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Abstract 

Novel prophylactic drugs and vaccination strategies for protection against influenza virus should induce specific 
effector T-cell immune responses in pulmonary airways and peripheral lymphoid organs. Designing approaches 
that promote T-cell-mediated responses and memory T-cell differentiation would strengthen host resistance to res-
piratory infectious diseases. The results of this study showed that pulmonary delivery of MENK via intranasal admin-
istration reduced viral titres, upregulated opioid receptor MOR and DOR, increased the proportions of T-cell subsets 
including  CD8+ T cells,  CD8+  TEM cells, NP/PA-effector  CD8+  TEM cells in bronchoalveolar lavage fluid and lungs, 
and  CD4+/CD8+  TCM cells in lymph nodes to protect mice against influenza viral challenge. Furthermore, we demon-
strated that, on the 10th day of infection, the proportions of  CD4+  TM and  CD8+  TM cells were significantly increased, 
which meant that a stable  TCM and  TEM lineage was established in the early stage of influenza infection. Collectively, 
our data suggested that MENK administered intranasally, similar to the route of natural infection by influenza A virus, 
could exert antiviral activity through upregulating T-cell-mediated adaptive immune responses against influenza 
virus.
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Introduction
Annual influenza vaccinations are considered to be effec-
tive to prevent influenza infection, which are mainly 
focused on inducing a strain-matched humoral immune 
response but require updates [1–3]. Antigenic drift can 
occur in all subtypes of influenza A virus, leading to the 
immune protection conferred by the host’s acquired 
immunity obtained through previous infections or 

immunization no longer being effective against the new 
variants; moreover, the recognition between antigen and 
antibody is no longer fully functional [4, 5].

In contrast, adaptive cellular immunity, especially cyto-
toxic T lymphocytes, targeted relatively highly conserved 
internal viral proteins such as the influenza nucleopro-
tein (NP), and overcomed the drawbacks of current 
antibody-inducing vaccines and could provide cross-
protective immunity against emerging pandemic influ-
enza viruses [6, 7]. Different studies have indicated the 
importance of memory T cells in preventing influenza 
reinfection [8–10], the number of circulating influenza 
specific memory  CD8+ T cells is inversely correlated 
with viral load [11]. In addition, influenza viruses evolved 
resistance to antiviral drugs via multiple pathways [12]. 
A single amino acid S31N substitution in influenza M2 
sequences lead resistant to the adamantane class of anti-
virals [13]. H274Y substitution of H1N1 viruses con-
ferred resistance to oseltamivir, the drug resistant viruses 
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rapidly disseminated globally and was particularly alarm-
ing [14]. And thus, there is an urgent need for develop-
ment of prophylactic and therapeutic agents not affected 
by viral adaptation or mutation, which would supplement 
the antiviral drugs and vaccines.

In 1979, Joseph Wybran reported that methionine 
enkephalin (MENK) had different effects on human T 
cells because of the existence of different opioid recep-
tor subtypes on these cells [15]. MENK as an immu-
nomodulator of opioid peptides exerts pleiotropic effects 
on immune cell function, modifying immune responses 
to extracellular stimuli such as antigens, antibodies, 
and mitogens that cross-link the T-cell receptor [16]. 
Early studies reported that MENK could enhance B-cell 
and T-cell proliferation [17, 18]. Our team has dem-
onstrated that MENK treatment upregulated the pro-
portion of  CD8+ T cells, prompted the expression of 
markers of T-cell activation, enhanced cytotoxic activ-
ity, and induced the production of IFN-γ [19] via the 
precise regulation of subunits of opioid receptors MOR 
and DOR [20]. MENK inhibited the activity of Tregs and 
retarded tumor growth by downregulating Tregs [21], 
while also regulating lymphocyte subsets in the periph-
eral blood by inhibiting Tregs [22]. However, to date, the 
immune function of MENK on memory T cells has not 
been evaluated.

Our previous study confirmed that MENK exerted 
anti-influenza virus activity by regulating innate immu-
nity in  vivo and in  vitro [23, 24]. In light of previous 
research findings, we hypothesize that adaptive immu-
nity, especially cytotoxic T cells, plays indispensable role 
in MENK’s protective mechanism against influenza infec-
tion. Therefore, the focus of this study was to elucidate 
the cellular immune functions by which MENK acts and 
provide experimental support for MENK as an immune 
modulator for anti-influenza.

Materials and methods
Mice and virus
Female C57BL/6 mice (6–8  weeks old) were were 
obtained from the Laboratory Animal Center of Jinzhou 
Medical University. All animal experiments were carried 
out in accordance with the guidelines of the Animal Use 
and Care Committee of Jinzhou Medical University. The 
mouse-adapted influenza strain A/PR/8/34 (H1N1; PR8) 
was obtained from the China Center for Disease Control 
and Prevention (Beijing, China). The virus was propa-
gated in 10-day-old embryonated hens’ eggs as described 
previously [25].

