-human IL.-4-PE
(Pharmingen). After two washing steps with permeabilization buffer, the cells were
resuspended in P2F, and the number of cytokine positive cells was determined using
flow cytometry (FACS scan, Becton Dickinson). The percentage cytokine positive
cells within the CD4+ or CD8+ T cell fraction was obtained from one well, while
percentage cytokine positive cells within the CD3+ T cells were calculated from
duplicate wells. Sporadically we were unable fo determine the virus-specific
precursor frequency. After stimulation with influenza virus, the percentage IFN-y+
cells was determined within the CD3+, CD4+ and CD8+ T cell compartments
(figure 1a and 1b), while after mitogenic stimulation, both the percentage IFN-y+
and the percentage 1L-4+ cells were determined within CD&+ T cell population and
the percentage IFN-y+ cells were determined within CD3+ ceils. Results are given
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as the percentage cytokine-positive cells, calculated from the percentage after
stimulation with either influenza virus or mitogen minus unstimulated control cells.
The cutoff value was calculated from the average percentage cytokine positive cells
of the unstimulated PBMC plus one time the standard deviation (SD).

Serology

Serum samples were tested for the presence of influenza A virus-specific antibodies
in the HI test according to standard methods (24, 33) using turkey erythrocytes and
four hemagglutinating units of virus. The samples were tested against 10 influenza
A virus (H3N2) vaccine strains from the introduction of H3IN2 (A/HongKong/1/68)
till one of the most recent H3N2 vaccine strain (A/Sydney/5/97) and for antibodies
against 9 influenza A virus (H1N1) strains, from the first isolate of HIN1 (A/Puerto
Rico/8/34) till the latest HIN1 vaccine component (A/New Caledonia/20/99). Ferret
sera raised against the test antigens were used as positive controls.

Phenotypic analysis of PBMC

Cryopreserved PBMC, from the groups of 18- to 20-year-old and 68- to 70-year-old
donors (n = 10), were analyzed for memory and naive T cell phenotype and CD28
expression. Approximately 2 x 10° PBMC were resuspended in 50 ul P2F and
incubated for 30 min at 4°C with different combinations of MAb. For the staining of
T lymphocytes MAb directed to human CD3 (Dako), CD4 (Dako), CD8 (Dako),
CD45RA-FITC (Pharmingen), CD45R0O-Cy-Chrome (Pharmingen) and CD28-RPE
(Pharmingen) were used. The cells were subsequently washed once in P2F and
analyzed by flow cytometry.

Proliferative response of donor PBMC

To determine their proliferative capacity, PBMC (1 x 10°) of donors between 18 and
20 or 68 and 70 years of age were transferred to a U-bottom shaped 96 wells plate in
150 ul R10H and stimulated with a twofold serial dilution of Influvac 97/98, starting
at 2.0 pg/ml HA per virus strain. A medium control was included to determine
nonspecific proliferation. After a five-day incubation at 37°C, 0.5 pCi [*H]-
thymidine was added to each well and subsequently incubated for 18 hours at 37°C
prior to harvesting. Results were calculated from triplicate wells and given as the
average counts per minute (cpm) of all donors + the standard error of the mean
(SEM}.

Generation of influenza A virus-specific CTL effector cells from PBMC

To assess influenza A virus-specific CTL activity in vifro, PBMC were stimulated
with Resvir-9 as previously described (6). Briefly, 5 x 10° PBMC were infected with
Resvir-9 at a MOI of 3 for 1 h at 37°C in R10F. Following centrifugation, the
PBMC were resuspended in R10H and added to uninfected PBMC at a ratio of 1:1.
After 2 days at 37°C, rIL-2 (50 U/ml final concentration) was added, and the cells
were incubated for another 6 days. Prior to the CTL assay CD4+ cells were depleted
using M-450 DYNABEADS (Dynal, Oslo, Norway), followed by the depletion of
NK cells with anti-human CD16 MAb (Pharmingen) coupled to Pan anti-mouse-IgG
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beads (Dynal) according to manufacturer’s instructions. The remaining effector cell
population was used to assess the lytic ability of effector cells. The depletion of
CDA4+ and CD16+ cells was validated on every occasion and the percentage CD4+
CD3+ cells and CD16+ CD3- cells was determined by flow cytometry.
Contamination with these cell populations never exceeded 2.0%. The percentage
CD8+ CD3+ T cells in the remaining effector cell population was determined in
order to calculate the CD8:Target (CD8:T) cell ratio used in the cytotoxicity assay.

Cytotoxicity assay

Autologous BLCL were used as target cells and infected with Resvir-9 at a MOI of
1 for 1 h at 37°C, spun down, and resuspended in R10F. After 16 h at 37°C,
influenza A virus-infecied BLCL and uninfected BLCL were washed in serum free
medium and labeled for 1 h at 37°C with 50 pCi Na,[>'Cr]0, per 5 x 10° cells.
Following three washing steps with R10F, the target cells were added to effector
cells at different CD8:Target cell ratios for 4 h at 37°C and the supernatant was
subsequently harvested. The percentage specific lysis was calculated with the
following formula: ((experimental release — spontaneous release) / (maximal release
— spontaneous release)) x 100. The average percentage specific lysis was calculated
from a minimum of three wells and given as the percentage lysis of virus-infected
autologous BLCL minus the percentage lysis of uninfected autologous BLCL.. The
slope of each plot was calculated with the logarithmic trendline between CD8; Target
cell ratio and the percentage specific lysis.

Statistical analysis

The relationship between percentage cytokine positive cells and age was calculated
with a two-tailed Pearson bivariate correlation assay. P values below 0.05 were
considered statistically significant. The statistical significance in lytic ability of
effector cells and proliferation of PBMC obtained from 18- to 20-year-old and 68- to
70-year-old donors was determined with Student’s ¢ test.

Results

Serology

The sera of all 87 donors were tested for the presence of influenza A virus-specific
antibodies. Only one donor had no hemagglutination inhibition (HAI) titer against
any of the influenza viruses. The remaining 86 donors had serum antibodies against
influenza A virus (HINI or H3N2), indicating that they had been infected with
influenza A virus.

Precursor frequency of influenza A virus-specific T cells

Of the 82 donors tested for the presence of influenza A virus-specific CD3+ CD8+
cells, 45 donors (55 %) were positive and had a higher percentage [FN-y+ cells
within the CD3+ CD8+ fraction of the PBMC, than the cut-off value of 0.11%
(dotted line, figure 1c). Comparing the percentage of influenza A virus-specific IFN-
v+ cells in the CD3+ CD&+ population among donors of various ages, no age-related
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differences were observed (average = 0.23 %, solid line, figure lc, P = 0.778). In
addition to CTLp frequency, the percentage of virus-specific cells in the CD3+
CD4+ population was determined and found to be lower than the frequency of virus-
specific CD3+ CD8+ cells. In 33 (40%) out of 85 donors tested for virus-specific
IFN-y+ CD3+ CD4+ cells the percentage IFN-y+ cells in the CD3+ CD4+ cells was
higher than the cut-off value (dotted line, figure 1d). The average percentage IFN-y+
cells in CD3+ CD4+ was 0.16% in these 33 donors, while the overall average
percentage of virus-specific cells in the CD3+ CD4+ population was 0.07%. Again,
no age-related differences were found in the percentage of IFN-y+ CD3+ CD4+ cells
(solid line, figure 1d, P = 0.657). Finally, the frequency of all influenza A virus-
specific CD3+ cells was determined in 79 donors, of whom 56 donors (71 %)
proved to be positive. The average percentage [FN-y+ cells in the CD3+ population
in all donors was 0.21%, ranging from 0.0% to 1.49%. The frequency of virus-
specific cells in the CD3+ population also did not differ significantly (P = 0.628)
between donors of different ages (data not shown).

influenza A virus

UnstimuTatad stimulated

Figure 1: Precursor frequency of influenza A
virus-specific T cells in fresh PBMC of
donors of various ages.
PBMC were stimulated ex vive with influenza
A virus (H3N2, Resvir-9) as described in
Materials and Methods. Figure A and B show
RNy intracellular IFN-y staining in unstimulated
s (A) and influenza A virus (Resvir-9)
15 stimulated (B) CD3+ cells. The percentage
. IFN-y+ cells in a large number of donors of
various ages is depicted within the CD3+
CD8+ cells (C, n = 82) and CD3+ CD4+ cells
(D, n = 85). The cut-off value is represented
by the dotted line (---) and the correlation
between percentage IFN-y+ cells and age by
the solid line (—).
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The percentage IFN-y+ cells within the CD3+ CD8+ population was found to
increase during aging after stimulation of PBMC with PMA/ionomycin (P < 0.001,
closed symbol, figure 2a). A similar increase, although less pronounced, was found
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in CD3+ cells (P = 0.001, open symbol, figure 2a). The difference between
percentage IFN-y+ cells in the CD3+ CD8+ population and in the CD3+ population
increased gradually during aging. Also the percentage IL-4 producing cells within
the CD3+ CD8+ compartment increased during aging (P = 0.003, figure 2b). Since
both the percentage IFN-y+ and IL-4+ cells were determined in the CD8+ T cell
fraction, the ratio between IFN-y+ and IL-4+ CD8+ T cells was calculated in
cytokine positive donors. The ratio of IFN-y versus IL-4 producing CD3+ CD8+
cells after PMA/ionomycin stimulation increased during aging, although this change
was not statistically significant (P = 0.124, figure 2c).

Figure 2: Percentage IFN-y and IL-4 positive T

A . cells in PBMC after stimulation with
£ © PMA/ionomycin.
ig 60 PBMC were stimulated ex vivo with
20 PMA/ionomycin for six hours at 37°C, followed
=3 “© by intracellular IFN-y and IL-4 staining, as
0 described in material and methods. (A)
0 Percentage IFN-y+ cells within the CD3+ CD8+
cell population (@) and CD3+ cell population
= 6 . () in donors of various ages. A significant
£3 . increase in the percentage IFN-yt+ cells in the
iz .« . CD3+ CD8+ cells (—, £ < 0.001) and in the
2% . r I CD3+ cells (---, P = 0.001) was observed
B . 2 o b 80,5 during aging. (B) Percentage of CD3+ CD8+
0 . ealoors cells producing IL-4 in donors of various ages.
ol e . . A significant increase (——, P = 0.003) in the
.3 o e percentage IL-4+ CD3+ CDS8+ cells during
éé ¢ oo aging was observed. (C) Ratio between [FN-y
59 e et . and IL-4 producing CD3+ CD8+ cells did not
L:EL g W change during aging (—, P=0.124).
E: g e 8
s 2] * o : ., !‘ Y e
P Influenza virus-specific CTL effector
Age (years) function in 18- to 20- and 68- to 70-year-
old donors

Once it was concluded that the frequency of influenza A virus-specific CTL did not
fluctuate during aging and therefore as such did not contribute to a reduced CTL
activity of PBMC from the elderly it was decided to investigate the CTL activity of
PBMC in greater detail. Therefore PBMC of five donors between 18 and 20 years
and five donors between 68 and 70 years of age, were stimulated in vitre with
influenza A virus.

Lymphoproliferative response of PBMC
First the PBMC obtained from the five 18- to 20- and 68- to 70-year-old donors
were evaluated for signs of immunosenescence. The T ceil proliferative response
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after stimulation with influenza antigen at different concentrations was significantly
higher in 18- to 20-year old donors than in donors 68- to 70-years of age (avg. P =
0.025, figure 3a). This difference was not dependent on the dose of antigen used for
stimulation of the PBMC.

