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Matrix protein 2 ectodomain (M2e) is considered an attractive component of a broadly protective, universal influenza A

vaccine. Here we challenge the canonical view that antibodies against M2e are the prime effectors of protection.

Intranasal immunizations of Balb/c mice with CTA1-3M2e-DD-generated M2e-specific memory CD4 T cells that were

I-Ad restricted and critically protected against infection, even in the complete absence of antibodies, as observed in JhD

mice. Whereas some M2e-tetramer-specific memory CD4 Tcells resided in spleen and lymph nodes, the majority were

lung-resident Th17 cells, that rapidly expanded upon a viral challenge infection. Indeed, immunized IL-17A� /� mice

were significantly less well protected compared with wild-type mice despite exhibiting comparable antibody levels.

Similarly, poor protection was also observed in congenic Balb/B (H-2b) mice, which failed to develop M2e-specific CD4 T

cells, but exhibited comparable antibody levels. Lung-resident CD69þ CD103low M2e-specific memory CD4 Tcells were

ab TCRþ and 50% were Th17 cells that were associated with an early influx of neutrophils after virus challenge.

Adoptively transferred M2e memory CD4 Tcells were strong helper Tcells, which accelerated M2e- but more importantly

also hemagglutinin-specific IgG production. Thus, for the first time we demonstrate that M2e-specific memory CD4 T

cells are broadly protective.

INTRODUCTION

The development of an effective universal, or broadly protective
vaccine against pandemic influenza infections, is attracting
increasing attention and several clinical trials have been
completed or are underway.1–5 The medical and societal panic
caused by the emergence of a pandemic H1N1 virus in Mexico
in 2009 and the recurrent zoonotic infections with avian
(H5N1, H7N9) influenza viruses, mainly in the far East,
underscore the pressing need for a broadly protective influenza
vaccine. Such a vaccine should comprise conserved influenza A
virus epitopes that can be converted into safe and effective
influenza vaccines that are easy to produce.6 However, the
transformation of vaccine design strategies used for seasonal
influenza virus vaccines into effective universal vaccines has
proven difficult.7 For example, CD4 and CD8 T-cell responses
against influenza viruses are broadly reactive and correlate
with reduced disease severity in humans.8–11 Despite this, it has
remained a challenge to introduce influenza vaccines that

also induce strong cellular responses. Rather, the traditional
correlate of protection is based on hemagglutination
inhibition IgG titers in serum and in the quest for a broadly
protective influenza vaccine, researchers are combining multi-
ple hemagglutinin (HA) subtypes or the relatively conserved
stem domain of HA into a vaccine.12–14 Thus, there is still
considerable confusion around which antigens to include,
which adjuvants to use, and how these should be formulated
and administered to obtain a broadly protective influenza
vaccine.

A majority of the new influenza vaccine candidates are based
on injections, whereas only few mucosal vaccines, in particular
nasal or aerosol formulations, are being developed.15 This is
unfortunate, because several studies have pointed to the critical
cross-protective role of mucosal IgA and the importance of an
effective tissue localization of resident memory T cells.16–23

Only mucosal immunizations can effectively induce these
responses. Moreover, the generation of virus-neutralizing IgA
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antibodies, to prevent influenza virus transmission, is best
achieved following mucosal vaccination.20,24

Conserved antigenic epitopes, from neuraminidase, nucleo-
protein, or the HA stem, have been identified and evaluated for
cross-protection against many subtypes of influenza A
viruses.4,12,25 It is primarily serum antibodies that have been
found to correlate with protection, although specific CD4 and
CD8 T cells have a crucial role in cross-protection.8–11,26

Among the candidates for a universal influenza A vaccine is also
the ectodomain of the matrix protein 2 (M2e).27 M2e is highly
conserved in all human influenza A virus strains and has been
found to be strongly immunogenic in various vaccine
formulations and evaluated in clinical trials.28–33 M2 is
expressed in low copy numbers on the virion, but infected
target cells abundantly express M2 on their surface where it is
accessible for antibodies.30,32,34,35 M2e-specific antibodies are
not neutralizing. Rather, the protective mechanism of action for
M2e-specific IgG antibodies depends on FcgR expression on
alveolar macrophages and antibody-dependent cellular cyto-
toxicity or phagocytosis, which is similar to how anti-HA stem
IgG antibodies protect.36,37 The canonical view has been that
protection by M2e-based vaccines correlates closely with the
presence of anti-M2e antibodies, with high affinity for
activating FcgR, and immunizations protect against multiple
influenza A virus subtypes.38 We have previously reported on a
broadly protective influenza A vaccine candidate based on M2e
and the mucosal adjuvant CTA1-DD.39,40 The latter is a non-
toxic derivative of the cholera toxin A1 subunit and a dimer of
fragment D from Staphylococcus aureus protein A.41 In
particular, we were able to merge this mucosal adjuvant
and M2e into a single immunoprotective mucosal vaccine
formulation, the CTA1-3M2e-DD fusion protein. This fusion
protein induced complete protection in mice following
intranasal (i.n.) immunizations and both anti-M2e-specific

antibodies and CD4 T-cell responses were induced.39 Whereas,
much information is available on the immunogenicity and
protective efficacy of M2e for stimulating antibody responses,
very little has been published on the CD4 T-cell response to
M2e. In fact, Gerhard and colleagues first described major
histocompatibility complex (MHC) class II-restricted T-cell
responses against M2e in 2003 and later Epstein and colleagues
reported differential T-cell reactivity to M2e in different mouse
strains.42–44 However, no detailed study on MHC class
II-restricted M2e-specific epitope recognition or, more impor-
tantly, protective CD4 T-cell functions has previously been
reported.

One line of research for the development of a universal
vaccine is to explore how more potent CD4 and CD8 T-cell
responses against conserved viral peptides could provide
heterosubtypic protection.5,8,45 These strategies include the
use of internal virus epitopes, such as those found in the viral
nucleoprotein, matrix 1 protein, or polymerase subunits.
Whereas protective CD8 T-cell immunity against heterosub-
typic influenza strains has long been acknowledged, the
protective role of CD4 T cells is attracting growing
interest.10,46,47 Swain and colleagues have published an
extensive literature on influenza-specific CD4 T-cell immunity
and have shown that transfer of activated HA-specific CD4 T
cells into naive hosts can protect against infection indepen-
dently of B cells and CD8 T cells.48,49 For protection, memory
CD4 T cells could provide helper functions for influenza-
specific CD8 T cells and activated B cells, but also other
functions, including direct cytotoxicity as well as indirect effects
on innate immunity in the lung have been proposed.

The CTA1-DD adjuvant has been proven effective at
stimulating long-term memory and greatly augments
antibody and cell-mediated immunity following mucosal
and systemic immunizations.50 Given the broad protective