Reagents
MENK (≥ 99% purity) was provided by American Pep-
tide Co. (Sunnyvale, CA, USA). RNeasy Mini Kit (74104) 

was purchased from Qiagen. One Step SYBR®  Prime 
Script™  RT-PCR Kit (RRO66A) was purchased from 
TaKaRa. The mAbs of influenza A virus nucleoprotein 
(ab20343) were purchased from Abcam. DyLight®488 
IgG (H + L) were purchased from Earthox. The peptides 
of influenza A NP366-374 (ASNENMETM) and PA224-
233 (SSLENFRAYV) were purchased from AnaSpec, Inc. 
(Fremont, CA, USA). The mAbs used for flow cytom-
etry were purchased from BD Biosciences. Fixation/per-
meabilization solution (554714) was purchased from BD 
Biosciences.

Infection and treatment of mice
Female C57BL/6 mice were divided into four groups: 
normal saline (NS) group, influenza virus (PR8) model 
control group, pre-MENK group, and post-MENK group. 
Figure  1 provides an outline of the construction of the 
mouse model. The mice were anesthetized by isoflu-
rane inhalation before inhaling of PR8 or MENK. The 
mice were placed in the induction box of the anesthesia 
machine and isoflurane was maintained at a concentra-
tion of 1–1.5%. After the mice were completely anesthe-
tized, intranasal instillation were administered. On the 
10th day of PR8 infection, the mice were euthanized for 
cervical dislocation and used for T cells experiments.

Hemagglutinin (HA) test
On day 4 p.i., Lung tissue was homogenized to a 10% 
(w/v) suspension with sterilized PBS, and centrifuged 
at 12000  rpm for 10  min. The supernatant was serially 
diluted two fold with PBS, 50μL added to each U-bottom 
well, 50 μL of 1% guinea pig red blood cells, then mixed 
and incubated at room temperature for 30 min. The final 
dilution that completely agglutinated red blood cells was 
considered the end-point of titration.

Immunofluorescence
On day 4 p.i., the left lung lobes of the mice in each group 
were fixed in 4% paraformaldehyde and then dehydrated, 
embedded in paraffin, and cut into 4-μm-thick sections 
for immunofluorescence staining. The right lobes were 
stored in liquid nitrogen for a virus  titer test (HA) and 
qPCR analysis.

The sections were deparaffinized, rehydrated, and then 
subjected to antigen retrieval using EDTA at 94  °C for 
20  min, supplemented with 3% hydrogen peroxide for 
10 min, permeabilized with 0.5% Triton X-100, incubated 
with goat serum at 37 °C for 30 min, and then incubated 
with influenza NP at 1/100 dilution at 4  °C overnight. 
DyLight®488 IgG (H + L) was used as the secondary 
antibody at 1/500 dilution for 1 h at room temperature. 
Images were acquired with a fluorescence microscope 
(Olympus, Japan) using DP Manager software.
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RNA extraction and qPCR analysis
Total RNA was extracted from lung homogenates (200 
μL) using RNase, in accordance with the manufac-
turer’s protocol. qPCR was performed using One Step 
SYBR® Prime Script™ RT-PCR with QuantStudio 6 Flex 
Real-time PCR system (ABI, USA). The qPCR reaction 
schedule was as follows: 5 min at 42 °C and 10 s at 95 °C, 
followed by 40 cycles of 3  s at 95  °C, 30 s at 60  °C, and 
a melting curve step. The following gene-specific prim-
ers were used: Virus, 5′-GAC CGA TCC TGT CAC CTC 
TGA C-3′ and 5′-AGG GCA TTC TGG ACA AAG 
CGT CTA-3′; MOR, 5’- CCC AGT TCT TTA TGC 
GTT CCT-3’ and 5’-ATT AGC CGT GGA GGG GTG 
T-3’; DOR, 5’- ATG TAA AGA GGG CTG GGA ATG 
TAG-3’ and 5’- GGG TTG GTT TTG TTG TTT GGA-
3’; GAPDH, 5′-ACC ACC ATG GAG AAG GCT GG-3′ 
and 5′-CTC AGT GTA GCC CAG GAT GC-3′. Gene 
expression was calculated using the  2−ΔΔCT method.

Cell isolation
The lymphocytes from the LN were gently disrupted 
with a sterile syringe plunger, filtered through a 90-μm 
nylon mesh, centrifuged, and resuspended in PBS con-
taining 10% FBS. Lung homogenates were digested with 
collagenase (400 U/mL) and DNaseI, followed by incu-
bation at 37  °C for 90  min, filtering through a 90-μm 
nylon mesh, and centrifugation at 1500  rpm for 5  min. 
The cells were then resuspended in 5 mL of RPMI 1640 
medium containing 10% FBS and slowly added to a new 
15 mL centrifuge tube containing 5 mL of a 25% Percoll 
density gradient. The lymphocytes from the lungs were 
isolated at the interface of the RPMI 1640 medium and 
Percoll density gradient after centrifugation at 2200 rpm 

for 20  min. Airway cells were removed from the lungs 
by three consecutive bronchoalveolar lavages using a 
cannula in 2  mL of 1 × PBS, and then centrifuged and 
resuspended. Lysis of RBCs in the lungs and BALF was 
performed when necessary. Concentrations of viable cells 
were determined using trypan blue exclusion.

Cell stimulation
Aliquots of  106 cells were seeded into 96-well plates. The 
effector memory  CD8+ T cells: the cells were stimulated 
with presence or absence of influenza NP366-374 or 
PA224-233 peptides for 6  h at 37  °C and 5%  CO2. Bre-
feldin A (BD Biosciences) was added at the first hour of 
incubation. These cells were harvested and washed with 
PBS/2% FBS for further staining.