Figure 3: Characteristics of PBMC

obtained from five 18-20 year old and e p— A
five 68-70 year old donors. |} B Be-i0 years
(A) *H-thymidine incorporation after
stimulation of 1 x 10° PBMC with a
two-fold serial dilution of Influvac
97/98 (ug HA per strain/ml), including
a negative control (medium). The
mean counts per minute {cpm) of five ] ;
donors is given and shown to differ 200 100 050 D25 Medum

cpm (£ 1000}

significantly (¥, P < 0.05) between 18- iG55 (gt

20 and 68-70 vear old donors at Naiva vs Momory €028 exprossian
different anfigen concentrations. The 100 . | v 0% €
data are representative of two # e o
independently repeated experiments. jz ;"o'b co4
(B and D) CD45RA (naive T cells, § .| < v

black symbols} and CD45RO £ v

(memory T cells, white symbols) £ ’z: . ° &, 0o
expression on CD3+ CD4+ cells (B) ol ) ©

and CD3+ CD8+ cells (D) in 18-20 w0 o v, ° cee
year old donors ( @ , ) and 68-70 | B Y °

vear old donors (W, V/ ). (C and E)

CD28 expression on CD3+ CD4+ cells T

{C) and CD3+ CD8+ cells (E) in 18-20
year old donors ( 4 ) and 68-70 year
old donors ().

Phenotype of CD4+ and CD8+ T cells

The CD45RA, CD45RO and CD28 expression was determined in both CD4+ and
CD8+ T cells. In the CD3+ CD4+ cells of 18- to 20-year-old donors the CD45RA
and CD45RO expression was evenly distributed (figure 3b), while the majority of
the CD3+ CD8+ cells expressed CD45RA (figure 3d). In the 68- to 70-year-old
donors both the CD4+ and CD8+ T cells mainly expressed CD45RO (figure 3b and
3d). The number of CD4+ and CD8+ T cells expressing CD28 was reduced in
donors 68-70 vears of age, but this reduction was more pronounced in CD8+ T cells
(figure 3¢ and 3e).

CTL activity of influenza virus-stimulated PBMC
Following in vitro stimulation of PBMC with influenza A virus, the CTL effector
cells were tested for their ability to lyse influenza A virus-infected autologous target
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cells. In figure 4, the specific lysis was plotted against the CD8:Target cell ratio for
the 18- to 20-year-old (figure 4a) and the 68- to 70-year-old (figure 4b) donors,
enabling us to determine the percentage specific lysis at a given CD&:Target cell
ratio, which is a measure for both the lytic activity of the effector cells and the
number of virus-specific cells present in the effector cell population. The average
percentage specific lysis at a CD8:Target cell ratio of 10:1 was similar between both
groups. The slopes of the curves are an indication for the lytic capacity of the virus-
specific effector cells. The lytic capacity of the effector cells, calculated as the
average correlation coefficient, seemed lower in the group of 68- to 70-year-old
donors, although the difference was not statistically significant (P = 0.25, figure 4c).

Discussion

In the present article it was shown that precursor frequencies of influenza A virus-
specific T cells remain stable during aging, indicating that the reduced CTL activity
of T cells after stimulation in vitro in the elderly is not the result of a reduction in the
numbers of virus-specific cells during aging, but more likely the result of impaired
antigen specific proliferation or lower lytic capacity of these cells.

The frequency of influenza virus-specific T cells was determined ex vivo in fresh
PBMC of denors of various ages. First, PBMC were infected with influenza A virus
for 6 h, allowing the antigen presenting cells (APC) to present viral antigens in both
HLA class I and II molecules on the surface of the cell (22). In the PBMC
population the APC are B cells and monocytes, of which the latter can be efficiently
infected by influenza virus (31). Previous studies have shown that the APC within
the influenza virus-infected PBMC can stimulate high numbers (2-4%) of virus-
specific CD&+ T cells (6). The induction of apoptosis through the Fas-FasL
pathway, as recently described (31), does not interfere with our assay, since in vitro
experiments with FasL-specific monoclonal antibodies (MAb) confirmed that
apoptosis of T cells is a random process (unpublished observation).

The average frequency of influenza A virus-specific IFN-y producing cells within
the CD8+ T cell population remained stable during aging and was similar to
previously reported precursor frequencies of EBV-, influenza A virus-, or measles
virus-specific CD8+ T cells (6, 11, 30). The average percentage virus-specific CD8&+
T cells (0.23%) is higher than the average percentage virus-specific CD4+ T cells, A
difference in the regulation of T cell memory between CD4+ T cells and CD8+ T
cells could be at the basis of a lower influenza virus-specific CD4+ T cell frequency
(20). In our cohort a decline in the percentage CD3+ cells in PBMC during aging
was observed (P = 0.022), which could conceal a possible decline in the frequency
of influenza A virus-specific CTL in PBMC. However, when the frequency of virus-
specific CTL was analyzed as a frequency of virus-specific CD8+ cells of all
PBMC, still no significant difference ( = 0.841) in frequency of influenza A virus-
specific cells was observed during aging. The finding that numbers of influenza A
virus-specific T cells do not change during aging, even after adjusting for number of
CD3+ T cells in the PBMC population, conflicts with other studies which describe a
reduced IFN-y production after stimulation with influenza virus (5, 10, 25, 32). In
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these studies ELISA systems were used to measure cytokine production in culture
supernatant of PBMC which had been stimulated in vitro for several days. Results
obtained after prolonged in vifro stimulation do not account for differences in
proliferation of lymphocytes between young and old donors (this article, (5, 18)).
Using flow cytometry, cytokines can be detected in activated T cells after a short
period of stimulation which makes it possible to quantify numbers of virus-specific
cells without the need of in vitro proliferation of these cells. It could be anticipated
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that in the light of recurrent infections with influenza A virus throughout a lifetime
the CTLp frequency would increase during aging. Our studies indicate however, that
this is not the case and that CTLp frequencies remain stable. This would imply that
after recurrent infections the number of memory CD8+ T cells return to a certain
basic level.

When the IFN-y production of PBMC upon a mitogenic stimulation between young
and older individuals was compared, conflicting results have been obtained (8, 9, 14,
21, 39, 45). Our results, using flow cytometry, show a significant increase in the
percentage IFN-y+ CD8+ T cells and IFN-y+ CD3+ cells, which is in accordance
with previous studies (1, 39). The increase in the number of IFN-y producing T cells
coincides with an increased CTL memory pool in the elderly (this paper, (13, 43)). It
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has been reported that after stimulation of memory T cells a large variety of
cytokines, including IL-4 and IFN-y, are produced (3). This could account for the
increase in percentage IL-4+ and IFN-y+ CD8+ T cells after PMA/ionomycin
stimulation. When the frequencies of IFN-y producing cells after stimulation with
PMA and influenza A virus were compared, a significant correlation was found (P =
0.028). To rule out a possible effect of high PMA responders on the frequency of
IFN-y producing influenza A virus-specific CD&+ T cells, statistical analysis was
performed excluding these high PMA responders (> 60% IFN-y+ cells within CD8+
T cells). Again no statistical difference in the frequency of influenza virus-specific
IFN-y+ CD8+ T cells was found during aging (P = 0.617), indicating that the high
PMA responders in the elderly did not mask a possible decline in the frequency of
influenza virus-specific CTL during aging.

In addition to an increase in the number of IFN-y producing CD8+ T cells also the
percentage IL-4+ CD8+ T cells, after PMA/ionomycin stimulation, was increased
during aging. This in contrast to a previous study (1), reporting no difference in the
number of IL-4+ producing CD8+ T cells during aging. However with ELISA
systems an increase in IL-4 production in CD8+ T cells of older donors was found
(45). The ratio IFN-v to IL-4 producing CD8+ T cells was increased in older donors,
suggesting a shift towards Th1 phenotype of CD8&+ T cells. In some studies a shift
towards a Th2 response during aging is described, although these studies measured
cytokine production in supernatant of in virro cultured PBMC as opposed to
activated CD8&+ T cells obtained ex vive. A shift towards Thl phenotype was also
reported after PMA/ionomycin stimulation of purified CD4+ T cells (39).

To further investigate the CTL immunity to influenza A virus in the elderly, CTL
activity of purified CD8+ T cells obtained from five 68- to 70-year-old individuals
was investigated and compared with that of five 18- to 20-year-old individuals.
Functional and phenotypic differences between the groups indicated
immunosenescence; shift from naive to memory cell phenotype, reduced CD28
expression and lower proliferative capacity (13). The lysis of virus-infected cells by
virus-specific CTL is dependent on several variables, including the number of virs-
specific cells in the effector cell population and the lytic capacity of these cells. A
measure of the latter can be deduced from the slope of the logarithmic trendline of
the plots shown in figure 4. Our results suggest that the lytic capacity per cell is
lower in older donors than in young donors, which could be explained by a reduced
perforin or granzyme expression (38). More studies in larger cohorts of donors are
required to further investigate the lytic capacity of CTL during aging. At certain
CD8:Target ratio’s (10:1) essentially no difference in CTL activity was observed
between PBMC obtained from 68- to 70-year-old donors and the PBMC obtained
from 18- to 20-year-old individuals. The addition of exogenous IL-2 in our
experiments may have compensated for the reduction in CTL activity of in vitro
expanded CTL observed without the addition of IL-2 (25, 26, 35). The reduced CTL
activity in the elderly observed without the addition of IL-2 to PBMC cultures may
indicate that the proliferation of virus-specific CD&+ T cells is reduced by defects in
CD4+ T cells. Indeed, we and others have shown that the proliferation of virus-
specific CD4+ T cells is severely impaired in the elderly.
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Collectively, we conclude that during aging the precursor frequency of influenza A
virus-specific CTL does not fluctuate. Apparently the pool of memory CTL is
maintained and repeated exposure to the virus does not increase this pool. The
reported reduction of CTL activity in the elderly is most likely caused by other
defects in CD8+ T cells or other cells of the immune system.
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Chapter 7

In vitro effect of bicactive compounds on influenza virus-specific B and T
cell responses

A.C.M. Boon, A.P. Vos, Y.M.F. Graus, G.F. Rimmelzwaan,
A.D.M.E. Osterhaus

Scandinavian Journal of Immunology 2002;55:24-32

Abstract

In vitro studies have demonstrated positive effects of bioactive compounds on
several functions of the immune system. In the present study, 25 of such compounds
were tested for their immune modulating properties on influenza virus-specific
human B and T cell responses in vifro. One of these compounds, N-acetyl-L-
cysteine was shown to increase influenza virus-specific lymphocyte proliferation
and gamma-interferon (IFN-y) production at a concentration of 1.0 mmol/l
Furthermore, N-acetyl-L-cysteine was found to enhance specific activity of two
influenza A virus-specific CD8" cytotoxic T lymphocyte clones directed towards
HLA-A*0201- and HLA-B*2705-restricted epitopes. A second compound,
chlorogenic acid, was shown to enhance antigen-specific proliferation of
lymphocytes in three out of four donors, at concentrations of 10-50 pmol/l. Neither
of the two compounds exhibited a positive effect on the production of influenza
virus-specific antibodies by human peripheral blood mononuclear cells in vitro.
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Introduction

In the last decades, interest in beneficial effects of bioactive compounds on several
aspects of health has increased (5, 15, 24, 29). For example, epidemiological surveys
revealed that the consumption of n-3 polyunsaturated fatty acids or soybean

