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ABSTRACT Immune memory represents the most efficient defense against invasion
and transmission of infectious pathogens. In contrast to memory T and B cells, the
roles of innate immunity in recall responses remain inconclusive. In this study, we
identified a novel mouse spleen NK cell subset expressing NKp46 and NKG2A
induced by intranasal influenza virus infection. These memory NK cells specifically
recognize N-linked glycosylation sites on influenza hemagglutinin (HA) protein.
Different from memory-like NK cells reported previously, these NKp461 NKG2A1

memory NK cells exhibited HA-specific silence of cytotoxicity but increase of gamma
interferon (IFN-g) response against influenza virus-infected cells, which could be
reversed by pifithrin-m, a p53-heat shock protein 70 (HSP70) signaling inhibitor.
During recall responses, splenic NKp461 NKG2A1 NK cells were recruited to infected
lung and modulated viral clearance of virus and CD81 T cell distribution, resulting in
improved clinical outcomes. This long-lived NK memory bridges innate and adaptive
immune memory response and promotes the homeostasis of local environment dur-
ing recall response.

IMPORTANCE In this study, we demonstrate a novel hemagglutinin (HA)-specific
NKp461 NKG2A1 NK cell subset induced by influenza A virus infection. These mem-
ory NK cells show virus-specific decreased cytotoxicity and increased gamma inter-
feron (IFN-g) on reencountering the same influenza virus antigen. In addition, they
modulate host recall responses and CD8 T cell distribution, thus bridging the innate
immune and adaptive immune responses during influenza virus infection.

KEYWORDS NK, immune memory, influenza virus, hemagglutinin, glycosylation,
cytotoxicity, gamma IFN

Influenza A virus causes epidemics and pandemics and continues to be a threat to
global public health (1). Immune memory induced by vaccines or prior infections pro-

vide the most efficient protection against incoming influenza virus infection.
Unfortunately, neutralizing antibody- or memory T cell-mediated recall responses can
be compromised by frequent antigen drifts and antigenic shifts in influenza virus (2).

In addition to T or B cell-mediated adaptive immunity, memory-like characteristics
have been found in diverse innate immune cells in the past decade (3, 4). However,
memory-like innate immune cells (also called as “trained” innate immune cells) are usu-
ally equipped with restricted pathogen-recognizing patterns, which are different from
the diverse receptor repertoire of adaptive immune memory. Besides the recognition
of pathogen patterns, innate immune cells also develop more elaborate mechanisms
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to distinguish complex molecules (5, 6), which still remain largely unknow and deserve
further investigation. These trained innate immune cells, including macrophages, den-
dritic cells (DCs), memory-like innate lymphoid cells (ILCs), and natural killer (NK) cells,
generally exhibit upregulated responses on repeated stimulations (3, 7–9). However,
their roles in recall responses, especially on the development and functions of adaptive
immunity, wait to be illustrated.

The NK cell is a major component of innate immunity and plays a critical role in
immune defense, homeostasis, and surveillance (10, 11). Based on their cytolytic
capacity and cytokine production, NK cells are generally regarded as potent effector
lymphocytes (12). In influenza virus infection, NK cells contribute to the restriction of
virus replication and transmission, especially at the early phase of infection (13–15)
through the interaction between hemagglutinin (HA) and NKp44/NKp46 (16–19). In
addition to their direct antiviral effects, NK cells are capable of shaping innate and
adaptive immune responses (20–23) by modulating or eliminating host immune com-
ponents (24–29). However, the role of NK cells during recall immune responses remains
to be clarified.

Although memory-like NK cells have been reported in humans (30–34) and experi-
mental animal models (35–39), most of these memory-like NK cells were characterized
by increased responsiveness, such as enhanced cytokine expression and cytotoxicity,
upon reencounter with stimulation instead of specific antigen. Up until now, only
memory-like NK cells induced by human and mouse cytomegalovirus (CMV) infections
(40–43) and an HIV vaccine (44) were confirmed to be viral antigen specific. Recently,
two independent studies reported the generation of human memory NK cell popula-
tions induced by seasonal influenza virus vaccination (45, 46). However, the studies
failed to identify the exact antigens recognized by those memory-like NK cells. On the
other hand, although CD94/NKG2C and CXCR6 were used to identify memory NK cells
in some models (32, 39), the universal markers of memory NK cells are still unavailable.
Moreover, it is unknown whether NK cell memory could be induced by natural influ-
enza virus infection or whether it contributes to the initiation and regulation of recall
responses.

In this study, a novel NK cell-mediated immune memory response was identified in
the spleens of C57BL/6N mice with sublethal influenza virus infection. Adoptive trans-
fer of these memory NK cells failed to rescue immunodeficient Rag22/2 gc2/2 mice
from challenge with the virus strain used for infecting donor mice, while sustaining
protective effects against heterogenous virus infection. In contrast to other reported
memory NK cell markers (30–39), these memory-like NK cells coexpressed NKp46, the
marker of mature NK cells, and NKG2A, an inhibitory marker (35). While being cocul-
tured with the same virus strain-infected DCs, these NKp461 NKG2A1 cells lost their cy-
tolytic activity but increased their gamma interferon (IFN-g) response in a virus-specific
manner. By using recombinant virus carrying distinct HA proteins, we further demon-
strated that this NK cell memory was dependent on the recognition of N-linked glyco-
sylation sites on influenza HA protein. The HA-specific functional switch between cyto-
toxicity and IFN-g responses of memory NK cells was reversed by pifithrin-m, an
inhibitor targeting the heat shock protein 70 (HSP70)-p53 signaling pathway. In immu-
nocompetent mice rechallenged with the same virus, splenic NKp461 NKG2A1 NK cells
were recruited to affected lung and lymphoid organs, ameliorated inflammation, and
modulated the distribution of CD81 T cells in the respiratory tract. These benefits were
most apparent in mice predisposed with lung inflammation, such as a bleomycin-
caused fibrosis model.

RESULTS
Prior infection impaired NK-mediated protection in a virus-specific manner.

While NK cell-mediated immune responses in primary influenza virus infection are well
defined, the role of NK cells during rechallenge with the same pathogen is still incon-
clusive. To investigate whether prior infection can modulate NK cell-mediated effects
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on subsequent challenge, 4- to 5-week-old C57BL/6N mice were intranasally (i.n.) ino-
culated with a sublethal dose of mouse-adapted influenza A virus H1N1 strain PR8 or
phosphate-buffered saline (PBS) of the same volume, as a control (Fig. 1A). Most mice
(.90%) showed complete recovery, manifested by regain of weight and undetected
virus from the lungs of virus-infected mice by day 15 postinfection (Fig. 1B). All recov-
ered mice were rested for two more weeks and then euthanized to isolate spleen
CD32 NK1.11 NK cells by purification with microbeads and fluorescence-activated cell
sorting (FACS). Purified NK cells from PBS-treated or PR8-infected mice were adoptively
transferred via the intratracheal (i.t.) route into 4- to 5-week-old Rag22/2 gc2/2 mice,
which lack mature T, B, and NK cells. One day later, recipient mice were challenged
with a lethal dose of PR8 virus. Consistent with a previous report (47), adoptive transfer
of NK cells from PBS-treated mice (PBS-NK) ameliorated weight loss of recipients, and
50% of the mice survived a lethal PR8 challenge. In contrast, NK cells from mice previ-
ously infected with PR8 virus (PR8-NK) conferred no protective effect against lethal PR8
challenge (Fig. 1C and D). Adoptive transfer of PR8-NK also delayed virus clearance in
lungs of infected mice compared to that with PBS-NK treatments (Fig. 1E).

