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Extra-epitopic amino acid residues affect recognition of human 
influenza A viruses (IAVs) by CD8+ T-lymphocytes (CTLs) spe-
cific for the highly conserved HLA-A*0201 restricted M158-66  
epitope located in the matrix 1 (M1) protein. These resi-
dues are absent in the M1 protein of the 2009-pandemic IAV 
(H1N1pdm09). Consequently, stimulation with M1 protein 
of H1N1pdm09 IAV resulted in stronger activation and lytic 
activity of M158-66-specific CTLs than stimulation with seasonal 
H3N2 IAVs. During >6 years of circulation in the human popu-
lation, descendants of the H1N1pdm09 virus had accumulated 
4 other amino acid substitutions. However, these did not affect 
M158-66-specific CTL activation.
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Influenza A virus (IAV) infections are an important cause of ex-
cess mortality during seasonal epidemics and pandemics [1–3]. 
Cross-reactive IAV-specific CD8+ T lymphocytes (CTLs) play 
an important role in viral clearance and reducing disease se-
verity [4–6]. However, viral evasion from recognition by CTLs 
has been described [7] and includes mutations in epitopes at 
T-cell receptor contact residues and HLA-anchor residues, both 
of which are observed during evolution of seasonal IAVs [8, 
9]. Recently, we described that also residues outside an epitope 
can affect recognition by influenza virus–specific CTLs. Extra-
epitopic amino acid residues of human IAV signature (15V, 27R, 
101R, 115I, and 121A) correlated with reduced activation and 

lytic activity of CTLs specific for the highly conserved and HLA-
A*0201-restricted M158-66 epitope in the M1 protein of human 
H3N2 IAVs compared to its avian IAV counterpart. This human 
signature was present in all human IAV subtypes circulating 
before 2009 [10]. The M1 protein of the 2009 H1N1 pandemic 
(H1N1pdm09) IAV did not have this human signature and, 
therefore, we hypothesized that recognition of H1N1pdm09 in-
fluenza virus by M158-66-specific CTLs was not reduced [10]. The 
H1N1pdm09 pandemic was generally considered milder com-
pared to previous pandemics [3, 11]. In particular, elderly per-
sons were relatively resistant to infection [11] because they were 
previously exposed and developed antibodies to antigenically 
related H1N1 IAVs that circulated before 1957 [12, 13]. It was 
speculated that absence of the human signature in the M1 pro-
tein would render the H1N1pdm09 IAV more sensitive to M158-

66-specific CTLs in HLA-A*0201+ individuals [10], which is in 
concordance with the observation that preexisting IAV-specific 
CTL immunity correlated with protection from disease severity 
caused by H1N1pdm09 IAVs [4, 5]. Moreover, the introduction 
of H1N1pdm09 IAV offered a unique opportunity to study the 
possible evolutionary accumulation of these or other extra-epi-
topic amino acid residues in a human influenza virus. After 
>6 years of circulation in the human population, descendants of 
the H1N1pdm09 IAV (H1N1pdm09/2016) have acquired muta-
tions in the M1 protein outside the M158-66 epitope, albeit at other 
positions than those previously described [10].

Here, we investigated whether the absence of extra-epitopic 
amino acid residues associated with reduced CTL recognition 
in the H1N1pdm09 IAV enhanced M158-66-specific CTL recog-
nition. In addition, we investigated if >6 years of selective pres-
sure exerted by M158-66-specific CTLs in the human population 
were responsible for the observed extra-epitopic mutations and 
reduced recognition by M158-66-specific CTLs.

