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The loss of immunodominant epitopes affects interferon-y
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Introduction

Cytotoxic T lymphocytes (CTL) play an important role in
the control of viral infections, including those caused by
influenza viruses. In mice, mortality caused by influenza
virus infection was reduced and more efficient viral clear-
ance was shown upon adoptive transfer of virus-specific CTL
[1-5]. In addition, mice lacking major histocompatibility
complex (MHC) class I-restricted CD8" T cells show delayed
viral clearance and increased mortality [6—8]. In humans, the
level of influenza virus-specific CTL activity correlated with
the rate of viral clearance upon infection [9,10]. However,
like certain other viruses [11-13], influenza A viruses can
evade CTL responses by amino acid substitutions in CTL
epitopes [14—18]. The R384G substitution in the influenza
virus nucleoprotein (NP) is at the anchor residue of the
human leucocyte antigen (HLA)-B*0801-restricted NPsg-3s5
epitope and the HLA-B*2705-restricted NPsg-50, epitope,
and prevented binding of the epitopes to their correspond-
ing MHC class I molecules and recognition by specific CTL
[16,18,19]. Also, amino acid variation at T cell receptor
(TCR) contact residues, like the amino acid substitutions at
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Summary

In the present study, we examined the effect of the loss of the human leucocyte
antigen (HLA)-B*3501-restricted nucleoprotein (NP)4i5-426 epitope on inter-
feron (IFN)-y-production and lytic activity of the human cytotoxic T lym-
phocyte (CTL) response in vitro. Extensive amino acid variation at T cell
receptor contact residues of the NP,i5_16 epitope has led to repeated evasion
from specific CTL. We generated recombinant influenza viruses with variants
of the NPy;5_456 epitope, which were used to stimulate peripheral blood mono-
nuclear cells obtained from six HLA-B*3501-positive study subjects in order
to expand virus-specific CTL. Loss of the NP4 epitope resulted in a sig-
nificant reduction of IFN-y-expressing CD8" T cells, similar to that observed
previously after the loss of the HLA-B*2705-restricted NPsg3 301 epitope. In
addition, the effect of the loss of the NP4is_s6 epitope on the lytic activity of
the virus-specific CTL response was assessed. Also this functional property of
the virus-specific CTL response was affected significantly by the loss of this
and the NPsg3_30; epitope, as determined using the newly developed fluorescent
antigen-transfected target cell (FATT)—CTL assay. These findings indicate that
the loss of single immunodominant epitopes affects the functionality of the
virus-specific CTL response significantly.
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positions 421, 422, 423 and 425 of the hypervariable HLA-
B*3501-restricted NPyj5_p6 epitope, can result in evasion
from specific CTL. Variants of the NP,5_46 epitope emerged
over time, and NP,;5_4-specific CTL directed against earlier
virus strains failed to recognize more recent variants of influ-
enza A virus, indicating escape from CTL immunity [17].
The high degree of amino acid variability in the latter
epitope is driven probably by CTL that recognize their
epitope with high functional avidity [20]. Amino acid sub-
stitutions at anchor residues were not observed in the
NP,5-426 epitope, which may be explained by functional con-
straints, as we have shown recently that the replacement of
the anchor residue at position 419 of the NP impaired viral
fitness [21]. For some NP45_456 epitope variants, a small pro-
portion of the CTL directed against one epitope variant
cross-reacted with another epitope variant [22,23]. In a sub-
sequent infection with an influenza virus with the corre-
sponding variant epitope these cross-reactive CTL may be
expanded further, indicating that immune evasion may be
only temporary.

In the present study, we examined the impact of the loss of
the NPyjs_p6 epitope on the human influenza virus-specific
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Table 1. Substitutions introduced in influenza A virus cytotoxic T lymphocyte (CTL) epitopes.

Epitope Amino acid substitutions Designated name Year of isolation TCIDso/ml*
NP3g3-301 S R Y w A I R R 384R <1993 6875
G 384G 1993-2006 7:000
NPyi5-426 L P F E K S T M ESV 1980-2004 7175
D P DPI 1957-72 7-000
D R T DRI 1934 7-125

*Upon rescue of recombinant viruses containing the respective epitope sequence, the infectious virus titres were determined and expressed as

TCIDsp/ml (Log). NP: nucleoprotein.