Figure 1 MHC class II-restricted M2e-specifc immunity conveys cross-protection against influenza A virus infection. (a) Mice were immunized i.n. three
times with CTA1-3M2e-DD (5 mg per dose), PBS or CTA1-DD (5 mg per dose) alone and challenged 6–8 weeks after the final dose with live virus at
4� LD50 (lethal dose, 50%) with the mouse-adapted homologous X47 (H3N2) or the heterosubtypic PR8 (H1N1) strains. Mortality rates and body weight
were monitored for 2 weeks after challenge. Lung virus titers were recorded 3 days after challenge with the PR8 strain and log10 values are given for
TCID50 per lung (±s.d.). Mean weights shown where n42. (b) CD4 T-cell responses to M2e are MHC class II restricted. Three different mouse strains
were given three i.n. immunizations with CTA1-3M2e-DD admixed with 2 mg of TT; Balb/c H-2d (white), C57Bl7/6 H-2b (black), and DBA-1 H-2q (gray) and
7 days after the final dose mice were killed and serum and splenocytes were individually collected. CD4 T-cell proliferation was recorded in triplicates after
3 days of stimulation ex vivo with M2e peptide by 3H-thymidine incorporation and mean values are given as counts per minute (cpm)±s.d. MHC class II
restriction of the M2e response in Balb/c CD4 T cells was confirmed by the blocking effect of a concentration range of anti-class II H-2d antibodies (black
bars) or no antibody (gray bar) in splenocyte cultures and given as mean cpm±s.d. of triplicate cultures. Serum titers of total Ig anti-M2e were determined
by ELISA and values are given as mean log10 titers±s.d. of five mice per group. (c) Priming with CTA1-3M2e-DD requires classical DCs as evidenced by
lack of responsiveness after i.n. immunizations in CD11c-DTR chimeric mice. Experiments follow the protocols under a and b and results are given for
DC-depleted (hatched) or WT control (black) mice and CD4 T-cell responses ex vivo after stimulation with CTA1-M2e (1 mM) are given as mean cpm±
s.d., cytokine production is in pg ml�1±s.d. and mean and individual serum anti-M2e IgG log10 titers from five mice per group. The results in a–c are
representative of three identical experiments giving similar results. Statistical significance was calculated using one-way ANNOVA (a and c) Mann–
Whitney test (b); Po0.05 (*) and Po0.01 (**). (d) Amino acid (aa) sequences of long and short M2e-derived peptides to map the recognition sites of M2e
by CD4 T cells. Proliferation of splenocytes from i.n., CTA1-3M2e-DD-immunized mice was determined with peptides at 3mM and values are given as
mean cpm±s.d. of triplicate cultures. (e) CD4 T-cell hybridomas were generated from i.n. immunized mice and two representative clones (28 and 40) are
shown. M2e T-cell hybridoma clone 28 was used to screen for peptide recognition (IL-2 production) using the A20 B-cell line for I-Ad-restricted peptide
presentation. Recognition was measured as mean cpm±s.d. of triplicates using the IL-2 responsive CTLL-2 cells. (f) A concentration range of the M2e
peptides aa 1–16 and 7–17 were tested to determine the sensitivity of T-cell recognition (clone 28) and values are given as mean cpm±s.d. of triplicate
cultures. Ovalbumin peptide p323-339 was used as negative control. (f) MHC class II restriction was assessed using a concentration range of blocking
anti-I-Ad or I-Ed Mabs and A20 B cells presenting M2e peptide (3 mM) to the T-cell hybridoma clone 40 and values are given as mean cpm±s.d. of triplicate
cultures. Panels d–f are representative of at least three experiments giving similar results.
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role, CD4 T-cell epitopes may play in a universal vaccine
and our earlier observation that M2e hosts a highly
immunogenic class II-restricted CD4 T-cell epitope, we

undertook this study to better define the protective
function of CD4 T cells following i.n. immunizations with
CTA1-3M2e-DD.
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RESULTS

Mapping of the M2e MHC class II-restricted T-cell helper
epitope in CTA1-3M2e-DD

We have previously identified a MHC class II-restricted epitope
in the influenza M2e peptide, which stimulated robust CD4
T-cell priming when combined with the CTA1-DD adjuvant in
the fusion protein, CTA1-3M2e-DD.39,40 In this study, we
evaluated the precise role of M2e-specific CD4 T cells in
influenza immunity. We performed a series of experiments that
allowed us to map the M2e T-cell recognition epitope and to
elucidate its possible mechanisms for protection. We found that
Balb/c mice immunized three times i.n. with CTA1-3M2e-DD
were fully protected against a potentially lethal challenge with
X47 (H3N2) or PR8 (H1N1) virus (Figure 1a). Body weight loss
and lung virus titers after X47 and PR8 challenge were
significantly reduced in the CTA1-3M2e-DD group compared
with control groups (Figures 1a and 4b). MHC class II
restriction was explored in three different inbred mouse strains
and we found that, in contrast to Balb/c (H-2d) mice, C57BL/6
(H-2b) and DBA-1 (H-2q) failed to induce CD4 T cells
specific for M2e (Figure 1b). The CD4 T-cell response to M2e
in Balb/c mice was blocked by an anti-MHC class II H-2d Mab
in a dose-dependent way (Figure 1b). Because the fusion
protein carried multiple T-helper epitopes immunization of
Balb/c and C57BL/6 mice resulted in comparable total serum
anti-M2e antibody titers (Figure 1b). In DBA-1 mice, where
these T-helper epitopes were not recognized, neither
antibody nor M2e-specific CD4 T-cell responses were
observed (Figure 1b). Challenging immunized DBA-1 mice
with X47 virus resulted in weight loss and death in all
mice, with significantly higher viral titers when compared with
immunized Balb/c mice (Figure 1b). Interestingly,
CTA1-3M2e-DD was fully adjuvant active as it promoted
antibody production to co-administered tetanus toxoid, in all
three mouse strains (Figure 1b). Hence, irrespective of whether
CTA1-3M2e-DD was immunogenic or not, the adjuvant
function was independent of MHC class II restriction.
Priming with CTA1-3M2e-DD was dependent on
dendritic cells (DC) as we observed significantly reduced
responses in DC-depleted mice after diphtheria toxin
treatment of CD11c-DTR mice (Figure 1c).51 Only low or

undetectable levels of specific IFNg or IL-17A production
to recall antigen stimulation and strongly impaired
anti-M2e antibodies were found in DC-depleted mice
(Figure 1c).

We next used overlapping long and short peptides to identify
the MHC class II H-2d-restricted epitope in M2e more precisely
(Figure 1d). In splenocytes from mice that had been
immunized with CTA1-3M2e-DD, a distinct CD4 T-cell
recognition pattern was observed to recall peptide with
amino acids (aa) 7–17, being the shortest peptide to stimulate
a proliferative response, while aa 1–12, 1–14, 4–14, or 13–24
were not recognized and aa 10–20 only partly recognized
(Figure 1e). Hence, the minimal peptide that was recognized
corresponded to aa 7–17 of M2e (ETPIRNEWGSR). To
facilitate further in vitro and in vivo analysis, we generated
a set of M2e-specific CD4 T-cell hybridomas from immunized
Balb/c mice. The M2e-specific CD4 T-cell hybridomas carried
different Vb TCR chains, Vb4 or Vb6, indicating that the
response was oligoclonal (Figure 1e). These hybridomas
recognized the M2e 7–17 peptide, but a peptide aa 1–16,
was even better recognized, supporting that aa 7–13 and 15–16
were critical in the recognition of M2e (Figure 1e,f). Antibody-
blocking experiments confirmed that the hybridomas were
I-Ad restricted, while I-Ed was not involved in binding M2e
(Figure 1f). Of note, the complete elimination of proliferation
in the presence of anti I-Ad antibody confirmed our previous
observation that there is no MHC class I-restricted CD8 T-cell
epitope in the M2e peptide.39

Based on the I-Ad restriction and the 1–16 aa peptide
recognition, we generated MHC class II tetramers for the
detection of M2e-specific CD4 T cells in vivo. Following i.n.
immunizations of Balb/c mice with CTA1-3M2e-DD, we
successfully detected such cells in spleen, lung, peripheral blood,
and in the mediastinal (medLN) and cervical lymph nodes
(CLN) (Figure 2a). Tetramer-specific splenocytes were
restimulated with M2e peptide in vitro and the cytokine
production was analyzed by FACS. Intracellular cytokine
labeling of M2e-tetramer-specific CD4 T cells revealed four
subtypes; IL-17A, IFNg-, or TNFa-only producers or a
multifunctional population that expressed IFNg and TNFa
(Figure 2b). Following challenge of immunized mice with

