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ABSTRACT

Natural influenza A virus infections elicit both virus-specific antibody and CD4� and CD8� T cell responses. Influenza A virus-
specific CD8� cytotoxic T lymphocytes (CTLs) contribute to clearance of influenza virus infections. Viral CTL epitopes can dis-
play variation, allowing influenza A viruses to evade recognition by epitope-specific CTLs. Due to functional constraints, some
epitopes, like the immunodominant HLA-A*0201-restricted matrix protein 1 (M158 – 66) epitope, are highly conserved between
influenza A viruses regardless of their subtype or host species of origin. We hypothesized that human influenza A viruses evade
recognition of this epitope by impairing antigen processing and presentation by extraepitopic amino acid substitutions. Activa-
tion of specific T cells was used as an indication of antigen presentation. Here, we show that the M158 – 66 epitope in the M1 pro-
tein derived from human influenza A virus was poorly recognized compared to the M1 protein derived from avian influenza A
virus. Furthermore, we demonstrate that naturally occurring variations at extraepitopic amino acid residues affect CD8� T cell
recognition of the M158 – 66 epitope. These data indicate that human influenza A viruses can impair recognition by M158 – 66-spe-
cific CTLs while retaining the conserved amino acid sequence of the epitope, which may represent a yet-unknown immune eva-
sion strategy for influenza A viruses. This difference in recognition may have implications for the viral replication kinetics in
HLA-A*0201 individuals and spread of influenza A viruses in the human population. The findings may aid the rational design of
universal influenza vaccines that aim at the induction of cross-reactive virus-specific CTL responses.

IMPORTANCE

Influenza viruses are an important cause of acute respiratory tract infections. Natural influenza A virus infections elicit both
humoral and cellular immunity. CD8� cytotoxic T lymphocytes (CTLs) are directed predominantly against conserved internal
proteins and confer cross-protection, even against influenza A viruses of various subtypes. In some CTL epitopes, mutations oc-
cur that allow influenza A viruses to evade recognition by CTLs. However, the immunodominant HLA-A*0201-restricted
M158 – 66 epitope does not tolerate mutations without loss of viral fitness. Here, we describe naturally occurring variations in
amino acid residues outside the M158 – 66 epitope that influence the recognition of the epitope. These results provide novel in-
sights into the epidemiology of influenza A viruses and their pathogenicity and may aid rational design of vaccines that aim at
the induction of CTL responses.

Influenza viruses are among the leading causes of acute respira-
tory tract infections worldwide (1). Classification of influenza A

viruses (IAVs) is based on their surface glycoproteins hemagglu-
tinin (HA) and neuraminidase (NA). At present, 18 HA subtypes
(H1 to H18) and 11 NA subtypes (N1 to N11) have been identified
(2, 3). IAVs of the H3N2 and H1N1 subtype together with influ-
enza B viruses cause yearly epidemics in the human population
(1). Other IAV subtypes circulate in animal reservoirs, like aquatic
birds and pigs (4), but can occasionally cross the species barrier
into the human population (5). Genetic reassortment between
animal and human IAVs has resulted in the emergence of pan-
demic strains in the last century (6–9).

Natural influenza virus infections elicit both humoral and cel-
lular immune responses. Virus-neutralizing antibodies are mainly
directed against the highly variable globular head of the HA pro-
tein and prevent reinfection with the same virus (10). However,
most antibodies have limited cross-reactivity against influenza vi-
ruses of another subtype (11, 12) and may afford little protection
against the development of severe disease caused by infection with
antigenically distinct viruses, including those of novel subtypes.

Influenza virus-specific CD8� T cells (cytotoxic T lymphocytes
[CTLs]), on the other hand, are directed predominantly against
more conserved internal proteins (13, 14) and recognize their
epitopes as major histocompatibility complex (MHC) class I/pep-
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tide complexes (15). The recognition of conserved proteins results
in a high degree of cross-reactivity with antigenically distinct IAVs
(13, 14, 16, 17). Although CTLs do not afford sterilizing immu-
nity, they contribute substantially to viral clearance and reduce the
severity of infections with influenza viruses, including those with
antigenically distinct HA or NA (18–20). However, the high mu-
tation rate of influenza viruses and the selective pressure exerted
by virus-specific CTLs drive the accumulation of amino acid sub-
stitutions that are associated with evasion from recognition by
CTLs specific for some epitopes. Indeed, significantly more non-
synonymous mutations are observed in CTL epitopes than in the
rest of the viral nucleoprotein (NP) (21, 22). Amino acid substi-
tutions in T cell receptor (TCR) contact residues have been iden-
tified that result in loss of recognition by epitope-specific CTLs
(13, 23), as has been described for the human leukocyte antigen
(HLA)-B*3501-restricted NP418 – 426 epitope (24). In addition,
mutations at anchor residues of CTL epitopes have been identified
(13, 23), which resulted in complete loss of the CTL epitope, as has
been described for the HLA-B*2705-restricted NP383–391 epitope
(25, 26). Both types of CTL escape mutations were observed dur-
ing natural evolution of seasonal IAVs (H3N2) (23, 25). Similar
CTL evasion strategies have been described for viruses that cause

chronic infections, like human immunodeficiency virus (HIV)
(27), hepatitis C virus (HCV) (28), Epstein-Barr virus (EBV) (29),
and lymphocytic choriomeningitis virus (LCMV) (30).

In contrast, some IAV CTL epitopes are highly conserved even
between different subtypes of IAV, like the HLA-A*0201/HLA-
C*0801-restricted M158 – 66 (GILGFVFTL) epitope (31, 32). Ma-
trix protein 1 (M1) of seasonal A/H3N2 viruses originates from
the 1918 pandemic A/H1N1 virus (Fig. 1) (6 – 8, 33, 34). Most
likely, the selective pressure against the M158 – 66 epitope is high,
considering the immunodominant nature of the epitope (35) and
the high prevalence of the HLA-A*0201 allele in the Caucasian
population (�40%) (36). However, mutations at TCR contact or
anchor residues were not tolerated in this epitope without loss of
viral fitness (21, 37), which coincides with the presence of a highly
conserved nuclear export signal overlapping the M158 – 66 epitope
(38).

