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The Journal of Immunology

Influenza Vaccination Generates Cytokine-Induced Memory-
like NK Cells: Impact of Human Cytomegalovirus Infection

Martin R. Goodier,* Ana Rodriguez-Galan,* Chiara Lusa,* Carolyn M. Nielsen,*
Alansana Darboe,""Jf Ana L. Moldoveanu,* Matthew J. White,* Ron Behrens,* and
Eleanor M. Riley*

Human NK cells are activated by cytokines, immune complexes, and signals transduced via activating ligands on other host cells. After
vaccination, or during secondary infection, adaptive immune responses can enhance both cytokine-driven and Ab-dependent NK cell
responses. However, induction of NK cells for enhanced function after in vitro exposure to innate inflammatory cytokines has also been
reported and may synergize with adaptive signals to potentiate NK cell activity during infection or vaccination. To test this hypothesis,
we examined the effect of seasonal influenza vaccination on NK cell function and phenotype in 52 previously unvaccinated individuals.
Enhanced, IL-2-dependent, NK cell IFN-y responses to Influenza A/California/7/2009 virus were detected up to 4 wk postvaccination
and higher in human CMV (HCMYV)-seronegative (HCMV ") individuals than in HCMV-seropositive (HCMV™) individuals. By
comparison, robust NK cell degranulation responses were observed both before and after vaccination, due to high titers of naturally
occurring anti-influenza Abs in human plasma, and did not differ between HCMV* and HCMV ™ subjects. In addition to these IL-2—
dependent and Ab-dependent responses, NK cell responses to innate cytokines were also enhanced after influenza vaccination; this
was associated with proliferation of CD57~ NK cells and was most evident in HCMV™ subjects. Similar enhancement of cytokine
responsiveness was observed when NK cells were cocultured in vitro with Influenza A/California/7/2009 virus, and this was at least
partially dependent upon IFN-a3BR2. In summary, our data indicate that attenuated or live viral vaccines promote cytokine-induced

memory-like NK cells and that this process is influenced by HCMYV infection. The Journal of Immunology, 2016, 197: 313-325.

ymphoid and myeloid cells can be primed or trained
during pathogen exposure, leading to enhanced responses
on reinfection (1, 2). The initial inflammatory cytokine
response to infection shapes the subsequent immune response,
different classes of pathogen inducing characteristic cytokine
signatures, with lasting consequences for innate as well as adap-
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tive cells (1). In the case of viral infections, different combinations
and kinetics of innate cytokines, including IFN-«, IL-12, IL-15,
and IL-18, activate NK cells within the first few hours and days of
infection (3-6). These innate cytokines can also preactivate NK
cells, leading to the formation of memory-like NK cells with
enhanced capacity for cytokine production, degranulation, and
target cell lysis (7-10). In mice, responses of cytokine pre-
activated NK cells are maintained after homeostatic proliferation
and can persist for months after adoptive transfer, demonstrating
further key features of immune memory formation (7, 11). These
memory-like NK cells contrast with those that have received on-
going short duration stimulation with cytokines such as IL-15 (12—
14). Human NK cells preactivated in vitro by cocktails of IL-12,
IL-15, and IL-18 and rested for up to 21 d subsequently produce
more IFN-v after restimulation, and this phenotype is maintained
after proliferative expansion (8). Whether cytokine-induced NK
cell preactivation occurs in vivo during human infection or vac-
cination and, if so, how long this preactivated state persists and
whether it potentiates the adaptive response is unknown. For
example, influenza infection generates a characteristic systemic
cytokine signature comprising IFN-a, IL-15, and IL-10 (3, 15—
17), but it is not known whether this is sufficient to preactivate NK
cells in vivo. Modest enhancement of IFN-y (and IL-22) responses
of mixed PBMC to heterologous bacterial pathogens has been
reported up to 3 months after bacillus Calmette-Guérin vaccination
and has been postulated as the mechanism underlying the long-
term, nonspecific effects of bacillus Calmette-Guérin vaccines, but
the sources of these cytokines are unknown (18, 19).