Figure 2 In vivo distribution of M2e-tetramer-specific CD4 T cells following immunization and influenza A virus challenge. Balb/c mice were immunized
i.n. three times with CTA1-3M2e-DD (5 mg per dose), PBS or CTA1-DD (5 mg per dose) and lymphocytes were isolated in single-cell suspensions from
different organs (spleen, medLN, lung, cervical lymph nodes (CLN), and peripheral blood (PBL) before analyzing the presence of M2e-tetramer-specific
CD4 T cells by flow cytometry (frequencies in upper right quadrant). Cells were labeled with the PE-conjugated M2e-specific class II tetramer, gated on
7AAD or Live/Dead Aqua negative (a–f), F4/80 negative (a–c,e), CD19 negative (a–c,e), C8a negative (a–f), CD4/M2e-tetramer double positive (f) (a)
Distribution of M2e-tetramer-specific CD4 T cells in mice immunized with CTA1-3M2e-DD. Statistical significance was calculated using the unpaired
t-test; Po0.01 (**). (b) Intracellular cytokine staining (ICS) after specific labeling of CD4 T cells following M2e peptide stimulation for 72 h in the presence
of Brefeldin A for the final 6 h of culturing. ICS with anti-IL-17A, IFNg, and TNFa antibodies conjugated with different fluorophores are shown. (c)
Distribution of M2e-tetramer-specific CD4 T cells in various tissues in unimmunized (PBS) or immunized mice 4 days after a live X47 virus challenge
infection (4� LD50). CLIP-tetramer negative control labeling in isolated lung cells (right panel). (d) Surface TCR staining of M2e-tetramer-specific CD4 T
cells from the lung of CTA1-3M2e-DD immunized mice 4 days after a live X47 virus challenge infection (e) Lung M2e-tetramer-specific CD4 T cells are
oligoclonal following immunization with CTA1-3M2e-DD as determined by labeling with multiple TCR Vb-specific Mabs. a–f are representative
experiments of at least three giving similar results with three–five mice per group. (f) Co-expression of the transcription factor Ror-gt and IL-17A, as well as
serine protease granzyme B by lung M2e-tetramer-specific CD4 T cells from CTA1-3M2e-DD immunized mice 4 days after a live X47 virus challenge
infection. This is a representative experiment of at least three independent experiments giving similar results.
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influenza virus, these M2e-specific CD4 T cells increased
significantly in all organs, with strongest expansion in the
lung (30%) and medLN (2%). In contrast, no M2e-tetramer-
specific CD4 T-cell response was observed in lungs of CTA1-DD
immunized (not shown) or PBS control mice (0.2%) (Figure 2c).
The M2e-tetramer-specific CD4 T cells wereabTCR (Figure 2d)

and these cells carried multiple Vb4, Vb6, or Vb8.3 chains
(Figure 2e), supporting the notion that the response was
oligoclonal. Of note, a substantial proportion of M2e-tetramer-
specific CD4 T cells in the lung were RORgtþ (47%) and half of
these produced IL-17A (50%), while none of the cells expressed
granzyme B, suggesting that they were not cytolytic (Figure 2f).
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Figure 3 Impaired protection against influenza infection in immunized mice in the absence of M2e-specific CD4 T cells. Groups of 10–12 Balb/c (H-2d)
or congenic Balb/B (H-2b) mice were immunized three times i.n. with PBS, CTA1-DD, or CTA1-3M2e-DD (5 mg per dose). Six–eight weeks after the
second boost, the mice were challenged with 4� LD50 of X47 virus. (a) Survival and body weight loss was monitored for 2 weeks after challenge. Statistical
comparisons between groups were done with the Mann–Whitney test (*: Po0.05). Lung virus titers were recorded 3 days after challenge with the X47
strain and log10 values are given for TCID50 per lung (±s.d.). (b) Anti-M2e serum IgG, IgG1, or IgG2a antibodies were determined 1 day before or 10 days
after a challenge infection in immunized Balb/c (white) or Balb/B (black) mice. Values are given as individual and mean log10 titers for each group.
(c) Splenocytes from unimmunized Balb/c and Balb/B (gray) or immunized Balb/c (white) or Balb/B (black) mice were cultured in triplicates with CTA or
M2e peptide (1 mM) and supernatants were assessed for IL-17A or IFNg production. Values are given as pg ml�1±s.d. a–c are from one representative
experiment of three giving similar results. Statistical analysis used unpaired t-test; Po0.05 (*). (d) Cytokine gene expression profiles differ between
CTA1-3M2e-DD immunized Balb/c and congenic Balb/B mice. Selected transcription factor and cytokine gene expression profiles of CD4 T-cell subsets
to recall CTA1-3M2e-DD (1 mM) stimulation ex vivo using a PCR-array analysis of mRNA isolated from autoMACS-enriched CD4 T cells from the spleens
of unimmunized or i.n. immunized Balb/c or Balb/B mice after 3–4 days after the second boost with CTA1-3M2e-DD. Individual samples were analyzed in
triplicates from groups of five mice. The fold change, normalized against internal housekeeping genes in unimmunized mice, is given for the indicated
cytokines. (e) Cytokine levels in the supernatants of the same samples as in d after stimulation of splenocytes with CTA1-3M2e-DD for 72 h with CTA1-
3M2e-DD from naive (gray) or CTA1-3M2e-DD immunized Balb/c (white) or Balb/B (black) mice. The concentration of the indicated cytokines is given in
rg ml�1±s.d. d, e are from one representative experiment of two giving similar results.
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Figure 4 The M2e-specific CD4 T cells protect against infection in the complete absence of antibodies and protection partly depends on IL-17A.
(a) Balb/c and B-cell-deficient JHD mice (Balb/c background) were immunized three times i.n. with CTA1-3M2e-DD (5 mg per dose). Seven days after the
final dose CD4 T cells responses to recall M2e peptide (3mM) stimulation in vitro were recorded in splenocytes and analyzed in triplicates for each mouse.
Values for proliferation at 72 h after incorporation of 3H-thymidine are shown as mean cpm±s.d. for five mice per group. The supernatants of the M2e
peptide stimulated cultures were analyzed for IFNgand IL-17A production by ELISA and values are given as mean pg ml�1±s.d. (b) JHD and Balb/c mice
were immunized three times i.n. with the indicated antigens. After 6–8 weeks, the mice were challenged with 0.2� LD50 of X47 (H3N2) virus and
monitored for survival. Lung virus titers were determined 6 days after challenge and log10 values are given as TCID50 per lung ±s.d. Statistical analysis
used one-way ANNOVA Po0.05 (*). (c) CTA1-3M2e-DD-induced immunity is partly IL-17A-dependent. Balb/c (white) and IL-17A� /� (black) mice
were immunized three times i.n. as indicated in a. After 6–8 weeks, the mice were challenged with 4�LD50 of X47 (H3N2) virus and monitored for weight
loss and survival. Lung virus titers were recorded 3 days after challenge and log10 values are given for PFU (±s.d.). Anti-M2e IgG antibodies in
serum were determined before and after challenge and are shown as log10 titers in individual mice and mean values. (d) IFNg-production to recall M2e
stimulation was performed as in a in splenocytes isolated 7 days after the third i.n. immunization with CTA1-3M2e-DD of Balb/c and IL17� /� mice.
These experiments are representative of three independent experiments giving similar results. Each group had 5–8 mice for immunogenicity studies
and 10–12 mice for challenge studies. Statistical analysis was done using Mann–Whitney test and significance is indicated by Po0.05 (*) and
Po0.005 (***).
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M2e-specific CD4 T cells provide significant protection
against influenza A virus challenge

Antibodies are considered the prime mediators of protection in
M2e-immunized mice, whereas the contribution of M2e-specific