We hypothesized that IAVs may have adopted other escape
mechanisms for highly conserved CTL epitopes, like the M158 – 66

epitope, based on the observation that avian IAVs of the H5N1
and H7N9 subtype are better recognized by polyclonal IAV-spe-
cific CTLs than human seasonal IAVs (16, 17). It is well known
that amino acid substitutions flanking an epitope can affect anti-

FIG 1 Reassortment events of pandemic influenza A viruses. The 1918 A/H1N1 virus possibly originated from multiple reassortment events between avian,
swine, and human viruses. This A/H1N1 virus continued to circulate, causing seasonal epidemics, until 1957, when a novel A/H2N2 virus emerged after a
reassortment event with an avian A/H2N2 virus. This virus circulated until 1968, when it reassorted with an avian A/H3Nx virus, and caused seasonal epidemics
ever since. A/H1N1 was reintroduced in the human population in 1977 and cocirculated with A/H3N2 viruses until 2009, when it was replaced by
H1N1pdm2009, which originated after multiple reassortment events between avian, swine, and human viruses. Although it is unknown whether the M gene
segment originated from viruses that were newly introduced into humans or had circulated in humans prior to 1918, viruses with this gene segment continued
to circulate in the human population in A/H2N2 and A/H3N2 viruses until today (blue arrow). Also, the A/H1N1 virus that was reintroduced into the human
population in 1977 contained the M gene segment of 1918 origin, but this virus was replaced by a virus with a swine derived M gene segment during the A/H1N1
pandemic outbreak of 2009 (green arrow).
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gen presentation by changing the cleavage motifs used by the pro-
teasome, alter trimming of the N- and C-terminal sequence by
cytosolic or endoplasmic reticulum (ER)-resident proteases or
impair the translocation via TAP (transporter associated with an-
tigen presentation) (15, 39, 40). So far, an effect of extraepitopic
mutations on T cell recognition has been demonstrated only for
CTLs directed to viruses that cause chronic infections, including
for HIV (27), HCV (41), and EBV (42, 43).

Here, we investigated whether differences in extraepitopic
amino acid residues between avian and human IAVs could be
responsible for differential recognition of the M158 – 66 epitope. It
was demonstrated that naturally occurring amino acid differences
at positions in the region flanking the otherwise fully conserved
M158 – 66 epitope affect recognition by M158 – 66-specific CD8� T
cells. The reduced recognition of human IAVs by M158 – 66-specific
CD8� T cells by extraepitopic amino acid substitutions indicates
the existence of an immune evasion strategy additional to varia-
tion in CTL epitopes and may help the virus to perpetuate in the
human population in the presence of pre-existing virus-specific
CD8� T cell immunity. Furthermore, these results are of interest
for the development of vaccines that aim at the induction of virus-
specific CTL responses.

MATERIALS AND METHODS
Cells. An HLA-A*0101/A*0201/B*0801/B*2705 B lymphoblastoid cell
line (BLCL) was prepared as described previously (44). BLCs were cul-

tured in RPMI 1640 medium (Lonza, Basal, Switzerland) supplemented
with 100 �g/ml penicillin, 100 U/ml streptomycin, 2 mM L-glutamine
(P/S/G) (Lonza), and 10% fetal bovine serum (FBS) (Sigma-Aldrich, Zwi-
jndrecht, The Netherlands) (R10F medium).

The previously described A549-HLA-A*0201� human lung carci-
noma cell line (45) was cultured in Ham’s F-12 medium (Gibco Life
Technologies, Bleiswijk, The Netherlands) containing P/S/G and 10% fe-
tal calf serum (FCS) (Hycone) (Sigma) (H10F) and in the presence of 1
�g/ml puromycin (Invivogen, Toulouse, France). HLA-A*02 expression
was confirmed by staining with anti-HLA-A*02-FITC (BD Biosciences,
Breda, The Netherlands) and using a FACSCanto II flow cytometer and
FACSDiva software (Becton Dickinson B.V., Breda, The Netherlands),
prior to each experiment.

Peptides. Synthetic immunograde peptides (�85% purity) of the
HLA-A*0201-restricted M158 – 66 (GILGFVFTL) and the HLA-B*2705
NP383–391 (SRYWAIRTR) epitopes were purchased (Eurogentec, Seraing,
Belgium). Peptides were dissolved in dimethyl sulfoxide (5 mg/ml),
diluted to 100 �M in RPMI 1640 medium, and stored at �20°C until
further use.

Plasmids. The open reading frames (ORF) of the M1 protein of influ-
enza viruses A/Netherlands/018/1994 (H3N2) and A/Vietnam/1194/2004
(H5N1) without their stop codons were cloned in frame with the ORF of
enhanced green fluorescent protein (eGFP) into the pEGFP-N1 plasmid
(Becton Dickinson) as described previously (46). Next, the ORF of the
NP383–391 epitope (SRYWAIRTR), including 50 N- and C-terminal
amino acids (all derived from A/Puerto Rico/8/1934), was cloned in frame
between the ORFs of the M1 and eGFP protein (Fig. 2). Briefly, the NP
insert (nucleotide [nt] positions 997 to 1323) was created by PCR ampli-