To investigate whether this impaired protection was virus specific, spleen NK cells
isolated from C57BL/6N mice treated with H1N1 influenza virus strain WSN (WSN-NK)
were adoptive transferred into Rag22/2 gc2/2 mice (Fig. 1F). WSN-NK ameliorated the
weight loss, improved the survival of PR8-infected Rag22/2gc2/2 mice, and attenuated
viral load in affected lungs (Fig. 1G to I), which suggested that the loss of NK cell-medi-
ated protection was dependent on the specific virus strain used to treat donors of NK
cells. Consistent with this, WSN-NK failed to protect Rag22/2 gc2/2 mice from a lethal
WSN infection (data not shown). Taken together, these data demonstrated that prior
influenza virus infection impaired NK cell-mediated protection in a virus strain-specific
manner.

Prior infection induced NK memory cells with virus-specific loss of cytotoxicity
and increased IFN-c responses. To illustrate their virus-specific function, NK cells
(effector [E]) isolated from influenza virus (PR8 or WSN)- or PBS-treated mice were
cocultured with live virus- or mock-treated DCs (target [T]) at an E/T ratio of 10:1 for
4 h. NK cell-mediated cytotoxicity on DCs was then determined by flow cytometry (Fig.
2A). Compared to PBS-NK, PR8-NK lost cytotoxicity on PR8-treated DCs but exhibited
equivalent killing ability against WSN-treated DCs (Fig. 2B). Similarly, WSN-NK killed
PR8-treated DCs but not WSN-treated DCs, resulting in higher percentage of nucleo-
protein (NP)1 DCs in the culture (Fig. 2C). Consistent with their silenced virus-specific
cytotoxicity, PR8-NK or WSN-NK failed to show increased CD107a expression by cocul-
turing with PR8- or WSN-treated DCs, respectively (Fig. 2D). On the other hand, PBS-
NK, PR8-NK, and WSN-NK showed comparable cytotoxicity on NK-sensitive tumor cell
line YAC-1 (Fig. 2E), which suggested that loss of cytolytic ability in PR8-NK and WSN-
NK was virus specific.

Unexpectedly, changes in PR8-NK- or WSN-NK-mediated cytotoxicity was not paral-
leled with their expressions of IFN-g. As shown in Fig. 2F, PR8-NK showed an increase
of the IFN-g response against PR8-treated DCs but not WSN-treated DCs, while WSN-NK
increased IFN-g expression against WSN-treated DCs but not PR8-treated DCs. Taken
together, these results demonstrated that NK cells isolated from influenza virus-
infected donors exhibited an increased IFN-g response but lost cytolytic capacity in a
virus-specific manner.

Virus-specific memory NK cells are NKp46+ NKG2A+. To identify the major con-
tributor of virus-specific memory, NKp46 and NKG2A expression was used to gate total
NK cells (CD32 NK1.11) into three subsets: NKp462 NKG2A2 (double negative [DN]),
NKp461 NKG2A2 (single positive [SP]), and NKp461 NKG2A1 (double positive [DP]).
After complete recovery (day 30 post-primary infection), the percentages of these
three NK subsets in infected mice were close to those in PBS-treated mice (Fig. 3A).
Although DN represents the major expanding population in multiple organs, especially
in lung and draining lymph nodes (DLN), during infection (Fig. 3B and C), only a minor-
ity of them expressed CD27 and NKG2D (Fig. 3D), markers of potent effector NK cells
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FIG 1 Infection history impaired NK cell-mediated protection against specific virus challenge. (A) Protocol of NK isolation and
adoptive transfer. (B) The weight changes of mice treated with PBS or sublethal dose of PR8 are shown; n=12. (C)
Hematoxylin and eosin staining and histopathological scores of lung tissues harvested on day 10 postinfection. (D) Weight
change and survival of recipient mice. PBS-NK, NK cells isolated from PBS-treated donors; PR8-NK, NK cells isolated from PR8-
infected donors. (E) Viral loads of lung tissues harvested on days 0, 3, 6, and 9 postinfection. (F) Protocol of NK isolation and
adoptive transfer. (G) Hematoxylin and eosin staining and histopathological scores of lung tissues harvested on day 7
postinfection. (H) Weight change and survival of recipient mice. (I) Viral loads of lung tissues harvested on days 0, 3, 6, and 9
postinfection. WSN-NK, NK cells isolated from WSN-infected donors; PR8-NK, NK cells isolated from PR8-infected donors. Data
are shown as means 6 SEMs and represent 3 independent experiments, n= 4 to 6; *, P , 0.05; n.s., nonsignificant.
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(12, 48). In addition, the lack of NKp46 expression in this subset suggested that this
population might represent the immature phase of NK cells. Compared to SP-NK, DP-
NK expressed higher levels of CD27 and NKG2D (Fig. 3D) after infection, indicating the
highly activated status of this subset. Besides their expression of molecules determined
by flow cytometry, functions of sorting-purified subsets were assessed in ex vivo cul-
ture. As shown in Fig. 3E, only the DP subset from PR8-NK lost CD107a expression and
increased IFN-g in the coculture with PR8-treated DCs, which suggested that NKp46
and NKG2A can be used to exclusively identify memory NK cells.

By adoptively transferring total NK cells or DP-depleted NK cells from PR8 or PBS-
treated donors into Rag22/2 gc2/2 mice (Fig. 3F), the in vivo effects mediated by DP
subsets were compared. Consistent with results shown in Fig. 1D, PR8-NK failed to pro-
tect recipients from PR8 challenge (Fig. 3G), which could be reversed by the depletion
of PR8-DP before adoptive transfer. Taken together, NKG2A1 NKp461 NK cells demon-
strated virus-specific memory under both ex vivo and in vivo conditions.