T cells remains largely elusive.38 Since M2e recognition by CD4 T
cells was restricted to H-2d, and M2e-specific antibody responses
were comparable between Balb/c and C57Bl/6 mice that had
been immunized with CTA1-3M2e-DD, we analyzed to what
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against live virus infection for more than 1 year. (a) Two months after i.n. immunizations of Balb/c mice with CTA1-3M2e-DD, we assessed the distribution
of resident memory M2e-tetramer-specific cells to lung and other tissues (frequencies in upper right quadrant). Cells were labeled with PE-M2e-tetramer
and various fluorophore-conjugated antibodies as indicated. (b) The resident CD4 T cells were identified as negative after i.v injection of APC-Cy7-
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labeling, is shown (right 2 panels). (e) A distinct memory effector cell phenotype, CD44þ , CD62Llow, and CCR7� was found in lung M2e-tetramer-specific
CD4 T cells following challenge infection. ICS for IL-17A, IFNg, and TNFa in lung memory M2e-tetramer-specific CD4 T cells. (f) Adoptive transfer of naive
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Nu/nu recipient mice demonstrated a dramatic expansion of memory M2e (upper panel), but not naive (lower panel), CD4 T cells in the lung and medLN
after a challenge infection with 0.2� LD50 X47 (H3N2) virus. Control CLIP-class II tetramer labeling (right panels). These are representative dot-blots from
three independent experiments giving similar results with three nu/nu mice analyzed individually. The calculated expansion in absolute numbers of
memory M2e-tetramer-specific (gray), as opposed to naive (white) CD4 T cells in various tissues in recipient nu/nu mice at 4 days after a live challenge
infection.
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extent M2e-specific CD4 T cells were critical for protection in
congenic Balb/B (H-2b) mice. Balb/c and Balb/B mice were
immunized i.n. with saline control, CTA1-DD alone or the
fusion protein CTA1-3M2e-DD. M2e-specific serum IgG as well
as IgG1 and IgG2a isotype titers were comparable in the two
groups. In contrast to Balb/c mice, Balb/B mice were unable to
fully control a virus challenge and less than 60% of these mice
survived the infection, showing slower weight recovery and
appearing to have higher viral titers (Figure 3a,b). Saline and
CTA1-DD control immunized mice succumbed after challenge
(Figure 3a). Post-challenge anti-M2e-specific IgG2a titers
remained comparable between the two congenic mouse
strains (Figure 3b). Prior to challenge, we observed strong
splenocyte proliferation to recall stimulation with the CTA
moiety of the fusion protein in both strains (Figure 3c).
Responses to M2e peptide alone, however, were exclusively
restricted to Balb/c mice, with prominent IFNg and IL-17A
production (Figure 3c). These findings suggested that M2e-
specific CD4 T cells significantly contributed to protection and a
failure to generate IL-17A and/or IFNg may be responsible for
the reduced protection. Importantly, Balb/B mice were able to
generate functional helper CD4 T cells that could provide help to
anti-M2e-specific B cells, because we found that cytokine mRNA
and protein levels were upregulated in splenocytes from
CTA1-3M2e-DD-immunized mice after ex vivo stimulation
with the whole fusion protein (Figure 3d,e). In this setting,
priming of Th1, Th2, Th17 as well TFH cells was confirmed in
both Balb/c and Balb/B mouse strains, albeit with a clear skewing

toward Th2 in Balb/c mice and a more prominent Th1 activity in
Balb/B mice (Figure 3d). Thus, despite strong and comparable
anti-M2e IgG1 and IgG2a serum antibody responses, M2e-
specific CD4 T cells were critically required for full protection in
this congenic mouse model.

M2e-specific CD4 T cells mediate protection in the complete
absence of antibodies

To directly investigate the protective potential of M2e-specific
CD4 T cells, we performed experiments in JHD mice, which
lack B cells but have a functional T-cell immune compartment.
Following i.n. immunizations with CTA1-3M2e-DD, M2e-
specific CD4 T cells were similarly primed in JHD and Balb/c
mice, and the production of M2e-induced IFNg and IL-17A
appeared comparable in the two strains (Figure 4a). Because
B-cell-deficient mice are highly susceptible to influenza virus
infection, we used a low challenge dose (corresponding to
0.2� LD50 of X47 virus in the Balb/c model). We observed 50%
survival in CTA1-3M2e-DD-immunized JHD mice, arguing
that M2e-specific CD4 T cells can convey protection against
infection in the complete absence of M2e-specific antibodies
(Figure 4b). These mice also exhibited a significant reduction
in lung virus titers, albeit not as pronounced as that observed in
immunized wild-type (WT) mice, which were fully protected
(Figure 4b). All unimmunized or CTA1-DD adjuvant alone
immunized JHD mice succumbed to infection (Figure 4b).
These results indicated that M2e-specific CD4 T cells were
directly implicated in protection.
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Following i.n. CTA1-3M2e-DD immunizations, IL-17A
production was prominent in M2e-tetramer-specific lung
CD4 T cells (Figure 2b,e) and, therefore, we evaluated the
effect of IL-17A for protection by comparing Balb/c and IL-17A-
deficient mice (on a Balb/c background). Despite similar pre- and
post-challenge, anti-M2e serum total IgG antibody titers, IL-17A-
deficient mice exhibited significantly reduced protection, with
slower weight recovery, significantly higher viral titers and only
50% survival, when compared with immunized WT mice
(Figure 4c). Recall antigen stimulation of CD4 T cells
revealed comparable IFNg production, suggesting that IL-17A
was critically required for full protection (Figure 4d). Thus,

IL-17A and most probably Th17 cells have a key role in protection
against influenza A virus infection in this model.

Memory M2e-specific lung-resident CD4 T cells convey
protection

Protection against pandemic influenza virus strains induced by
a broadly protective vaccine will most likely depend on strong
immunological memory following immunization. Therefore,
we analyzed to what extent we stimulated the presence of
resident memory CD4 T cells in the lung following i.n. priming
immunizations. We found significant numbers of CD62Llow
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Figure 6 Functional properties of TFH or Th17 subsets of M2e-specific memory CD4 T cells may explain the strong protection. (a) Balb/c mice were
immunized i.n. with CTA1-3M2e-DD or unimmunized (PBS) and challenged after 12–18 months with 4� LD50 of X47 influenza virus. Two weeks after
challenge, serum IgM and IgG antibody responses to HA were assessed and mean log10 titers±s.d. are given for groups of 6–10 mice. (b) One unlabeled
PR8 virus strain and one PR8 strain expressing GFP was used to assess if lung B cells were infected with/carried virus subsequent to a live challenge
infection.55 We gated on B220þ IgDþ and IgD� B cells. (c) Adoptive transfer of naive or memory M2e CD4 T cells into naive nu/nu mice followed by a low-
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bronchioalveolar lavage (BAL) in these mice. (e) Viral load was assessed in lung and BAL on day 6 after challenge and values of TCID50 are given as
mean log10±s.d. (f) Early neutrophil recruitment into the lungs 3 days after virus inoculation in naive or memory M2e CD4 T cells carrying mice.
A representative FACS dot-blot shows dramatic recruitment of neutrophils in the lung and a calculation of Ly6GþCD11þ neutrophils (PMN) per 1,500 live
leukocytes in BAL fluid is shown (right panel). These are representative experiments of three giving similar results with three–five mice per group and
statistical analysis used one-way ANNOVA or unpaired t-test; Po0.05 (*).
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lung 6 months after i.n. immunizations of Balb/c mice with
CTA1-3M2e-DD (Figure 5a). These cells were truly lung-
resident memory CD4 T cells because injecting labeled anti-
CD45 Mab intravenously to the mice, as described by Anderson
et al.,52 did not stain any M2e-specific CD4 T cells in the lung at
6 months after the i.n. priming immunization with CTA1-
3M2e-DD (Figure 5b). Thus, according to previous
publications and the definition of resident CD4 T cells, we
concluded that i.n. immunization with CTA1-3M2e-DD
effectively stimulated resident M2e-tetramer-specific
memory CD4 T cells in the lung.