MATERIALS AND METHODS

M1 amino acid sequences of seasonal H3N2  
(A/Netherlands/018/1994, H3N2s1994) [10], H1N1pdm09  
(A/Netherlands/602/2009), and descendants of H1N1pdm09 
virus isolated in 2016 (H1N1pdm09/2016) were analyzed 
using the BioEdit software package version 7.2.5. The fluores-
cent antigen-transfected target cell (FATT)–CTL assay was 
used for the detection of lytic activity and activation of the  
M158-66- and nucleoprotein (NP)383-391-specific CTLs as 
described previously [10, 14]. In brief, in addition to the pre-
viously described M1(H3N2s1994)-NP-enhanced green flu-
orescent protein  (eGFP) fusion plasmid [10], we constructed 
an M1(H1N1pdm09)-NP-eGFP and M1(H1N1pdm09/2016)-
NP-eGFP plasmid. The M1(H3N2s1994) open reading frame 
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(ORF) of the M1(H3N2s1994)-NP-eGFP plasmid was replaced 
by the ORF of the M1 protein of A/Netherlands/602/2009 
or A/Netherlands/2020/2016 (representative descendant of 
H1N1pdm09 IAV), respectively, without their stop codons as 
described previously (Figure 1) [10]. These plasmids were used 
to transfect an HLA-A*0101/A*0201/B*0801/B*2705-positive 
B lymphoblastoid cell line as described previously [10]. The 
number of viable eGFP-positive cells was determined after 4 
hours at 37°C. Quadruplicates of 1500 viable eGFP-positive 
cells were cocultured for another 3.5 hours with 80 000 M158-66-  
or NP383-391-specific CTLs to assess the lytic activity of the 
CTLs using the following formula: 100  × [(number of viable 
eGFP-positive cells in the sample without effector – number of 
viable eGFP-positive cells in the sample with effector) / number 

of viable eGFP-positive cells in the sample without effector] 
[10].

To assess CTL activation, quadruplicates of 3000 viable 
eGFP-positive cells were cocultured for another 7 hours with 
20 000 M158-66- or NP383-391-specific CTLs and subsequently 
incubated with antibodies to CD3, CD8 (eBiosciences, Vienna, 
Austria), CD137 (BioLegend, London, United Kingdom), and 
CD107a (BD Biosciences, Breda, the Netherlands) labeled 
with PerCP-Cyanine5.5, Allophycocyanin, PECyanine7, and 
V450, respectively, and LIVE/DEAD Aqua Fixable Dead Cell 
Stain (L/D) (Invitrogen, Breda, the Netherlands) as described  
previously [10].

Data were analyzed using the independent-samples t test to 
calculate the respective P value between pairs of groups. These 
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Figure 1. Amino acid sequences of viral matrix protein 1-nucleoprotein-enhanced green fluorescent protein (M1-NP-eGFP) fusion proteins and expression plasmid map. 
The amino acid sequence of the chimeric M1-NP-eGFP fusion construct is shown: M1 encoding sequences A/Netherlands/018/1994 (H3N2s1994), A/Netherlands/602/2009 
(H1N1pdm09), and A/Netherlands/2020/2016 (H1N1pdm09/2016) (pink), NP (orange), eGFP (green), and linker sequences (gray), and M158-66 (GILGFVFTL) and NP383-391 
(SRYWAIRTR) epitopes (yellow). Previously identified extra-epitopic amino acid residues of a human signature are indicated in bold red and additional extra-epitopic amino 
acid residues of a human signature are indicated in red [10]. Amino acid difference between the H3N2s1994 and H1N1pdm09 M1 proteins are indicated in bold, and those 
of avian/swine signature are bold underlined. Amino acid differences studied in this report between H1N1pdm09 and H1N1pdm09/2016 M1 proteins are indicated in blue, 
bold and underlined. These inserts were cloned into the pEGFP-N1 vector as indicated. The hash marks around the perimeter of the plasmid map indicate 1000-nucleotide 
increments.
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P values were then analyzed using the Benjamini–Hochberg 
method to correct for multiple hypothesis testing using a false 
discovery rate of 0.01 for all assays. Each experiment was per-
formed at least twice. NP383-391-specific CTLs were used as an 
internal control as they display similar functional avidity as 
M158-66-specific CTLs.