Virus-specific memory of NK cells relies on HA protein recognition. The high fre-
quency of point mutation and antigen shift in HA proteins contributes to the epitope

FIG 2 NK cells exhibited HA-specific functions. (A) Protocol of NK isolation and in vitro coculture system.
Purified NK cells (effector [E]) from different donors were cocultured with virus-treated bone marrow-derived
DCs (target [T]) at an E/T ratio of 10:1 for 4 h (B, D, and E) or 1:1 for 16 h (C) at 37°C and 5% CO2. (B) NK cell-
mediated cytotoxicity against distinct virus-treated DCs was determined with EthD2 staining for the last 15 min
of coculture. EthD21 DCs were regarded as apoptotic cells. (C) Expression of influenza virus NP protein in DCs.
(D) Anti-CD107a monoclonal antibody was added at the start of coculture to determine the expression of
CD107a on NK cells. (E) Purified NK cells (effector [E]) were then cocultured with YAC-1 cells (target [T]) at
indicated E/T ratios for 4 h at 37°C and 5% CO2. NK cell-mediated cytotoxicity was determined with EthD2
staining for the last 15 min of coculture. EthD21 YAC-1 cells were regarded as cells experiencing apoptosis;
n=4. (F) Expression of IFN-g in NK cells was determined by intracellular staining and analyzed by flow
cytometry; 10mg/ml brefeldin A (BFA) was added into the system at the start of coculture to block the
secretion of cytokines. Data are shown as means 6 SEMs and represent 3 independent experiments; n= 4. *,
P , 0.05;**, P , 0.01.
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FIG 3 NKp461 NKG2A1 identified memory NK cell subset. (A) Flow chart of NK cell subsets identified by NKp46 and NKG2A in
mock-treated mice and mice recovering from PR8 infection. DN, NKp462 NKG2A2; SP, NKp461 NKG2A2; DP, NKp461 NKG2A1.
Dynamic changes of total NK cells (B, left) and NK subsets (C) in lung, DLN, and spleen of mice infected with sublethal dose of
PR8 virus (25ml, 103.5 TCID50), i.n., were determined by flow cytometry with counting beads. One month postinfection, some
completely recovered mice received splenectomy or sham surgery. One month postsurgery, mice were infected with lethal dose
of PR8 virus (25ml, 105 TCID50), i.n. Lung-infiltrating NK cells were counted by flow cytometry at indicated times postinfection (B,
right). (D) Expressions of CD27 and NKG2D in NK cell subsets in lung, DLN, and spleen during infection were determined by
surface staining and flow cytometry. Difference between SP and DP populations were statistically analyzed. (E) Expressions of
CD107a and IFN-g in flow cytometry-separated NK cell subsets (sDP, sSP, and sDN) (effector [E]) were determined by surface and
intracellular staining and flow cytometry after cocultured with recombinant virus-treated DCs (target [T]) at an E/T ratio of 10:1 for
4 h at 37°C and 5% CO2; n=4. (F) Protocol of NK cells subset isolation and adoptive transfer. (G) Weight change and survival of
recipient mice. DP, NKp461 NKG2A1. Data are shown as means 6 SEMs and represent 3 independent experiments; n= 4 to 6. *,
P , 0.05; **, P , 0.01.
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FIG 4 NKp461 NKG2A1 NK cells exhibited HA-specific functions. (A) NK cell-mediated cytotoxicity against
distinct recombinant virus (PR8-HA, WSN-HA, pH 1-HA, or H9N2-HA)-treated DCs were determined with

(Continued on next page)
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diversity of influenza virus (49). To determine whether distinct HA proteins could be
distinguished by these virus-specific memory NK cells, HA proteins (PR8-HA, WSN-HA,
pandemic H1N1-HA [pH 1-HA], or avian H9N2-HA) were expressed on recombinant
PR8 virus by plasmid-based reverse genetics. DCs treated with distinct recombinant
viruses were then cocultured with PBS-DP or PR8-DP as described previously (Fig. 2A).
As shown in Fig. 4A, PR8-DP showed comparable cytotoxicity on recombinant virus
(WSN-HA, pH1N1-HA, or H9N2-HA)-treated DCs but decreased killing capacity against
PR8-HA-expressing virus-treated DCs. Consistent with their “silenced” cytolytic
capacity, PR8-DP failed to increase CD107a expression in coculture with DCs treated
with PR8-HA-expressing virus (Fig. 4B). On the other hand, PR8-DP cells exhibited
increased IFN-g production while coculturing with DCs treated with PR8-HA-expressing
virus (Fig. 4C). These data indicated the virus-specific NK cell memory induced by influ-
enza virus infection was dependent on HA protein recognition.

HA proteins from PR8 and WSN share 90.4% identity of amino acid sequences,
including five common N-linked glycosylation sites. However, PR8-HA contains two
additional glycosylation sites at residues 40 and 303 (N1 numbering from ATG), while
WSN-HA contains an extra glycosylation site at residue 142 (Fig. 4D). The N-linked gly-
cosylation site at residue 142 was further investigated as it is located at the head of
HA, the most potential interactive location with host cells. Importantly, sialidase treat-
ment impaired normal NK-mediated cytotoxicity but did not reverse memory NK-medi-
ated cytotoxicity loss or affect their IFN-g expression (Fig. 4E). To study the role of the
N-linked glycosylation site at residue 142, recombinant PR8 viruses expressing the fol-
lowing HA proteins were generated: PR8-HA, WSN-HA, PR8-142-HA (NHN to NHT at res-
idues 142 to 144 of PR8-HA, thus gaining a potential N-linked glycosylation at residue
142), and WSN-142-HA (NHT to NHN at residues 142 to 144 of WSN-HA, thus losing the
potential of N-linked glycosylation). As shown in Fig. 4F to H, PR8-HA-specific loss of cy-
totoxicity and CD107a expression in PR8-DP were partly reversed by 142 site mutation,
which simultaneously deprived their IFN-g expression. On the other hand, virus-tar-
geted cytotoxicity and CD107a expression was purged but IFN-g expression was
enhanced in PR8-DP in coculture with DCs treated by WSN-142-HA virus. Taken to-
gether, these data suggested that the memory of NK cells was mediated by the recog-
nition of glycosylated sites on influenza HA protein.

Pifithrin-l treatment diminished virus-specific functions of NKp46+ NKG2A+

memory NK cells. To determine whether NKG2A and NKp46 were involved in HA-spe-
cific function of PR8-DP cells, NKG2A and NKp46 blocking reagents were used. As shown
in Fig. 5A and B, blockade of NKp46 showed no effects on the expression of CD107a and
IFN-g in PR8-DP cocultured with virus-treated DCs. Although blocking of NKG2A reversed
the decreased expression of CD107a of PR8-DP while coculturing with PR8-HA-treated
DCs, the treatment also increased CD107a expression in PR8-DP cocultured with WSN-
HA-treated DCs (Fig. 5A). Moreover, no changes were identified in their expression of
IFN-g with NKG2A-blocking treatment (Fig. 5B). These data suggested that NKG2A- and
NKp46-related signaling did not contribute to HA-specific function of memory NK cells.