CTL response in vitro. We have shown previously that the
loss of the HLA-B*2705-restricted NPsg;_50; epitope affected
the human influenza virus-specific CTL response in vitro
significantly, as measured by the number of IFN-y-
producing CD8" T lymphocytes [19]. However, for the elimi-
nation of virus-infected cells and viral clearance, the lytic
activity of virus-specific CTL may be more important
[24-27]. Therefore, we investigated the effect of the loss of
the HLA-B*2705-restricted NPsg330, and the HLA-B*3501-
restricted NPyis 426 epitope on the lytic activity of the influ-
enza virus NP-specific response, in addition to the effect on
IFN-y production. To this end, influenza viruses with various
NP,is46 epitope sequences were generated by reverse
genetics. Using in vitro-stimulated peripheral blood mono-
nuclear cell (PBMC) cultures, we assessed the virus-specific
CD8* T cell response directed against influenza virus with
variants of the NP,5_46 epitope by tetramer and intracellular
IFN-v staining and flow cytometry. For measurement of the
lytic activity of clonal and in vitro-expanded polyclonal T cell
populations, we used the newly developed fluorescent
antigen-transfected target cell (FATT)-CTL assay, which is
based on the use of target cells transfected with plasmids
expressing viral proteins fused to green fluorescent protein
(GFP) [28]. This procedure allowed the detection of a sig-
nificant reduction of the NP-specific lytic activity of the
human influenza virus-specific CTL response caused by the
loss of the HLA-B*2705-restricted NPsg-30; and the HLA-
B*3501-restricted NP4s-426 epitopes.

Materials and methods

Plasmids

For the generation of recombinant influenza viruses, a
bidirectional reverse genetics system based on influenza
virus A/Netherlands/178/95 (A/NL/178/95; H3N2) was used
[21]. Site-directed mutagenesis (QuikChange site-directed
mutagenesis kit; Stratagene, La Jolla, CA, USA) of the NP
segment was performed to alter the NPis;_s0 or NPyjs a6
sequence, as listed in Table 1. For the construction of FATT—
CTL assay vectors, the variant NP genes were cloned into the
multiple cloning site of Living Colors vector enhanced green
fluorescence protein gene (pEGFP)-N1 (Becton Dickinson,
Alphen a/d Rijn, the Netherlands) in frame with the open-
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reading frame of GFP, using restriction enzymes Nhel and
Agel. Read-through of the GFP gene was achieved by delet-
ing the stop codon of the NP gene. Sequence analysis was
performed for all recombinant plasmids, using a Big Dye
Terminator version 3-1 cycle sequencing kit (Applied Biosys-
tems, Foster City, CA, USA) and an ABI PRISM 3100 Genetic
Analyser (Applied Biosystems), according to the manufac-
turer’s instructions. All polymerase chain reaction (PCR)
primer sequences and plasmid maps are available on request.

Generation of viruses

Recombinant viruses were generated and titrated as
described previously [19,21,29,30], and were designated cor-
responding to the substitutions indicated in Table 1. To
confirm the introduction of the mutations and to exclude
the introduction of second site mutations, the nucleotide
sequences of the corresponding full-length genes were
assessed.

Isolation and stimulation of virus-specific CD8" T
lymphocytes

HLA-typed PBMC from healthy blood donors, between 35
and 50 years of age, were isolated from heparinized blood
(Sanquin Bloodbank, Rotterdam, the Netherlands) by
density gradient centrifugation using Lymphoprep (Axis-
Shield PoC, Oslo, Norway) and were cryopreserved at
—135°C. All study subjects had serum antibodies against one
or more influenza A virus strains (HIN1 or H3N2) [22,31],
indicating one or more exposures to influenza A virus. Per-
mission to use the PBMC for scientific research was obtained
from the blood donors by informed consent.