Flow cytometry analysis
Cells were incubated with FcγR-blocking mAb (CD16/32; 
BD Biosciences) for 15 min at 4 °C, washed, and stained 
with primary antibodies, such as anti-PerCP-CY5.5-CD8, 
anti-BV421-CD4, anti-FITC-CD44, or anti-APC-CD62L, 
for 30  min at 4  °C. For intracellular cytokine staining, 
cells were permeabilized in 100 μL of fixation/permeabi-
lization solution for 20 min at 4 °C and washed with 1 mL 
of Perm/Wash Buffer. Cells were centrifuged and labeled 
with anti-PE-IFN-γ for 30 min at 4 °C, washed with 1 mL 
of Perm/Wash buffer, resuspended in 300 μL of Perm/
Wash Buffer, and analyzed by flow cytometry.

Statistical analyses
Results are presented as mean ± SD and were analyzed 
using GraphPad Prism 6.0 (GraphPad Software, USA). 
All data were analyzed by one-way ANOVA followed by 

Fig. 1 Experimental design. C57BL/6 mice were infected via intranasal instillation (i.n.) with 2  LD50 of influenza A virus (PR8) (d0), except for mice 
in the NS group. The mice in the pre-MENK group were intranasally administered 20 mg/kg MENK daily for 6 successive days (d-5 to d0) prior 
to infection, then infected with PR8 (d0). The mice in the post-MENK group were infected with PR8 (d0), and followed with 20 mg/kg MENK daily 
post-infection (d0 to d5 p.i.). The mice in the normal control group and PR8 group were treated with an equal volume of saline for 6 successive days 
(d0 to d5)
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Tukey’s post hoc test. A p value < 0.05 was considered sta-
tistically significant (★p < 0.05, ★★p < 0.01).

Results
MENK increased survival of mice infected with influenza 
virus
The survival rate of mice in PR8 group was 25%, pre-
MENK treatment significantly prolonged survival to 
87.5% (p < 0.05 versus PR8 group). Similarly MENK treat-
ment also improved the mice survival to 62.5% (Fig. 2A). 
The mice in the PR8 group showed a rapid weight loss 
from day 2 p.i., while mice intervened by MENK had rela-
tive weight loss. The pre-MENK group and post-MENK 
group showed stable weight gain on day 7 p.i. and day 8 
p.i., respectively (Fig. 2B). The results demonstrated that 
pre-MENK effectively suppressed the lethal infection 
of influenza viruses, and prophylactic intervention of 
MENK was superior to therapeutic effect.

MENK administration decreased viral replication
To evaluate the antiviral efficacy of MENK, we detected 
lung viral titers and mRNA in mice infected with influ-
enza virus on day 4 p.i.. The lung viral titers were signifi-
cantly higher in mice infected with PR8 virus, compared 
to the NS group (p < 0.001), the pre-MENK group 
(p < 0.01), and the post-MENK group (p < 0.05) (Fig. 3A). 
The data showed that the viral titres were reduced in 
mice treated with MENK compared to infected alone. 
Compared with the PR8 group, the relative viral levels 
was decreased to 0.31-fold in the pre-MENK group and 
0.46-fold in the post-MENK group (p < 0.001) (Fig.  3B). 
The expression of influenza NP protein was localized 
by immunofluorescent staining, which showed it to be 
mainly expressed in the nuclei of virally infected cells. 
The fluorescence intensity of the lungs showed that the 
expression levels of influenza NP in mice from the pre-
MENK group (2.5 ×  104 pixels/area) and post-MENK 

group (4.3 ×  104 pixels/area) were lower than that in 
the PR8-infected mice (7.0 ×  104 pixels/area) (p < 0.01) 
(Fig. 3C and D). These findings illustrated that both pro-
phylactic and therapeutic treatments of MENK could 
effectively inhibit the replication of influenza virus.

MENK administration upregulated opioid receptor
The MENK–MENKr (opioid receptor) axis maintains an 
equilibrium in cell replication and regulatory function, 
which is receptor-mediated, dose- and time-related, and 
reversible [16]. As shown in Fig. 4, there were no signifi-
cant changes in expression of MOR and DOR in mice 
between the NS and PR8 groups on day 10 p.i.. However, 
there were marked  increases in MOR and DOR in the 
pre-MENK group (MOR, 7.8-fold; DOR, 5.1-fold) and in 
the post-MENK group (MOR, 5.3-fold; DOR, 3.7-fold) 
compared with the levels in the PR8 group (p < 0.01). 
These results demonstrated that MENK upregulated the 
level of opioid receptors, which may be related to the 
mechanism of action of MENK administration against 
influenza.

MENK administration upregulated CD8+ T cells
Flow cytometry analysis showed that the proportions 
of  CD4+ and  CD8+ T cells in BALF and lungs of PR8-
infected mice were significantly higher than in the NS 
group on day 10 p.i. (p < 0.01), while there was no sig-
nificant change in LN (p > 0.05). Compared with the PR8 
group, the proportions of  CD8+ T cells in BALF and 
lungs of the pre-MENK group were significantly upreg-
ulated (p < 0.05), while  CD4+ T cells also increased to 
some extent (p > 0.05). There was no statistical difference 
in the proportions of  CD8+ T cells between post-MENK 
group and PR8 group (p > 0.05). The proportions of  CD4+ 
and  CD8+ T cells in LN had different degrees of upregu-
lation with pre- and post-MENK treatment compared 
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Fig. 2 The influence of MENK on the mice infected with influenza virus. A the survival rate and B weight change. Each group of 8 mice were 
infected with 2  LD50 of influenza A virus (PR8), except for mice in the NS group. All the mice were monitored daily for 10 days. Data were analyzed 
using the log-rank(Mantel-Cox) test. ★p < 0.05 versus the PR8 group
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with those in PR8-infected mice, but the differences were 
not significant (p > 0.05) (Fig. 5A and B).