FIG 4 Legend (Continued)
EthD2 staining for the last 15 min of coculture. (B) Anti-CD107a monoclonal antibody was added at
the start of coculture to determine the expression of CD107a on NK cells. (C) Expression of IFN-g in
NK cells was determined by intracellular staining and analyzed by flow cytometry; 10mg/ml BFA
was added into the system at the start of coculture to block the secretion of cytokines. (D)
N-Glycosylation sites are highlighted in brown. The glycosylation sites common to PR8 and WSN are
colored red; those unique to PR8 are colored deep blue, and the ones unique to WSN are colored
orange. (E) Purified DP-NK cells (effector [E]) from infected mice were pretreated with Arthrobacter
ureafaciens sialidase for 30min and cocultured with virus-treated bone marrow-derived DCs (target
[T]) at and E/T ratio of 10:1 for 4 h at 37°C and 5% CO2. The expressions of CD107a and IFN-g in
NK were determined by surface and intracellular staining and analyzed by flow cytometry; n= 4. (F)
NK cell-mediated cytotoxicity against distinct recombinant virus (PR8-HA, PR8-142-HA, WSN-HA, or
WSN-142-HA)-treated DCs determined by EthD2 staining. (G and H) The expressions of CD107a
and IFN-g in NK cells determined by intracellular staining and analyzed by flow cytometry. Data are
shown as means 6 SEMs and represent 3 independent tests; n= 4 to 5. *, P , 0.05; n.s.,
nonsignificant.
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FIG 5 HSP70-regulated HA-specific NK responses. The effects of NKG2A and NKp46 blockade on HA-specific function of NKp461 NKG2A1 NK
cells (DP). Purified DP-NK cells (effector [E], with/without pretreatment with 10mg/ml anti-NKG2A antibody or isotype control) were

(Continued on next page)
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To identify the molecules contributing to NK cell memory functions, gene expres-
sions of PBS-DP and PR8-DP were determined and compared by RNA sequencing. As
shown in Fig. 5C, increased expression of both hspa1a and hspa1b, critical molecules
of the HSP70-related signal pathway, was found in PR8-DP compared to that in PBS-
DP. More importantly, HA-specific change of CD107a and IFN-g expression in PR8-DP
was reversed by pifithrin-m but not VER-155008 (Fig. 5D and E), while neither of these
treatments modified the responses of PR8-NK to WSN-HA-treated DCs (data not
shown). Although both pifithrin-m and VER-155008 inhibit HSP70-related signals, pifi-
thrin-m specifically targets the p53 binding site (50). Therefore, HSP70-p53 might be a
potential target in modulating NK cell memory, although the exact signaling pathway
involved in its formation and function needs to be identified by further investigations.

Migration and long-term effects of NKp46+ NKG2A+ NK cells. The long-term
maintenance of immune memory requires an appropriate environment (“niche”) for
memory cells, such as that of secondary lymphoid organs or bone marrow. To compare
the migratory capacity of different NK cell subsets into spleen or bone marrow, a mix-
ture of carboxyfluorescein succinimidyl ester (CFSE)-labeled PR8-NK and PBS-NK was
adoptively transfer via tail vein injection (i.v.) to Rag22/2gc2/2 mice immediately prior
to infection (Fig. 6A). Compared to PBS-DP, more PR8-DP were found to accumulate in
spleen and bone marrow of recipients on day 10 postinfection (Fig. 6B), which might
benefit their long-term survival (51).

To track the long-term dynamics of virus-specific memory NK cells, PR8-DP NK cells
from CD45.1 mice and PR8-non-DP NK cells from Thy1.1 mice were harvested and
mixed before transfusion into Rag22/2 gc2/2 mice (Fig. 6C). Consistent with their
higher expression of CCR7 (Fig. 6D), DP-NK exhibited a higher capability to migrate
into spleen than non-DP and maintained their survival until 100 days post-adoptive
transfer (Fig. 6E). More importantly, these long-lived DP NK cells were able to be
expanded on day 5 postinfection and recruited to lungs of recipients (Fig. 6E).
Meanwhile, virus-specific CD107a and IFN-g expression changes were identified in DP-
NK cells 1 year after primary PR8 virus infection (Fig. 6F). Taken together, these data
demonstrated a long-term persistence of NK cell memory in influenza virus-infected
mice.

Virus-specific memory NK cells modulated recall responses. To further clarify the
role of virus-specific memory DP-NK during host recall responses, an NK replacement
model was established as shown in Fig. 7A and B. Briefly, recipient mice were treated
with PK-136 monoclonal antibody (MAb) to deplete NK cells after complete recovery
from sublethal PR8 infection. On day 5 posttreatment, more than 99.6% of peripheral
NK cells were cleared, and the deprivation effects were sustained for more than
14 days (21). Since splenic NK cells represent the majority of lung-infiltrating lympho-
cytes during the first week postinfection (Fig. 3B), NK cell subsets isolated from spleens
of PBS- or sublethal PR8-treated mice were then transferred into NK cell-depleted
recipients via tail vein (i.v.) immediately prior to challenge of a lethal dose of PR8.
Although mice from all 4 groups exhibited complete resistance to reinfection and lost
no weight, adoptive transfer of PBS-DP exhibited higher efficiency on virus clearance
(determined by viral load in both homogenized lung tissues and bronchoalveolar la-
vage [BAL] fluid) than PR8-DP on day 1 postinfection (Fig. 7C). Despite an asymptom-
atic course, histological examination of lung tissues harvested on day 7 postinfection

FIG 5 Legend (Continued)
cocultured with DCs (target [T], with/without pretreatment with 10mg/ml NKp46-Ig or control Ig) at an E/T ratio of 10:1 for 4 h at 37°C and
5% CO2. The expressions of CD107a (A) and IFN-g (B) in NK were determined by surface and intracellular staining and analyzed by flow
cytometry. Anti-CD107a monoclonal antibody was added to the system at the start of coculture, while 10mg/ml BFA was added to
intracellular staining at the start of coculture to block the secretion of cytokines. (C) RNA sequencing of DP-NK cells from PR8-infected mice or
PBS-treated mice. (Six samples from each group were then pooled into 2 PBS-DP and 2 PR8-DP specimens for RNA extraction. The sequencing
of each specimen was duplicated to make n= 4 for further analysis). (D and E) Effects of HSP70-related signal pathway blockade on HA-specific
function of the DP subset; 50mM VER-155008 or 100mM pifithrin-m was used to pretreat DP-NK cells before coculturing with virus-treated
DCs. Expressions of CD107a (D) and IFN-g (E) in DP-NK cells were determined by surface and intracellular staining, respectively. Data are shown
as means 6 SEMs and represent 3 independent assays; n= 4 to 5. *, P , 0.05; n.s., nonsignificant.
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showed injury and infiltration of leukocytes in all groups (Fig. 7D). However, compared
to diffuse interstitial pneumonia in the PK-136 alone group and PK-136 plus PBS-DP
(PK-1361PBS-DP) group, untreated and PK-136 plus PR8-NK (PK-1361PR8-NK) groups
exhibited restricted inflammation around bronchus (Fig. 7D). CD81 T cells are major
lung-infiltrating leukocytes during the recall response, and their distribution correlated
with the outcome of disease. In untreated and PK-1361PR8-DP groups, CD81 T cells
showed increased recruitment in BAL fluid on day 3 postinfection, whereas PK-136
alone and PK-1361PBS-DP treatment resulted in massive infiltration of CD81 T cells in
parenchyma of lungs on day 5 and 7 postinfection (Fig. 7E). Correspondingly, PK-
1361PR8-DP treatment increased the absolute number of splenic IFN-g1 CD81 T cells