FIG 2 Amino acid sequences of viral M1-NP-eGFP fusion proteins and expression plasmid map. The amino acid sequence of the chimeric M1-NP-eGFP fusion
construct is shown with the avian IAV A/Vietnam/1194/2004 (H5N1) and human IAV A/Netherlands/018/1994 (H3N2) M1 sequences in blue, NP in orange,
and eGFP in green. Linker sequences are shown in gray. The locations of the M158 – 66 (GILGFVFTL) and NP383–391 (SRYWAIRTR) epitopes are highlighted in
yellow. Amino acid differences studied here are in red type, and additional amino acid differences are in bold. The insert was cloned into the pEGFP-N1 vector
as indicated. The hash marks around the perimeter of the plasmid map indicate 1,000-nucleotide increments.
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fication of A/Puerto Rico/8/1934-derived NP cDNA using a forward and
reverse primer that encompassed 20 nt of the vector and 20 nt of the
desired NP insert. These primers were used for PCR, as follows: the mix-
ture was 10 pmol of each primer, 5 �l of PFU Ultra II buffer, 1 �l of PFU
Ultra II enzyme (Agilent Technologies, Amstelveen, The Netherlands),
deoxynucleoside triphosphates (dNTPs; 10 mM each) (Roche, Woerden,
The Netherlands), and 100 ng A/Puerto Rico/8/1934 NP gene segment
cDNA in a final volume of 50 �l, which was subsequently incubated at
95°C for 3 min (min), followed by 40 cycles of 95°C for 1 min, 1 min at
45°C, and 72°C for 2 min. PCR products were loaded on a 1% agarose gel,
and DNA was isolated using the Minelute gel extraction kit from Qiagen
according to the manufacturer’s instructions (Qiagen, Venlo, The Neth-
erlands). This purified PCR product served as a “megaprimer.” The sec-
ond PCR was performed as described above, except that 100, 300, and 500
ng of the megaprimer were combined with 50 and 100 ng of vector DNA
and 3 �l Quik solution (Agilent). The PCR product was digested for 1 h at
37°C with 20 U of DpnI (New England BioLabs, Ipswich, MA, USA). The
DpnI-digested PCR product was transformed using Z-competent XL-10
Gold cells (Zymo Research, Irvine, CA, USA). Plasmid DNA was purified
using a Genopure plasmid maxikit (Roche). Reciprocal exchange of the
extraepitopic amino acids in the M1 protein at positions 15, 27, 101, 115,
and 121 was introduced using the QuikChange Multi site-directed mu-
tagenesis kit according to the manufacturer’s instructions (Agilent Tech-
nologies) (Fig. 2). These plasmids were used in the fluorescent antigen-
transfected target cell-CTL (FATT-CTL) assay.

A bidirectional reverse genetic system based on influenza virus
A/Netherlands/178/1995 (H3N2; M), A/Vietnam/1194/2005 (H5N1; M)
and A/Puerto Rico/8/1934 (H1N1; PB2, PB1, PA, HA, NP, NA, and NS)
was used for the generation of recombinant influenza viruses as described
previously (21, 47, 48).

Sequences of all recombinant plasmids were confirmed by sequence
analysis using a BigDye Terminator v3.1 cycle sequencing kit and a 3130xl
genetic analyzer (Applied Biosystems, Bleiswijk, The Netherlands) prior
to use.

Viruses. 293T cells were transfected with the recombinant bidirec-
tional plasmids (M derived from A/Netherlands/178/1995 or A/Vietnam/
1194/2005; other gene segments derived from A/Puerto Rico/8/1934) as
described previously (47). Culture supernatants were harvested after 48 h
and used for a subsequent inoculation of Madin-Darby canine kidney
(MDCK) cells (26). After 3 days, culture supernatants were harvested and
passaged twice in MDCK cells. Culture supernatants were clarified by
low-speed centrifugation and subsequently purified by ultracentrifuga-
tion through a sucrose gradient. Sequence analysis was used to confirm
the sequence of the M gene segments as described above, and their infec-
tious-virus titers were determined as described previously (49).

It is important to note that the M gene segment of the recombinant
virus was derived from an alternative A/H3N2 virus (A/Netherlands/178/
1995) which differed from the A/Netherlands/018/1994 virus at amino
acid positions 227 and 239 (A227T and A239T). However, we argue that
due to the large C-terminal distance (�160 amino acids) from the
M158 – 66 epitope, these amino acid differences are unlikely to interfere
with the processing of this epitope.

T cell clones. CD8� T cell clones directed against the HLA-A*0201-
restricted M158 – 66 (GILGFVFTL) epitope and the HLA-B*2705-re-
stricted NP383–391 (SRYWAIRTR) epitope were generated as described
previously (25, 50).

FATT-CTL assay. The fluorescent antigen-transfected target cell-CTL
(FATT-CTL) assay was used for the detection of lytic activity of the
M158 – 66- and NP383–391-specific CD8� T cell clones as described previ-
ously (46). Briefly, the cell line Nucleofector kit V (Lonza), program T16,
was used to transfect 5 � 106 BLCs with 8 �g plasmid DNA and incubated
in R10F for 4 h at 37°C. The number of viable eGFP-positive cells was
determined after TOPRO-3 iodide (Invitrogen, Breda, The Netherlands)
staining using the FACSCanto II flow cytometer and FACSDiva software.
Quadruple samples consisting of 1,500 viable eGFP-positive target cells

were cocultured for another 3.5 h with 20,000, 40,000, or 80,000 M158 – 66-
or NP383–391-specific CD8� T cells, and the number of viable eGFP-pos-
itive cells was determined as described above. (For the gating strategy
performed with FlowJo software [FlowJo, Ashland, OR, USA], see Fig.
3A.) The percent epitope-specific lysis was then calculated using the fol-
lowing formula: 100 � [(number of viable eGFP-positive cells in the sam-
ple without effector � number of viable eGFP-positive cells in the sample
with effector)/number of viable eGFP-positive cells in the sample without
effector].

Kinetics of CD8� T cell activation in the FATT-CTL assay. BLCs
were transfected and counted as described above. Quadruple samples
consisting of 3,000 viable eGFP-positive target cells were cocultured for
another 7 h with 10,000 or 20,000 M158 – 66- or NP383–391-specific CD8� T
cells in the presence of Golgistop [4 �l/6 ml] (BD Biosciences) and 0.5
�l/100 �l CD107a-V450 (BD Biosciences) and subsequently stained in
phosphate-buffered saline (PBS) supplemented with 2% FBS and Golgis-
top (P2FG) with CD3 conjugated with peridinin-chlorophyll proteins-
cyanine5.5 (PerCP-Cy5.5), allophycocyanin (APC)-conjugated CD8
(eBioscience, Vienna, Austria), CD137 conjugated with phycoerythrin-
cyanine7 (PE-Cy7) (BioLegend, London, United Kingdom), CD69-
APC-H7 (BD Biosciences), and Live/Dead fixable aqua dead-cell stain
(L/D) (Invitrogen). Next, cells were fixed using Cytofix (BD Biosciences)
and stored in PBS supplemented with 0.5% bovine serum albumin (BSA)
and 2 mM EDTA (Sigma) at 4°C until they were analyzed using a FACSCanto
II flow cytometer and FACSDiva software. (For the gating strategy using
FlowJo software, see Fig. 4A.) BLCs pulsed with or without 100 �M GIL
GFVFTL or SRYWAIRTR peptide were used as a positive control (data
not shown).