The molecular basis for generation of cytokine-induced memory-
like NK is also, as yet, incompletely understood. Upregulation of
CD25 (IL-2Ra) is characteristic of memory-like NK cells in hu-
mans (20) and in mice (21) and has also been reported shortly after
influenza vaccination (22). CD25 upregulation on NK cells after
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vaccination and consequent enhanced sensitivity to IL-2 is associ-
ated with markedly increased, T cell/IL-2—dependent, NK cell IFN-y
and degranulation responses to vaccine Ags but would not easily
explain enhanced responsiveness to other cytokines (23-26). Ad-
ditionally, preactivation of NK cells with a mixture of IL-15 plus
IL-12 plus IL-18 leads to epigenetic modifications including com-
plete demethylation of the conserved upstream noncoding se-
quences of the IFN-y gene (27). Interestingly, similar modifications
are reported in the expanded NKG2C™ NK cell subset in human
CMV (HCMV)-infected subjects (27), suggesting that signaling
through NKG2C (mediated, for example by HLA-E/CMV peptide
complexes), with or without additional cytokine stimuli, also results
in sustained functional modification of NK cells. The functional
characteristics and longevity of cytokine-induced memory-like NK
cells may therefore depend on an individual’s HCMYV infection
status. Moreover, the precise mixture of activating cytokines is
important with IL-15 plus IL-12, IL-15 plus IL-18, or IL-15 alone
leading to only partial demethylation of the IFNG locus (27).

In order to begin to understand the in vivo relevance of cytokine-
induced memory-like NK cells in humans, we have characterized
human NK cells before and after vaccination with either killed or live
attenuated influenza viruses. We observe upregulation of NK cell
responses to influenza virus after vaccination, with kinetics directly
reflected in the ability of these cells to respond to innate cytokines.
Moreover, the threshold for vaccine-induced effects is much higher
in HCMV-seropositive (HCMV™) individuals, resulting in reduced
responsiveness to vaccines. We also demonstrate, for the first time
to our knowledge, that influenza virus can preactivate human NK
cells in vitro, and this effect is at least partially dependent upon
IFN-a3R2 mediated signals.

Materials and Methods

Subject recruitment and sample collection

Fifty-two healthy adult volunteers (median age 37.5 y; range 21-63 y) were
enrolled into the study after providing informed consent. The study was
approved by the ethical committee of the London School of Hygiene and
Tropical Medicine (reference number 6237). None of the subjects had been
previously vaccinated against influenza, and none had experienced influenza-
like symptoms during the previous 6 mo. Subjects were randomly assigned
to receive a single dose of 2012-2013 seasonal trivalent influenza vaccine
(TIV) by the intradermal (ID; Intanza; Sanofi Pasteur MSD), i.m. (Split
Virion BP; Sanofi Pasteur MSD), or intranasal (IN; Fluenz; AstraZeneca)
routes. Randomization was structured so that the three arms of the study
could be matched according to age and gender. The i.m. and ID vaccines
contain chemically inactivated virus, whereas the IN vaccine contains live
attenuated virus. The vaccines were all preservative free and not adjuvanted.

Heparinized blood was collected prior to (baseline sample) and 2, 4, and
12 wk after vaccination. Plasma samples were stored for assay of Abs to
influenza and HCMYV and for use in autologous cell cultures. PBMC were
separated by standard Histopaque (Sigma-Aldrich) gradient centrifugation
and processed within 4 h of blood collection for immediate (ex vivo) flow
cytometry. Remaining cells were cryopreserved at 1 X 107 cells/ml in
RPMI 1640, 40% FCS, and 10% DMSO (Sigma-Aldrich), within 4 h of
blood collection. Cells were stored for 18 h at —80°C in Nalgene cryo-
boxes with isopropanol coolant prior to transfer to liquid nitrogen for
longer-term storage (25, 28).

Cell culture conditions, NK cell activation, and IFN-a
measurement

For each individual vaccinee, cells collected at baseline and at each post-
vaccination time point were tested side-by-side. Cryopreserved PBMC were
thawed, washed, and counted on Fastread counting slides (Immune Systems),
as previously described with median yield of 56% and viability by trypan blue
exclusion of 98% (25, 26, 28). Cells were rested for 4-6 h, in the absence of
exogenous cytokines, prior to stimulation. Briefly, 2 X 10° PBMC were
cultured for a total of 6 h (for T cell assays) or 18 h (to enable detection of
T cell-dependent NK cell responses) in culture medium alone or with
inactivated TIV (Split Virion BP; Sanofi Pasteur MSD) or inactivated
Influenza A/California/7/2009 (HIN1) influenza virus (VNYMC-X179A;