FIG 6 NKp461 NKG2A1 NK cells maintained long-term virus-specific memory. (A) Protocol of in vivo trafficking
of NK cells and NK subsets. (B) Distribution of NK cell subsets in lung, spleen, and bone marrow of recipients
on day 10 postinfection. (C) Protocol of long-term trafficking of NK subsets. (D) Chemokine receptors of DP and
non-DP NK cells. (E) Quantity of DP (CD45.11) and non-DP (Thy1.11) NK cells in spleen and lung at indicated
times posttransfer. (F) Four- to 5-week-old C57BL/6N mice were treated with sublethal dose of PR8 (25ml, 103.5

TCID50) or PBS of the same volume, i.n. One year later, completely recovered mice were sacrificed, and spleen
NK cells were purified by a magnetic bead isolation kit followed with flow cytometry sorting. Purified NK cells
(effector [E]) were then cocultured with virus-treated bone marrow-derived DCs (target [T]) at an E/T ratio of
10:1 for 4 h at 37°C and 5% CO2. The expressions of CD107a, IFN-g, and TNF-a in NK cells were determined by
surface and intracellular staining and analyzed by flow cytometry. Anti-CD107a monoclonal antibody was
added to the system at the start of coculture, while 10mg/ml BFA was added to intracellular staining at the
start of coculture to block the secretion of cytokines. Data are shown as means 6 SEMs and represent 3
independent experiments; n= 4 to 5. *, P , 0.05; **, P , 0.01.

Characteristics of HA-Specific Memory NK Cells Journal of Virology

June 2021 Volume 95 Issue 12 e00165-21 jvi.asm.org 11

https://jvi.asm.org


FIG 7 NKp461 NKG2A1 NK cells modulated recall responses. (A) Protocol of NK cell isolation and adoptive
transfer. untreated, NK-competent mice; PK-136, NK-depleted mice; PBS-DP, NK-depleted mice receiving mixture

(Continued on next page)
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(Fig. 7F), although the interaction between memory NK cells and CD81 T cells needs to
be further investigated. This, accompanied with lower concentrations of interleukin 1a
(IL-1a), IL-1b , IL-6, IL-17A, tumor necrosis factor a (TNF-a), and monocyte chemoattrac-
tant protein 1 (MCP-1) in affected lungs of mice from the PK-1361PR8-DP group (Fig.
7G), suggested that PR8-DP modified the distribution of infiltrating leukocytes and
ameliorated interstitial inflammation in lung during the recall response. On the other
hand, very low levels of IFN-g were detected in homogenized lung tissues from recipi-
ent mice (data not shown), which might be due to the small number of adoptive trans-
ferred NK cells.

To further confirm the effect of PR8-DP on lung inflammation during the recall
response, we established a lung inflammation model in PR8-infected mice with bleo-
mycin treatment (Fig. 8A). As shown in Fig. 8B and C, PR8-DP transfer significantly
improved the weight change, survival, and the pathology in the lungs of recipient
mice. Taken together, these data showed that memory NK cells modulated the distri-
bution of CD81 T cells during recall responses and subsequently benefit the outcome
of disease, especially in mice predisposed with lung inflammation.

DISCUSSION

NK cells are mobilized to restrict invasion of potential pathogens at very early phase
of infection. This protection could be accomplished through production of cytokine
and/or direct killing of virus-infected target cells. Although prior exposure to patho-
gens is unnecessary for NK cell-mediated immune responses, preactivation of NK cells
with proinflammatory cytokines was reported to enhance their functions (40–42). With
the blurring of divisions between innate and adaptive immunity, the “trained” profiles
of some innate immune cells are now defined as a subtype of immune memory (52).
However, only a minor fraction of these “trained memory” cells was confirmed to be
antigen specific, such as m157-specific Ly49H1 NK cells induced by mouse cytomega-
lovirus (MCMV) infection (37, 38, 46). In this study, an NKG2A1 NKp461 NK cell subset
was found to possess influenza virus HA-specific memory (Fig. 3) and modify the recall
responses against the same pathogens (Fig. 7).

Distinct from T cells and B cells, NK cells lack Rag-mediated recombinant receptors
for recognition of variant antigens. However, NK cells are equipped with multiple re-
ceptor families, such as NK cell receptors (NCRs), killer cell inhibitory receptors (KIRs),
and killer cell lectin-like receptors (KLRs) (53, 54). Recently, donor and recipient HLA-
KIR matching has been applied to predict the outcomes of human transplantation (55).
Similarly, moderately expanded and diversified NKG2 genes were found in macaques,
which might represent one possible platform used by NK cells to distinguish diverse
stimulants (56). In addition, human 2B4 and NTB-A receptors were also found to bind
influenza virus HA (57); whether they might contribute to human NK cell memory
deserves further investigation.

FIG 7 Legend (Continued)
of DP subset from PBS-treated donors and non-DP subsets from PR8-infected donors; PR8-DP, NK-depleted mice
receiving NK cells isolated from PR8-infected donors. (B) Pre- and postsorting flow plots of DP-NK and non-DP-NK
purification. (C) Virus titers in homogenized lung tissue and BAL fluid of recipient mice post-second infection
determined by TCID assay. (D) Hematoxylin and eosin staining and histopathological scores of lung tissues
harvested on day 7 post-second infection; n=5. (E) Dynamic changes of CD8 in BAL fluid and lung parenchyma of
mice infected with lethal dose of PR8 virus (25ml, 105 TCID50), i.n., after depletion of NK cells and adoptive transfer
of PBS-DP or PR8-DP. (F) Memory NK subset increased IFN-g expression in spleen CD81 T cells. Four- to 5-week-old
C57BL/6N mice were treated with sublethal dose of PR8 (25ml, 103.5 TCID50) or PBS of the same volume, i.n. One
to 2months later, completely recovered mice were sacrificed, and spleen NK cell subsets were purified by a
magnetic bead isolation kit followed with flow cytometry sorting. Purified DP subset from PBS-treated donors (PBS-
DP) or PR8-infected donors (PR8-DP) were adoptively transferred with non-DP cells from PR8-infected mice into 5-
to 6-week-old NK-depleted (by PK-136) C57BL/6N mice, i.v., at 0.25� 106 cells/mouse in 0.2ml PBS. Recipient mice
were then infected with a lethal dose of PR8 virus (25ml, 105 TCID50), i.n., 4h after cell transfusion. Expressions of
IFN-g of lung, DLN, and spleen CD81 T cells of recipient mice are shown; n=4. (G) Concentrations of IL-1a, IL-1b ,
IL-6, IL-17A, TNF-a, and MCP-1 in lung were determined by flow cytometry; n=4. Data shown as means 6 SEMs
and represent 3 independent experiments. *, P , 0.05; **, P , 0.01; n.s., nonsignificant.
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Distinct from liver memory NK cells reported recently (36), splenic NK cells represent
the major origin of lung-infiltrating NK cells (Fig. 3B), which enhances their contribu-
tion during the recall response against influenza infection, although the phenotypes
and functions of lung-resident NK cells (58) during recall responses deserve further
investigations. Consistent with that, the lung DP-NK subset also showed HA-specific
memory functions (data not shown). To clarify the development of DP-NK, purified
splenic NK subsets (DN, SP, and DP) from mock-treated mice were adoptively transfer
into Rag22/2gc2/2 mice prior to infection. As shown in Fig. 9A, both DN and SP differ-
entiated into DP, while transferred DP maintained their phenotypes, suggesting a
highly differentiated status of DP. In addition, DP derived from different subsets exhib-
ited comparable virus-specific function when culturing with PR8-treated DCs (Fig. 9B).