IFN-� ELISpot assay. The interferon gamma (IFN-�) responses of
M158 – 66- and NP383–391-specific CD8� T cells were determined by en-
zyme-linked immunosorbent spot (ELISpot) assay, which was performed
according to the manufacturer’s instructions (Mabtech, Nacka Strand,
Sweden). In brief, 3,000 transfected viable eGFP-positive BLCs were in-
cubated with 10,000 M158 – 66- or NP383–391-specific CD8� T cells for 7 h,
in quadruplicate. The average number of spots was determined using an
ELISpot reader and image analysis software (Aelvis, Sanquin Reagents,
Amsterdam, The Netherlands).

Virus infection and kinetics CD8� T cell activation. The kinetics of
M156 – 66-specific CD8� T cells activation after stimulation with A549-
HLA-A*0201� cells infected with the avian or human recombinant vi-
ruses was studied by assessing expression of activation markers CD137,
CD69, and CD107a. Peptide-pulsed A549-HLA-A*0201� cells were used
as a positive control.

A549-HLA-A*0201� cells were incubated with or without 100 �M
GILGFVFTL in H10F for 1 h at 37°C in an ultralow-attachment plate
(Corning, New York, USA). Meanwhile, virus-infected target cells were
prepared by inoculating A549-HLA-A*0201� cells at a multiplicity of
infection (MOI) of 3 with the avian or human recombinant virus in ul-
tralow-attachment plates. After 1 h, cells were washed with H10F and
cocultured with the M156 – 66-specific CD8� T cell clone at an effector-to-
target cell (E:T) ratio of 0.2 in the presence of Golgistop [4 �l/6 ml] and 0.5
�l/100 �l CD107a-V450, in triplicate for each time point. Cells were
stained each hour from 3 until 14 h postinoculation (p.i.) and at 24 h p.i.
with CD8 conjugated with fluorescein isothiocyanate (FITC) (Dako,
Glostrup, Denmark), CD137-PE (Miltenyi Biotec, Bergisch Gladbach,
Germany), CD3-PerCP, CD69-APC (BD Biosciences), and L/D and sub-
sequently fixed and stored as described above. Virus-infected A549-HLA-
A*0201� cells in the absence of the M156 – 66-specific CD8� T cell clone
were simultaneously stained with L/D and subsequently fixed and perme-
abilized with Cytofix and Cytoperm (BD Biosciences), after which the
cells were stained for 30 min at 4°C with anti-influenza A virus–FITC
(reagent A) (Oxoid, Landsmeer, The Netherlands). Cells were analyzed
using a FACSCanto II flow cytometer and FACSDiva software. (For the
gating strategy using FlowJo software, see Fig. 6A and B.)
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Sequence data. To assess the frequency of amino acid variations in the
M1 protein at positions 15, 27, 101, 115, and 121 in avian (all subtypes
available from 2001 to 2015), swine (A/H3N2, 1977 to 2015, and A/H1N1,
1930 to 2015), and human (A/H1N1, 1918 to 1957, A/H2N2, 1957 to
1968, A/H3N2, 1968 to 2015, A/H1N1, 1977 to 2008, and A/H1N1, 2009
to 2015) viruses, all full-length M1 amino acid sequences available in the
influenza virus resource database of the National Center for Biotechnol-
ogy Information (NCBI; http://www.ncbi.nlm.nih.gov/genomes/FLU) as
of 11 April 2015 were downloaded. Due to the large number of avian
viruses available, we collapsed all identical sequences prior to analysis.
After excluding sequences with large deletions using BioEdit, we analyzed
the data set in Ugene 1.16.1 (http://ugene.unipro.ru; Unipro, Novosi-
birsk, Russia) to assess the frequency of the avian or human amino acids at
positions 15, 27, 101, 115, and 121. Viruses were analyzed in Excel to
determine whether observed frequencies were the result of cluster forma-
tion and whether certain mutations became fixed in time.

Statistical analysis. Data from the FATT-CTL, ELISpot, and activa-
tion assays were analyzed using the independent-sample t test to calculate
the respective P value between pairs of groups. These P values were then
analyzed using the Benjamini-Hochberg method (a false discovery rate
[FDR] of 0.01 was used for all assays) to correct for multiple hypothesis
testing (51). Each experiment, with the exception of the IFN-� ELISpot
assay, was performed at least twice.

RESULTS
Differences in lytic activity of M158 – 66-specific CD8� T cells
against M1 proteins derived from avian and human influenza A
viruses. Viruses were selected based on the previous observation
that avian IAV A/Vietnam/1194/2004 (H5N1) was better recog-
nized by IAV-specific CTLs than human IAV A/Netherlands/
018/1994 (H3N2) (16), which may be attributable to a yet-
unidentified, additional CTL escape mechanism utilized by
human A/H3N2 viruses.

The M1 genes of both viruses were cloned in frame with the
enhanced green fluorescent protein (eGFP) gene into an expres-
sion plasmid as described previously (46). In addition, a region
of the NP gene, encoding the HLA-B*2705 NP383–391 (SRYWAI
RTR) epitope and 50 N- and C-terminal flanking amino acids, was
cloned in frame between the M1 and eGFP genes (Fig. 2). The
NP383–391 epitope was included as a control, since CTLs specific
for this epitope have functional avidity similar to that of CTLs
directed to the M158 – 66 epitope (35). These plasmids were used in
the FATT-CTL assay to monitor the lytic activity by M158 – 66-
specific CD8� T cells (Fig. 3A), as described previously (46). Lytic
activity of the NP383–391-specific CD8� T cells was used as a con-
trol to exclude differences in transfection efficiencies and/or pro-
tein expression levels. M158 – 66-specific CD8� T cells lysed signif-
icantly more target cells expressing the M1 protein derived from
avian virus A/Vietnam/1194/2004 (H5N1) than those expressing
the M1 protein of human virus A/Netherlands/018/1994 (H3N2)
(83% and 45%, respectively, at the highest effector-to-target [E:T]
ratio) (Fig. 3B). The lytic activities of NP383–391-specific CD8� T
cells for both M1-NP-eGFP fusion proteins were similar (70% at
the highest E:T ratio) (Fig. 3C). These results demonstrate that the
M158 – 66 epitope in the context of an M1 protein derived from a
human IAV is less well recognized than its counterpart in the
context of an M1 protein derived from an avian IAV. Next, we
wished to assess whether differences in amino acids flanking the
M158 – 66 epitope had contributed to the observed difference in
lytic activity of epitope-specific CD8� T cells. Although no amino
acid differences were found in close proximity to the M158 – 66