National Institute for Biological Standards and Control, Potters Bar, U.K.)
in the presence or absence of low concentrations of cytokines (LCC), IL-12
(PeproTech, London, U.K.; 12.5 pg/ml) plus IL-18 (R&D Systems, Ox-
ford, U.K.; 10 ng/ml). Cells incubated in culture medium alone or in LCC
only were used as internal negative controls. Cells were also stimulated
with MHC class I-deficient K562 cells (PBMC: K562 ratio of 2:1) or high
concentrations of cytokines (HCC), IL-12 (5§ ng/ml) plus IL-18 (50 ng/ml).
GolgiStop (containing Monensin; 1/1500 concentration; BD Biosciences,
Oxford, U.K.) and GolgiPlug (containing Brefeldin A; 1/1000 final con-
centration; BD Biosciences) were added after 3 h for T cell assays and
after 15 h for NK cell assays. All assays were performed in 10% pooled
AB serum, batch tested for performance in NK cell assays (Sigma-Aldrich)
unless otherwise stated. In vitro neutralization experiments were per-
formed using a rat anti-human IL-2 Ab (rat IgG2a; clone MQ1-17H12,NA/
LE; BD Biosciences) or a rat IgG2a control reagent (eBioscience). To
determine the role of influenza-specific IgG on NK cell responses, pooled AB
plasma was depleted of IgG using a protein G Sepharose column (Millipore),
as previously described (25). IFN-a was measured in tissue culture super-
natants using a commercially available ELISA kit (PBL Assay Science).

In vitro preactivation of NK cells with influenza virus

Preactivation of NK cells in vitro was performed essentially as previously
described (8). PBMC (2 X 10%ml) were cultured in 1 ng/ml IL-15 alone
(control) or in IL-15 combined with either inactivated influenza HIN1
virus or HCC (IL-12 5 ng/m plus IL-18 50 ng/ml). After 16 h, cells were
washed three times and maintained for a further 14 d in medium containing
1 ng/ml IL-15, replacing the IL-15-enriched medium every 2 to 3 d.
Preactivated cells and control cells were restimulated for 6 or 18 h with
different concentrations of IL-12 combined with either IL-18 or IL-15. To
test for cytokine dependence of the preactivation process, neutralizing Abs
to IL-2 (see Cell culture conditions, NK cell activation, and IFN-a mea-
surement), IL-12 (clone NA/LE, C8.6, mouse IgG1 [mIgG1]; BD Biosci-
ences), or IL-18 (clone 125-2H, mIgG1; R&D Systems) or blocking Ab
against IFN-aR2 (clone MMHAR?2, mlIgG2a; Merck Millipore) were
added to HIN1-stimulated cultures. Isotype-matched control reagents were
used as controls (BD Biosciences).

Estimation of plasma anti-influenza 1gG and anti-HCMYV IgG
concentrations

Levels of total IgG against TIV (Split Virion BP; Sanofi Pasteur MSD) or
inactivated HIN1 were determined by ELISA as previously described (25,
29). Briefly, plasma samples were applied to Ag-coated ELISA plates
(Nunc Maxisorp; Nunc) and bound IgG detected with goat anti-human
IgG-peroxidase (Sigma-Aldrich) as the secondary Ab and SIGMAFAST
OPD (Sigma-Aldrich) as the substrate. Ab levels were calculated as ar-
bitrary ELISA units (AEU) with reference to values obtained for an in-
house, high-titer standard plasma (assigned a value of 1000 AEU). The
commercial AB serum used for tissue culture was estimated to contain
413.4 AEU against TIV and 273.7 AEU against HINI, reflecting wide-
spread natural exposure to influenza among the blood donor community.
IgG-depleted AB plasma contained 7.6 and 14.6 AEU against TIV and
HINI1, respectively. HCMV infection status was determined using a
commercially available ELISA kit for anti-HCMV pp65 IgG (Biokit).
Nineteen of the 52 study subjects (37%) were HCMV IgG seropositive.