RESULTS

We previously reported that amino acid residues at positions 
15, 101, 115, and 121 outside the M158-66 epitope in the M1 
protein of H1N1pdm09 virus were of an avian-/swine-like 
signature, not associated with reduced recognition by M158-66- 
specific CTLs (Figure 1) [10]. So far, there is no evidence that 
the accumulation of mutations outside the M158-66 epitope 
that confer reduced recognition by M158-66-specific CTLs is 
an evolutionary trait [10]. The H1N1pdm09 virus completely 
replaced the previously circulating seasonal H1N1 IAV and 
continued to circulate during subsequent influenza seasons. 
To address the question if selective pressure exerted by M158-66- 
specific CTLs in previously infected HLA-A*0201-positive 
individuals (40% of the white population), has driven the 
accumulation of extra-epitopic mutations associated with 
reduced recognition by M158-66-specific CTLs, we compared 
the M1 amino acid sequences of various H1N1pdm09 descen-
dant strains isolated in the 2015–2016 influenza season with 
that of the original H1N1pdm09 virus. Although the previ-
ously identified extra-epitopic amino acid residues associated 
with reduced M158-66-specific CTL recognition were absent in 
the M1 protein of H1N1pdm09/2016 viruses, 4 other fixed 
amino acid substitutions were observed at position outside the 
epitope (V80K, M192V, Q208K, and K230R) (Figure 1). Next, 
we wished to test the hypothesis that these amino acid sub-
stitutions could affect activation and lytic activity of M158-66- 
specific CTLs. To this end, matrix protein 1-nucleoprotein-en-
hanced green fluorescent protein (M1-NP-eGFP) plasmids 
were used in the FATT-CTL assay to monitor the lytic activity 
(Figure 2A) and activation (Figure 2B) of M158-66- and NP383-391- 
specific CTLs, as described previously [10, 14]. M158-66-specific 
CTLs displayed significantly higher lytic activity with tar-
get cells expressing the M1 protein of IAVs H1N1pdm09 or 
H1N1pdm09/2016 than with those expressing M1 protein 
of the H3N2s1994 virus (77.3%, 84.6%, and 63.8% respec-
tively) (Figure 2A). The lytic activity of NP383-391-specific CTLs 
to all M1-NP-eGFP fusion proteins was similar (Figure 2A), 
indicating that the observed differences with M158-66-specific 
CTLs were not the result of differences in transfection effi-
ciency of the respective plasmids used or protein expression. 
Upon stimulation with M1 protein of IAVs H1N1pdm09 or 
H1N1pdm09/2016, a significantly higher percentage of M158-66- 
specific CTLs expressed the activation marker CD137 (31% 
[H1N1pdm09] and 33.6% [H1N1pdm09/2016]) than after 
stimulation with M1 protein of H3N2s1994 (5.7%) (Figure 2B). 

A  similar pattern was observed for the detection of the 
degranulation marker CD107a. Upon stimulation with M1 
proteins of IAVs H1N1pdm09 or H1N1pdm09/2016, respec-
tively 48.8% and 57.9% of the M158-66-specific CTLs expressed 
CD107a, which was significantly higher than after stimulation 
with M1 protein of H3N2s1994 (10.9%) (Figure  2B). Such 
differences were not observed for the NP383-391-specific CTLs, 
although CD107a expression was slightly higher after stimula-
tion with M1 proteins of H1N1pdm09 and H1N1pdm09/2016 
compared to stimulation with that of H3N2s1994 virus, but 
this difference was substantially smaller than that observed for 
the M158-66-specific CTLs (Figure 2B).

Thus, activation and lytic activity of M158-66-specific CTLs 
against the M1 protein of H1N1pdm09 and H1N1pdm09/2016 
virus was stronger than against the M1 protein of virus 
H3N2s1994. The newly identified amino acid substitutions out-
side the M158-66 epitope in the M1 protein of H1N1pdm09/2016 
viruses did not affect activation or lytic activity of M158-66-
specific CTLs.