epitope, we identified five extraepitopic (avian-to-human) amino

acid substitutions within a 60-amino-acid distance of the M158 – 66

epitope, namely, at positions I15V (substitution A), K27R (sub-
stitution B), K101R (substitution C), V115I (substitution D), and
T121A (substitution E) (Fig. 2). Reciprocal exchange of these ex-
traepitopic amino acid residues in the M1 protein allowed assess-

FIG 3 Lytic activity of M158 – 66- and NP383–391-specific CD8� T cells against
target cells transfected with various M1-NP-eGFP encoding plasmids. (A) Gat-
ing strategy used to assess the number of viable eGFP� target cells. The first dot
plot demonstrates a gate for the transfected target cells, the second gate dem-
onstrates the viable cells, and the third gate demonstrates the eGFP� cells. (B)
Percent lytic activity exerted by the M158 – 66-specific CD8� T cell clone. (C)
Percent lytic activity exerted by the NP383–391-specific CD8� T cell clone. Tar-
get cells were transfected with chimeric M1-NP-eGFP fusion plasmids that
encode the M1 protein of the avian A/H5N1 virus (WT avian), the M1 protein
of the human A/H3N2 virus (WT human), the M1 protein of avian A/H5N1
virus with extraepitopic amino acid residues of the human A/H3N2 virus
(A¡H ABCDE) and the M1 protein of human A/H3N2 virus with extra-
epitopic amino acid residues of the avian A/H5N1 virus (H¡A ABCDE). Data
points represent means and error bars indicate standard deviations (SD) for
quadruplicates (n � 4). **, all groups were statistically significantly different
from each other after correction for multiple hypothesis testing using a false
discovery rate (FDR) of 0.01; *, only the value for the A¡H ABCDE group was
significantly lower.
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ment of the effect of these substitutions on recognition by
M158 – 66-specific CD8� T cells. Exchanging the extraepitopic
amino acid residues partially reversed the recognition pattern of
the M155– 66-specific CD8� T cells. Introducing the five M1 amino
acid residues of the human virus into the M1 protein of the avian
virus (A¡H ABCDE) significantly reduced the lytic activity of the
M158 – 66-specific CD8� T cells from 83% to 70% at the highest E:T
ratio. Introducing the five M1 amino acid residues of the avian
virus into the M1 protein of the human virus (H¡A ABCDE)
significantly improved the lytic activity of M158 – 66-specific CD8�

T cells from 45% to 56% (Fig. 3B). The H¡A ABCDE exchange
did not affect recognition by the NP383–391-specific CD8� T cells,
while the A¡H ABCDE exchange affected recognition slightly
(Fig. 3C). The five amino acid differences are unlikely to have
altered the CTL response by interfering with the splice site, as this
would have resulted in a shift of the NP open reading frame (ORF)
(52), resulting in comparable patterns of recognition by both
CD8� T cell clones, which was not observed.

Differential activation of M158 – 66-specific CD8� T cells by
M1 protein derived from avian or human IAV. Next, we investi-
gated activation of M158 – 66-specific CD8� T cells after stimula-
tion with HLA-A*0201/B*2705-positive EBV-transformed B cells
expressing the respective chimeric M1-NP-eGFP fusion proteins.
Upon stimulation, the expression of the activation markers
CD137, CD69, and CD107a by M158 – 66- and NP383–391-specific
CD8� T cells was determined by flow cytometry (Fig. 4A). Be-
cause both the E:T ratio and incubation time had to be adapted for
this purpose, we also assessed the lytic activity of the CD8� T cells
in a FATT-CTL assay under these conditions (Fig. 4). Again, only
the M158 – 66-specific CD8� T cells displayed differential lytic ac-
tivity against target cells expressing the M1 protein derived from
avian or human IAV. Once again, the reciprocal exchange of the
extraepitopic amino acid residues partially reversed the lytic ac-
tivity pattern (Fig. 4B). The lytic activity of the NP383–391-specific
CD8� T cells to the respective M1 proteins was similar for all
chimeric M1-NP-eGFP fusion proteins (Fig. 4B).

Upon stimulation with the M1 protein derived from avian IAV
A/Vietnam/1194/2004 (H5N1), a significantly higher percentage
of M158 – 66-specific CD8� T cells was positive for the activation
markers than after stimulation with the M1 protein derived from
the human influenza virus A/Netherlands/018/1994 (H3N2) (ap-
proximately a 2.5-fold difference) (for CD137, 19% versus 7.6%;
for CD69, 2.5% versus 1.1%; and for CD107a, 54% versus 20%,
respectively) (Fig. 4C). Such differences were not observed for the
NP383–391-specific CD8� T cells, although CD107a expression was
slightly higher after stimulation with M1 protein from the avian
virus (1.1-fold), but this difference was far smaller than that ob-
served for the M158 – 66-specific CD8� T cells (Fig. 4D). Again, the
reciprocal exchange of the extraepitopic amino acid residues par-
tially reversed the pattern of differential activation of the
M158 – 66-specific CD8� T cells. The introduction of extraepitopic
amino acid residues from the human IAV into the M1 protein of
the avian IAV reduced activation of the M158 – 66-specific CD8� T
cells and vice versa (Fig. 4C). The exchange of amino acid residues
in the M1 protein resulted in minor differences in activation of the
NP383–391-specific CD8� T cells. Although some of these small
differences were statistically significant, they did not correlate
with the activation pattern observed for the M158 – 66-specific
CD8� T cells (Fig. 4D). In addition to assessing the expression of
CD107a, a proxy for degranulation and lytic activity, we also as-

sessed IFN-� production by the CD8� T cells as an alternative
functional property of CD8� T cell activation by ELISpot assay.
Again, stimulation with the M1 protein derived from the avian
IAV resulted in a significantly higher number of IFN-�-producing
M158 – 66-specific CD8� T cells than stimulation with the M1 pro-
tein of human IAV (228 versus 54 IFN-�� spots/104 cells) (Fig.
5A). No significant difference was observed for the NP383–391-spe-
cific CD8� T cells (Fig. 5B). Thus, a good correlation was observed
between the differential expression of activation markers (includ-
ing CD107a), lytic activity, and IFN-� production by M158 – 66-
specific CD8� T cells, which was dependent on the source of the
M1 proteins used for stimulation and their extraepitopic amino
acid residues.