Table 1: Bioactive compounds used in this study

Name of compound Cat. no. (Source) Stock Solvent "
concentration
Vitamin A, acid R-7632 (Sigma) 50.0 mmol/1 EtOH °©
Retinol acetate R-7882 (Sigma) 60.0 mmol/] H,O
Vitamin B6 P-6280 (Sigma) 100 mmol/l H,O
Ascorbic acid A-4544 (Sigma) 100 mmel/1 H;O
o-Tocopherol T-3251 (Sigma) 100 mmol/l EtOH
Biotin TT687714 (Merck, Darmstadt, 16.4 mmol/l H,O
Germany)
Coenzyme Q10 C-9538 (Sigma) 1.15 mmoi/l EtOH
Arginine A-5006 (Sigma) 100 mmol/l H.0
B-carotene ICN101287 (ICN Biomedicals 100 pmol/l EtOH/Hex
Inc.)
Astaxanthin A-9335 (Sigma) 100 pmol/l EtOH/Hex
Grape seed skin extract  Activin GSE-2000 5.0 mg/ml KOH
{InterHealth Nutraceuticals,
Benicia, CA, USA)
Soylife 150 extract Extract containing 12.8% 5.0 mg/ml KOH
isoflavinoids (Soylife
Nederland BV ,Giessen,
Netherlands)
Taurine T-7146 (Sigma) 500 mmol/1 H,0
Lipoic acid T-8260 (Sigma) 200 mmol/l EtOH
Acetyl-L-carnitine A-6706 (Sigma) 1.0 mol/l H;0O
N-acetyl-L-cysteine A-8199 (Sigma) 1.0 mol/1 H;O
Protocatechuic acid P-5630 (Sigma) 10.0 mmol/1 H;O
Ferulic acid F-3500 (Sigma) 10.0 mmol/l H;O
Chlorogenic acid C-3878 (Sigma) 10.0 mmol/1 H,0
Quercetin di-hydrate P-102 (ICC, Belle Mead, NJ, 5.0 mmol/l KOH
USA)
Coumarin C-4261 (Sigma) 5.0 mmol/1 KOH
Catechin C-1251 (Sigma) 10.0 mmol/1 KOH
Daidzein D-7802 (Sigma) 10.0 mmol/1 KOH
Genistin G-0897 (Sigma) 10.0 mmol/I KOH
Genistein (G-6776 (Sigma) 10.0 mmol/] KOH

Detailed information, concerning ordering information, solubility and solvent, of the 25
dietary compounds studied for immune modulatory properties.
® KOH was used at a concentration of 50 mmol/l.
© abbreviations: KOH, potassium hydroxide: EtOH, ethanol: EtOH/Hex, ethanol/hexane

{45:1)
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containing diets correlated with a lower incidence of coronary heart disease and
diabetes mellitus or cancer, respectively (1, 10, 31). Especially the effect on the
immune system, which plays a crucial role in the defence against invading foreign
microorganisms and in killing of cancer cells, has been studied extensively. In
addition, the decrease of immune responsiveness in the elderly has contributed to the
research in this field (12, 25, 36), since a decrease in immune responsiveness can
partly be atiributed to protein-energy malnutrition and decreased micronutrient
levels (17, 18, 22).

Bioactive dietary compounds can be classified into several groups. The first group,
derived from plants, can be further divided into several subgroups including;
flavonoids (flavones, isoflavones, flavonols), coumarins, and cinnamic acids, These
compounds which are present in fruit, beverages, and vegetables, exert their
biological effect in vivo already at low concentrations. A second group is called
micronutrients (vitamins, trace elements, thiols, amino acids and fatty acids), some
of which are essential for biological processes (23, 26, 30).

In order to identify compounds with immune enhancing properties, a large number
of biocactive compounds, were screened for their potential to enhance immune
reactivity against influenza viruses i vifro. These compound were previously
described to have immune modulating properties, such as increased anmtibody
production, enhanced cell mediated immunity, macrophage mobility and human
leukocyte antigen (HLA) molecule expression [2, 4, 16, 21, 32). Such compounds
may be used as food supplements and display a beneficial effect on the function of
the immune system in individuals with immune deficiencies. To this end, the effect
of bioactive compounds on proliferation of human peripheral blood mononuclear
cells (PBMC) and antibody production was studied, after in vifro stimulation with
influenza virus, a virus causing high morbidity and mortality among the elderly. Out
of the 25 compounds studied, two were identified which increased influenza virus-
specific T cell proliferation in vitro: chlorogenic acid, a plant phenol with
antioxidant properties, and N-acetyl-L-cysteine (NAC), a thiol antioxidant precursor
of glutathion. Furthermore, the effector function of two influenza virus-specific
cytotoxic T lymphocyte (CTL) clones and the interferon-y (IFN-y} production
following stimulation with influenza antigen was increased in the presence of NAC.

Material and methods

Compounds

A total number of 25 compounds were tested for their immune modulating
properties in vitro. The majority of these compounds belong to the families of
vitamins, antioxidants, amino acids, flavonoids, plant phenols, crude extracts and
coumarins (for details on solubility, solvent and source, see Tab. 1). B-carotene and
astaxanthin were dissolved, as described previous%’ into an ethanol:hexane mixture
(49:1) and filtered with a 0.45 pm filter (OPTEX™™, Millipore, Molsheim, France)
(16). The final concentration was approximately 10™* mol/l.
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Isolation of human peripheral blood mononuclear cells

PBMC were isolated from buffy-coats obtained from nine healthy blood donors of
the Bloodbank Rotterdam (Rotterdam, WNetherlands). To isolate the PBMC, the
blood cells were diluted 1:1 with PBS containing 10.0 mmol/l glucose and 2.5
mmol/l EDTA (washing buffer} and layered onto Lymphoprep {density: 1.077 +/-
0.001 g/mi, Nycomed, Norway). After 30 min centrifugation at 800 x g the PBMC
were collected and washed several times in washing buffer, to remove any
remaining thrombocytes. Finally the cells were washed one last time in PBS, and
stored at —135°C in RPMI 1640 (Life Technologies, Rockville, USA) containing
100 IU/ml penicillin and streptomycin (Life Technologies, Rockville, USA) and 2.0
mmol/l L-ghitamin (BioWhittaker Europe, Verviers, Belgium} (PSG), 20% fetal calf
serum (FCS) (Greiner Labortechniek, Solingen, Germany) and 10% di-methyl
sulfoxamide. Immune reactivity to influenza antigen, using a lymphocyte
stimulation fest {LST, see below), was established prior to further testing.

Influenza virus antigens

Influvac 97/98 (kindly provided by Solvay Pharma B.V., Weesp, Netherlands) was
used to stimulate PBMC in a LST (see below) and as a coating antigen for an 1gG
antibody ELISA (see below). Influvac 97/98 is a trivalent vaccine composed of the
glycoproteins, hemaggiutinin (HA) and neuraminidase, of the influenza viruses
A/Nanchang/933/95 (H3N2), A/Johannesburg/82/95 (HIN1) and B/Harbin/7/94.
Before using Influvac 97/98 as an antigenic stimulus, the vaccine was dialysed
overnight at 4°C against PBS to remove the preservative thiomersal. The HA
concentration for each individual virus strain is 30 pg/ml. In addition, infectious and
purified A/Nanchang/933/95 (Resvir-9, kindly provided by CSI Ltd., Parkvilie,
Victoria, Austraiia), was used to infect PBMC.

Dose range festing

To narrow the concentration range used during assessment of immune enhancing
properties of the bicactive compounds on influenza virus-specific stimulation of
PBMC, each compound and the solvents were first tested for inhibitory effects on
the proliferation of B-lymphoblastoid cell-lines (BLCL). BLCL from two different
individuals used at a concentration of 5 x 10° cells/well in RPMI supplemented with
PSG and 10% FCS (R10F) were added to a 96-well round-bottom Costar® plate
(Corning Incorporated, Corning, NY, USA). The compounds were added in tenfold
serial dilutions in R10F. After 24 h incubation at 37°C, 0.5 pCifwell ["H]-thymidine
(Amersham, Aylesbury, UK) was added and 18 h later the cells were harvested and
[*H]-thymidine incorporation was measured using a Beta-microplate counter
(Pharmacia LKB, Turku, Finland). The assay was performed in quadruplicate and
inhibition of proliferation was defined as a statistical significant reduction in
proliferation of BLCL.

Lymphocyte stimulation test
The effect of bioactive compounds on the influenza virus-specific T cell response ix

vitro was measured using PBMC and purified viral glycoproteins. One hundred
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thousand PBMC were stimulated with influenza virus antigens (Influvac 97/98) at a
previously determined optimal concentration (1.0 pg/ml per strain) or a suboptimal

Table 2: Concentration of bicactive compounds
that inhibit proliferation of BLCL and PBMC

Name of compound Inhibitory Inhibitory Inhibitory
conc. Ratio'  conc. in BLCL _ conc. in LST

Vitamin A, acid ® 1.7 0.17 mmol/1 0.1 mmol/l
Retinol acetate * 2 6.0 mmol/1 3.0 mmol/l
Vitamin B6 50 1.0 mmol/1 0.2 mmol/1 ©
Ascorbic acid 1 0.5 mmol/l 0.5 mmol/l
o-Tocopherol | > 1.0 mmol/l > 1.0 mmol/l
Biotin ND ¢ >1.64 mmol/]  0.82 mmol/l
Coenzyme Q10° ND > 3.8 pmol/i 11.5 pmol/ °
Arginine * 2 10.0 mmol/1® 5.0 mmol/l
B-carotene I 1.0 pmol/l 1.0 pmol/1
Astaxanthin ND > 1.0 pmol/l 1.0 pmol/1 ¢
Grape seed skin extract " 5 50.0 pg/ml 10 pg/ml
Soylife 150 extract® ND 0.5 mg/ml > 0.1 mg/ml
Taurine ND >530.0 mmol/l > 50.0 mmol/]
Lipoic acid * 10 10.0 mmol/l 200 pmol/l
Acetyl-L-camitine 10 100 mmol/1 10.0 mmoi/l
N-acetyl-L-cysteine 20 100 mmol/1 ® 5.0 mmol/l
Protocatechuic acid ND 0.1 mmol/1 > 16.7 pmol/l
Ferulic acid 1 0.1 mmok1® 0.1 mmol/l
Chlorogenic acid 1 0.5 mmol/1 0.5 mmo¥/1
Quercetin di-hydrate 10 0.5 mmol/l 0.05 mmol/1 ¢
Coumarin ND >0.5mmel/l  0.25 mmol/l
Catechin 10 1.0 mmol/1 0.1 mmok/1
Daidzein 10 0.5 mmol/] 0.05 mmol/l ©
Genistin 10 1.0 mmol/1 0.1 mmol/l °
Genistein * 2 20 pmol/1 10 pmol/1 ®
EtOH 1 1:100 1:100
EtOH/hexane 1 1:100 1:100
H,O 2 1:10 1:10°¢
KOH (50 mmol/l) 1 1:5 1:5

Concentration of bioactive compounds with no significant inhibitory effect on
proliferation of 5 x 10* BLCL (P < 0.01) and 10° PBMC (P < 0.05) stimulated with 1.0
ng/ml per strain Influvac 97/98. ' Inhibitory concentration ratio was calculated from the
concentration of a compound necessary to inhibit the proliferation of 1 x 10* BLCL
divided by the concentration of the same compound necessary to inhibit the proliferation
of 1 x 10° PBMC stimulated with 1.0 pg/ml per strain Influvac 97/98. * Bioactive
compound is tested for modulatory effects on antigen specific proliferation in 2 donors, b
Bioactive compound concentration inhibits proliferation in 1 out of 2 donors, © Bioactive
compound concentration inhibits proliferation in 3 out of 4 donor. ¢ abbreviations: KOH,
potassium hydroxide; EtOH, ethanol; EtOH/Hex, ethanol/hexane; BLCL, B-
lymphoblastoid cell-line; LST, lymphocyte stimulation test

127



Chapter 7 Bioactive compounds

concentration (0.2 pg/ml per strain) and cultured in 96-well round bottom plates in
150 pl RPMI with PSG and 10% pooled human AB serum (R10H). Non-stimulated
cultures and cultures stimulated in the presence of the solvents were included as
controls. To the stimulated cultures different concentrations of each of the
compounds listed in table 1 and their respective solvents were added. After an
optimal 5-day incubation at 37°C, 0.5 uCi/well [*’H]-thymidine was added followed
by a subsequent 18 h mcubatlon at 37°C. The cells were harvested and [*H]-

thymidine incorporation was measured with a Beta-microplate counter. A minimum
of two and a maximal of four donors were used to assess immune enhancing
properties of the bioactive compounds. The results were expressed as the average
counts per minute (cpm) of triplicate or sextuplicate wells + SD and compared with
the cpm of influenza virus antigen stimulated PBMC without the addition of
bioactive compounds.