We then waited 12 months before we evaluated whether the
immunized Balb/c mice were protected against a live virus
infection. Whereas immunized aged mice were fully protected
against infection, age-matched unimmunized Balb/c mice
succumbed after challenge (Figure 5c). Memory CTA1-3M2e-
DD-immunized mice exhibited high levels of M2e-tetramer-
specific CD4 T cells in the challenged lungs (17% of all CD4 T
cells), in particular, but increases were also seen in medLN and
spleen (Figure 5d). The lung CD4 T cells exhibited an effector
memory phenotype, being CD44þ , CD62Llow, and CCR7� ,
and 24% of these effector memory CD4 T cells produced
IL-17A, while fewer produced IFNg or TNFa (Figure 5e).

We estimated that we had a frequency of M2e memory CD4
T cells that was 0.3% of all CD4 T cells following i.n. priming
immunizations. To assess the ability of the memory M2e-
specific CD4 T cells to expand in a naive recipient host, we
adoptively transferred 15� 106 CD4 T cells pooled from the
spleen, mediastinal lymph nodes (medLN), and CLN of
memory mice (i.e., 1 year after CTA1-3M2e-DD immuniza-
tion) to recipient nu/nu mice (Balb/c background). Based on
M2e-tetramer staining, we estimated that approximately
45,000 M2e-specific memory CD4 T cells were present in
the transferred CD4 T-cell pool (Figure 5f). Four days after a
live virus challenge, these tetramer-specific cells expanded
vigorously to frequencies ranging from 20 to 30% of all lung
CD4 T cells and 1 to 4% in mLN and spleen (Figure 5g). This
corresponded to roughly a 40-fold expansion. By contrast, mice
that had received naive CD4 T cells exhibited negligible levels of
M2e-tetramer-specific CD4 T cells after challenge (Figure 5g).
Thus, memory M2e CD4 T cells demonstrated an exceptional
ability to expand in the recipient host and migrated to the lung
upon a challenge infection with influenza virus.

Memory M2e-specific CD4 T cells effectively accelerate
isotype-switched responses in activated naive B cells

Although little is known about the requirements for an effective
pandemic influenza vaccine, it is reasonable to assume that
memory CD4 T cells could play a critical role.11 Lung-resident
memory CD4 T cells could produce protective cytokines in situ,
recruit effector memory CD4 and CD8 T cells to the lung or
participate in direct killing of infected epithelial cells.48,53

Alternatively, memory CD4 T cells could participate as TFH cells
upon re-activation by antigen, supporting isotype-switching
and affinity maturation of activated and proliferating primary
B cells to produce more effective secondary type humoral

responses.54 In immunized memory mice, but not in unim-
munized control mice, we unexpectedly observed significant
increases in serum anti-HA IgG antibody levels, suggesting that
M2e-specific memory CD4 T cells provided secondary type TFH

functions for naive HA-specific B cells (Figure 6a). By contrast,
serum anti-HA IgM antibody levels were comparable in
challenged mice, irrespective of whether they hosted naive or
memory CD4 T cells (Figure 6a). Thus, it appeared that M2e-
specific memory CD4 T cells could provide substantial B-cell
help even to naive B cells, of unrelated specificity, such as HA-
specific B cells. The latter indicated that naive B cells could
function as antigen-presenting cells to memory CD4 T cells
during an influenza virus infection. Using an influenza strain
that expresses GFP,55 we found that 0.6% of lung B cells were
GFPþ , following a primary challenge infection, suggesting that
such cognate antigen presentation to M2e memory CD4 T cells
was indeed feasible for HA-specific B cells (Figure 6b).

To further dissect the TFH functions of M2e-specific memory
CD4 T cells, we adoptively transferred these cells into naive
recipient nu/nu mice and after a sublethal challenge infection
with influenza A virus, we observed higher serum IgG anti-HA
titers as well as significantly increased serum anti-M2e IgG
antibody titers in mice reconstituted with M2e memory CD4 T
cells as opposed to mice receiving naive CD4 T cells (Figure 6c).
Importantly, mice receiving M2e memory CD4 T cells
exhibited significantly reduced viral load in the lungs and
BAL, in particular (Figure 6d). The latter was associated with a
significant anti-M2e IgA and IgG response in BAL, suggesting a
protective role of mucosal antibodies (Figure 6e). In addition, a
dramatic increase of lung neutrophils was observed already 2
days after a viral challenge in mice adoptively transferred with
memory M2e-specific CD4 T cells (Figure 6f). Taken together,
these results argue that memory CD4 T cells against M2e can
convey strong resistance against influenza virus infection in
multiple ways. This could be achieved by orchestrating direct
and indirect protective measures, including neutrophil
recruitment to the lung and promoting isotype-switched
systemic and mucosal antibodies of multiple specificities
from naive B cells, including anti-HA antibodies. Thus,
memory M2e CD4 T cells appear to exert direct
multifunctional effects as lung-resident and migrating
effector CD4 T cells, producing IL-17A and IFNg (and
perhaps other cytokines) as well as functioning as effective
TFH cells supporting priming and differentiation of isotype-
switched B cells in draining lymph nodes. Knowing that M2e
has been found to stimulate strong protection against multiple
influenza A virus subtypes and strains, we propose that a
mucosal vaccine based on M2e memory CD4 T cells could be
a way forward in the design of broadly protective vaccines
against pandemic influenza infections.

DISCUSSION

Broadly protective immunity against influenza can be provided
by cross-protective antibodies and memory CD4 and CD8 T
cells.8,14,31,48,56 Memory CD4 T cells are at the center of the
adaptive immune response, because they provide helper
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functions to B and CD8 T cells, regulate innate immunity and
can directly combat pathogens.11,48 Hence, it is likely that a
broadly protective vaccine against pandemic influenza will rely
on the induction of long-lasting cross-protective CD4 T cells.
Efforts to understand CD4 T-cell protective functions and
recognition of conserved influenza antigens are therefore
crucial for the development of a broadly protective influenza
vaccine.

The present study is the first to investigate in detail the
protective function of CD4 T cells specific for M2e, which is,
perhaps, the most explored candidate antigen for a broadly
protective influenza virus vaccine.28,38,42 We found that i.n.
immunizations of Balb/c mice with CTA1-3M2e-DD-stimu-
lated memory M2e-specific CD4 T cells that critically protected
against infection. Using specific tetramers, we could follow the
accumulation and expansion of these CD4 T cells in the lung
upon i.n. immunizations and after a viral challenge infection.
M2e-specific CD4 T cells were found to be critical for
protection in the complete absence of antibodies (JHD mice),
or when high levels of anti-M2e IgG2a antibodies, but no M2e-
specific CD4 T cells were present, as in immunized congenic
MHC class II mismatched Balb/B mice. Whereas a proportion
of the lung CD4 T cells were multifunctional and made IFNg
and TNFa, as many as 50% of the M2e-specific CD4 T cells in
the lung were Rorgtþ Th17 cells, of which half produced
IL-17A. Since IL-17A� /� mice exhibited a significantly
reduced level of protection despite high levels of M2e-specific
IgG2a antibodies and IFNg production, we concluded that
IL-17A appeared to exert a critical protective function. This
could, in part, be explained on the basis of an early influx of
neutrophils after a virus challenge infection as seen in mice
hosting resident M2e memory CD4 T cells.57 Alternatively,
these memory CD4 T cells could be cytolytic.53 However, this
was not supported by the complete lack of granzyme B in the
M2e-tetramer-specific lung CD4 T cells after a challenge
infection. Furthermore, we found that not only pre-existing
M2e-specific B cells but also naive B cells, such as those
responding to the unrelated HA protein, underwent enhanced
switching to IgG in the presence of M2e-specific memory CD4
T cells. Although previous findings identified that priming of T
cells with conserved antigens of influenza virus could lead to an
increased ability to boost antibody responses to hemagglutinin,
the mechanism for such an effect was not determined.58