The M1 protein context determines the kinetics of M158 – 66-
specific CD8� T cell activation after stimulation with virus-in-
fected cells. Finally, we wished to assess whether recognition of
cells infected with IAVs carrying either of the respective M1 pro-
teins could lead to differential activation of M158 – 66-specific
CD8� T cells. To this end, isogenic recombinant viruses contain-
ing the matrix (M) gene segment of avian virus A/Vietnam/1194/
2004 (H5N1) or human virus A/Netherlands/178/1995 (H3N2)
were used to infect A549-HLA-A*0201� target cells. Two hours
postinoculation (p.i.), these infected target cells were incubated
with the M158 – 66-specific CD8� T cells, and the kinetics of
CD137, CD69, and CD107a expression was assessed (Fig. 6A).

As shown in Fig. 6, stimulation with virus containing the M
gene segment of human influenza virus A/Netherlands/178/1995
(H3N2) resulted in delayed activation of M158 – 66-specific CD8�

T cells compared to stimulation with virus containing the M gene
segment of avian influenza virus A/Vietnam/1194/2004 (H5N1).
One of the earliest markers of T cell activation was expression of
the degranulation marker CD107a. Upon stimulation with pep-
tide-pulsed A549-HLA*A0201� cells, M158 – 66-specific CD8� T
cells degranulated almost immediately. After stimulation with vi-
rus-infected cells, CD107a expression was detected as early as 9 h
p.i. Similar observations were made for CD137 and CD69, al-
though CD137 expression started at a later time point than CD69
and CD107a. In any case, the proportion of CD8� T cells that
became activated and expressed either activation marker was sig-
nificantly higher after stimulation with the virus containing the M
gene segment of avian A/H5N1 at every time point p.i. (the great-
est difference for CD137 was at 14 h p.i. [1.8-fold] and that for
CD107a and CD69 was at 10 h p.i. [1.7- and 1.2-fold, respec-
tively]) (Fig. 6C, D, and E). The replication kinetics of both viruses
was very similar and resulted in equal numbers of infected target
cells, which excluded infection rates as the cause of the differences
in the kinetics of CD8� T cell activation (Fig. 6B and F). These
results clearly indicate that extraepitopic amino acid residues of
the M158 – 66 epitope affect the recognition of viruses containing
the M gene segment of the seasonal A/H3N2 virus by M158 – 66-
specific CTLs.

Evolution of extraepitopic amino acid residues of the
M158 – 66 epitope. In order to link immunologic observations with
the epidemiology of IAVs that circulated in the human popula-
tion, we examined the origin of gene segment 7, which encodes the
M1 protein, and the evolution of amino acid residues outside the
M158 – 66 epitope. The M1 protein in the human population orig-
inates from the 1918 pandemic virus (Fig. 1) (6–8, 33, 34). Of
interest, the extraepitopic substitutions described in this paper
were present in most human IAVs isolated since 1918 and were
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FIG 4 Activation of M158 – 66- and NP383–391-specific CD8� T cells after stimulation with target cells transfected with various M1-NP-eGFP-encoding plasmids.
(A) Dot plots on top from left to right gate the transfected target cells, the viable cells, the CD3� CD8� cells, and finally the eGFP� cells. This gating was used to
assess the lytic activity of the CD8� T cell clone in a FATT-CTL-dependent manner. Lower dot plots gate the lymphocytes, single cells, viable cells, and CD3�

CD8� cells followed by gating for the upregulation of activation markers CD137, CD69, and CD107a after stimulation with target cells transfected with the
M1-NP-eGFP plasmids (colored histograms) or the eGFP only plasmid (gray histogram). (B) Percent lytic activity exerted by the M158 – 66-specific CD8� T cells
(top) and NP383–391-specific CD8� T cells (bottom). Upregulation of the activation markers CD137, CD69, and CD107a on M158 – 66-specific CD8� T cells (C)
or the NP383–391-specific CD8� T cells (D) after stimulation with target cells transfected with M1-NP-eGFP plasmids that encode the M1 protein of the avian
A/H5N1 virus (WT avian), the M1 protein of the human A/H3N2 virus (WT human), the avian A/H5N1 M1 protein with extraepitopic amino acid residues of
the human A/H3N2 virus (A¡H ABCDE), the human A/H3N2 M1 protein with extraepitopic amino acid residues of the avian A/H5N1 virus (H¡A ABCDE)
or eGFP only (mock). Data points represent means and error bars indicate SD for quadruplicates (n � 4). **, differences between groups are statistically
significant after correction for multiple hypothesis testing using an FDR of 0.01.
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maintained over 100 years of viral evolution in the human
population (Fig. 7; Table 1). The only exception was the V115I
substitution, which was not observed in the only 1918 virus
sequence (A/BrevigMission/1/1918) available in the influenza vi-
rus resource database (Fig. 7; Table 1). Interestingly, the H1N1
IAVs that caused the pandemic in 2009 (H1N1pdm09) and that
replaced the old seasonal H1N1 viruses possess an M1 protein
with an avian/swine signature (Fig. 1 and 7; Table 1).