Cytokine production assay

Cytokine levels in the culture supernatants of 10° PBMC stimulated with Influvac
97/98 (1.0 pg/ml per strain) in the absence or presence of selected compounds were
determined. Selection of the compounds for further evaluation was based on the
results obtained in the LST. The stimulation protocol was similar to the previously
described LST (see above), however after 5 days the supernatant was tested for the
presence of interleukin-4 (IL.-4) and IFN-y, using cytokine ELISA-kits (BioSource
Europe S.A., Fleurus, Belgium), according to manufacturers instructions.

In vitro antibody production assay

An in vitro antibody production assay was used to solely assess the effect of the
respective compounds on the antibody production by B cells in vitro, therefore
addmg the compounds 5 days after the initiation of the i immune reactivation. Briefly,
2 x 10° human PBMC were added to a 24-wells Costar® plate in duplicate in 1.0 ml
R10F and infected with A/Nanchang/933/95 at a multiplicity of infection (MOI) of
0.4. R10F was used during this assay instead of R10H, because of the presence of
influenza virus-specific antibodies in R10H, which would give false positive results
in the antibody production assay. After 6 days at 37°C duplicate wells were pooled,
washed once in R10F and redistributed in half the volume of R10F in four wells in a
96-wells flat bottom plate (CellStar®, Greiner labortechniek). The compounds were
added in two of these wells, while the remaining two wells were used as medium
conirols. After a subsequent 2 day incubation at 37°C the cell culture supernatant
was harvested, stored at —20°C and tested for the presence of influenza virus-
specific IgG antibodies by ELISA (see below). Non-stimulated PBMC and the
respective solvents of the compounds were included as controls in each assay.

Antibody ELISA

Flat bottom microtiter plates (Costar® EIA plates) were coated with purified
influenza virus antigen (Influvac 97/98). One hundred microliter volumes containing
300 ng glycoproteins of each of the vaccine strains in 0.1 mol/l carbonate buffer {(pH
= 9.6) were incubated for 16 h at 4°C. Subsequently the plates were washed three
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times with PBS containing 0.05% Tween-20 (PBST) and blocked with R10F for 2 h
at 37°C. Supernatant (100 ul), obtained from PBMC cultures, was added to the wells
and incubated for 3 h at 37°C. Influenza virus-specific IgG antibodies were detected
with 100 pl of a biotin-labelled rabbit anti-human IgG antibody preparation (E0482,
Dako, Glostrup, Denmark) for 1 h at 37°C, followed by an incubation with
streptavidin-HRPO (Dako) for 1 h at room temperature. After every incubation the
plates were washed three times with PBST. Finally, 0.1 ml substrate solution (0.1
mg/ml tetra methyl benzidine (Sigma, St. Louis, MO, USA) and 0.003% H;O: in 0.1
mol/l sodium acetate buffer (pH = 5.5)) was added to each well. After 10 min
incubation at room temperature, 0.1 ml 2.0 mol/l H;S0, was added to stop the
colour reaction and the optical density at 450 nm was measured.

Cytotoxic T cell assay

CTL-assays were performed as previously described (34). Briefly, HLA-matched
BLCL were treated overnight at 37°C with 10 pmol/l of peptide in R10F and used as
target cells. The two peptides (manufactured by Eurogentec (Seraing, Belgium)
represent an HLA-A*0201-restricted epitope from the influenza matrix protein
(M1s5.65, GILGFVFTL) (11} and an HLA-B*2705-restricted epitope derived from
the influenza A nucleoprotein (NPag;3091, SRYWAIRTR) (14). The following day,
the cells were washed in serum free medium, incubated for 1 h at 37°C with
Nay[*'Cr]O, (75 uCi/l x 10° cells), gently washed 3 times in RI0F and added at a
final concentration of 1 x 10* cells/well in a V-bottom 96-wells plate (Costar®). CTL
clones directed against the HLA-A*0201-restricted epitope (M1sz.46) and the HLA-
B*2705-restricted epitope (NP3g3.300) 0f influenza virus were used as effector cells at
several effector to target cell ratio’s (E:T-ratio). After incubation for 4 h at 37°C the
supernatant of each well was harvested using a macrowell tube strip system (Skatron
instruments, Sterling, Va, USA) and *'Cr content was measured in a gamma counter.
Compounds were added during the 4 h incubation. Preincubation of the CTL clone
with 1.0 mmol/l NAC was done 2 h before the CTL-assay, and washed away before
the effector cells were added to the target cells. The target cells were preincubated 1
h with 1.0 mmol/l NAC before they were labelled with Na,’'CrO,. Percentage
specific *!Cr-release was calculated with the following formula: (cpm experimental
release — cpm spontaneous release)/(cpm maximal release — cpm spontaneous
release) x 100% and compared with untreated target cells of peptide treated target
cells in the presence of 1.0 mmol/l NAC. The cpm release represents the average of
4-10 wells -+/- the SD.

Intra-cellular perforin staining

The CTL clones were also used to assess the effect of NAC on the release of intra-
cellular perforin upon stimulation with peptide treated BLCL. HLA-A*0201-
matched BLCL were incubated overnight in R10F with 10 umol/l peptide
(GILGFVFTL). Prior to the assay jpeptide treated BLCL and untreated BL.CL. were
washed twice in R10F and 1 x 10° cells were added to a 96-wells V-bottom plate.
The clones were washed in R10F and 2 x 10° cells were added to the target cells in a
final volume of 150 pl of R10F. After 30-120 min incubation at 37°C the cells were
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pelleted by centrifugation, washed once in PBS and fixed for 20 min using a 4%
paraformaldehyde (PFA) solution. All the subsequent steps were performed at 4°C.
Following centrifugation, 0.2 mol/l glycine was added for 20 min and the cells were
permeabilized with permeabilization buffer (PBS containing 5.0% FCS, 1.0%
normal mouse serum {ICN Biomedicals Inc., Aurora, Ohio, USA) and 0.1% saponin
(w/v) (Sigma) for 1 h. After centrifugation the cells were incubated for 1 h in
permeabilization buffer containing FITC-conjugated anti-human perforin mouse-
monoclonal antibody (MAb) (6722KK, BD Pharmingen, CA, USA) and RPE-Cy5-
conjugated anti-human CD8 mouse-MAb (C7079, Dako). An FITC-conjugated
IgGy, mouse-MADb was used as an isotype control to exclude non-specific binding of
anti-human perforin mouse MAb. The average mean-fluorescence of CD8” cells is a
measure for the amount of intra-cellular perforin present at any given time point in
the CTL clone, and represents the average of two individual wells.

Statistical analysis

Data were analysed using the Student's ¢ test for the effect of bioactive compounds
on the proliferation of BLCL and antigen stimulated PBMC, CTL activity, antibody
production and cytokine production. Significance in the BLCL toxicity assay and
cytokine production assay was set at P < 0.01, while P < 0.05 was considered
significant in the LST, CTL assay and antibody production assay.

Figure 1: N-acetyl-L-cysteine (NAC) enhances
soooo -, influenza virus-specific proliferative T cell
0001 ° TESPONSES in vitro.

20000 [*H]-thymidine incorporation was measured 5

g 15000 days after the stimulation of 10° PBMC with (A)
g 10000 I 1.0 pg/ml per strain Influvac 97/98 or (B) 0.2
g 5000 ~o— Donoes | g/mik per strain Influvac 97/98 in the presence of
E ot —— D7 | the indicated concentrations of NAC. Each data
ZTIE' a0000{ . point represents the average cpm + SD of three
£ 25000 individual wells. A significant increase in
< 0000 . proliferation was measured in donor 5 (@) and 7
15000 (V) after stimulation with 1.0 pg/ml per strain of
10000 Influvac 97/98 and in all three donors after
s000 stimulation with 0.2 pg/ml per strain Influvac

0 97/98.
000 100 10 1 0 * Indicates a significant increase in proliferation
Concentration NAG (pmolfl} (P< 005)
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Results

Dose range testing

The 25 compounds and their respective solvents were tested in serial dilutions for
their effect on the proliferation of BLCL, in order to identify non-inhibitory
concentrations. These inhibitory concentrations, both solvents and compounds, were

Figure 2: Chlorogenic acid enhances
influenza virus-specific proliferative T cell

Tesponses in vifro.

[*H]-thymidine incorporation was measured  §

5 d after stimulation of 10° PBMC with 1.0 E %

pg/ml per strain Influvac 97/98 in the ¥ 20000

presence of the indicated chlorogenic acid £ ...

concentrations. Each data point represents 5

the average cpm + SD of six wells. A § 10000 I
significant increase in proliferation was I 500 —o— Dornor2
observed with PBMC of donors 1 (@), 3 = 7 Donor3
(W) and 4 (V/), after the addition of 10 T T 5 o4 oo o
pmol/l or 50 pmol/l chlorogenic acid (P < o

0.05). Concentration chorogenic acid {umol/l)

* Indicates a significant increase in
lymphocyte proliferation (P < 0.05).

excluded from any further screening of immune enhancing effects of the bioactive
compounds on influenza virus stimulated PBMC. Ethanol and the ethanol:hexane
mixture had no effect on proliferation of BLCL when diluted 1:100 in RIOF. In
addition, H,Q and KOH (50 mmol/) could be diluted 1:1¢ in R10F without any
effect on BLCL proliferation. The majority of the compounds, when added to the
BLCL cultures at high concentrations showed an inhibition of proliferation {Tab. 2).
A second group of compounds had, within the concentration range tested, no
negative effect on BLCL proliferation. None of the compounds significantly
increased the proliferation of BLCL. However, daidzein at a concentration of 0.1
mmol/l and c-tocopherol (2.0 mmol/l) showed an increase in BLCL proliferation
from two donors in independently repeated assays. The concentration at which a
particular compound with its respective solvent produced no negative effects on the
proliferation of BLCL was further tested for bioactivity on influenza virus
stimulated PBMC.