MENK administration upregulated CD4+/CD8+ TM cells
Memory T cells can be separated into two distinct sub-
sets according to the respective expression levels of CD44 
and CD62L, effector memory T cells  (TEM,  CD4+/CD8+ 
 CD44hiCD62lo) and central memory T cells  (TCM,  CD4+/
CD8+CD44hiCD62hi) [26, 27]. As shown in Fig.  6A-C, 
the proportions of  CD4+  TEM and  CD8+  TEM cells in the 
BALF and lungs of PR8-infected mice markedly increased 
compared with those in uninfected mice on day 10 p.i. 
(p < 0.01). Pre-MENK administration enhanced the pro-
portions of  CD8+  TEM cells in BALF and lungs to differ-
ent degrees (p < 0.05), while post-MENK administration 
showed no such significant changes (p > 0.05). There were 
no significant differences in the proportions of  CD4+  TEM 
and  CD8+  TEM cells in LN of the four groups (p > 0.05). 
Influenza virus infection significantly increased the pro-
portions of  CD4+  TCM and  CD8+  TCM cells in BALF 
and lungs (p < 0.01 or p < 0.05), and  CD8+  TCM cells in 
LN (p < 0.05) compared with the levels in the NS group. 
Compared with PR8-infected mice, pre-MENK admin-
istration upregulated the proportions of  CD4+  TCM and 

Fig. 3 MENK administration inhibited virus replication in mice challenged with influenza virus. A HA titers and B Relative virus mRNA. The viral titers 
of supernatants of homogenized lung were determined by HA test and virus level in the lungs of mice was quantified by qPCR on day 4 p.i. C The 
localization and expression of influenza virus NP protein in lung tissue. D Panel represents quantified data of influenza virus NP protein expression. 
The data represent the mean ± SD of three independent experiments (each performed with n = 6 mice). Scale bar: 100 μm. ★p < 0.05, ★★p < 0.01, 
★★★p < 0.001 versus the PR8 group

Fig. 4 MENK treatment upregulated opioid receptors (MOR 
and DOR). Lungs were collected on day 10 p.i. Gene expression 
levels of opioid receptors (MOR and DOR) were quantified by qPCR. 
Results are presented as fold increase relative to the NS group. The 
data represent the mean ± SD of three independent experiments 
(each performed with n = 6 mice).★p < 0.05, ★★p < 0.01 versus the PR8 
group
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Fig. 5 MENK increased the proportions of  CD8+ T cells of mice infected with influenza virus. A Representative dot plots of  CD4+ T and  CD8+ T cells 
in BALF, lung, and LN of mice on day 10 p.i. B Panel presents the proportions of  CD4+ T and  CD8+ T cells. The data represent the mean ± SD of three 
independent experiments (each performed with n = 6 mice). ★p < 0.05, ★★p < 0.01 versus the PR8 group
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 CD8+  TCM cells in LN (p < 0.05), while having small 
effects on  TCM cells in BALF and lungs (p > 0.05). The 
proportions of  CD8+  TCM cells in the post-MENK group 
increased to different extents in BALF, lungs, and LN, but 
the amplitude of upregulation did not differ significantly 
from that in the PR8 group (p > 0.05). Our results suggest 
that pre-MENK administration upregulated both pulmo-
nary and systemic  CD4+/CD8+  TM populations, which 

were beneficial for inducing rapid resistance to respira-
tory viruses and possibly enhancing immune protection 
against reinfection.

MENK administration upregulated effector CD8+ TM cells
The effector  TM cells were identified on the basis of IFN-γ 
production upon in  vitro stimulation in the presence 
or absence of immunodominant epitopes of influenza 

Fig. 6 MENK upregulated  CD8+  TEM cells and  CD4+/CD8+  TCM cells of mice infected with influenza virus. A Representative dot plots of  CD4+TEM cells 
 (CD4+CD44hiCD62Llo) and  TCM cells  (CD4+CD44hiCD62Lhi) in BALF, lung, and LN of mice on day 10 p.i. B Representative dot plots of  CD8+  TEM cells 
 (CD8+CD44hiCD62Llo) and  TCM cells  (CD8+CD44hi  CD62Lhi) in BALF, lung, and LN of mice on day 10 p.i. C Panel presenting the proportions of  CD4+/
CD8+  TEM cells and  TCM cells. The data represent the mean ± SD of three independent experiments (each performed with n = 6 mice). ★p < 0.05, 
★★p < 0.01 versus the PR8 group
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NP366-374 or PA224-233 peptides. As shown in Fig. 7A-
D, the proportions of NP/PA-effector  CD8+  TEM cells in 
BALF and lungs of the PR8 group were higher than those 
in the NS group (p < 0.01). Compared with PR8-infected 
mice, pre-MENK administration increased the propor-
tions of NP/PA-effector  CD8+  TEM cells in BALF and 

lungs to different degrees (p < 0.01 or p < 0.05). Mean-
while, post-MENK administration upregulated those cells 
to a smaller extent (p > 0.05). In terms of NP/PA-effector 
 CD8+  TEM cells, the degrees of upregulation by pre- or 
post-MENK administration did not differ significantly 
in LN compared with the PR8 group (p > 0.05) (Fig. 7E). 