In vitro stimulation of PBMC with influenza A viruses was
performed as described previously [31]. CD8" cells were
isolated from the in vitro-expanded PBMC cultures by
magnetic sorting, using a CD8 MicroBeads kit (Miltenyi
Biotech GmbH, Bergisch Gladbach, Germany), according to
the manufacturer’s instructions. The isolated CD8" cells
were used as effector cells in the FATT-CTL assays.

Generation of CD8" T cell clones directed against the
HLA-A*0101-restricted epitope NPy_s,, the HLA-A*0201-
restricted epitope Mlssqs, the HLA-B*2705-restricted
epitope NPis30 and the different variants of the

297

Journal compilation © 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 296-306



E. G. M. Berkhoff et al.

HLA-B*3501-restricted epitope NP5 46 has been described
previously [18,22].

Target cells

B-lymphoblastoid cell lines (BLCL) [32] and an HLA-
B*3501-transfected CIR cell line, kindly provided by M.
Takiguchi, were used as target cells. For infection with
recombinant influenza viruses, 10° target cells were infected
at a multiplicity of infection (MOI) of 3 in a volume of 1 ml.
After incubation for 1 h at 37°C the cells were resuspended in
RPMI-1640 medium (Cambrex, East Rutherford, NJ, USA)
supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 100 IU/ml penicillin and 100 pg/ml streptomy-
cin (R10F) and incubated for 16-18 h. For exogenous
protein labelling, 50 g recombinant influenza virus nucle-
oprotein (rNP), derived from influenza virus A/PR/8/34
(rNP-PR), A/HK/2/68 (rNP-HK) or A/NL/18/94 (rNP-NL),
was added to 10° cells in 1 ml R10F [33]. Peptide labelling
was performed by incubating 10° cells/ml overnight with
5 UM peptide in R10F. Peptides were manufactured, high-
performance liquid chromatography (HPLC)-purified
(immunograde, 85% purity) and analysed with mass spec-
trometry (Eurogentec, Seraing, Belgium). For transfection,
8 g plasmid DNA (1 pg/ul) was added to 2 x 10° BLCL,
resuspended in 100 pl solution V (Amaxa Biosystems,
Cologne, Germany) at room temperature. Subsequently, the
cells were electroporated in 2 mm electroporation cuvettes
(Amaxa Biosystems), using program T16 in the Nucleofec-
tor™ (Amaxa Biosystems). Immediately after electropora-
tion, 500 ul R10F (37°C) was added. Cells were transferred to
a 24-well plate for overnight incubation.

Cell staining and flow cytometry

Tetramer staining was performed on the in vitro influenza
virus-expanded PBMC cultures, as described previously
[22]. The allophycocyanin (APC)-conjugated tetramers
consisted of HLA-B*3501 molecules complexed with the
NP,5-426 epitope variants ESV and DPI. In addition, phyco-
erythrin (PE)-conjugated tetramers were used, consisting of
HLA-A*0101- and -A*0201 molecules complexed with the
NP5 or Mlss g epitope, respectively. At least 10* CD8*
events were acquired using a fluorescence activated cell
sorter (FACS)Calibur (Becton Dickinson) flow cytometer.

Intracellular IFN-y-staining was performed as described
previously [19]. Approximately 5% 10° CD3* CD8" events
were acquired by flow cytometry. The data were analysed
using the software program CellQuest Pro (Becton
Dickinson).