Abs and flow cytometric analysis

Phenotypic and functional analysis of ex vivo— and in vitro—stimulated NK
cells was performed with the following mAbs: anti-CD3-V500 (clone
UCHT1), anti-CD56-PECy7 (B159), anti-CD107a-FITC (H4A3) (all from
BD Biosciences); anti-CD57-e450 (TBO1), anti-CD16-allophycocyanin
(CB16), anti-CD25-PerCP Cy5.5 (BC96) (all from eBioscience); or anti-
CD71 FITC (OKT?9; eBioscience), and anti-NKG2C PE (134591; R&D
Systems). For in vitro assays, anti-CD107a Ab was added at the beginning of
the culture. After staining for cell-surface markers, cells were fixed, per-
meabilized (Cytofix-Cytoperm; BD Biosciences), and washed (Perm-wash
buffer; BD Biosciences) and either analyzed directly or stained with anti—
IFN-y—APC-eFluor 780—conjugated Ab (4S.B3; eBioscience). Ki67 staining
(PerCP-eFluor 710-conjugated Ab; clone 20Rajl) was performed after in-
clusion of an APC-eFluor 780—conjugated fixable live-dead discriminatory
dye with surface markers and subsequent fixation with Foxp3 intranuclear
staining kit (all from eBioscience). Using the same protocols used for in-
tracellular NK cell cytokine staining, T cells were labeled using anti-CD3-
V500, CD56-PECy7, IL-2—-allophycocyanin (MQ1 17-H12), IFN-y-PE
(B27) (all from BD Biosciences), CD4e450 (OKT4), and CD8-PECy5 (RPA-
T8) (both from eBioscience). For ex vivo analysis, cells were additionally
labeled with the following mAbs: anti-CD3-V500, anti-CD56-PECy7, and
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A Medium H1N1

IL-12 + IL-18 (LCC) H1N1
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IL-12 + IL-18 (HCC)
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CD56
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FIGURE 1. NK cell responses to influenza HIN1 virus. Flow cytometry plots are shown for NK cell IFN-y (A), CD107a (B), and CD25 (C) responses to
inactivated influenza virus in a representative individual 2 wk after vaccination. Responses were compared in gated NK cells cultured in, from left to right,
medium alone, HIN1 Ag only, LCC (IL-12 12.5 pg/ml plus IL-18 10 ng/ml) alone, LCC plus HIN1, and HCC alone (IL-12 5 ng/ml plus IL-18 50 ng/ml).
Percentages of total NK cells responding to the different stimuli are shown on each plot.

anti-CD94-FITC (HP-3D9) (BD Biosciences); anti-NKG2C-PE and anti—
NKG2A-allophycocyanin (Z199; Beckman Coulter); and anti-CD8-PECyS,
anti-CD57-e450, and anti-CD16-APC—eFluor 780 (eBioscience). Cells were
acquired on an LSRII flow cytometer (BD Biosciences) using FACSDiva
software. Data analysis was performed using FlowJo V10 (Tree Star).
FACS gates set on unstimulated cells (medium alone or isotype controls)
were applied across all samples and all conditions. Responses in which
the gated subset contained <100 events were excluded. CD57 " subsets
were gated using an isotype-matched control reagent (mIgGl-eFluor 450;
eBioscience) and CD57" subsets were gated according to a standardized
mean fluorescence intensity (MFI) of 3000, with CD57™ cells lying between
these populations. Sample gating strategies are shown in Figs. 1 and 8.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.02
(GraphPad). Linear trends were evaluated using repeated-measures
ANOVA. Functional responses between vaccination time points were
compared using Wilcoxon signed-rank test, and intergroup comparisons
between HCMV* and HCMV-seronegative (HCMV ™) individuals were
performed using Mann—Whitney U test. Significance levels are assigned as
*p < 0.05, ¥*p < 0.01, ***p < 0.001, and ****p < 0.0001 for all tests.

Results

Potentiation of NK cell responses after influenza vaccination

To examine the effect of influenza vaccination on NK cell responses,
we compared NK cell phenotype and function (by flow cytometry)

among 52 healthy, previously unvaccinated, adult volunteers
before (0; baseline) and 2, 4 and 12 wk after a single dose of
seasonal TIV. Volunteers were randomly assigned to receive i.m.
(n=17),ID (n=17), or IN (n = 18) vaccine. NK cell functional
responses were assayed 18 h after in vitro restimulation to dissect
both T cell-dependent and —independent responses. The route of
vaccination had no significant effect on cellular immune responses,
with enhancement of NK cell IFN-y production and robust CD107a
and CD25 expression being observed upon in vitro stimulation with
influenza virus after vaccination via all three routes (data not
shown). Data from all three arms of the study were therefore pooled
for the majority of the analyses.