Fig. 7 MENK upregulated effector memory  CD8+ T cells of mice infected with influenza virus. A Representative dot plots of  CD8+CD44hi T cells 
in BALF, lung, and LN of mice on day 10 p.i.. Representative dot plots of  CD62LloIFN-γ+ cells in  CD8+CD44hi T cells in BALF (B), lung (C), and LN (D) 
of mice on day 10 p.i. Cells were stimulated with absence or presence of influenza NP366-374 or PA224-233 peptides and stained as described 
in Materials and Methods. E Panel presenting the proportion of NP/PA-effector memory  CD8+ T cells  (CD8+CD44hiCD62Llo IFN-γ+) stimulated 
with NP or PA in BALF, lung, and LN. The data represent the mean ± SD of three independent experiments (each performed with n = 6 mice). 
★p < 0.05, ★★p < 0.01 versus the PR8 group
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These data suggest that pre-MENK administration could 
give rise to a memory T-cell response against conserved 
epitopes NP and PA of influenza virus.

Discussion
Recent studies have indicated that T-cell immunity is key 
to limiting the severity of disease caused by IAV infection, 
especially in cases where antibody immunization has 
been ineffective [28]. Incorporating IAV-specific cellular 
immunity into vaccine strategies provides an attractive 
approach for improving cross-reactive immunity against 
existing and new strains of influenza virus [29]. The 
administration of influenza vaccines via the respiratory 
tract had potential benefits over conventional parenteral 
administration, inducing immunity directly at the site 
of influenza exposure as well as reducing the discomfort 
caused by injection [30, 31]. Our team clarified that intra-
nasally administered MENK significantly improved the 
survival rate, relieved acute lung injury, and decreased 
cytokine levels through suppressing TLR7–NF-κB p65 
signaling pathways in mice infected with influenza virus 
[23]. Based on the confirmed innate immune regula-
tion of MENK against IAV [24] and immunomodulatory 
effect on T cells [19–22], we hypothesized that MENK as 
new anti-IAV agent affects adaptive immune responses, 
such as upregulating T cells, and promoting the pro-
duction of  memory T cells, directed against virus-host 
interactions.

The present study demonstrated that MENK adminis-
tered intranasally effectively decreased lung viral titers 
and inhibited viral replication, upregulated opioid recep-
tor MOR and DOR, increased the proportions of  CD8+ 
T cells,  CD4+/CD8+  TM cells and NP/PA-effector  CD8+ 
 TCM to accelerate the clearance of influenza virus. The 
strategy of generating cellular immunity, especially 
strong memory T cell response in addition to antibodies, 
is an effective way to improve vaccination against influ-
enza viruses [32, 33]. According to the anatomical distri-
bution, phenotype, and function of memory T cells, they 
were divided into two major subsets, effector and central 
memory T cells [34]. The effector memory T cells  (TEM) 
tend to localize in lung airways and induce a rapid effec-
tor status to virus infection, whereas central memory T 
cells  (TCM) in secondary lymphoid tissues typically dis-
play the recall response to produce new effector cells that 
are subsequently recruited to lung airways mediated by 
the functions of chemokines [35, 36]. The experimental 
results demonstrated that MENK administration upreg-
ulated  CD8+  TEM in the airways and lungs, and  CD4+/
CD8+  TCM in LN on day 10 p.i. The lung/airway-resident 
 TEM cells have rapid effector functions and directly exert 
cytolytic effects to control viruses. Meanwhile,  TCM cells 
proliferate and differentiate into effector memory cells 

in lymph nodes and are then recruited to the lungs to 
amplify the immune memory response. Our data sug-
gested that MENK administration upregulated lung/
airway-resident  CD8+  TEM to strengthen rapid effector 
functions, and increased  CD4+/CD8+  TCM in LN to pro-
mote the proliferation and differentiation into  TEM and 
then amplify the immune memory response. Our find-
ings also implied that, in the early stage of influenza virus 
infection (on the 10th day of infection), the proportions 
of  CD4+  TM and  CD8+  TM cells in BALF, lungs, and LN 
were significantly higher than those of the traditional  TM, 
which are derived from approximately 10% of effector T 
cells after viral clearance. These observations supported 
the concept of Kedzierska K [37] and Sckisel GD [38] 
that a stable  TCM and  TEM lineage was established in the 
early stage of influenza virus infection (the first week of 
infection).

Notably, MENK not only upregulated memory T cells, 
but also significantly increased the proportion of NP/
PA-effector memory  CD8+ T cells, which is crucial to 
induce cross-protective effects against influenza infec-
tion. IAV-specific memory T cells target a wide range 
of relatively conserved peptides derived from different 
influenza strains and subtypes. Although memory T cells 
play a more important role in heterologous immunity, 
this function is likely influenced by many factors includ-
ing differences in host genetic background, types of and 
doses of priming or challenge virus, as well as the inter-
val between priming and re-challenge. Our observa-
tions implied to some extent that MENK may be able to 
increase cross-protection against influenza infection by 
regulating effector memory cells that target conserved 
epitopes under appropriate influencing factors.