Assays to determine the lytic activity of the CTL
response

Classical chromium-release assays were performed as
described previously [31]. For the newly developed FATT—
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CTL assay [28], 1000 viable GFP-positive target cells were
incubated with CTL clone at effector : target (E : T) ratios of
10, 3, 1, 0-3 and 0-1 for 4 h at 37°C, or with CD8" cells
isolated from in vitro expanded PBMC cultures at E : T ratios
of 10, 3, 1 and 0-3 for 4 h at 37°C, or with ex vivo (non-
stimulated) PBMC at E : T ratios of 100, 30,10 and 3 for 18 h
at 37°C in 200 pl R10F supplemented with rIL-2 (50 U/ml).
The flow rate (ul/s) was determined by calibrated number of
beads (TruCOUNT tubes; Becton Dickinson). Ethylenedi-
amine tetraacetic acid (EDTA) (final concentration
2-5 mmol/l) and the fluorescent dye TOPRO-3 iodide (final
concentration 25 nmol/l; Molecular Probes, Invitrogen,
Paisley, UK) were added to prevent clustering of cells and to
identify viable (TOPRO-3-negative) cells, respectively, and
the samples were incubated for an additional 20 min at 37°C.
Each sample was acquired for a fixed period of 60s. The
forward-scatter acquisition threshold was set to exclude
debris. The FL-1 (GFP) acquisition threshold was set to
reduce GFP-negative events. A constant flow rate was moni-
tored in a time—event histogram. The data were analysed
with CellQuest Pro. The percentage-specific lysis was calcu-
lated with the formula: [(viable GFP* events without
effector-viable GFP* events with effector)/(viable GFP*
events without effector)] X 100%. The FATT-CTL assays
were performed in duplicate and the data were presented as
the average.

Results

Replication and recognition of influenza
NP,5-426-variant viruses

By reverse genetics, identical influenza viruses A/NL/178/95
were generated which differed regarding only their NPys 46
epitope sequence. Because the next evading amino acid sub-
stitution within the NPy5_4,6 epitope cannot be predicted, we
used the historical epitope sequence of influenza virus A/PR/
8/34 (LPFDRTTIM, referred to further as DRI), isolated in
1934, and the sequence of an epitope variant that circulated
from 1957 to 1972 (LPFDKPTIM, referred to further as DPI)
for the generation of viruses ‘without’ the NP;5_16 epitope.
Both epitope sequences are not recognized by CTL specific
for the current epitope variant (LPFEKSTVM, referred to
further as ESV) [17,22]. In addition, we hypothesized that
these natural sequences would not be detrimental to viral
fitness and would yield viable viruses. The recombinant
viruses could indeed be rescued and replicated to similar
titres in MDCK cells. The growth kinetics of all three viruses
was similar (data not shown). The infection rate of BLCL was
also comparable, as determined by positive staining for NP
(data not shown). BLCL that were infected with the three
NP,j5_p6-variant viruses were all recognized equally well by
CD8" T cell clones specific for the conserved HLA-A*0101-
restricted NPy, and HLA-A*0201-restricted M1ss
epitopes (Fig. 1), indicating that the substitutions did not
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Fig. 1. Recognition of B-lymphoblastoid cell lines (BLCL) infected with recombinant influenza viruses by cytotoxic T lymphocyte (CTL) clones.
HLA-A*0101, -A*0201 and -B*3501-positive BLCL were infected with influenza virus A/NL/95-ESV (@), -DPI (A) or -DRI (V), or left untreated
(O), and used as target cells for CD8" T cell clones specific for the human leucocyte antigen (HLA)-A*0101-restricted nucleoprotein (NP)4-s,
epitope, the HLA-A*0201-restricted M1ss_¢ epitope or the HLA-B*3501-restricted NPy 456 epitopes ESV or DPI in a classical chromium-release

assay. CTL clones were added at different effector : target ratios as indicated, and specific lysis was calculated. The chromium-release assay was

performed in quadruplicate and the data are presented as the average.

affect infection, antigen processing or presentation of the
mutant viruses. In contrast, T cell clones directed against the
NP,i5-426 epitope variants DPI and ESV lysed only cells that
were infected with the influenza virus that contained the
homologous epitope. Influenza virus A/NL/95-DRI infected
cells were not recognized by either of these NPyjs_s6 epitope-
specific CTL clones. Next, the three variant viruses were used
to stimulate PBMC obtained from HLA-B*3501-positive
study subjects (Table 2) in order to expand virus-specific
CD8" T lymphocytes. The proportion of ESV- and DPI-
specific CTL within the CD8* population was determined by
tetramer staining. A representative result obtained with the
PBMC of an HLA-B*3501-positive study subject is shown in
Fig. 2. On average 7-2% (ranging from 0-1 to 22-4%) of all
CD8" T cells were ESV-specific in PBMC cultures stimulated
with influenza virus A/NL/95-ESV. In contrast, ESV-specific
CD8" T cells were virtually absent in PBMC cultures
stimulated with influenza virus A/NL/95-DPI and -DRI.
In the A/NL/95-ESV-stimulated PBMC cultures of two
HLA-B*3501-positive study subjects (5507 and 5526), ESV-