On the other hand, the induction of NK cell memory relied on the severity of pri-
mary infection. In our preliminary experiments, mild (,10% weight loss) infection
failed to generate virus-specific memory NK cells, which might have resulted from the

FIG 8 NKp461 NKG2A1 NK cells ameliorated PR8 infection in mice with lung fibrosis. (A) Protocol of NK cell adoptive transfer in
mice suffering lung inflammation caused by bleomycin. (B) Weight change and survival of mice. Data shown as means 6 SEMs
and represent 3 independent experiments; n= 5. (C) Hematoxylin and eosin staining and histopathological scores of a bleomycin-
induced lung inflammation model treated with different NK cell subsets; n= 5. Data shown as means 6 SEMs and represent 3
independent experiments. *, P , 0.05; **, P , 0.01.
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extent of virus replication and levels of proinflammatory factors such as IFN-a/b , IL-12,
IL-15, and IL-18 (30, 34, 42, 59–62). However, the blockade of IFN-a/b , IL-1b , IL-12, and
IL-18 in this system failed to abolish the memory function of DP-NK cells (data not
shown). In contrast to chronic infections, such as CMV and HIV infections, where per-
sistence of the infecting virus makes it difficult to exclude the possibility that an
observed “memory-like” phenotype is driven by antigen persistence (33, 37, 63), influ-
enza virus causes an acute infection associated with complete clearance of influenza vi-
rus within 15 days postinfection. Therefore, persistence of DP-NK memory is independ-
ent of continuous pathogen stimulation. The factors contributing to the generation
and maintenance of memory NK cells deserves further investigation.

Rather than simply upregulating their responsiveness, preactivation might modu-
late the function of NK cells at multiple levels (48), such as the differentiation of human
NK cells from CD56hi CD162 into CD56int CD161 cells, which was accompanied with
the decrease of cytokine production and increase of cytolytic ability (64). Similarly, NK
cells isolated from influenza virus-infected mice lost their cytotoxicity but upregulated
their IFN-g production in an HA-specific manner (Fig. 4). This functional switch led to
longer persistence of virus in lung, leading to a disastrous outcome for immunodefi-
cient Rag22/2 gc2/2 mice receiving PR8-NK (Fig. 1). In immunocompetent hosts,
decreased cytotoxicity was well compensated by robust expansion and accumulation
of CD81 T cells and thus did not affect the overall morbidity (e.g., weight loss) and sur-
vival. On the other hand, NK cell-mediated cytotoxicity also contributes to immunopa-
thology and might aggravate diseases in patients predisposed with inflammatory dis-
eases such as chronic obstructive pulmonary disease (COPD) and the aged. Under
these conditions, virus-specific silenced cytotoxicity of memory NK cells helps avoid
the excessive inflammation and results in an improved outcome, as shown in Fig. 8B
and C. Moreover, the accumulation of CD81 T cells in BAL fluid instead of interstitial

FIG 9 Differentiation and function of transferred NK cell subsets in recipient mice. (A) Percentages of NK
subsets in recipient mice receiving DP-, SP-, or DN-NK. (B) DP-NK from different recipients (DP-DP, DP isolated
from mice receiving DP-NK; SP-DP, DP isolated from mice receiving SP-NK; DN-DP, DP isolated from mice
receiving DN-NK; PBS-DP, DP isolated from naive C57BL/6N mice) were purified by flow sorting and cocultured
with PR8-treated bone marrow-derived DCs (target [T]) at an E/T ratio of 10:1 for 4 h at 37°C and 5% CO2.
Expressions of CD107a and IFN-g in NK were determined by surface and intracellular staining and analyzed by
flow cytometry. Anti-CD107a monoclonal antibody was added to the system at the start of coculture, while
10mg/ml BFA was added to intracellular staining at the start of coculture to block the secretion of cytokines;
n=5. Data are shown as means 6 SEMs and represent 2 independent experiments.
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homogenate (Fig. 7E) with the help from memory NK cells benefits the virus clearance
and further restricts lung inflammation (Fig. 7D).

Although memory NK cells expressed NKG2A and NKp46 (Fig. 3 and 6), neither
NKG2A- (65) nor NKp46-related signals were required for virus-specific function of
memory NK cells (Fig. 5A and B). Similarly, sialidase treatment impaired normal NK-
mediated cytotoxicity but did not reverse memory NK-mediated cytotoxicity loss or
affect their IFN-g expression (Fig. 4E). Subsequent blocking assays indicated the critical
roles of HSP70 and p53 in the HA-specific function switch in memory NK cells (Fig. 5D
and E). HSP70, together with IL-15, heat shock cognate protein 70 (HSC70), Toll-like re-
ceptor 4 (TLR4), and CD91, was recently shown to be essential for NK cell-mediated tol-
erance at decidua basalis during pregnancy (66). In another report, HSP70 was also
found to directly respond to HA-induced signals although details remained to be clari-
fied (67). p53 expression could be upregulated by influenza virus infection and contrib-
ute to viral clearance and thus represents a target by some viruses to facilitate their
replication and spreading (68). Clarifying the roles of HSP70 and p53 during influenza
virus infection might boost novel antiviral strategies. The involvement of other genes
in NK cell memory could not be excluded due to the relatively small number of sam-
ples used for sequencing in this study and the single time point of sample collection.

In summary, HA-specific NKp461 NKG2A1 memory NK cells bridge innate and
adaptive immunity and thus modulate the recall responses on rechallenge of influenza
virus through a function switch from cytolytic cells into cytokine-expressing effectors.

MATERIALS ANDMETHODS
Animals. Rag22/2 g c2/2 mice were purchased from Taconic and maintained in an individual venti-

lated cage (IVC) system in a specific-pathogen-free (SPF) environment in the laboratory animal unit, the
University of Hong Kong. C57BL/6N and BALB/c mice were purchased from the laboratory animal unit,
the University of Hong Kong. CD45.1-B6 and Thy1.1-B6 mice were purchased from Jackson Laboratory.
All manipulations on animals were performed in compliance with the Animals (Scientific Procedures)
Act, 1986 (UK) (amended in 2013) and approved by the Committee on the Use of Live Animals in
Teaching and Research (CULATR), Hong Kong (approval number CULATR 3283-14). All sections of this
report adhered to the ARRIVE guidelines for reporting animal research.