Adding T cell-targeted vaccine component that pro-
motes effector memory  CD8+ T cells for quickly recall 
antiviral  CD8+ T effectors to the respiratory tract for 
controlling the early virus and/or inducing cross-protec-
tion is a new challenge for vaccines [39]. This supports 
the idea that MENK could be an immune modulator for 
anti-influenza. Integrating the results of our team, MENK 
administration has prophylactic and therapeutic effects 
on influenza virus infection [23, 24], and could upregu-
late T cells, memory T cells, and NP/PA-effector memory 
T cells. These findings indicated that MENK regulated 
the cellular immune response against primary influenza 
virus infection, and may be possible to enhance the cross-
protection of memory response against reinfection under 
appropriate influencing factors. While the therapeutic 
administration of MENK (post-MENK) only adjusted the 
proportion of adaptive T cells to a certain extent, which 
did not reach significance. A possible reason for this was 
that MENK administration prior to virus infection might 
be able to induce the antiviral state in advance through 
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upregulating the opioid receptors of MOR and DOR, and 
also implied that MENK was more suitable as an influ-
enza prophylactic drug for wide application.

At present, the traditional drug oseltamivir that sig-
nificantly decreased influenza-specific  CD8+ effector T 
cells and tissue-resident and circulating effector memory 
and central memory  CD8+ T cells [27], traditional vac-
cinations such as trivalent inactivated and attenuated 
vaccines are inadequate to provide immediate protection 
against sudden influenza outbreaks [40, 41]. In contrast, 
MENK, as an immunomodulatory polypeptide, could 
exert antiviral activity through upregulating T-cell-medi-
ated adaptive immune responses against influenza virus. 
These characteristics are crucial to combat pandemic 
influenza virus strains. Collectively, our findings provide 
basic experimental data supporting the use of MENK as a 
more valuable immune modulator, offering new insights 
into developing novel antiviral drug and expanding  the 
strategy aimed at preventing influenza pandemic. Fur-
ther, we will have more work on the kinetics of  CD8+ T 
cells’ response and whether these effects persist into the 
memory stage, label effector T and Tm cells based on 
their kinetics and response to specific peptide antigen. 
In this study, the increased  CD4+ cells in LN could be 
Tfh type cells, which could enhance antibody produc-
tion. Followed, we will explore the effect of MENK on 
antibody response, which may provide more favorable 
support for MENK to become immune modulator or 
prophylactic drug against influenza virus.

Abbreviations
BALF  Bronchoalveolar lavage fluid
CD62L  CD62 ligand
DOR  δ-Opioid receptor
hi  High
IAV  Influenza A virus
LN  Lymph nodes
lo  Low
MENK  Methionine encephalin
MOR  μ-Opioid receptor
NS  Normal saline
NP  Nucleoprotein
PR8  Influenza strains A/PR/8/34
PA  Polymerase acid
P.i.  Post-infection
qPCR  Quantitative PCR
TCM  Central memory T cell
TEM  Effector memory T cell
TM  Memory T cell

Authors’ contributions
Yu XD designed the experiments and wrote the manuscript; Tian J performed 
the experiments, wrote and revised the manuscript; Fu WR and Xie ZF 
performed the experiments; Wang XN and Miao M analyzed the data; Shan FP 
designed the experiments and revised the manuscript. All authors contributed 
to the research and approved the final manuscript for publication.

Funding
This work was supported financially by the Doctoral Start-up Foundation 
of Liaoning Province (2020-BS-246 to JT), the National College Students 

Innovation and Entrepreneurship Training Program (201910160042 to JT) 
and Basic Research Project of Education Department of Liaoning Province 
(LJKMZ20221239 to JT). The funding agencies have no role in the design, data 
analysis, and manuscript writing.

Availability of data and materials
The datasets in this study are available from the corresponding author on 
reasonable request.

Declarations

Ethics approval and consent to participate
The study is reported in accordance with ARRIVE guidelines. All animal experi-
ments were approved by the Animal Use and Care Committee of Jinzhou 
Medical University (approval code: SYXK2019-0007). All animal experiments 
were ethically performed according to our institutional guide lines and 
regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 March 2023   Accepted: 20 September 2023

References
 1. Strohmeier S, Amanat F, Campbell JD, Traquina P, Coffman RL, Krammer 

F. A CpG 1018 adjuvanted neuraminidase vaccine provides robust protec-
tion from influenza virus challenge in mice. NPJ Vaccines. 2022;7(1):81.

 2. Blanco-Lobo P, Nogales A, Rodríguez L, Martínez-Sobrido L. Novel 
approaches for the development of live attenuated influenza vaccines. 
Viruses. 2019;11(2):190.

 3. Tomčíková K, Varečková E. Different mechanisms of the protection 
against influenza A infection mediated by broadly reactive HA2-specific 
antibodies. Acta Virol. 2019;63(4):347–65.

 4. Wang WC, Sayedahmed EE, Sambhara S, Mittal SK. Progress towards the 
development of a universal influenza vaccine. Viruses. 2022;14(8):1684.