specific CD8" T cells were undetectable; however, in the
PBMC expanded after stimulation with influenza virus
A/NL/95-DPI of one of these two study subjects (5526),
7-9% DPI-specific CD8" T cells were detected. Tetramer
staining for NPy_s,- and M1ss-specific CD8* T lympho-
cytes indicated that the infection of PBMC and subsequent
stimulation was successful after stimulation with the three
viruses, as the percentage of NP, s, and M1ss¢-specific CTL
was comparable in the three PBMC cultures of the indi-
vidual study subjects. The results obtained for each indi-
vidual study subject are shown in Fig. 3 (upper panel).

Effect of mutations in the NPy5-46 epitope on the
virus-specific CTL response in vitro

To assess the effect of the loss of the NPyj5_15 (ESV) epitope
on the influenza virus-specific CTL response in vitro, PBMC
obtained from the six HLA-B*3501-positive study subjects
were stimulated with influenza viruses A/NL/95-ESV, -DPI
or -DRI. After expansion, the number of virus-specific CD8*

Table 2. Human leucocyte antigen (HLA)-A and -B genotypes of the six individuals included in this study, and proportions of virus- and nucleoprotein
(NP)415-126 epitope-specific CD8 T cells in peripheral blood mononuclear cells (PBMC) stimulated with influenza virus A/NL/95-ESV.*

% of CD8" T cells specific for Relative proportion

(%) specific for

Symbols Donor HLA-A and -B haplotypes A/NL/95-ESV NP, 426 ESV NP5 426 ESV
[ J 3180 A*0101 A*0201 B*0801 B*3501 40-02 14-20 35-5
A 6358 A*0101 A*0201 B*0801 B*3501 3841 5-89 153
v 0775 A*0101 A*0201 B*0801 B*3501 27-70 4-12 149
O 5507 A*0101 A*0301 B*0801 B*3501 14-75 1-50 10-2
A 5526 A*0101 A*0301 B*0801 B*3501 19-05 4-37 229
W 6877 A*0101 A*0301 B*0801 B*3501 1872 3-73 19-9

infected or nucleoprotein (NP)15-426 peptide-pulsed major histocompatibility complex (MHC) class I-matched BLCL.
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Fig. 2. Tetramer staining of peripheral blood mononuclear cell (PBMC) expansion cultures stimulated with various influenza virus variants. PBMC

stimulated with influenza virus A/NL/95-ESV, -DPI or -DRI were stained with phycoerythrin (PE)-conjugated tetramers consisting of human

leucocyte antigen (HLA)-A*0101- and -A*0201-molecules complexed with the nucleoprotein (NP)4-s, or M1ss_ epitope, respectively, and

allophycocyanin (APC)-conjugated tetramers consisting of HLA-B*3501 molecules complexed with the NPyj5_46 epitope variants ESV and DPI as

indicated. The data of a representative experiment are shown (study subject 6358). The percentages indicate the proportion of tetramer-specific
cytotoxic T lymphocytes (CTL) within the CD8* T cell population.

Fig. 3. Recognition of nucleoprotein (NP)j5-426
epitope variants by human leucocyte antigen
(HLA)-B*3501-positive peripheral blood
mononuclear cell (PBMC) cultures. PBMC
obtained from HLA-B*3501-positive study
subjects were stimulated with influenza virus
A/NL/95-ESV, -DPI and -DRI as indicated. The
symbols correspond to individual study subjects
listed in Table 2. The cells were stained with
tetramer (upper panels) as indicated. In
addition, epitope-specific CD8" T cells were
detected by staining for interferon (IFN)-y
expression after restimulation with major
histocompatibility complex (MHC) class
I-matched B-lymphoblastoid cell lines (BLCL)
incubated with the peptides M1s; 66
(GILGFVFTL), nucleoprotein (NP)s,
(CTELKLSDY) or NPyj5-46 (ESV, DPI, DRI)
(lower panels). The M1ss_¢¢-specific responses
were indicated only for the subjects that were
also HLA-A*0201-positive.
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The data of a representative experiment are
shown (study subject 3180).