Effect of bioactive compounds on influenza virus-specific lymphoproliferative
response in vitro

The capacity of bioactive compounds to enhance the in vitro lymphoproliferative
response to influenza antigen was tested in the LST. The highest concentration of
the compound with solvent mixture, which did not inhibit the proliferation of BLCL,
was used in the LST. In addition, several 5-10 fold serial dilutions were tested. The
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majority of the compounds had a negative effect at higher concentrations on the
proliferation of influenza virus antigen specific PBMC (Tab. 2). When these
compounds were added at lower concentrations, no effect on the influenza specific T
cell response was observed, with the exception of two compounds which increased
the in vitro influenza specific T cell response. NAC significantly increased (P <
0.05) the proliferation of PBMC with 40-50%, at a concentration of 1.0 mmol/l, in 2
out of 3 donors after stimulation with an optimal dose of influenza antigen (figure
l1a). Following stimulation with a suboptimal dose, 1.0 mmol/l NAC significantly
increased (P < 0.05) proliferation in all 3
donors with 40-250% (figure 1b).
In the presence of 10-50 pg/ml
chlorogenic acid the influenza virus-
specific lymphoproliferation was
significantly increased (P < 0.05) in 3 out
of 4 donors (figure 2}, when compared
with the control cultures. The 15-34%
increase in proliferation was only
observed when an optimal dose of
influenza antigen was used. No increase
in proliferation of unstimulated PBMC
was observed in the presence of both
NAC and chlorogenic acid. The results _, . .
Figure 3: Increased influenza antigen

arc rep res_entatlve for multiple assays induced production of interferon (IFN)-y in
performed independently. the presence of N-acetyl-L-cysteine (NAC).
In vitro IFN-y production after 5 d by 10°
Effect of NAC and chlorogenic acid PBMC stimulated with 1.0 pg/ml per strain
on in vitro CytOkinep?’OduCﬁOﬁ Influvac 97/98 in three donors in the
Compounds with immune enhancing Presence of _1.0 moUl NAC (black bars)
properties, identified in the LST, were compared with medium control (grey bars).
also used to study the cytokine production ](;)gllmr' 6 and 7 showed significant (P <
by PBMC after stimulation with influenza ) INSTeases mn IFN-y production. Each
] ; " data point represents the average IFN-y
virus antigen. The addition of 1.0 mmol/l  roquction + SD of 2 individual wells.
NAC increased the antigen induced IFN-y * Indicates a significant increase in IEN-y
production in all three donors in two production (P < 0.01).
independently performed assays (figure
3). The increase proved to be statistically
significant for two out of three donors (P < 0.01). In unstimulated control cultures
no IFN-y production was observed in the absence or presence of 1.0 mmol/l NAC
(data not shown). The increase in IFN-y production was 2-fold in two donors and 4-
fold in a third donor (donor 6). The IL-4 production remained below the detection
level and was not elevated above the detection level after the addition of 1.0 mmol/l
NAC (data not shown). The addition of 10-50 umol/l chiorogenic acid did not
increase the 1L-4 and IFN-y production in PBMC after an antigen specific stimulus.

. 1.0 mmo¥l NAC
* Medium control

IFN-y {ng/ml)
S wa N Wbk o~ DD

Denor5 Donoré Donor7
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Figure 4: N-acetyl-L-cysteine (NAC)
improves specific lysis of target cells by

5 CTL-clones.
50 4 . o Medum coneel Peptide treated BLCL were used as target
—v— 100 pmol NAG cells in a CTL assay and incubated with (A)
407 . a CTL clone specific for the HLA-A*0201-
30 restricted epitope M1z 44 of the influenza A
20 . matrix protein and (B) a CTL clone specific
l for the HLA-B*2705-restricted epitope
é 10 NP333_390 of the influenza A (H3N2)
g o nucleoprotein, at the indicated effector-to-
2 100 B . target cell (E:T) ratios. The addition of 1.0
80 . mmol/l NAC significantly (P < 0.01)
increased the specific lysis of target cells by
60 both CTL clones compared with the
40 ] addition of 100 pmol/l NAC or the medium
control. Each value represents the average
20 1 % specific lysis of four individual wells +/-
the SD and the results are representative of

several assays.
* Indicates a significant increase in specific
lysis (£ < 0.01).

o o
=y

25
E:T-ratio

Effect of NAC and chiorogenic acid on in vitro CTL activity

A significant increase (P < 0.01) in lysis during the 4 h incubation of the influenza
virus-specific CTL clones with their target cells at different E:T ratios, was observed
in the presence of 1.0 mmol/l NAC compared with the medium control and 100
pumol/l NAC (figure 4). This effect was predominantly attributed to CTL activity,
because a two-hour preincubation of the CTL clone resulted in a pronounced
increase of the specific lysis, comparable to the increase observed in CTL activity
when 1.0 mmol/l NAC was added during the CTL assay (figure 5a). Furthermore,
the preincubation of the target cells with 1.0 mmol/l NAC was found to have a
positive effect on the specific killing of the target cells (figure 5b). The effect of the
addition of 1.0 mmol/l NAC on the amount of intracellular perforin in the CTL
clone was tested at several time points after stimulation with peptide treated BLCL
or control BLCL. A rapid decrease in the amount of intracellular perforin in CD8"
cells was observed in the presence of peptide treated BLCL, however the release of
perforin was not influenced by the presence of 1.0 mmol/l NAC (figure 6).
Untreated BLCL did not trigger the release of intracellular perforin contents of the
CTL clone. The addition of 1.0 mmol/l NAC did not upregulate the HLA class I
expression on BLCL (data not shown). Finally, no effect of 10-50 pmol/l
chlorogenic acid was observed on the lytic capacity of the influenza virus-specific
CTL clones (data not shown).
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In vitro antibody produetion in the presence of bioactive compounds

The effect on antibody production in vitro was tested after a 5-day prestimulation of
PBMC with influenza virus. The highest non-inhibitory concentration, determined in
the LST, was added for a further 2 days, in which virus-specific 1gG antibodies were
produced. The addition of 1.0 mmol/l NAC or 50 umol/l chlorogenic acid had no
effect on the antibody production in two different donors (data not shown).
Unstimulated PBMC, with or without the addition of compounds, did not produce
virus-specific antibodies. The remaining compounds also failed to increase the
production of influenza virus-specific antibody in vitro (data not shown).

Discussion

In the present paper 25 bioactive compounds were screened for their in vitro
immune-enhancing effects. It was shown that in vitro NAC and chlorogenic acid
increased the influenza virus antigen specific proliferation of T cells significantly.
Chlorogenic acid, which is present at high concentrations in eggplant, green coffee
beans and apple (19, 27), has been shown to inhibit the complement system (7) and
to have no effect on other immune functions (8). It is not known whether
chlorogenic acid can reach immune-enhancing concentrations in vivo and further
investigations are required to demonstrate in vivo effects of chlorogenic acid.

A second bioactive compound, NAC, augmented the influenza virus-specific
lymphoproliferation 1.5-2-fold in two out of three donors. The results are in
agreement with those obtained by others, who reported a two-fold increase in
proliferation of PBMC after a mitogenic stimulus in the presence of 5.0 mmol/l

Figure 5: Preincubation of CTL and target
A cells with N-acetyl-L-cysteine (NAC)
80 1 - enhances specific lysis of target cells.
. Percentage specific lysis of peptide treated
target cells (BLCL) by the HLA-B*2705-
40 1 restricted nucleoprotein specific CTL clone at
an effector to target cell ratio of 5:1 is
presented. The two graphs represent the
] preincubation of the CTL-clone (A) or target

B cell (B) with 1.0 mmol/l NAC. The bars in
80 . each individual graph correspond to the
* medium control (Medium), preincubation
with 1.0 mmol/l NAC (preincubation) and the
40 addition of 1.0 mmol/f NAC during the CTL
assay (1.0 mmol/l NAC) as indicated. The
results are the average % specific lysis
0 measured in 20 wells + SD

Mediun  Preincubation 1.0 mmolt NAC * Indicates a significant increase in specific

lysis (P <0.01).

60 A

20

% specific lysis
o

60

20
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NAC (9). In addition, it was found that NAC increased IFN-y production after
stimulation with influenza virus, which was previously described for stimulation of
PBMC with anti-CD3 (3). Furthermore, NAC was found to increase cytolytic
function of antigen specific cytotoxic T cells. This effect could be attributed
predominantly to the action of NAC on the CTL clone, since preincubation with 1.0
mmol/! NAC significantly increased the lytic function of CTL clone to similar levels
compared with the addition of 1.0 mmol/l NAC during the 4 h incubation. However,
the increased cytolytic function was not a result of a faster release of perforin within
the first 2 h of the CTL-assay. A positive effect on the specific lysis, although to a
lesser extent, was also observed after preincubation of the target cells with 1.0
mmol/l NAC. This effect could not be explained by an upregulation of MHC class T
expression on the target cells. Another possible cause of the enhanced cytolytic
function was reported by Malorni et al (20}, who identified an increase in cytolytic
function of natural killer (NK) cells to a NK sensitive cell-line (K562), owing to
enhanced conjugate formation between the NK cell and the target cell.

The concentration at which NAC enhanced multiple immunological parameters in

Figure 6: Perforin release in a CTL-clone

is not influenced by the presence of 1.0 mmms Fepiide pulsed BLCL
H Peptide pulsed BLCL with 1.0 mmol NAC
mmob/1 N-acetyl-L-cysteine (NAC). = ol BLOL

Average amount of intra-cellular perforin
(mean fluorescence) in a CTL-clone,
specific for the HLA-A*0201-restricted 3001
epitope Mlspgs of the influenza A virus 25.0
matrix protein, incubated with peptide
treated BLCL in the absence of 1.0 mmol/l
NAC (black bars), or the presence of 1.0
mmol/l NAC (light grey bars), and control 10.0
BLCL (dark grey bars), at the indicated 50
iime points after stimulation. The CTL
clone was incubated with the BLCL at an
effector to target cell ratio of 2:1. The
results are the average mean fluorescence +
SD of two separate wells.

20.0 {
15.0 1

Mean fluorescence

0.0 -

Q20 120

Incubation time {min.}

vitro (1.0 mmoV/l, as described in this report) was previously reported to be
obtainable in vivo (13). In addition, it is described that the long-term treatment with
NAC reduces symptomatology and increases cell-mediated immunity after an
influenza infection in elderly subjects (6). From these data it can be concluded that
NAC has a favourable effect on the immune system. Immune enhancing properties
were not demonstrated for the remaining 23 compounds that were tested. Addition
of higher concentrations was in some cases not possible owing to toxic effects of the
solvent. A large group of flavonoids has also been assessed for enhancing properties
on the influenza virus-specific T cell response in vitro. The compounds were
generally immune suppressive, with genistein being the most potent, followed by
quercitin di-hydrate and daidzein, catechin, genistin. These results were in
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agreement with previous reports describing a reduced generation and effector
function of CTL in mice after the addition of flavonoids (28).