 5. Shao W, Li X, Goraya MU, Wang S, Chen JL. Evolution of influenza A virus 
by mutation and re-assortment. Int J Mol Sci. 2017;18(8):E1650.

 6. Grant EJ, Josephs TM, Loh L, Clemens EB, Sant S, Bharadwaj M, et al. Broad 
CD8+ T cell cross-recognition of distinct influenza A strains in humans. 
Nat Commun. 2018;9(1):5427.

 7. Tan AC, Deliyannis G, Bharadwaj M, Brown LE, Zeng W, Jackson DC. The 
design and proof of concept for a CD8(+) T cell-based vaccine inducing 
cross-subtype protection against influenza A virus. Immunol Cell Biol. 
2013;91(1):96–104.

 8. Zykova AA, Blokhina EA, Stepanova LA, Shuklina MA, Tsybalova LM, Kupri-
anov VV, et al. Nanoparticles based on artificial self-assembling peptide 
and displaying M2e peptide and stalk HA epitopes of influenza A virus 
induce potent humoral and T-cell responses and protect against the viral 
infection. Nanomedicine. 2022;39:102463.

 9. Cookenham T, Lanzer KG, Tighe M, Ward JM, Reiley WW, Blackman MA. 
Visualization of resident memory CD8 T cells in the lungs of young and 
aged influenza memory mice and after heterosubtypic challenge. Immu-
nohorizons. 2021;5(7):543–56.

 10. Clemens EB, van de Sandt C, Wong SS, Wakim LM, Valkenburg SA. Har-
nessing the power of T Cells: the promising hope for a universal influenza 
vaccine. Vaccines (Basel). 2018;6(2):E18.

 11. Paterson S, Kar S, Ung SK, Gardener Z, Bergstrom E, Ascough S, et al. 
Innate-like gene expression of lung-resident memory CD8(+) T cells dur-
ing experimental human influenza: a clinical study. Am J Respir Crit Care 
Med. 2021;204(7):826–41.

 12. Viboud C, Gostic K, Nelson MI, Price GE, Perofsky A, Sun K, et al. Beyond 
clinical trials: evolutionary and epidemiological considerations 



Page 11 of 11Tian et al. BMC Immunology           (2023) 24:38  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

for development of a universal influenza vaccine. PLoS Pathog. 
2020;16(9):e1008583.

 13. Moasser E, Moasser A, Zaraket H. Incidence of antiviral drug resistance 
markers among human influenza A viruses in the Eastern Mediterranean 
Region, 2005–2016. Infect Genet Evol. 2019;67:60–6.

 14. Bloom JD, Gong LI, Baltimore D. Permissive secondary mutations 
enable the evolution of influenza oseltamivir resistance. Science. 
2010;328(5983):1272–5.

 15. Wybran J, Appelboom T, Famaey JP, Govaerts A. Suggestive evidence for 
receptors for morphine and methionine-enkephalin on normal human-
blood T lymphocytes. J Immunol. 1979;123(3):1068–70.

 16. Zhao D, Plotnikoff N, Griffin N, Song T, Shan F. Methionine enkephalin, its 
role in immunoregulation and cancer therapy. Int Immunopharmacol. 
2016;37:59–64.

 17. Kowalski J. Immunologic action of [Met5]enkephalin fragments. Eur J 
Pharmacol. 1998;347(1):95–9.

 18. Gabrilovac J, Marotti T. Gender-related differences in murine T- and B-lym-
phocyte proliferative ability in response to in vivo [Met(5)]enkephalin 
administration. Eur J Pharmacol. 2000;392(1–2):101–8.

 19. Li W, Chen W, Herberman RB, Plotnikoff NP, Youkilis G, Griffin N, et al. 
Immunotherapy of cancer via mediation of cytotoxic T lymphocytes by 
methionine enkephalin(MENK). Cancer Lett. 2014;344(2):212–22.

 20. Jiao X, Wang X, Wang R, Geng J, Liu N, Chen H, et al. Rules to activate 
CD8+T cells through regulating subunits of opioid receptors by methio-
nine enkephalin (MENK). Int Immunopharmacol. 2018;65:76–83.

 21. Li X, Meng Y, Plotnikoff NP, Youkilis G, Griffin N, Wang E, et al. Methio-
nine enkephalin (MENK) inhibits tumor growth through regulat-
ing CD4+Foxp3 regulatory T cells (Tregs) in mice. Cancer Biol Ther. 
2015;16(3):450–9.

 22. Wang Q, Gao X, Yuan Z, Wang Z, Meng Y, Cao Y, et al. Methionine 
enkephalin (MENK) improves lymphocyte subpopulations in human 
peripheral blood of 50 cancer patients by inhibiting regulatory T cells 
(Tregs). Hum Vaccin Immunother. 2014;10(7):1836–40.

 23. Tian J, Jiao X, Wang X, Geng J, Wang R, Liu N, et al. Novel effect of methio-
nine enkephalin against influenza A virus infection through inhibiting 
TLR7-MyD88- TRAF6-NF-κB p65 signaling pathway. Int Immunopharma-
col. 2018;55:38–48.

 24. Tian J, Qu N, Jiao X, Wang X, Geng J, Griffin N, et al. Methionine enkepha-
lin inhibits influenza A virus infection through upregulating antiviral state 
in RAW264.7 cells. Int Immunopharmacol. 2020;78:106032.