In vitro stimulation of PBMC with inactivated (vaccine strain)
HINT1 virus induced significant upregulation of IFN-y, CD25, and
CD107a expression in baseline samples (HIN1 versus no Ag at
week 0) (Figs. 1, 2A—C), and these responses were augmented in the
presence of very low concentrations of IL-12 plus IL-18 (Figs. 1,
2D-F), suggesting limited induction of these cytokines by inacti-
vated influenza virus in vitro. Moreover, IFN-vy responses to HINI
were significantly enhanced 2 and 4 wk postvaccination in many, but
not all, individuals: frequencies of IFN-y* cells were higher 2 wk
postvaccination than before vaccination in 28 out of 52 subjects and
higher 4 wk after vaccination than before vaccination in 20 out of 52
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Medium H1N1
A D

12 9 60
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IFN-y (%)
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CD107a (%)

Lcc H1N1 + LCC G

80
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CD25 (%)

Time (weeks)

FIGURE 2. NK cell responses to influenza viruses are enhanced after influenza vaccination. PBMC were collected from 52 study subjects prior to (week
0) or after vaccination (weeks 2, 4, and 12) and cultured in vitro in culture medium alone, with vaccine strain influenza HIN1 (A-C) or with LCC (IL-12
12.5 pg/ml plus IL-18 10 ng/ml) alone or combined with HIN1 (D-F). Responses to HCC (IL-12 5 ng/ml + IL-18 50 ng/ml) were also determined before
and after vaccination (G-I). Expression of IFN-y (A, D, and G), CD107a (B, E, and H), and CD25 (C, F, and I) were analyzed within the total NK cell
population. Paired statistical comparisons of NK cell responses before and after vaccination and between virus or cytokine responses and untreated cultures
(medium) were performed using Wilcoxon signed-rank test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

subjects. However, this effect had waned by 12 wk postvaccination
(Figs. 1A, 2A). Postvaccination responses were further enhanced by
very low concentrations of exogenous IL-12 plus IL-18 (LCC) such
that enhancement of responses by vaccination was evident in 30 out
of 52 individuals after 2 wk and 25 out of 52 individuals after 4 wk
(Figs. 1A, 2D). NK cell CD107a responses against influenza HIN1
(Fig. 2B) and TIV (Supplemental Fig. 1) were high in baseline
samples, reflecting high levels of anti-influenza Abs in the pooled
human plasma used for culture (see Materials and Methods). There
was a very modest effect of vaccination on CD107a responses at
2 wk postvaccination and no effect of vaccination on CD25 expres-
sion (Figs. 1B, 1C, 2B, 2C, 2E, 2F). Similar responses were
observed after restimulation with whole TIV, albeit at lower fre-
quency (Supplemental Fig. 1).

The modest (but statistically significant) increase in production of
IFN-vy in response to low-dose IL-12 plus IL-18 observed 2 wk after
influenza vaccination (Fig. 2D, inset graph) is highly reminiscent of
the generation of memory-like NK cells in vitro with cytokine
cocktails (8). To investigate this further, we tested whether influenza
vaccination enhanced the response to higher concentrations of cy-
tokines (in this case, 5 ng/ml IL-12 and 50 ng/ml IL-18) that were
more in line with those used previously to cytokine-mediated human
NK cell preactivation (Figs. 1, 2G-I) (8). Across the entire vacci-
nation cohort, the proportions of NK cells producing IFN-y and
degranulating (i.e., expressing CD107a at the cell surface) in re-
sponse to high concentrations of IL-12 plus IL-18 were significantly

higher after vaccination, with increased frequencies compared with
baseline values both 2 wk (29 out of 52 individuals) and 4 wk (32
out of 52 individuals) after influenza vaccination. Again, this effect
had waned by 12 wk postvaccination (Fig. 2G, 2H). There was no
effect of recent vaccination on the frequency of NK cells expressing
after CD25 in vitro stimulation (Fig. 2I). Interestingly, in vitro
restimulation with K562 cells also resulted in a small but signifi-
cant increase in the frequencies of NK cells producing IFN-y 4 wk
postvaccination compared with baseline (Supplemental Fig. 2).