The extraepitopic amino acid residues of human IAVs were
occasionally observed in avian and swine IAVs, although they
were mainly present in isolation. The avian variants of these ex-
traepitopic amino acid residues were observed with a higher fre-
quency in both avian and swine IAVs (Fig. 7; Table 1). Avian
variants of these extraepitopic amino acid residues were rarely
observed in human IAVs (Fig. 7; Table 1). The arginine residue at
position 27 (present in human viruses) was the exception, as it was
also observed with a high frequency in avian and swine viruses
(77.4% and 99.6%, respectively) (Fig. 7; Table 1).

DISCUSSION

In the present study, we demonstrated that extraepitopic amino
acid residues affect CD8� T cell recognition of the highly con-
served immunodominant HLA-A*0201-restricted M158 – 66 IAV

epitope. Naturally occurring amino acid variation at positions
outside the epitope contributed to the observed differences in
epitope recognition of avian and human IAVs. The origin from
which the M1 protein was derived, an avian or human IAV, deter-
mined the kinetics of CD8� T cell activation after stimulation with
virus-infected cells. Recognition of the M1 protein derived from
human IAV delayed and impaired the activation and reduced lytic
activity of the M158 – 66-specific CD8� T cells compared to recog-
nition of M1 protein derived from an avian IAV. This difference in
recognition may have implications for virus clearance in HLA-
A*0201 individuals and spread of the IAVs in the human popula-
tion. The differential recognition of the M158 – 66 epitope may ex-
plain in part previously described differences in recognition of
human seasonal A/H3N2 virus and avian A/H5N1 and A/H7N9
viruses (16, 17).

Although, it is not fully clear what the selective pressure is for
the preferred use of the amino acid residues under investigation, it
is tempting to speculate that evasion of recognition by M158 – 66-
specific CD8� T cells plays a role. It has been suggested that the
immunodominance of the epitope serves as a stealth strategy and
that impaired function of M158 – 66-specific CD8� T cells ex-
plained the virus’s ability to evade recognition by these T cells
(53). However, this is a matter of debate (54) also because HLA-
A*0201-positive individuals display stronger CTL responses after
IAV infection (55).

Most likely, extraepitopic amino acid residues affect the pro-
cessing and presentation of the M158 – 66 epitope. Differences in
translocation by TAP (39, 40, 56) or trimming of peptides by
ER-resident proteases like ER amino peptidase 1 or 2 (57) may not
have contributed, because TAP typically transports peptides of 8
to 16 amino acids (40) and the amino acid substitutions under
investigation are too distant from the epitope to be able to have an
effect on these processes. More likely, earlier steps in the antigen
processing pathway are involved, like degradation by the protea-
some (58). However, because the constitutive proteasome poten-
tially cleaves inside the epitope sequence (59), alternative pro-
teases like the immunoproteasome (60), or nonproteasomal
proteases (61), like tripeptidyl peptidase II (TPPII) (62, 63), are
more likely candidates.

Based on these studies we hypothesize that the difference in
extraepitopic amino acid residues either change the cleavage pat-
tern of the M1 protein and/or define which protease processes the
M1 protein, which will eventually determine the extent of M158 – 66

epitope presentation.
It has been shown that amino acid residues flanking a mouse

CTL epitope altered recognition of IAV (64–68). However, these
findings were obtained with artificially introduced mutations. In
the present study, we show for the first time that naturally occur-
ring variation at positions outside the epitope influences antigen
processing resulting in differential CD8� T cell recognition of
human and avian IAVs. Of note, mutations flanking CTL epitopes
affecting CD8� T cell recognition have been observed in viruses
causing chronic infections (27, 41, 42). In most cases, these mu-
tations were located in close proximity to the epitope (within 10
amino acids). In contrast, the extraepitopic variation in amino
acid residues observed in the present study were more distant
from the epitope (over 30 amino acids), and to the best of our
knowledge, this has not been observed previously. Since the recip-
rocal exchange of the five extraepitopic amino acid residues de-
scribed in this study only partly reverses the CD8� T cell recogni-

FIG 5 IFN-� response by M158 – 66- and NP383–391-specific CD8� T cells after
stimulation with target cells transfected with various M1-NP-eGFP-encoding
plasmids. Numbers of IFN-� positive spots/104 M158 – 66-specific CD8� T cells
(A) and NP383–391-specific CD8� T cells (B) after stimulation by target cells
transfected with M1-NP-eGFP plasmids that encode the M1 protein of the
avian A/H5N1 virus (WT avian) or the M1 protein of the human A/H3N2
virus (WT human) or eGFP only (mock) are shown. Data points represent
means and error bars indicate SD of quadruplicates (n � 4). **, the difference
between groups was statistically significant after correction for multiple hy-
pothesis testing using an FDR of 0.01.
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FIG 6 Activation kinetics of M158 – 66-specific CD8� T cells after stimulation with cells infected with isogenic influenza A viruses with gene segment 7 of human
or avian influenza A viruses. (A) Gating strategy used to assess the upregulation of activation markers on M158 – 66-specific CD8� T cells. Dot plots gate the
lymphocytes, single cells, viable cells, and CD3� CD8� cells, followed by gating for the upregulation of the activation markers CD137, CD69, and CD107a. (B)
Gating strategy used to determine infection efficiency of the target cells. Dot plots gate the target cells, the viable cells, and finally the influenza A virus-positive
cells. Expression of the activation markers CD137 (C), CD69 (D), and CD107a (E) by M158 – 66-specific CD8� T cells after stimulation with A549-HLA-A*0201�

cells infected with recombinant virus A/Puerto Rico/8/1934 with gene segment 7 of avian virus A/Vietnam/1194/2004 (H5N1) (WT avian) or human virus
A/Netherlands/178/1995 (H3N2) (WT human) or pulsed with M158 – 66 peptide (GILGFVFTL) or untreated (mock) is shown. (F) Percent infected A549-HLA-
A*0201� cells at each time point (without T cells). The x axis represent hours postinfection. A549-HLA-A*0201� cells were infected and peptide pulsed for 1 h
and then used to stimulate M158 – 66-specific CD8� T cells. Data points represent means and error bars indicate SD for triplicates (n � 3). *, the differences
between avian and human derived viruses were statistically significant after correction for multiple hypothesis testing using an FDR of 0.01.
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tion patterns between the M1 protein of the avian and human
IAV, it cannot be excluded that other substitutions more distant
from the M158 – 66 epitope, e.g., at positions 137, 166, 167, 168, 207,
218, 224, 230, and 232 (Fig. 2), also contribute to antigen process-
ing and thus to differential recognition.