However, our observation suggested that activated B cells were
infected or carried influenza virus antigens that, including M2e
in a cognate fashion, activated the M2e-specific memory CD4 T
cells to generate a more efficient isotype-switched, antibody
response. Noteworthy, cognate help for IgG-switched anti-HA
and anti-M2e primary antibody production also appeared
prominent in naive nude mice adoptively transferred with
M2e-specific memory CD4 T cells. Indeed, evidence that lung B
cells can be infected or take up virus was found using a GFP-
expressing PR8 strain.55 Whether or not this observation
sufficiently explains how cognate interactions can occur
between naive HA-specific B cells and memory M2e CD4
T cells is too early to conclude. In fact, an enhanced antibody

response to virus after transfer of memory CD4 T cells to naive
recipient mice, subsequently challenged with virus, has been
reported previously by both Swain’s and Gerhard’s groups.59,60

In particular, the latter group used nu/nu mice as recipients of
CD4 T-cell clones and they showed protection associated with
antibody production, but only against viruses that carried the
MHC class II-restricted epitopes.60 However, these studies did
not determine isotype-switched antibodies or the actual
mechanism behind the antibody production, whether cognate
or non-cognate in nature. On the other hand, researchers have
also documented that naive B-cell responses may be modulated
to express protective IgA anti-influenza antibodies as a
consequence of non-cognate interactions.61 In such a non-
cognate case, activated lung memory CD4 T cells do not have to
recognize M2e on the B cells to support isotype-switched anti-
HA antibodies. This type of modulation would probably be
extra-follicular in nature, while modulation of the germinal
center reaction traditionally has required cognate interactions
between activated B and T follicular helper (Tfh) cells.54

Ongoing studies in our laboratory are attempting to address the
question of cognate or non-cognate memory CD4 T-cell help to
naive B cells in influenza virus infections. It has previously been
observed that memory CD4 T cells are effective at accelerating
B-cell help.62 Indeed, our finding confirms that memory CD4 T
cells are effective at accelerating B-cell help and it underscores a
critical function of MHC class II-restricted conserved epitopes
in a broadly protective influenza vaccine.62 This way, M2e-
specific memory CD4 T cells could facilitate isotype-switched
neutralizing and non-neutralizing antibody production to
many influenza antigens, including HA-specific antibodies,
which are critically important for protection against infection.

In agreement with previous studies of heterosubtypic
protection, we found memory CD4 T cells to be critical.63–68

While this is the first study to focus on M2e-specific CD4 T
cells, other researchers have documented how HA-specific CD4
memory T cells can transfer protection.23,48 In both these
studies, IFNg was found to be important for protection as
neutralization of IFNg with antibody abrogated protection.
However, protection against influenza could also be indepen-
dent of IFNg through direct cytolytic functions, which
appeared to be granzyme B-dependent and MHC class II
restricted.69 However, our M2e-tetramer-specific CD4 T cells
in the lung did not express granzyme B, and, hence could not
exert a cytolytic function. To what extent the viral challenge
infection elicited enhanced CD8 T-cell responses to HA or
nucleoprotein or other internal antigens following CTA1-
3M2e-DD immunization was not investigated. Although M2e
does not carry a CD8 T-cell epitope, the presence of memory
M2e-specific CD4 T cells in the host could potentially influence
the priming of multiple other CD8 T cells during infection. This
way, not only M2e-specific CD4 T cells would be critical in our
model, but also CD8 T cells recognizing internal epitopes could
be promoted. Future studies will explore this possibility.

Memory CD4 T cells are characterized by rapid expansion
and production of cytokines upon activation and in this
capacity they are thought to effectively convey resistance

ARTICLES

284 VOLUME 11 NUMBER 1 | JANUARY 2018 |www.nature.com/mi

http://www.nature.com/mi


against infection.70,71 We found robust expansion of M2e-
specific memory CD4 T cells—at least 40-fold—after transfer
into nu/nu mice, and significant IFNg-production, which in
some cells was co-produced with TNFa.72 However, we also
observed that IL-17A producing M2e-specific CD4 T cells were
prominent in the lungs of immunized and infected mice and
50% of these cells expressed the master gene regulator Rorgt,
associated with Th17 cells.73 Moreover, when nasal immuniza-
tions were performed in IL-17A� /� mice, we observed a
dramatic reduction in protection (50% survival) against
infection, despite comparable M2e-specific IFNg production
by CD4 T cells and anti-M2e-IgG serum antibody levels as seen
in WT mice. Thus, M2e-specific CD4 T-cell protection
appeared to be partly dependent on IL-17A and, probably
Th17 cells. This conclusion is, however, at variance with a
previous study, which showed that Th17 polarized HA-specific
CD4 T cells could mediate protection against influenza
infection, but in an IL-17A-independent fashion.59 Also, these
authors reported that the Th17-mediated protection was under
IL-10 regulation and was observed in IL-10� /� mice, but it was
not prominent in WT mice. Following adoptive transfer of M2e
memory CD4 T cells into nu/nu hosts, we found significantly
reduced viral load in BAL/lung at an early time point after a
viral challenge infection. This was associated with an influx of
neutrophils in the lungs, which could have been the result of
enhanced IL-17A production.57

The mechanism for IL-17A-mediated protection, however, is
poorly understood at present. Several studies have described
protection associated with Th17 activity not only against
influenza, but also against tuberculosis, chlamydia, and
pertussis.74 Hence, IL-17A could convey resistance to infection,
but it could also exacerbate inflammation, which could be
detrimental and cause lung injury in response to influenza virus
infection.75,76 Additional studies are required to resolve why
our study with M2e-specific CD4 T cells demonstrated
prominent protection associated with IL-17A formation,
whereas other investigators have identified little protective
capacity of IL-17A against influenza virus infection.59,76

Although M2e-specific CD4 T cells were ab TCRþ cells,
IL-17 production in the context of influenza virus infection
could be produced by gdTCRþ cells.77 It has been suggested
that susceptibility to secondary bacterial infection following
primary influenza disease may result from negative regulation
of gdT cells, so generation of IL-17 by an alternative subset may
play a role in reducing influenza-associated morbidity and
mortality.78 A recent publication describes a fascinating system
by which influenza-specific CD8þ T cells in the airways are
guided by CXCL12 trails produced by neutrophils in the
airways.79 In accordance, resident M2e-specific CD4 T cells
could recruit neutrophils by IL-17A production in the lung
enabling CD8 T cells to protect against infection. Moreover, the
presence of newly formed lymphoid tissues in the lung, so called
induced bronchial-associated lymphoid tissue (iBALT), is also
critically dependent on IL-17.80 iBALT formation has been
associated with elimination of virus-infected cells and, hence,
the consequence of a lack of IL-17 could be poor virus

elimination in the lung.81,82 Alternatively, lung-resident Th17
cells and levels of IL-17 have been linked to lung IgA
production, supporting our finding that adoptively transferred
M2e-tetramer-specific memory CD4 T cells do, indeed,
promote significant anti-M2e IgA antibodies in BAL, in naive
nude mice.83 Nevertheless, it should be emphasized that using
the CTA1-3M2e-DD self-adjuvanted fusion protein, we
successfully generated lung-resident, memory Th17 cells that
upon a heterosubtypic virus challenge infection effectively
protected against morbidity and mortality. While we achieved
this effect with an adjuvanted fusion protein, Zens et al.84

recently failed to stimulate lung-resident, memory CD4 T cell
unless a live attenuated influenza vaccine was administered i.n.
Therefore, we can conclude that the i.n. route is critical for
generating lung-resident CD4 T cells, while also adjuvanted
killed vaccines can be effective, contrary to what these authors
proposed.