Viruses and animal models. Mouse-adaptive influenza virus PR8 (A/Puerto Rico/8/1934 H1N1),
influenza virus WSN (A/WSN/1933 H1N1), seasonal influenza virus (A/HK/54/98 H1N1), pandemic influ-
enza virus (A/California/7/09 H1N1), and avian influenza virus (A/quail/HK/G1/97 H9N2) were cultured in
MDCK (Madin-Darby canine kidney cell line). Viral titer was determined by daily observation of cyto-
pathic effect in MDCK infected with serial dilutions of virus stock; median tissue culture infective dose
(TCID50) was calculated according to the Reed-Muench formula. For primary infection, 4- to 6-week-old
female C57BL/6N mice were infected with a sublethal dose of PR8 or WSN virus (25ml, 103.5 TCID50 or 10

3

TCID50, respectively), i.n. For the second challenge, completely recovered mice were infected with a le-
thal dose of PR8 or WSN virus (25ml, 105 TCID50 or 10

4 TCID50, respectively), i.n. For adoptive transfer
experiments, 4- to 6-week-old Rag22/2g c2/2 mice were infected with a lethal dose of PR8 or WSN virus
(25ml, 103 TCID50), i.n. Three to 6 mice per group were used for each independent experiment, and all
experiments were repeated 2 times to obtain unbiased data, without unnecessary overuse of experi-
mental animals. Mice with .25% weight loss were sacrificed, counted as death. Bleomycin-induced lung
inflammation model was induced by injection with bleomycin (Nippon Kayaku Co. Ltd.) at an intratra-
cheal dose of 1mg of bleomycin per g of body weight after anesthesia.

In all animal experiments, mice were monitored twice a day during the whole experiment, while
food and water were provided ad libitum. Soft and clean bedding, a quiet environment, and circadian
light were provided to reduce animal stress. No unexpected death occurred during this study, and mice
were euthanized by cervical dislocation under anesthesia (by intraperitoneal [i.p.] injection of ketamine
plus xylazine at the final concentrations of 7.5mg/kg and 0.88mg/kg, respectively) when the study was
completed or when one of following conditions was observed: weight loss of .30%; body temperature
change of .2°C; cardiac/respiratory rate change of .50%; signs of severe pneumonia (very weak and
precomatose). To minimize animal suffering and distress, all invasive manipulations were carried out
under anesthesia as described above.

Depletion of mouse NK cells. To produce PK-136 antibodies, 4- to 6-week-old BALB/c mice were
pretreated with 0.5ml incomplete Freud’s adjuvant (IFA), i.p., and then injected with PK-136 hybridoma
cells (ATCC), 5� 106 cells/mouse, i.p. Two weeks later, ascites was harvested and purified with protein G
columns. To deplete NK cells, 0.2mg purified PK-136 or anti-GM1 antibody (Asialo) diluted in 0.5ml PBS
was injected into each mouse i.p.

Adoptive transfer of mouse NK cells. Mouse NK cells were isolated from spleen cells with a mouse
NK isolation kit II (Miltenyi microbeads) and stained with fluorescence-labeled antibodies. Total NK cells
or NK cell subsets were then sorted by flow cytometry (FACSAria; BD). For rescue experiments, total NK
cells or NK subsets were injected, i.t., into Rag22/2 g c2/2 mice, 0.2� 106 cells/mouse in 0.1ml PBS. For
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recall response experiments, NK subsets were injected into recipient mice, i.v., 0.25� 106 cells/mouse in
0.2ml PBS.

Trafficking assays. Mouse NK cells were isolated from completely recovered mice pretreated with a
sublethal dose of PR8 virus or PBS of the same volume and purified with a mouse NK isolation kit II (Miltenyi
microbeads). Purified NK cells from PR8- or PBS-treated mice were stained with carboxyfluorescein succini-
midyl ester (CFSE) or eFluor405-CFSE, respectively. Labeled NK cells were then mixed at the ratio of 1:1 and
injected into 4 -to 6-week-old female Rag22/2g c2/2 mice, i.v., 0.2� 106 cells/mouse in 0.2ml PBS.

Bronchoalveolar lavage fluid harvest. The thoracic cage and neck of the mouse were exposed,
and a small incision was made in the trachea. A 23-gauge needle connected to a tube was placed, and
then 1ml saline was injected into the animal’s lungs and aspirated. Four wash procedures were carried
out in each animal. The collected aspirations from each animal were pooled for further analysis.

Immunohistochemistry assays of lungs. The lungs from mice were harvested at the designated
time points postinfection, fixed with 10% formalin, and maintained in 95% ethanol. Paraffin-embedded
lung sections were prepared according to standard protocols and stained with hematoxylin and eosin.
All lung sections were screened, and five fields from each sample were selected randomly by 2 inde-
pendent pathologists for evaluating the levels of pathology among different groups. The following crite-
ria were used for scoring edema, hyaline membrane formation, and necrotic cellular debris: 0, none; 1,
uncommon detection in ,5% of lung fields (�200 magnification); 2, detectable in up to 33% of lung
fields; 3, detectable in up to 33% to 66% of lung fields; 4, detectable in.66% of lung fields.

Determination of virus copy and inflammatory cytokines/chemokines in lungs. The lungs from
infected mice were harvested at designated time points postinfection and homogenized in 2ml of RPMI
1640 medium. After centrifugation at 1,500 � g for 15min, the supernatants were collected for deter-
mining viral titer (TCID50) as described above or concentrations of proinflammatory cytokines and che-
mokines with murine cytokine and chemokine assay kits (Bender MedSystems).

Preparation of recombinant virus. The recombinant viruses were generated using the eight-plas-
mid system as described previously (69). HA genes of A/California/4/09 virus and the avian influenza vi-
rus A/Quail/Hong Kong/G1/97 (H9N2) were amplified and cloned into the pHW2000 vector as described.
Plasmids encoding the eight genes of A/PR/8/34 (H1N1) (pHW191-PB2, pHW192-PB1, pHW193-PA,
pHW194-HA, pHW195-NP, pHW196-NA, pHW197-M, and pHW198-NS) and HA genes of A/WSN/33
(H1N1) (pHW184-HA) were kindly provided by Robert Webster at St. Jude Children’s Research Hospital.
The addition of the N-linked glycosylation site at residue 142 of PR8-HA (PR8-142-HA, with changes from
NHN to NHT at residues 142 to 144) and the removal of the N-linked glycosylation site at residue 142 of
WSN-HA (WSN-142-HA, with changes from NHT to NHN at residues 142 to 144) were achieved by site-
directed mutagenesis. Recombinant viruses with seven internal genes (PB2, PB1, PA, NP, NA, M, and NS)
derived from the A/PR/8/34 virus and different HA genes derived from A/California/4/09 (pdmH1N1), A/
Quail/Hong Kong/G1/97 (H9N2), A/PR/8/34 (H1N1), A/WSN/33 (H1N1), PR8-142-HA (H1N1), or WSN-142-
HA (H1N1) were generated by cotransfecting plasmids in subconfluent human embryonic kidney 293T
cells (TransIT-LT1; Mirus). The rescued viruses were further propagated in MDCK cells for two or three
passages at a multiplicity of infection (MOI) of 0.001 PFU/cell. The HA genes of the recombinant viruses
were verified by Sanger sequencing.