Analysis of the extraepitopic residues in all M1 protein amino
acid sequences of avian human and swine IAVs available in the
influenza virus resource database (http://www.ncbi.nlm.nih.gov
/genomes/FLU) revealed that 15V, 27R, 101R, 115I, and 121A
were the preferred residues in human IAVs (Fig. 7; Table 1). Res-
idues 15I, 101K, 115V, and 121T were preferred in avian IAVs.
However, residue 27K was a minor variant in avian and swine
IAVs (Fig. 7; Table 1). It would be of interest to determine the
minimal set of amino acid residues that are responsible for the
observed differences in recognition. Of note, within the 60-ami-
no-acid distance from the M158 – 66 epitope, the R95K substitution
was rapidly fixed in human A/H3N2 viruses after its initial intro-
duction in 1997 (Table 1). Its rapid fixation suggests that this
substitution might also contribute to evasion from recognition by

M158 – 66-specific CD8� T cells. It has been hypothesized that the
preferred avian or human IAV amino acid residues at positions
115 and 121 of the M1 protein reflect viral host adaptation (33).
However, as H1N1pdm09 contained an M1 protein with the pre-
ferred avian/swine amino acid residue at these positions, this
might not be the case (Fig. 1 and 7; Table 1) (9). Evasion of rec-
ognition by M158 – 66-specific CTLs, as demonstrated in the pres-
ent study, may provide an alternative explanation. It would there-
fore be of interest to monitor acquisition of these preferred human
amino acid residues in the M1 amino acid sequence of
H1N1pdm09 IAVs.

The pandemic of 2009 demonstrated that the frequency of pre-
existing IAV-specific CD8� T cells inversely correlated with dis-
ease severity (18, 19). Compared to the pandemics of 1918, 1957,
and 1968, the pandemic of 2009 was generally considered mild
(69, 70). Especially in the elderly, morbidity and mortality were
relatively low (70). This was attributed to the presence of antibod-
ies in this age group induced by infection with A/H1N1 viruses
that circulated prior to 1957 and that are antigenically related to the

FIG 7 Frequency of amino acid variations region flanking M158 – 66. The frequencies of amino acid variations at positions 15, 27, 101, 115, and 121 in the M1
proteins of avian, swine, and human influenza A viruses isolated in the indicated time period are shown. Frequencies were based on the total number of M1
protein sequences present in the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/genomes/FLU) database as of 11 April
2015. Pie charts represent frequencies of avian (purple) and human (blue) amino acid residues based on the variations observed in Fig. 2. The frequencies of other
amino acid residues at these positions are in orange. Frequencies of the preferred human IAV amino acid residues are indicated in the pie charts. *, only one 1918
sequence (A/BrevigMission/1/1918) could be obtained from the NCBI database, which was the only virus in this group containing the 115V residue; the other
H1N1 viruses in this group were from the 1930s. A more detailed overview of the frequencies of the respective amino acid variations at these positions can be
found in Table 1.
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H1N1pdm09 virus (71, 72). In contrast to previous pandemic viruses
which possess an M1 protein of human signature, the H1N1pdm09
virus possessed an M1 protein of avian/swine signature (Fig. 1 and 7;
Table 1). Consequently, our data suggest that in previously infected
HLA-A*0201-positive individuals, the 2009 pandemic viruses were
better recognized by preexisting M158–66-specific CD8� T cells,
which also contributed to protective immunity.

The continuous pandemic threat posed by avian IAVs of vari-
ous subtypes and the emergence of drift variants of seasonal IAVs
underscore the need for vaccines that could induce broad protec-
tive immunity, the so-called universal vaccines. IAV-specific
CD8� T cells are predominantly directed to conserved epitopes,
including M158 – 66, and are considered an important correlate of
cross-protective immunity (13, 14, 16–20). Therefore, universal
influenza vaccines should aim at the induction of virus-specific
CTL responses. Although the extent of exertion of antiviral activ-
ity by M158 – 66-specific CD8� T cells during subsequent influenza
virus infections will depend on the origin of the virus (avian or
human), the present study suggests that for the efficient induction
of CTL responses, proteins from avian IAVs may be advantageous
over those derived from human IAVs. This may also apply to live

attenuated influenza vaccines that are known to induce CTL re-
sponses (73, 74). These responses may be improved with the use of
viral proteins originating from avian IAVs. Alternatively, vaccine
approaches that circumvent the antigen-processing pathways are
of interest (56, 75).

Collectively, we have demonstrated that the conserved
M158 – 66 epitope is differentially recognized by epitope-specific
CD8� T cells depending on the origin of the M1 protein. Extra-
epitopic amino acid residues are responsible for the differential
recognition, which indicates that differences in antigen processing
and presentation are at the basis of these observations. In the context
of an M1 protein of human signature the epitope is relatively poorly
recognized compared to the M1 protein of avian viruses. It can be
speculated that the possession of an M1 protein of human signature
offers the virus an advantage by impairing recognition by specific
CD8� T cells. Consequently, these viruses may replicate better in
HLA-A*0201-positive individuals. Since HLA-A*0201 has a high
prevalence in the human population, this also may impact the spread
of the virus in the human population. In addition, our findings may
have implications for the development of vaccines that aim at the
induction of virus-specific CTL responses.

TABLE 1 Frequency of amino acid differences in the region flanking the M158 – 66 epitopea

a “Position” refers to the position in the M1 amino acid sequence; “no.” indicates the absolute number of viruses. Boldface indicates amino acids present in the avian H5N1
(A/Vietnam/1194/04) and human H3N2 (A/Netherlands/018/1994) viruses used in the present study.
b All amino acid sequences present in the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/genomes/FLU) database as of 11 April 2015. Yr,
years of isolation that were present in the database.
c The 95K mutation was introduced in 1997 and rapidly fixated in human seasonal A/H3N2 viruses in the following years.
d Only one 1918 sequence (A/BrevigMission/1/1918) could be obtained from the NCBI database, which was the only virus in this group containing the 115V residue; the other
H1N1 viruses in this group were from the 1930s.
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