A cardinal feature of vaccine-induced M2e immunity is that
it allows for the generation of a primary humoral and cell-
mediated immune response to an influenza challenge infec-
tion.82 This is in line with the notion that a vaccine against
heterosubtypic influenza infection does not need to stimulate
sterile immunity, but rather should allow for transient infection
to revoke memory CD4 and CD8 T-cell immunity. Thus, an
M2e-based vaccine cannot be assessed on the basis of
neutralizing antibodies, but new correlates of protection need
to come into place. Protection by our vaccine approach relies on
the presence of memory M2e-specific CD4 T cells. These
recognize a CD4 T-cell epitope that minimally is restricted by aa
7–17, in which aa 15 and 16 are critical, since aa 1–14 could not
be recognized by M2e-specific CD4 T cells. The same sequence
has been found to be recognized by human CD4 T cells
associated with protection.10 Interestingly, a B-cell epitope in
M2e includes this range of aa 7–17, but it appears that
differences in aa at certain positions 13, 14, or 18 between
different strains do not markedly affect the protective efficacy of
M2e immunization, whereas mutations in aa 10, 11, or 16
reduce the antibody-binding affinity.85–87 Considering that
M2e-specific CD4 T cells are also protective, some earlier
attempts at correlating protective efficacy following M2e
immunization to antibody-binding specificities exclusively
may have to be revisited. A recently published report from
the World Health Organization Product Development for
Vaccines Advisory Committee identified 41 universal influenza
vaccine candidates at various stages of development; a list that
includes our own CTA1-3M2e-DD.88 Of those 41 candidates,
10 utilize M2e (6 pre-clinical, 3 phase one, and 1 phase two).
In light of our findings, and with one quarter of universal
vaccine candidates utilizing M2e, it is clear that in addition to
anti-M2e antibody, standardized tools to evaluate and compare
cellular responses to differently adjuvanted M2e-based vaccines
are much warranted.

It is likely, in fact, that the CD4 T-cell epitope is functionally
more conserved than the B-cell epitope in M2e and, therefore,
also less susceptible to mutations. A tetrameric M2e vaccine
formulation has been found to enhance anti-M2e antibody
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responses, but it would not necessarily be required for the
generation of protective memory CD4 T cells, for which a less
sophisticated vaccine based on peptides or monomers would be
sufficient.85–87

The CTA1-DD adjuvant has previously been shown to be
non-toxic in mice and monkeys, it does not drive inflammation
at the site of application and, importantly, it does not bind
GM1-ganglioside receptors or accumulate in the central
nervous tissues following i.n. administration as cholera toxin
and other holotoxin adjuvants do.89–91 Hence, it should be a safe
and clinically attractive mucosal adjuvant.41 Moreover, the
CTA1-DD adjuvant greatly augments the germinal center
reaction and was proven a strong inducer of immunological
memory in both CD4 T cells and B cells.50 We believe the CTA1-
3M2e-DD construct complemented with additional epitopes
could be a feasible universal influenza vaccine candidate.

METHODS

Preparation of the fusion protein. We expressed and purified the
CTA1-3M2e-DD fusion protein essentially as described.39 Briefly, the
purified material contained no endotoxin (o1EU per mg of protein), it
bound avidly to IgG in solid phase and it was enzymatically active
(CTA1), effectively ADP-ribosylating agmatine.39

Mice. Balb/c and congenic Balb/B (C.B10-H2b/LilMcdJ) mice were
obtained from Harlan (Kreuzelweg, The Netherlands) and Charles
River (Sulzfeld, Germany). C57Bl/6, DBA-1 and nude (nu/nu) mice
(on a Balb/c background) were obtained from Taconic (M&B, Lille
Skensved, Denmark), Jackson and Harlan (Netherlands), respectively.
B-cell deficient (JHD), IL-17A� /� , and CD11c-DTR transgenic
(B6.FVB-Tg Itgax-DTR/GFP 57Lan/J),51 all on Balb/c background,
were bred and maintained under specific pathogen-free conditions at
the Laboratory for Experimental Biomedicine (EBM), University of
Gothenburg (Gothenburg, Sweden). Experiments were undertaken
with ethical permission from local authorities.

Immunizations and influenza challenge infections. Five to 15 age-
and sex-matched mice per group were immunized intranasally (i.n.)
three times, 10 days apart with 20 ml PBS or PBS containing indicated
doses of CTA1-3M2e-DD (carrying three copies of the M2e peptide) or
CTA1-DD adjuvant alone. As an unrelated antigen, we admixed
tetanus toxoid (TT) (Statens Serum Institute, Copenhagen, Denmark)
at 2 mg per dose. Immune responses were evaluated 6–8 days after the
final immunization or as indicated. Unimmunized and immunized
mice were challenged with live influenza A virus after 4–8 weeks and
experiments were undertaken at EBM (University of Göteborg) or at
the Department of Molecular Biology, VIB, (Ghent, Belgium).39

Briefly, we used a potentially lethal dose (4� LD50, corresponding to
2.5� 103 TCID50) of the mouse-adapted homologous X47 virus
(H3N2) or the heterosubtypic PR8 (H1N1) strain administrated i.n. to
mice under light anesthesia. Weight loss and mortality was monitored
on a daily basis for 2 weeks. According to the ethical permit, mice were
killed when a loss of body weight exceeded 25% of total body weight.
When indicated, we used the lower challenge dose of 0.2� LD50 of X47
virus for experiments in B-cell deficient (JHD) and nu/nu mice.

Determinations of antibody responses. Serum or bronchial lavage
(BAL) samples were collected from individual mice at indicated time
points. Antibody determinations were performed by ELISA using
microtiter plates (MaxiSorp, Nunc) coated with 100 ml of 2.5 mg ml� 1

M2e peptide in 50 mM PBS, pH 9.7, or 2 mg ml� 1 TT in PBS and
incubated overnight at þ 4 1C. After blocking with PBS with 0.1%
BSA, serial 1:3 or 1:5 dilutions of the samples were performed starting
with 1/25–1/50 dilution. Bound antibodies were detected with alkaline

phosphatase-conjugated antibodies directed against mouse IgG, IgG1,
or IgG2a diluted 1/1,000 (Southern Biotechnology, Birmingham, AL)
and after incubation followed by nitrophenyl (NPP) phosphatase
substrate (1 mg ml� 1, SIGMA) in ethanolamine buffer, pH 9.8.
Absorbance was measured at 405 nm using a Multiscan MS spec-
trophotometer. The linear part of the curve was used for calculating
titers at a cutoff level of 0.4 above background. Values are given as
mean log10 titers±s.d. HA-specific antibody responses were deter-
mined as follows: 96-well microtiter plates were coated overnight at
4 1C with 50ml of supernatant derived from HEK293T cells that had
been transfected with a pCAGGs expression plasmid that encodes
secretory X47 HA. After washing and blocking with 1% BSA/PBS
serum, samples were diluted 1/100 and then threefold serially diluted
in subsequent subwells. Bound antibodies were detected using HRP-
conjugated secondary antibody, followed by addition of TMB sub-
strate. The reaction was stopped by adding 50 ml H2SO4 (1 M) to each
well and the OD450 in each well was measured with an ELISA reader.
End point titers are defined as the highest dilution resulting in an O.D.
value twice that of the background value (pre-immune serum).