The absence of immune-modulating properties of several compounds, like daidzein
(35), vitamin E (33), which have been shown previously to have immune enhancing
effects may have several reasons: the presence of several vitamins and amino acids
in the serum and medium used for the different assays; differences in experimental
design, e.g. in vitro versus in vivo studies; influenza antigen versus mitogen induced
T cell proliferation; and functional differences between human and mouse
lymphocytes, The concentrations, which inhibited the proliferation of BLCL and the
antigen-induced proliferation of PBMC, were similar for most of the compounds.
However the difference in inhibitory concentrations for the antigen specific T cell
proliferation versus BLCL proliferation of some compounds like vitamin B6, lipoic
acid and several flavonoids was between 10-fold and 50-fold (Tab. 2). This may
indicate that these compounds have an effect on T cells or the antigen-presenting
cell (APC).

In conclusion, this is the first report to describe a positive effect of chlorogenic acid
on antigen-specific lymphoproliferation. The augmentation of multiple in vitro
immunological parameters by NAC suggests a beneficial effect of NAC on immune
responsiveness to invading pathogens, including influenza virus, and may lead to a
reduced symptomatology (6). The immune-modulating properties of these
compounds may perhaps be more potent in immune-compromised individuals, like
the elderly, although this remains to be examined.
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Chapter 8
Summarizing Discussion

It is well known that CTL contribute to controlling virus infections, including those
caused by influenza viruses. Therefore, various vaccine candidates that aim at the
induction of virus-specific CTL, like live-attenuated vaccines, virosomes and
immune-stimulating complexes, are evaluated at present. The studies presented in
this thesis were undertaken to investigate influenza virus-specific CTL-mediated
immunity and several factors that may influence the induction and functionality of
CTL-mediated immunity.

Immunodominance and preferred HLA usage in the influenza virus-
specific CTL response

Virus-specific CTL responses are directed against a limited number of peptides
derived from viral proteins. The CTL response to certain so-called immunodominant
epitopes is greater that to others, which is referred to as “immunodominance” (78,
80). Several factors contributing to immunodominance have been identified. These
include the available TCR repertoire, IFN-y expression, epitope abundance, epitope
binding affinity, antigen processing and HLA expression (3, 7, 12, 19, 52, 71, 72).
The effect of HLA background on immunodominance was first described in mouse
models in which it was shown that the H-2D"-restricted influenza A virus PAgsz
epitope-specific CTL response was reduced in the presence of a second MHC class I
allele (H-2K¥) (7, 24, 71). It was suggested that differences in TCR repertoire or the
level of MHC class I expression were responsible for changes in the magnitude of
epitope-specific CTL responses (7, 71).

In humans, the effect of HLA class I background on immunodominance profiles has
not been studied in great detail. We decided to investigate the effect of HLA class |
background on the influenza A virus-specific CTL response in PBMC of HLA-
genotyped blood donors (chapter 2 and 3). The donors were divided into three
groups of HLA-A and -B identical donors, each group sharing two or three HLA-A
or —B alleles with the other groups. The HLA haplotypes of these donors were
selected based on the prevalence in the Dutch population (67), the availability of
HLA class I-restricted influenza A virus-specific CTL epitopes (Tab. 2, chapter 1)
and the existence of HLA-transfected CIR cell-lines. The donors were between 30
and 55 years of age, in order to exclude negative effects of old age on functioning of
the immune system (for review, (58)). Furthermore, the donors must have been
infected at least twice with influenza A virus, which is a requirement for the
imprinting of CTL memory against immunodominant epitopes (10, 13).

The immunodominance hierarchies of virus-specific CTL epitopes was determined
ex vive in PBMC of HLA-typed donors using an ELIspot assay {chapter 2). The
most immunodominant CTL epitope of influenza A virus was the HLA-A*0201-
restricted M1s5.6 epitope, since the average precursor frequency of CTL specific this
epitope, was greater than the frequency of CTL specific for any other known
influenza A virus epitope. The second most dominantly recognized influenza A
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virus epitope was an HLA-B*2705-restricted (NP;g3.301) epitope. Among the least
well recognized influenza A virus CTL epitopes were the HLA-A1-restricted PB15p;.
sy cpitope, the HLA-A3-restricted NPjgs973 epitope and the HLA-B33-restricted
M1 23135 epitope. After in vitro stimulation of PBMC with influenza A virus, M1sz.¢6
and NP3g3.30; pulsed autologous BLCL were preferentially recognized, while PB1so,.
s99 and Mljsg13s pulsed BLCL were not. These data confirmed the
immunodominance hierarchies observed in PBMC ex vivo.

HLA class I background had an effect on the magnitude of epitope-specific CTL as
was demonstrated in our cohort of donors. The precursor frequency of CTL specific
for the HLA-B8-restricted NPigass epitope was lower in PBMC of HLA-B*2705
positive donors (group II) than in PBMC of HLA-B*2705-negative donors (group 1
and III}. This difference may have been caused by competition for presentation
between the HLA-B8-restricted NP3gy.355 epitope and the overlapping HLA-B*2705-
restricted NPsg3.301 epitope, as has been suggested previously (72). Also a greater
frequency of CTL specific for the HLA-Al-restricted NPy, epitope was observed
in PBMC of donors in group I. The mechanism behind this remains to be elucidated.
Variation in epitope-specific precursor frequencies as a result of HLA class I
background has recently been confirmed in humans infected with EBV (40).

In addition to CTL responses specific for selected epitopes, we studied the whole
influenza virus-specific CTL response restricted by individual HLA-A or —B alleles
(chapter 3). In PBMC of the HLA-typed donors, stimulated with influenza A virus,
the majority of virus-specific CTL recognized epitopes presented by HLA-B*2705
or HLA-B*3501, followed by HLA-A*0201 or HLA-A*0301. Only a very small
proportion of virus-specific CTL in the effector cell population, recognized HLA-
A*0101- and HLA-B*0801-restricted epitopes. The preferred usage of HLA
molecules by pathogen-specific CTL has never been demonstrated before in such
detail and the question was, whether this preferred usage was unique for the virus
studied and/or dependent on expressed HLA alleles (6). In contrast to the influenza
A virus-specific CTL response, HLA-B*0801 was the preferred allele in the
influenza B virus-specific CTL response. This indicates that the available repertoire
of epitopes presented within HLA class I molecules determine which alleles are
dominantly recognized and which are not.

Comparison of HLA-A or -B allele-specific responses in influenza A virus-
stimulated PBMC of the HLA-typed donors demonstrated that the HL.A-B*0801-
restricted virus-specific CTL response was lower in HLA-BS, -B27+ donors (group
II, chapter 2) than in HLA-B8, -B35+ donors (group I and III, chapter 2). This is in
agreement with our data based on peptide recognition and implies that there are no
other immunodominant HLA-B*0801-restricted influenza A virus-specific CTL
responses present in these donors. It can not be excluded that certain responses may
have been overlooked by the absence of certain epitopes in the virus (Resvir-9) used
for in vitro stimulation.

The proportion of influenza A virus-specific CTL, determined ex vive in PBMC by
ELIspot and after in vitro stimulation of PBMC by intracellular IFN-y staining, was
greater in PBMC of HLA-A2 positive donors (group I and II) than in HLA-A2
negative donors (group III). These data and those obtained previously demonstrating
that the duration of viral shedding is associated with greater precursor frequencies of
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virus-specific CTL in the blood (51), suggest that HLA-A2-positive individuals are
more resistant to influenza A virus infections than HLA-A2-negative individuals.
Thus the association of vaccine-induced antibody titers with HLA class II haplotype
(28), and the association of the magnitude of CTL response and HLA class I
haplotype indicate that susceptibility to influenza A wvirus infection may be
genetically predisposed. Further studies are required to demonstrate that indeed
HLA-A2-restricted CTL responses are superior in controlling influenza A virus
infections. It is tempting to speculate that a small increase in survival-rate of young
HLA-A2 positive individuals during the 1918 influenza A virus pandemic has
increased the HLA-A2 prevalence in Europe.

For various other pathogens, a comelation between disease and HLA class 1
haplotype has been identified (15, 38, 68, 77), ranging from HLA-B53 associated
protection against malaria (38) to more severe complications upon secondary
infections with dengue virus (68).

During the development of candidate vaccines aiming at the induction of CTL-
mediated immunity the preferred HLA usage and immunodominance of specific
CTL responses is not sufficiently appreciated. Furthermore, it is not always clear
which epitopes induce protective CTL. For example, it was shown that a
subdominant epitope in the NP induced better protection against LCMV-challenge
than an immunodominant epitope on the glycoprotein (27). Suppression of CTL
responses directed to certain epitopes by responses to other epitopes aiso have been
described in the SIV model. Vaccination with a poxvector expressing SIV-Gag,
resulted in reduced CTL responses to Rev and Tat proteins upon challenge of
macaques with SIV, compared to control monkeys or Rev-Tat vaccinated animals
(69). Since CTL against the early regulatory proteins, Rev and Tat, are inversely
correlated with rapid progression to AIDS (73), vaccination with MVA-Gag could
be counterproductive.

Functional diversity of influenza virus-specific CTL

Stimulation of CD8+ CTL populations with CIR cells expressing different HLA-A
or -B alleles revealed differential cytokine expression in the CD8+ T cells
dependent on the HLA restriction elements (chapter 3). In the HLA-A1-restricted
CTL population more TNF-a+ than IFN-y+ celis were observed in comparison with
CTL populations restricted by other alleles, in particular HLA-B*0801 and HLA-
B*3501. To further address functional diversity of CD8+ CTL specific for different
epitopes, tetramers may be used to quantify these cells, without the need of a
functional parameter. It is of interest to note that also in mice diverse cytokine
expression profiles in influenza virus-specific CTL have been observed depending
on the epitopes that were recognized (8). Tetramers have already been applied to
identify differences in perforin and surface marker staining in CTL effector cell
populations specific for EBV, CMV and HIV in the same individual (1, 2). These
studies alse showed a lower lIytic capacity of two HIV tetramer positive cell
populations in comparison with a CMV tetramer positive population. Recently it
was suggested that functional differences in virus-specific CTL may be involved in
establishing immunodominance patterns (65). The reason for this is unknown but
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may involve premature killing of APC by superior CTL.. In addition to differences in
cytokine expression profiles dependent on the HLA-A and -B alleles, HLA
dependent differences were found in the capacity of CTL to lyse their targets.
Further studies are required to confirm these functional characteristics of CTL
restricted by specific HLA alleles.

Diversity in expression profiles of cytokines, perforin and granzyme in virns-
specific CTL, further complicates the analysis of virus-specific CTL responses
induced by natural infection or by vaccines aiming at the induction of CTL.

CTL-mediated immune pressure on the HLLA-B35-resiricted NPj15.42¢
epitope

The importance of CTL in controlling an influenza A virus infection is underlined
by the obsgervation of amino acid variation in HLA-B*0801- and HLA-B*2705-
restricted CTL epitopes associated with escape from CTL immunity (64, 74). In
chapter 4 and 5 of this thesis, the identification of a new HLA-B35-restricted CTL
epitope (NP4j5.426) is described, which exhibited amino acid variation at non-anchor
residues. The variant epitopes emerged in chronological order and CTL directed
against old variants failed to recognize more recent strains of influenza A virus,
indicating an escape from CTL immunity. The variation in HLA-B27- and HLA-
B35-restricted epitopes correlates with the large contribution of these two alleles to
the mfluenza A virus-specific CTL response (chapter 3), explaining the immune
pressure exercised by these CTL on these epitopes. The weak CTL response
restricted by ancestral haplotypes HLA-A1 and HLA-B8 (21) could imply that
immunodominant epitopes presented in the context of these alleles have changed a
long time ago as a result of CTL-mediated immune pressure.