T cells was determined upon induction of IFN-y expression
by restimulation with MHC class I-matched BLCL or HLA-
B*3501-transfected CIR cells that were infected with the
three viruses. The percentage of IFN-y* CD8" T cells after
restimulation of the expanded PBMC cultures with peptide-
labelled stimulator cells correlated with the results of the
tetramer staining (Table 2 and Fig. 3, lower panels). In four
of the six study subjects similar T cell recognition patterns
were observed, as shown in Fig. 4. The highest frequency of
virus-specific CTL was observed in PBMC stimulated with
influenza virus A/NL/95-ESV and restimulated with the
same virus. Restimulation with influenza virus A/NL/95-DPI
or -DRI resulted in IFN-y expression in a smaller number of
CD8" T cells. After primary stimulation of PBMC with influ-
enza virus A/NL/95-DPI or -DRI the number of virus-
specific CTL was also reduced, regardless of the influenza
virus that was used for restimulation. For two study subjects
(5507 and 5526) this was not the case, which correlated with
the absence of NPyjs_16 (ESV)-specific CD8" T cells (Fig. 3,
upper left panel). The difference in the percentage of IFN-y"
CD8" T cells after restimulation with virus with or without
the epitope (i.e. DRI) is plotted in Fig. 5, and ranged from no
difference to 12% in the two subjects without a NP5 46
ESV-specific response. The average difference of 5-4% was
statistically significant [analysis of variance (ANOVA);
P<0-05]. In the influenza virus A/NL/95-DPI-stimulated

© 2007 The Author(s)

Restimulation

PBMC of the six HLA-B*3501-positive study subjects, no
differences in the number of virus-specific cells were
observed with influenza virus A/NL/95-DRI-stimulated
PBMC, apart from the PBMC obtained from study subject
5526 (Fig. 5b,d), who had an appreciable response specific
for the NP6 DPI epitope (Fig. 3). In the four HLA-
B*3501-positive study subjects with a response to NPyj5_46
ESV, the response to this epitope was immunodominant
within the NP-specific response, as was shown by using
recombinant NP (Fig. 4, upper panels). It was also an immu-
nodominant HLA-B*3501-restricted response, as was shown
by using virus-infected C1R cells that express only HLA-
B*3501 for restimulation (Fig. 4, lower panels). The loss of
the NPyj5-46 ESV epitope resulted in a relative reduction in
virus-specific CTL response in vitro of 20-32% (Fig. 5¢).

NP-specific killing of target cells in vitro is reduced by
the loss of the NPy5-46 epitope

Because the lytic activity of CTL is probably most relevant
for the elimination of infected cells and clearance of infec-
tions, we wished to investigate the effect of epitope loss on
the lytic activity of the CTL response in vitro. First, the newly
developed FATT-CTL assay was evaluated for this purpose.
This assay allows the detection and quantification of the
extent of target cell elimination by flow cytometry upon
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Discussion

gene of interest as GFP-fusion proteins [28]. MHC class
I-matched BLCL were transfected with plasmid expressing
NP-GFP with the ESV, DPI or DRI variant of the NP5
epitope and were incubated with CTL clones specific for the
conserved NP,s, epitope or CTL clones specific for the
NP5 ESV or DPI epitope. As shown in Fig. 6, both
NPjj5_p6-specific CTL clones lysed BLCL transfected with
plasmids expressing the corresponding homologous NP.s_426
epitope variants and failed to lyse BLCL expressing the NP
with the DRI variant of the NP5 16 epitope, whereas the
control NPy,_s-specific CTL clone lysed BLCL transfected
with each of the variant NP-GFP plasmids (Fig. 6a—c). To
study the impact of the loss of the NP5 epitope on the
lytic activity of polyclonal virus-specific CD8" T cell popu-
lations, PBMC of the HLA-B*3501-positive study subjects
3180, 6358 and 0775 were stimulated with influenza viruses
A/NL/95-ESV, -DPI and -DRI. The highest lytic activity was
observed against cells transfected with plasmid GFP-NP ESV
in polyclonal CD8* T cell populations stimulated with influ-
enza virus A/NL/95-ESV (Student’s t¢-test, P < 0-05). The
lytic activity in these cultures against cells transfected with
plasmids GFP-NP-DPI and -DRI was comparable to that
observed in PBMC cultures stimulated with influenza
viruses A/NL/95-DPI and -DRI. In all three study subjects
tested, similar lytic activity was observed, as shown in
Fig. 6d-f).
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In the present study, we examined the effect of the loss of the
hypervariable NP5 epitope on the human influenza
virus-specific CTL response in vitro. The loss of this epitope
affected the virus-specific CTL response of HLA-B*3501-
positive study subjects significantly, resulting in reduced
IEN-y production and lytic activity.