Determinations of CD4 T-cell immunity. Lymphocytes were isolated
from the spleen, cervical lymph nodes (CLN), mLN, or lung of
immunized mice. Briefly, cells from spleen and mLN were isolated by
mechanical disruption. Lung tissues were enzymatically digested at
37 1C for 90 min with Roswell Park Memorial Institute (RPMI)
containing collagenase (4,000 IU ml� 1), DNAse (1 mg ml� 1), horse
serum (10%), and antibiotics followed by lysis of red blood cells and an
additional incubation in Petri dishes for 90 min at 37 1C with RPMI
alone to eliminate adherent cells. Alternatively, single-cell suspensions
were prepared from lungs with a commercially available kit from
Miltenyi Biotec (Bergisch Gladbach, Germany) (ref 130-095-927).
Splenocytes were cultured in 96-well microtiter plates (Nunc) for 3
days alone or with different concentrations of recall antigen to sti-
mulate ex vivo CD4 T-cell proliferation and cytokine production.
Proliferation was determined using a beta scintillation counter
(Beckman Coulter, Turku, Finland) after addition of [3H]Thymidine
(Amersham Bioscience, Uppsala, Sweden) for the final 6 h of culturing.
Supernatants were collected and stored at � 70 1C until further
analyzed. Cytokine production was determined using ELISA (Duoset,
R&D Systems, Abingdon, UK) and the concentrations of IFNgg,
TNFa, and IL-17A in supernatants were expressed in rg ml� 1.

Adoptive transfer of memory CD4 T cells. Enriched memory CD4þ

T cells from mice immunized 12–18 months earlier were collected and
pooled from spleen, CLN, and mLN by positive magnetic separation
using MACS separation column (Miltenyi Biotec). Briefly, a single-cell
suspension was prepared and CD4þ cells were sorted using the Miltenyi
CD4 T-cell isolation kit as per the manufacturer’s instructions. Pooled
CD4þ T cells, at 10–15� 106 cells, were injected intravenously into
recipient nu/nu mice (Balb/c). The purity of transferred CD4þ T cells
was 490% as determined by FACS. Reconstituted recipient mice were
challenged 1 day after the transfer with low-dose live influenza X47 virus
i.n. and mice were monitored for disease symptoms.

Bone marrow chimeras and DC depletion model. Femurs and tibias
were taken from donor CD11c-DTR mice and bone marrow was
flushed out. Cells were passed through a 70-mm nylon mesh and red
blood cells were lysed. CD11c-DTR bone marrow donor cells were
used to generate CD11c-DTR-WT chimeras (CD11c-DTR/WT).51

C57BL/6 recipient mice were irradiated (1,000 rad) and 2.5–5� 106

bone marrow cells were injected intravenously Mice were rested for 6
weeks prior to DC depletion by injecting 4 ng g� 1 body weight of
diphtheria toxin (Sigma-Aldrich) 1 day before start of immunizations.

Generation of M2e-specific T-cell hybridomas. Spleens were col-
lected from mice 14 days after immunization with CTA1-3M2e-DD.
Following red blood cell lysis and washing the CD4 T cells were
activated in vitro with 1 mM M2e peptide for 2 days in complete DMEM.
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CD4 T-cell hybridomas were generated using a standard protocol with
BW5147 fusion partner cells in polyethylene glycol 1500.92 Following
fusion, cells were distributed into 96-well flat-bottom culture plates
(Nunc, Roskilde, Denmark) and hybridomas were selected in medium
containing hypoxanthine–aminopterin–thymidine and expanded into
24-well plates. After 72 h, irradiated splenic feeder cells were added to
the CD4 T-cell hybridomas and cultures were stimulated with M2e
peptide or TT, as a negative control, and supernatants were scored for
IL-2 production using the CTLL-2T cell line. Hybridomas testing
positive for M2e peptide recognition and negative for TT antigen were
selected and further expanded and subcloned by limiting dilution.

Synthetic peptides, MHC class II blocking antibodies, and M2e

tetramers. We designed shorter and longer peptides with overlapping
aa sequences covering the entire 1–24 aa long M2e peptide of the X47
H3N2 influenza A virus (PEPSCAN, Leylstad, Holland). All over-
lapping peptides were tested at indicated concentrations ranging from
0.01 to 3 mM together with CD4 T cells from CTA1-3M2e-DD-
immunized mice or the M2e-specific T-cell hybridomas that we
generated. For MHC class II blocking experiments, we used specific
H-2d-, I-Ad-, or I-Ed-specific antibodies or isotype control antibodies
(BD Biosciences, San Jose, CA). Based on the optimal peptide
recognition requirement of aa 1–16, the NIH Core Tetramer Facility
generated M2e-specific MHC class II-restricted (I-Ad) tetramers
(Emory University, Atlanta, GA).

Flow cytometry. Flow cytometry analysis was performed on a BD LSR
II instrument (BD Biosciences) and results were analyzed using FlowJo
software (Tree star, Ashland, OR). We used 7-amino-actinomycin D
or live/dead Fixable Dead Cell Stain Kit (Invitrogen, Renfrewshire,
UK) to exclude dead cells. The following fluorophores and conjugated
antibodies were used for phenotypic analysis; tetramer-PE, CLIP-PE
(negative control) and CD4 Alexa-700. CD8 FITC or AF647, CD19-
FITC and F4/80 FITC were used for a dump channel. For labeling
memory CD4 T cells, we used CD4 BV786, CD62L APC, CD69 APC-
Cy7, CD103 BV421, and CD44 AF700. Intracellular staining for
cytokines was performed after stimulating CD4 T cells with PMA and
ionomycin for 4 h in the presence of Brefeldin A (BD Biosciences),
before labeling with combinations of the following: CD4 AF700, TCRb
PE-Cy7, ROR-gT PE-CF594, IL-17A FITC, IFNg BV605, TNFa PE-
Cy7, and granzyme B eFluor450. For detection of neutrophils, we used
labeled Ly6G and CD11b Mabs (BD Biosciences). Of note, M2e-
specific tetramer staining was performed at 37 1C for 30 min followed
by labeling with other surface markers on ice for 30 min. Antibody
panels to screen for mouse Vb T-cell receptors were used (mouse Vb
TCR screening panel from BD Pharmingen, San Diego, CA). For
detection of influenza-infected lung B cells, we used the GFPþ -
influenza-infection system, recently described.55 Briefly, 4 days following
inoculation with the virus, lung cells were isolated and B cells were
identified by sorting on a BD AriaIII equipped with red, blue, yellow–
green, and violet lasers to optimize separation between GFP-positive and
-negative cells and using antibodies recognizing B220 APC, IgD BV510,
NK1.1 biotin, CD3 biotin CD11b biotin, and CD11c biotin followed by
subsequent addition of streptavidin APC-Cy7 (BD Biosciences).

DNA and RNA extraction from sorted cells and cDNA synthesis.
Highly purified CD4þ T cells from CTA1-3M2e-DD-immunized
Balb/c or congenic Balb/b mice were pelleted and RNA was extracted
using RNA-easy mini kit (Qiagen, Hilden, Germany). For cDNA
synthesis, 1 mg RNA was used together with oligo-(dT) and random
primers (QuantiTect Reverse Transcription, Qiagen). The cDNA
synthesis was carried out at 42 1C for 15 min, followed by 3 min at
95 1C to inactivate the enzyme. cDNA was further analyzed using a
PCR-array kit (Th1-Th2-Th3) in 96-well plates according to the
manufacturer’s instructions (SABioscience, Qiagen).

Study approval. This study was approved by the local ethics
committee no: UGOT 12–31.

Statistics. Analysis of significance was done in Prism (GraphPad
Software) using Mann–Whitney test, one-way ANOVA, or unpaired
t-test, as indicated. All reported P-values are two-sided and values of
less than 0.05 were considered to indicate statistical significance.
Po0.05 (*), Po0.01 (**), and Po0.005 (***).
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