 25. Suzuki T, Sometani A, Yamazaki Y, Horiike G, Mizutani Y, Masuda H, et al. 
Sulphatide binds to human and animal influenza A viruses, and inhibits 
the viral infection. Biochem J. 1996;318(Pt 2):389–93.

 26. Fox JM, Sage LK, Huang L, Barber J, Klonowski KD, Mellor AL, et al. Inhibi-
tion of indoleamine 2,3-dioxygenase enhances the T-cell response to 
influenza virus infection. J Gen Virol. 2013;94(Pt 7):1451–61.

 27. Marois I, Cloutier A, Garneau É, Lesur O, Richter MV. The administra-
tion of oseltamivir results in reduced effector and memory CD8+ T 
cell responses to influenza and affects protective immunity. FASEB J. 
2015;29(3):973–87.

 28. La Gruta NL, Turner SJ. T cell mediated immunity to influenza: mecha-
nisms of viral control. Trends Immunol. 2014;35(8):396–402.

 29. Habel JR, Nguyen AT, Rowntree LC, Szeto C, Mifsud NA, Clemens EB, 
et al. HLA-A*11:01-restricted CD8+ T cell immunity against influenza A 
and influenza B viruses in Indigenous and non-Indigenous people. PLoS 
Pathog. 2022;18(3):e1010337.

 30. Tomar J, Patil HP, Bracho G, Tonnis WF, Frijlink HW, Petrovsky N, et al. Advax 
augments B and T cell responses upon influenza vaccination via the 
respiratory tract and enables complete protection of mice against lethal 
influenza virus challenge. J Control Release. 2018;288:199–211.

 31. Zacharias ZR, Ross KA, Hornick EE, Goodman JT, Narasimhan B, Wald-
schmidt TJ, et al. Polyanhydride nanovaccine induces robust pulmonary 
B and T cell immunity and confers protection against homologous and 
heterologous influenza a virus infections. Front Immunol. 2018;9:1953.

 32 Isakova-Sivak I, Stepanova E, Mezhenskaya D, Matyushenko V, Proko-
penko P, Sychev I, et al. Influenza vaccine: progress in a vaccine that elicits 
a broad immune response. Expert Rev Vaccines. 2021;20(9):1097–112.

 33. Lee W, Kingstad-Bakke B, Kedl RM, Kawaoka Y, Suresh M. CCR2 regulates 
vaccine-induced mucosal T-cell memory to influenza a virus. J Virol. 
2021;95(15):e0053021.

 34. Włodarczyk M, Ograczyk E, Kowalewicz-Kulbat M, Druszczyńska M, 
Rudnicka W, Fol M. Effect of cyclophosphamide treatment on central and 
effector memory T cells in mice. Int J Toxicol. 2018;37(5):373–82.

 35. Usherwood EJ, Hogan RJ, Crowther G, Surman SL, Hogg TL, Altman JD, 
et al. Functionally heterogeneous CD8(+) T-cell memory is induced by 
Sendai virus infection of mice. J Virol. 1999;73(9):7278–86.

 36. Takai S, Schlom J, Tucker J, Tsang KY, Greiner JW. Inhibition of TGF-β1 
signaling promotes central memory T cell differentiation. J Immunol. 
2013;191(5):2299–307.

 37. Kedzierska K, Venturi V, Field K, Davenport MP, Turner SJ, Doherty PC. 
Early establishment of diverse T cell receptor profiles for influenza-
specific CD8(+) CD62L(hi) memory T cells. Proc Natl Acad Sci USA. 
2006;103(24):9184–9.

 38. Sckisel GD, Tietze JK, Zamora AE, Hsiao HH, Priest SO, Wilkins DE, et al. 
Influenza infection results in local expansion of memory CD8(+) T cells 
with antigen non-specificphenotype and function. Clin Exp Immunol. 
2014;175(1):79–91.

 39. Auladell M, Jia X, Hensen L, Chua B, Fox A, Nguyen THO, et al. Recalling 
the future: immunological memory toward unpredictable influenza 
viruses. Front Immunol. 2019;10:1400.

 40. Domnich A, Arata L, Amicizia D, Puig-Barberà J, Gasparini R, Pana-
tto D. Effectiveness of MF59-adjuvanted seasonal influenza vac-
cine in the elderly: a systematic review and meta-analysis. Vaccine. 
2017;35(4):513–20.

 41 Janssens Y, Joye J, Waerlop G, Clement F, Leroux-Roels G, Leroux-Roels I. 
The role of cell-mediated immunity against influenza and its implications 
for vaccine evaluation. Front Immunol. 2022;13:959379.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Methionine enkephalin(MENK) upregulated memory T cells in anti-influenza response
	Abstract 
	Introduction
	Materials and methods
	Mice and virus
	Reagents
	Infection and treatment of mice
	Hemagglutinin (HA) test
	Immunofluorescence
	RNA extraction and qPCR analysis
	Cell isolation
	Cell stimulation
	Flow cytometry analysis
	Statistical analyses

	Results
	MENK increased survival of mice infected with influenza virus
	MENK administration decreased viral replication
	MENK administration upregulated opioid receptor
	MENK administration upregulated CD8+ T cells
	MENK administration upregulated CD4+CD8+ TM cells
	MENK administration upregulated effector CD8+ TM cells

	Discussion
	References