Generation of bone marrow DCs. Mouse bone marrow cells were harvested from the femur and
cocultured in 10% fetal bovine serum (FBS)-RPMI 1640 medium supplemented with recombinant 30 ng/
ml IL-4 and 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; Peprotech) for 5 days.
To induce the maturation of DCs, 0.1mg/ml lipopolysaccharide (LPS; Invitrogen) was added to the cul-
ture for 16 h at 37°C and 5% CO2.

In vitro coculture system. Mouse bone marrow-derived DCs pretreated with mock virus, wild-type
virus, or recombinant virus at an MOI of 2 for 16 h were harvested as target cells (T) and then cocultured
with mouse spleen NK cells or NK subsets (effector [E]) in 10% FBS-RPMI 1640 medium at and E/T ratio
of 10:1 for 4 h (for cytotoxicity and CD107a/IFN-g expression assays) or 1:1 for 16 h (for NP staining assay),
in 37°C and 5% CO2. The expressions of cell surface or intracellular molecules in NK cells or DCs were
determined with FACS LSR-II (BD) and FlowJo software (Tree Star).

Cytotoxic assay. The YAC-1 cell line or DCs (target [T]) were stained with CFSE and cocultured with
mouse NK cells (effector [E]) at different E/T ratios for 4 h. Cells were then stained with ethidium homo-
dimer-2 (EthD2) (Thermo Fisher) to identify apoptotic targets and analyzed with FACS LSR-II (BD) and
FlowJo software (Tree Star).

Quantification of viral copies by reverse transcription-PCR. The homogenized lung tissues were
harvested for extraction of total RNA by TRIzol LS reagent according to the manufacturer’s instructions
(Invitrogen). The cDNA was synthesized with oligo(dT)12218 primers and Superscript II reverse transcriptase
(Invitrogen). Viral matrix gene copies were quantified by SYBR green fluorescence after a real-time PCR proce-
dure (forward primer, 59-CTTCTAACCGAGGTCGAAACG-39; reverse primer, 59-GGCATTTTGGACAAAGCGTCTA-39)
on a PRISM 7900 sequence detection system (Applied Biosystems).

Quality analysis and mapping of RNA expression. Total RNA of distinct NK subsets was isolated by
using a Qiagen RNA isolation kit and treated with RNase-free DNase I (New England BioLabs, MA, USA), to
remove contaminating genomic DNA. The cDNAs were then fragmented by nebulization followed by the
standard Illumina protocol to create the mRNA sequencing (mRNA-seq) library. Clean reads were obtained
by removing reads containing adapter or poly(N) and low-quality reads. All the downstream analyses were
based on good-quality clean reads and mapped to mouse genome (ftp://ftp.ensembl.org/pub/release-81/
gtf/mus_musculus/). Briefly, 75 FastQ single reads (n = 23.6 million average per sample) were trimmed
using Trimmomatic (v 0.33) enabled with the optional “-q” option; 3-bp sliding-window trimming from the
39 end requiring minimum Q30. Quality control on raw sequence data for each sample was performed
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with FastQC. Read mapping was performed via TopHat v2.0.9 and Cufflinks v2.1.1. using the mouse ge-
nome (mm10) as a reference. Gene quantification was performed via Feature Counts for raw read counts.
Differentially expressed genes were identified using the edgeR (negative binomial) feature in CLCGWB
(Qiagen, Redwood city, CA) using raw read counts. We filtered the generated list based on a minimum 2�
absolute fold change and false-discovery rate (FDR) corrected P value of,0.05.

Flow cytometric assays and analysis. Cells were stained for surface markers with the following anti-
bodies: anti-CD3 (145-2C11; BioLegend), anti-CD8 (53-6.7; BioLegend), anti-NK1.1 (PK-136; BioLegend),
anti-NKp46 (29A1.4; BioLegend), anti-NKG2A (16A11; BioLegend), anti-NKG2D (CX5; BioLegend), anti-
CD11b (M1/70; BioLegend), anti-CD25 (PC61.5; eBioscience), anti-CD27 (LG.3A10; BioLegend), anti-CD69
(H1.2F3; BioLegend), anti-CD107a (1D4B; BioLegend), and anti-TRAIL (N2B2; BioLegend) antibodies. For
intracellular staining, cells were fixed, permeabilized, and then stained with anti-IFN-g (XMG1.2;
BioLegend), anti-TNF-a (MP6-XT22; BioLegend), and anti-influenza virus NP protein (C43; Abcam) anti-
bodies or their relevant isotype controls as described previously (70, 71). For cell counting assays,
CountBright absolute counting beads (Invitrogen) were added. Single cell gating and a LIVE/DEAD cell
viability assay kit (Invitrogen) were used to exclude dead cells and aggregated cells before analysis and
cell sorting. All data were acquired on a FACS LSR-II (BD) and analyzed by FlowJo software (Tree Star).

Blocking assay. To block the NKG2A-related signal pathway, 10mg/ml anti-NKG2A (bs-2411R; Bioss)
and its isotype control were added to NK cells for 1 h prior to the initiation of coculture. To block the
NKp46-related signal pathway, 10mg/ml NKp46-Fc chimera protein (R&D) and control Ig-Fc protein
were added to mock or virus-treated DC for 1 h prior to the initiation of coculture. For blocking assays,
50mM VER-155008 or 100mM pifithrin-m (Sigma-Aldrich) was added, respectively, to the in vitro cocul-
ture system at the start of coculture.

Sialidase treatment. To determine whether the HA binding of NK cells was dependent on sialic
acid, NK cell subpopulations were treated with Arthrobacter ureafaciens sialidase (Sigma) for 30min and
then extensively washed prior to coculture as previously described (16).

Statistical analysis. Data are presented as means 6 standard errors of the means (SEMs). Multiple
regression analysis was used to test the differences in the body weight changes between different
groups adjusted for time after infection. The differences in cytotoxicity and virus copy of in vitro experi-
ments and viral load or concentrations of proinflammatory cytokines/chemokines were analyzed by
one-way analysis of variance (ANOVA) and unpaired two-tailed Student’s t test. The difference for sur-
vival and weight change was determined by Kaplan-Meier log-rank test. All analyses were accomplished
on GraphPad Prism, and a P value of ,0.05 was considered to be significant.

Data availability. Raw data files have been deposited in the NCBI Gene Expression Omnibus (GEO)
under accession number GSE124321.
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