In order to study CTL responses against influenza viruses
with or without the NP5 46 epitope in vitro, three identical
recombinant influenza viruses were generated, differing only
in their NPyj5_s amino acid sequence. We used the epitope
sequence of variants that are not recognized by CTL specific
for the contemporary variant of the epitope [17,22], which
was confirmed by showing that MHC class I-matched BLCL
infected with influenza virus A/NL/95-DRI were not recog-
nized by clonal or polyclonal CTL populations specific for the
NP,5426 ESV variant of the epitope (Figs 1 and 3). The intro-
duction of historic influenza virus NPus 4 amino acid
sequences into a more recent influenza virus-backbone
did not affect viral fitness, infection, antigen processing
or presentation. Both with clonal and polyclonal NPy 46~
specific T cell populations, no or very little cross-reactivity
was observed with heterologous peptide variants, which is in
accordance with previous findings [17,22], and which justi-
fied the use of these NPyj5_s-variant sequences as epitopes
no longer recognized by ESV-specific CTL. Indeed,
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Fig. 6. Amino acid variation in the nucleoprotein (NP)45-46 epitope affects the lytic activity of cytotoxic T lymphocytes (CTL) in vitro. Human
leucocyte antigen (HLA)-A*0101- and -B*3501-positive B-lymphoblastoid cell lines (BLCL) were transfected with plasmid expressing only GFP (OJ),
GFP-NP ESV (@), -DPI (A) or -DRI (V) and were used as target cells for CTL clones specific for the HLA-A*0101-restricted NPy, s, epitope (a) or
the HLA-B*3501-restricted NPyj5-456 epitopes ESV (b) or DPI (c), or as target cells for CD8" cells isolated from peripheral blood mononuclear cell
(PBMC) cultures stimulated with influenza virus A/NL/95-ESV (d), -DPI (e) or -DRI (f) in the fluorescent antigen-transfected target cell
(FATT)-CTL assay. Effector cells were added at different effector : target ratios as indicated, and percentages of specific lysis were calculated. The
error bars indicate the standard deviation. The asterisks indicate statistical significance (Student’s t-test, P < 0-05). For graphs d—f, the result of a

representative experiment is shown (study subject 6358).

ESV-specific CD8" T cells that were detected in four of the six
HLA-B*3501-positive subjects studied did not cross-react
with the two peptide variants. In one of the two other subjects,
a response was detected against the DPI-variant epitope,
which cross-reacted to some extent with the ESV-variant
epitope. The differences in NP,;5_456 response most probably
represent differences in history of infection and exposure to
the various variants [22]. In none of the PBMC cultures
stimulated with influenza virus with the DRI variant of the
epitope were CTL detected as reactive with the ESV or the DPI
variant. The data obtained with tetramer staining were con-
firmed by intracellular IFN-y staining upon restimulation
with the respective peptide variants. In influenza virus A/NL/
95-ESV-stimulated T cell populations a statistically signifi-
cant reduction was observed after restimulation with
influenza virus A/NL/95-DRI, especially in the study subjects
with an appreciable response to the ESV variant of the
epitope. In these subjects the reduction accounted for
20-32% of the overall influenza virus-specific CTL response.
A similar reduction of the in vitro CTL response was observed
after the loss of the HLA-B*2705-restricted NPsg;_50, €pitope
[19]. Next, we wished to determine whether the reduction of
the IFN-yresponse correlated with a reduction in lytic activity
of these virus-specific CTL, as the elimination of virus-