So far only three of all known influenza A virus-specific CTL epitopes have been
associated with escape from CTL-mediated immune pressure. The use of old
reference strains, like A/Puerto Rico/8/34 and A/Hong Kong/1/68 in the past may
have created a bias towards the generation of CTL clones specific for conserved
epitopes. Factors like, host-restriction, packaging or functional constraints may be
respansible for the conserved nature of these epitopes. Studies using PBMC isolated
many years ago in combination with old and recent strains of influenza A virus may
identify many more CTL epitopes in which amino acid mutations are associated
with escape from CTL.

Amino acid mutations associated with escape from CTL-mediated immunity may
prolong the duration of viral shedding. This may offer a better opportunity for
antibody escape mutant viruses to emerge (personal communication with B.
Grenfell). Finally, individuals infected with an escape mutant virus may be more
susceptible to the virus due to a reduced and delayed virus-specific CTL response. /n
vitre models using PBMC of HLA-B*2705+ donors, showed that the magnitude of
the virus-specific CTL response against escape mutant viruses is reduced (data not
shown, EGM Berkhoff). Computer modeling has indicated that despite only 8% of
the population is HLA-B27+, a mutant influenza virus lacking an HLA-B27-
restricted immunodominant epitope can reach rapid fixation in the human population

G31).
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The effect of amino acid mutations, associated with escape from virus-specific CTL,
on disease severity and immunity to the virus has been investigated in mouse models
(75). Mice infected twice with a virus lacking one immunodominant CTL epitope
were more susceptible to reinfection than mice infected twice with a control virus,
implying that CTL-escape mutant viruses have an advantage upon reinfection. The
advantage was lost if mice were reinfected with a virus lacking both
immunodominant CTL epitopes. It was speculated that the reduced killing of virus-
infected antigen-presenting cells gave tise to high levels of virus-specific antibody,
rendering these mice less susceptible to reinfection (75).

Recognition of variant NPy3 426 epitopes by NP4ig426-specific CTL

In chapter 5, the effect of amino acid mutations within the HLA-B335-restricted
NP, 5426 epitope on TCR recognition was studied. Using 11 naturally occurring
variants of the epitope and 9 different NP4gqa-specific CTL clones, the
concentration at which 50% of the target cells were lysed (ECsy value, (54)) was
determined. Based on the difference in ECsp values of two peptides, differing at a
single position in the epitope, position 4 and 5 were identified as the major
determinants of TCR recognition, while position 8 was not. The importance of
position 4 was shown previously for recognition of an HLA-B35-restricted CTL
epitope by dengue virus-specific CTL (81).

The ECsp values in combination with mathematical techniques (multidimensional
scaling) were used to construct an antigenic map visualizing the ability of CTL
clones to recognize the variant peptides. The distance between a variant epitope and
a CTL clone is a measure for the functional avidity of the CTL clone for the epitope.
The distance between two variant epitopes can be used as a measure for antigenic
relatedness. For example, the distance between epitopes that varied at position 4 was
greater than between epitopes that varied at position 8.

The ability of CTL to recognize variant NP4js46 epitopes was also studied, using
tetramers containing these variant epitopes. The presence of T cells that recognized
multiple variants was hypothesized to correlate with sequential infections with
viruses containing different variants of the epitope. In mice it has already been
shown that sequential infections with two influenza A viruses, containing different
variants of the same epitope, induced CTL reactive against both epitopes (33). In
some of the donors we found evidence supporting the induction of cross-reactive
CTL upon a second infection with a virus containing a variant epitope. Since it is
impossible to determine a person’s infection history with 100% certainty
experimental infections could be performed in HLA-B35+ individuals with a virus
containing a variant NP4js4z epitope. The induction of CTL able to recognize the
natural and the variant epitope would demonstrate that consecutive infections with
variant influenza A viruses will select for cross-reactive NP4jg426 specific CTL.

The ability of epitope-specific CTL clones to recognize multiple variants of a single
epitope (14, 81) may be a mechanism of the immune system to counteract amino
acid variation at non-anchor residues in CTL epitopes. Together with the many
different T cells stimulated upon primary infection, these mechanisms will limit the
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number of different epitopes that provide true escape from pre-existing CTL
immunity.

Reduced immune responsiveness in the elderly

The elderly are at higher risk for developing complications related to infections with
respiratory syncytial virus and influenza virus, resulting in higher morbidity and
mortality rates (5, 25, 32). In the Netherlands alone, 1000-4000 excess mortality
among the elderly can primarily be atiributed to an infection with influenza viruses
(63). The more severe clinical course of infections in the elderly is associated with a
reduced immune responsiveness, also called immunosenescence.
Immunosenescence has been associated with lower T cell proliferative responses
and IL-2 production. In addition CTL-mediated immunity, both in vivo (30) and ex
vivo (50, 60, 61), is reduced in the elderly. CTL activity is determined by a
combination of several factors including precursor frequency of virus-specific CTL,
proliferative capacity and effector functions per cell. In this study (chapter 6) all
three parameters were investigated.

Intracellular IFN-y staining in CD8&+ T cells demonstrated that the precursor
frequency of influenza A virus-specific CTL in young and old donors was
comparable. This finding has been confirmed by others (45) and suggest that the
elderly are capable of mounting a CTL response upon infection with influenza A
virus. Previous studies that determined IFN-y production with ELISA systems after
2-3 days of stimulation with influenza virus, did not account for differences in
proliferation of lymphocytes between young and old donors, which may have
skewed their data towards reduced IFN-y responses in aging donors (9, 16, 49, 56).
In contrast to previous studies, CTL activity of effector cells from elderly donors
was only slightly lower than that of young donors. Addition of rIL-2 to the in vitro
cultures to promote T cell proliferation (36, 37), and depletion of CD4+ T- and NK-
cells prior to the lysis assay, may have caused the difference in study outcome. As a
result of these procedures CTL activity as a function of cytolytic effector function
per cell was studied, instead of CTL activity as a function of frequency of virus-
specific CTL in the effector cell population. The lower effector cell function of CTL
obtained from elderly individuals may have been caused by a reduced expression of
perforin and granzyme (66). Finally it was shown that the proliferative capacity of T
cells of older donors after stimulation with influenza A virus was significantly
reduced. These data imply that the reduced CTL activity of PBMC from elderly
donors is for the most part caused by a reduction in proliferative capacity.

The effect of bioactive compounds on influenza virus-specific immune
response

Malnutrition and low levels of micronutrients in the blood reduce immune activity in
humans (42, 43, 48). Because of inadequate intake of one or more micronutrients by
30% of elderly individuals (23}, in combination with biochemical deficiencies (34),
it was thought that the reduced immune responsiveness in the elderly was caused by
poor nutrition. Several studies have indicated that improving nutritional status has a
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positive effect on immune function in elderly individuals (11, 17, 59). Some of these
studies have used vaccination against influenza A virus, in individuals with or
without food additives in their diet, to investigate the effect of bioactive compounds
on immune function (18, 26, 29, 35, 62, 76). To justify these labortous and
expensive field-trails, immune-enhancing effects of bioactive compounds must be
evaluated first in in vitro and in vivo practical model systems.

Twenty-five different bioactive compounds were selected based on previously
reported immune-enhancing properties, ranging from increased antibody production
to enhanced cell mediated immunity and HLA molecule expression (4, 20, 41, 47,
70). One compound, N-acetyl-L-cysteine (NAC) enhanced antigen-specific T cell
proliferation and IFN-y production in PBMC stimulated with influenza A virus
(chapter 7). Furthermore, NAC increased the lytic capacity of two influenza A virus-
specific CTL clones. These and other immune-enhancing properties of NAC are
thought to be caused by enhanced conjugate formation between effector and target
cell (46). The concentration at which NAC increases immunological parameters is
obtainable in vive (39) and it was demonstrated that NAC reduces symptomatology
and increases cell-mediated immune responses after influenza virus infection in the
elderly (22). Prevention of apoptosis and promotion of cell survival (79) by NAC
could be the mechanism behind the increased cell-mediated immune response, since
influenza virus is known to induce apoptosis in immune cells (53).

Addition of chlorogenic acid to in vitro stimulated PBMC increased virus-induced
proliferation of T cells but not IFN-y production of CTL effector cell function.
Although high concentrations of chlorogenic acid are present in eggplant and apples
(44, 57), upon digestion it is rapidly metabolized into hippuric acid (55), reducing
potential in vivo immune-enhancing effects of this compound.

The remaining 23 bioactive compounds did not enhance antigen-specific
proliferation of T cells, nor the in vifro production of virus-specific antibodies.
Although many of the compounds were known to reduce immune reactivity, the
absence of immune-enhancing properties of certain vitamins, like vitamin E, was
puzzling. Factors including nutrient levels in the human serum, antigen-specific
proliferation and age of the donors may be responsible for this.

Conclusion

Collectively, the data presented in this thesis have shown that multiple factors
influence the outcome of virus-specific CTL responses. First of all, the “pas de
deux” of available immunodominant epitopes and the epitope presenting HLA
molecules seems crucial in determining the magnitude and specificity of the CTL
response. This dependence on HLA haplotypes should be taken into account in the
development of vaccines aiming at the induction of CTL. The emergence of viruses
with mutations in immunodominant epitopes is another concern regarding the
induction of CTL immunity. However, the induction of cross-reactive CTL as was
shown in chapter 5 may limit this potential problem. Finally, a functional diversity
was observed in CD8+ T cells which was dependent on the peptide-HLA class I
complexes recognized. This and the impaired functionality of CTL during aging
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further complicate the evaluation of CTL immunity induced by natural infection or
vaccines.
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Een belangrijke functie van het immuunsysteem is het verdedigen van het lichaam
tegen virussen, bacterién, schimmels en parasieten. Naast een niet-specificke arm
van het immuunsysteem bestaat er ook een specifieke arm die gericht
lichaamsvreemde componenten kan herkennen en aanvallen.

Om een virusinfectie te bestrijden, ontwikkelt het lichaam virusspecifieke witte
bloedcellen zgn B- en T-cellen. B-cellen produceren antistoffen welke het virus
direct kunnen neutraliseren terwijl T-cellen en dan met name cytotoxische T-
lymfocyten (CTL) de duur van de infectie kunnen verkorten. Dit is mogelijk doordat
CTL met virus geinfecteerde cellen opruimen waardoor de aanmaak van nieuwe
virussen wordt gereduceerd. Hoe sneller dit gebeurt, hoe korter de duur van de
infectie en daardoor de duur van de ziekte. CTL kunnen onderscheid maken tussen
met virus geinfecteerde cellen en normale cellen doordat zij kleine stukjes van virale
eiwitten (epitopen genaamd) herkennen die worden gepresenteerd door speciale
moleculen aan de buitenkant van een menselijke cel. Deze moleculen worden HLA
(humaan leucocyten antigeen} moleculen genoemd en zijn sterk gevarieerd. Een
gegeven epitoop kan meestal door €én bepaald type HLA molecuul worden
gebonden en op het celopperviak gepresenteerd; dit verschijnsel heet restrictie. Als
virale epitopen worden herkend door bijbehorende specifieke CTL, dan worden de
CTL geactiveerd en dit leidt tot lysis van de met virus geinfecteerde cel en remming
van de virusvermeerdering in het lichaam. Eén van de virussen waarbij specificke
immuniteit een belangrijke rol speelt, is het influenza virus. Influenzavirussen zijn
de veroorzakers van de acute luchtweginfectie die beter bekend is als “influenza”.
Influenza kan heel heftig zijn en met name bij oudere mensen leiden tot emnstige
complicaties en zelfs de dood. In de studies voor dit proefschrift is de CTL respons
tegen influenza virussen nader onderzocht.