DISCUSSION

In contrast to other IAVs that have circulated in the human 
population, the M1 protein of IAV H1N1pdm09 was of an 
“avian signature” and lacked extra-epitopic amino acid resi-
dues seen in human IAVs associated with reduced recognition 
by M158-66-specific CTLs [10]. Consequently, the activation and 
lytic activity of M158-66-specific CTLs upon stimulation with the 
M1 protein of H1N1pdm09 virus was stronger compared to 
stimulation with that of H3N2s1994 virus, which has reduced 
capacity to stimulate M158-66-specific CTLs compared to avian 
H5N1 virus [10]. The descendants of H1N1pdm09 virus 
accumulated extra-epitopic amino acid substitutions during 
their evolution in the years following the pandemic outbreak, 
but at other positions than those described previously for 
H3N2s1994 and historic IAVs. We hypothesized that selective 
immune pressure against the M158-66-epitope was responsi-
ble for driving the accumulation of these mutations. Because 
the M158-66 epitope is highly immunodominant [15] and its 
corresponding HLA*0201 allele has a high prevalence in the 
Caucasian population (>40%), selective immune pressure 
against the M158-66 epitope is likely to be high. However, the 
amino acid substitutions that accumulated in the M1 protein 
during >6 years of circulation and evolution in H1N1pdm09 
descendant strains did not affect recognition by M158-66-
specific CTLs. This suggests that for extra-epitopic mutations 
associated with reduced recognition by M158-66-specific CTLs 
to arise, IAVs need to circulate under M158-66-specific CTL 
immune pressure for extended periods. Alternatively, a reas-
sortment event would allow descendants of H1N1pdm09 
virus to acquire gene segment 7 encoding the M1 protein 
from seasonal H3N2 IAVs in order to escape the M158-66- 
specific CTL response.
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To investigate if descendants of H1N1pdm09 virus 
had accumulated mutations in other CTL epitopes, we 
retrieved 24 functionally described epitopes from the 
Immune Epitope Database (www.iedb.org). Of these 
epitopes, 14 were present in the H1N1pdm09 IAV;  
of these 14, only the NA233-241 and overlapping NS122-130 and 
NS1123-132 epitopes displayed variability (Supplementary 
Table 1), which in the case of NA may have been caused by selec-
tive antibody pressure. Thus, so far descendants of H1N1pdm09 
virus display minimal signs of escape from recognition by CTL 
to known epitopes.

Collectively, these results indicate that seasonal H3N2 and 
other historic human IAVs, which all share a common source 
for their M1 protein by genetic reassortment [10], may have 

benefited from extra-epitopic amino acid residues that allowed 
reduced recognition by M158-66-specific CTLs in previously 
infected HLA-A*0201-positive individuals. The M1 protein of 
H1N1pdm09 virus lacked these residues and indeed stimulated 
the M158-66-specific CTLs to a greater extent. This in turn, may 
have contributed to stronger CTL responses in immune HLA-
A*0201-positive individuals and subsequently reduced disease 
severity and, potentially, limited spread of H1N1pdm09 virus 
in the human population. Finally, the extra-epitopic amino acid 
substitutions that have accumulated in the M1 protein of descen-
dants of the H1N1pdm09 virus do not confer reduced recogni-
tion by M158-66-specific CTLs, and this immune adaptation may 
only be acquired after prolonged circulation of these viruses in 
the human population or by a genetic reassortment event.
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Figure 2. Activation and lytic activity of M158-66- and NP383-391-specific CD8+ T lymphocytes (CTLs) after stimulation with matrix protein 1-nucleoprotein-enhanced green 
fluorescent protein (M1-NP-eGFP) transfected cells.M158-66- and NP383-391-specific CTLs were incubated with HLA-matched target cells transfected with chimeric M1-NP-eGFP 
fusion plasmids that encode the M1 protein of H3N2s1994 (black), H1N1pdm09 (gray) or H1N1pdm09/2016 (white) influenza A viruses, and lytic activity was determined by 
fluorescent antigen-transfected target cell (FATT)–CTL assay (A). In addition, expression of activation markers CD137 and CD107a by the respective CTLs was assessed (B). 
GFP (A) or mock (B) transfected stimulator cells served as a negative control (hatched bars). Data points represent the mean, and error bars indicate the standard deviation 
of quadruplicates (n = 4). * Indicates statistically significant differences between groups after correction for multiple hypothesis testing using a false discovery rate of 0.01. 
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Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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