© 2007 The Author(s)

infected cells is considered to be important for the viral
clearance and control of the infection in vivo [26,27]. The NP
is a major target for the human influenza virus-specific CTL
response [34] and most CTL epitopes that have been identi-
fied are located in this protein [15,35]. Therefore, we mea-
sured NP-specific lytic activity of the in vitro-expanded
polyclonal T cell populations in the FATT-CTL assay. In
contrast to the traditional chromium-release assay, the FATT—
CTL assay allows the identification of protein-expressing
target cells, which increases the sensitivity of the assay and the
window of opportunity to measure small differences in the
lytic activity of T cell populations [28]. We assessed the effect
of variation in epitope sequences on the NP-specific lytic
activity of polyclonal CTL responses in vitro. Amino acid
substitutions at the TCR contact residues of the NP5 46
epitope reduced the lytic activity of CTL obtained from HLA-
B*3501-positive individuals significantly. Similar results were
obtained with influenza viruses with and without the NPsg; 30,
epitope and polyclonal virus-specific CTL populations (data
not shown). Thus, both amino acid substitutions at TCR
contact residues and anchor residues can result in impair-
ment of the lytic activity of the CTL response. During chronic
virus infections a potent and focused CD8" T cell response is
correlated with a strong decline in virus titres [36-39].
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However, the emergence of amino acid substitutions within
immunodominant epitopes can diminish CTL recognition,
resulting in loss of control of virus replication [11-13]. The
mutant virus becomes predominant and the wild-type virus
eliminated, as a result of intrahost selective pressure by virus-
specific CTL [40—44]. Because influenza A viruses cause acute
infections, the selective pressure within individual patients
may be limited. There is no evidence that the NP,;5_46 epitope
sequence varies within or between individual patients during
a single outbreak. Influenza viruses are present in the human
population persistently, causing worldwide epidemics annu-
ally. Therefore, selective pressure by CTL on influenza viruses
may take place at the population level. Indeed, in a theoretical
model small intrahost advantages and population dynamics
could explain the rapid fixation of mutations in CTL epitopes
[45]. As expected, and in accordance with previous reports
[46-49], reduction of the lytic capacity of the CTL response
correlated with a reduction in the number of virus-specific
CD8" T cells that could respond. Although it has been possible
with the FATT-CTL assay to measure lytic activity against
HIV-1 in PBMC ex vivo, without prior expansion of virus-
specific CTL [28] this was not possible for influenza virus-
specific CTL (data not shown). Most probably, the number of
virus-specific CTL in chronically infected HIV-1 patients is
much higher and they may have the effector phenotype,
unlike the influenza virus-specific memory cells in peripheral
blood [50,51].

Collectively, the data show that the loss of, or the variation
in, individual CTL epitopes can affect the influenza A virus-
specific immune response significantly. It results not only in
a reduction of the number of virus-specific CD8* T cells that
can respond to produce cytokines, such as IFN-y, but it also
impaired the lytic activity towards infected cells. This, in
turn, may result in delayed clearance of influenza virus infec-
tion accompanied with more severe disease and increased
mortality rates, as was also shown in C57BL/6 mice infected
with a virus from which the immunodominant H-2D"-
restricted NPse372 epitope was deleted [52]. Their high
mutation rate and adaptive nature allow influenza viruses to
evade both humoral and cell-mediated host immunity,
which may contribute to their persistence in the human
population. Furthermore, the variability in CTL epitopes
may have implications for the development of vaccines,
which also aim at the induction of CTL responses. The use of
influenza virus A/PR/8/34 as vaccine-backbone strain or
other influenza virus strains (e.g. the cold adapted strains),
of which CTL epitope sequences do not match fully with
current epidemic strains or future heterosubtypic pandemic
strains, may lead to suboptimal CTL responses, which may in
turn affect vaccine effectiveness.
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