In hoofdstuk 2 wordt de respons tegen bekende CTL epitopen van influenza A
virussen behandeld. Van de tien bekende CTL epitopen werden sommige frequenter
herkend dan andere, een fenomeen dat immunodominantie wordt genoemd. Het
meest immunodominante epitoop was M1sg.¢6, dat wordt gepresenteerd door HLA-
A2, gevolgd door het NPsg3.39, epitoop dat door HLA-B27 wordt gepresenteerd.
Naast de efficiéntere herkenning van bepaalde CTL epitopen bleek ook dat het
aantal CTL specifiek voor het NPsgg.355 epitoop, dat wordt gepresenteerd wordt door
HLA-BS, kleiner was in HLA-B27 positieve dan in HLA-B27 negatieve donoren.
Ook was het aantal CTL gericht tegen het NP44s; epitoop, dat wordt gepresenteerd
door HLA-A1, groter in een bepaalde groep donoren met identieke HL.A moleculen
dan in twee andere groepen donoren met identicke HLA moleculen. Deze
verschillen in epitoop specifieke CTL responsen in groepen donoren met identieke
HLA moleculen, duiden erop dat de hoogte van de CTL respons athankelijk is van
het HLA fenotype van een persoon. Een ander voorbeeld van een genetische factor
bij de cellulaire immuunrespons is dat het totale aantal influenza A virusspecifieke
CTL hoger was in HHLA-A2 positieve dan in HLA-A2 negatieve donoren. Of de
betere CTL respons in HLA-A2 positieve donoren ook leidt tot een kortere
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ziekteduur bij influenza A in deze groep van individuen, dient nader te worden
onderzocht.

Omdat veel CTL epitopen van het influenza-A-virus nog niet bekend zijn, is het op
basis van de hier beschreven studies thans nog niet mogelijk om te zeggen welk
HLA-molecuul, door het presenteren van immunodominante epitopen van het
influenza A virus, de voorkeur heeft bij influenza A virusspecifieke CTLs. Op basis
van bekende epitopen zouden we kunnen concluderen dat HLA-A2 gerestricteerde
epitopen dominant zullen zijn. Om binnen de totale influenza A virusspecifieke CTL
respons toch de voorkeur voor HLA moleculen met bekende en nog onbekende
epitopen te kunnen bepalen, is gebruik gemaakt van cellen die slechts één type HLA
molecuul tot expressie brengen. In deze cellen zijn alle bekende en onbekende
CTL-epitopen voor hun presentatie athankelijk van dit ene type HLA molecuul.
Met behulp van deze cellen werd aangetoond dat het grootste deel van de influenza
A virusspecifieke CTL epitopen herkennen die worden gepresenteerd door HLA-
B27 of HLA-B35 (hoofdstuk 3). Ook herkent een groot deel van de CTL, HLA-A2
en HLA-A3 gerestricteerde epitopen. Het aantal CTL specifiek voor epitopen
gepresenteerd door HLA-A1 en HLA-BE bleek daarentegen klein.

Dezelfde techniek is gebruikt om te bepalen welke HLLA moleculen worden herkend
door influenza B virusspecificke CTL. In tegenstelling tot CTL tegen influenza A
virussen herkennen de meeste influenza B virusspecifieke CTL epitopen
gepresenteerd door HLA-BS. Hieruit blijkt dat de voorkeur voor bepaalde HLA
moleculen afthankelijk is van het virus ofwel de virale epitopen die worden
gepresenteerd, en niet of in mindere mate van het HLA molecuul zelf.

In hoofdstuk 4 wordt een nieuw CTL-epitoop van het influenza A virus (NPyjs426)
beschreven dat wordt gepresenteerd door HLA-B35. Dit epitoop wordt herkend door
influenza A virusspecifieke CTL en kan €€n van de nog onbekende epitopen zijn
die verantwoordelijk zijn voor de voorkeur van influenza A virusspecifieke CTL
voor HLA-B35. Toen de aminozuursequentie van dit HLA-B35 epitoop uit
influenza A virussen van nu en vroeger werden vergeleken, bleek deze sequentie in
de loop van de tijd te zijn veranderd. Nader onderzoek gaf aan dat CTL gericht tegen
oudere varianten van het NP, ;5425 epitoop niet in staat waren om de huidige variant
van het NP4 .14 epitoop te herkennen. Toen de huidige epitoopvariant ontstond, had
het virus met deze mutatie dus mogelijk een voordeel ten opzichte van de andere
circulerende virussen waarvan het NPy 5.2 epitoop wel door de CTL werd herkend.
Hiermee is een aanwijzing gevonden dat niet alleen antistof maar ook cellulaire
immuniteit antigene drift van humaan influenzavirus kan bewerkstelligen.

De bovenbedoelde veranderingen in aminozuursequentie vonden plaats op posities
4, 5, 6 en 8 van het epitoop NPy 5.42¢ (hoofdstuk 5). Het effect van elk van deze
aminozuurveranderingen (mutaties) op de herkenning door NP4j5426 specifieke CTL
is onderzocht. De mutaties op posities 4 en 5 hadden als gevolg dat de meeste CTL
klonen het epitoop niet langer herkenden. De mutaties op posities 6 en 8 hadden
weinig of geen effect op de herkenning van het epitoop door CTL klonen. Van de
negen CTL klonen waarmee het effect van de verschillende mutaties werd
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onderzocht, bleek er één geen onderscheid te maken tussen de verschillende
varianten van het epitoop. Dat CTL meerdere varianten van hetzelfde epitoop
kunnen herkennen, wijst op het vermogen van het immuunsysteem om virussen die
muteren soms toch te blijven herkennen.

Omdat er in de laatste decennia voornamelijk twee influenza A virussubtypen
(HINI en H3N2) circuleren die verschillen in hun NPy 5426 epitoop, is de
herkenning van beide varianten van dit epitoop door CTL in bloed van HLA-B35+
donoren bestudeerd. In witte bloedcellen gestimuleerd met één van beide subtypen,
werden CTL aangetoond die meestal één maar soms beide varianten van het epitoop
konden herkennen. Omdat deze varianten in twee verschillende influenza A
virussubtypen aanwezig zijn, kon er door middel van serumonderzoek worden
gekeken of infecties in het verleden van de donoren met beide subtypen
geassocieerd zijn met de aanwezigheid van kruisreagerende CTL die beide
epitoopvarianten herkennen. Bij twee van de vijf donoren bleek dit inderdaad het
geval.

Naast de hierboven beschreven meer fundamentele vraagstellingen betreffende de
CTL respons tegen influenza virussen, is de CTL immuniteit tegen influenza A virus
in ouderen ten opzichte van jongeren onderzocht (hoofdstuk 6). Van ouderen is
bekend dat deze vaak een minder goed functionerend immuunsysteem hebben wat
met name lijkt te worden veroorzaakt door functionele defecten in T-helper cellen.
T-helper cellen helpen bij het tot stand komen van zowel een goede antistof- als een
goede CTL respons. Als gevolg van genoemde functionele defecten zijn bij ouderen
beide responsen tegen virussen verminderd. CTL activiteit wordt bepaald door
kwalitatieve en kwantitatieve parameters, waaronder het totale aantal virusspecificke
CTL, de snelheid waarmee deze cellen na contact met het specificke antigeen gaan
delen en de mate waarin CTL met influenza virus geinfecteerde cellen kunnen
lyseren of anderszins in deze cellen de virusreplicatie kunnen doen afnemen. Het
aantal influenza virusspecificke T-cellen in het bloed van jonge donoren bleck niet
te verschillen van dat bij oudere donoren. Wel was de capaciteit van influenza
virusspecifieke CTL van jongeren om met virus geinfecteerde cellen te lyseren beter
dan die bij ouderen. Het grootste verschil dat werd gevonden tussen T-cellen van
jongeren en ouderen was echter hun delingssnelheid na toevoeging van influenza
virus.

Voeding kan een belangrijke rol spelen in de afweer tegen infectieuse agentia. Met
name bij jonge kinderen en ouderen kunnen voedingscomponenten het goed
functioneren van het immuunsysteem bevorderen. In de studies voor dit proefschrift
is van een aantal bioactieve stoffen bepaald of zij de respons van influenza
virusspecifieke T-cellen kunnen verbeteren. Van de 25 geteste bioactieve stoffen
bleken er twee een positief effect te hebben op de delingssnelheid van witte
bloedcellen na stimulatie met influenza A virus (hoofdstuk 7): toevoeging van N-
acetyl-L-cysteine aan T-cel cultures verhoogde de delingscapaciteit van deze cellen.
Daarnaast gingen de T-cellen meer interferon-y produceren en bleken
virusspecifieke CTL beter in staat om met virus geinfecteerde cellen te lyseren. De
tweede stof is chlorogeenzuur, welke alleen de delingscapaciteit van witte
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bloedcellen verhoogde. Deze data wijzen erop dat de twee genoemde
voedingscomponenten inderdaad het functioneren van het immuunsysteem kunnen
verbeteren. Vervolgstudies in muizen en klinische studies moeten aantonen of beide
stoffen ook werkelijk een positief effect hebben op het reduceren van de ernst van
het klinisch verloop van infecties, in het bijzonder van influenza.
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11.

Stellingen
Behorende bij het proefschrift
‘Cytotoxic T lymphocyte-mediated immunity to influenza’

De mate van herkenning van virale peptiden in associatie met HLA allelen door
virusspecifieke cytotoxische T-lymfocyten (CTL) is mede afhankelijk van de
presentatie van virale peptiden door andere HLA allelen (dif proefschrift),

De intensiteit van de influenza A virusspecifieke CTL respons wordt mede
bepaald door het HLA genotype van de gastheer (dit proefchrif?).

De voorkeur voor herkenning van HLA allelen in associatie met virale peptiden
door virusspecifieke CTLs is mede athankelijk van het virustype (dit

proefschrifi).

Influenza A virusspecifieke CTL activiteit veroorzaakt antigene drift (dif
proefschrifi).

De reductie in virusspecifieke CTL activitsit bij ouderen is mede het gevolg van
verminderde delingscapaciteit van T-cellen (dit proefSchriff).

Partnerkeuze op basis van lichaamsgeur verhoogt de MHC diversiteit in het
nageslacht (Jacobs, S. Nature Genetics 2002 Feb; 30(2):175-9).

Computermodeilen (Derek Smith, Vaccine, 2003) zullen in de toekomst bepalend
zijn voor de stamkeuze voor influenzavaccins.

De mediahype betreffende bioterrorisme en biologische oorlogsvoering wordt
misbruikt voor het rechtvaardigen van oorlogshandelingen.

Het Europese landbouwbeleid is een effectief massavernietigingswapen.

Een influenza A virus “early-warning” systeem met serologische surveillance in
pluimvee en wilde vogels & één miljoen euro per jaar zou een uitbraak van
vogelpest in Nederland & één miljard euro hebben voorkomen.

Een éénmalige investering van honderd miljoen euro aan antivirale middelen ter
bestrijding van een influenza pandemie, zal veel meer mensenlevens sparen dan
de vele miljarden die de komende jaren extra worden besteed aan
verkeersveiligheid, brandpreventie en “blauw op straat”.

Jacco Boon, Rotterdam, 17 september 2003