Influenza virus—stimulated IFN-vy production postvaccination
is dependent on IL-2, whereas CDI107a expression requires
IL-2 and immune complexes

We next investigated whether, in addition to the intrinsic effects of
vaccination on NK cell cytokine responsiveness, enhancement of
NK cell IFN-y and CD107a responses to HIN1 virus postvaccina-
tion also depended on Ag-specific T cells and plasma IgG. Assays
were carried out with whole (inactivated) HIN1 virus using mixed
PBMC (containing detectable influenza-specific IL-2*CD4" T cells;
Supplemental Fig. 3) and pooled human AB serum containing anti-
HIN1 Abs to standardize the level of influenza-specific IgG in
cultures (see Materials and Methods) (Fig. 3). IL-2 blockade with a
neutralizing anti—IL-2 mAb significantly reduced NK cell IFN-y
(Fig. 3A) and CD107a (Fig. 3B) responses both at baseline and 2 wk
postvaccination compared with the isotype-matched control. IL-2
neutralization had no significant effect on CD25 upregulation
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FIGURE 3. IL-2 and Ab dependence of postvaccination NK cell re-
sponses to influenza. PBMC, collected at baseline (0) or 2 wk after vac-
cination, were cultured in medium alone or with HIN1 influenza virus in
the presence of anti-human IL-2 (or rat IgG2a isotype control) in either
complete or IgG-depleted (IgG ) AB serum. IFN-y (A), CD107a (B), and
CD25 (C) responses were measured among total NK cells. Data are shown
for 32 individuals (17 HCMV ™~ and 15 HCMV™) for whom sufficient cells
were available at both time points. Boxes represent medians and inter-
quartile ranges, whiskers represent 90th percentiles, and outliers are shown
by solid dots. Paired comparisons between treatments were performed
using Wilcoxon signed-rank test. *p < 0.05, **p < 0.01, ***p < 0.001.

(Fig. 3C). To determine whether anti-influenza Abs also played a role
in NK activation, PBMCs were cultured in either intact AB serum (i.e.,
containing influenza-specific IgG) or in AB serum from which IgG
had been depleted. IgG depletion had no effect on IFN-y responses
(Fig. 3A) but significantly reduced both CD107a (Fig. 3B) and CD25
(Fig. 3C) responses in both baseline and 2-wk postvaccination samples.

Overall, these data indicate an important role for IL-2 in HIN1-
induced NK cell IFN-vy responses both in prevaccination responses
and in the enhanced response resulting from vaccination.

In contrast, optimal CD107a responses were dependent on both
IL-2 and Ab/immune complexes, consistent with IL-2-mediated
postvaccination enhancement of CD107a responses to HIN1 in
PBMC assays in which anti-influenza IgG levels (in AB serum)
are held constant (Fig. 1B).
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Vaccination does not augment Ab-dependent NK cell responses

In view of the role of serum Ab in the induction of NK cell CD107a
and CD25 responses to influenza virus, we assessed the impact of
increasing autologous plasma Ab concentrations after vaccination
on the induction of NK cell responses. Plasma IgG levels to TIV and
HIN1 were assessed at baseline, 2, 4, and 12 wk postvaccination
and compared by route of vaccination and HCMYV infection status
(Fig. 4). All of the donors recruited to this study were seropositive
for IgG to TIV at baseline, and 46 out of 52 were seropositive for
HINI, indicating widespread prior exposure to seasonal influenza.
Intramuscular or ID vaccination with inactivated TIV boosted pre-
existing concentrations of IgG to both TIV and HINI1, in both
HCMV™" and HCMV ™ individuals, but there was only a very modest
systemic IgG response to the live, attenuated IN vaccine (Fig. 4A-F),
in line with previously published data on IN vaccination (30).

To determine whether boosting of anti-influenza Ab titers by
vaccination also boosted NK cell responses, baseline or postvac-
cination PBMC were cultured with TIV or HIN1 virus in medium
containing autologous plasma taken either at baseline or 4 wk after
vaccination. No effect was observed of postvaccination plasma on
IFN-vy (Fig. 4G) or CD25 (Fig. 4I) responses. Surprisingly,
CD107a responses were significantly reduced when cells were
cultured in postvaccination plasma (Fig. 4H).

These data indicate that pre-existing concentrations of anti-
influenza Abs are sufficient to support NK cell degranulation
and CD25 induction in response to influenza virus in individuals
with prior exposure to seasonal influenza virus strains.

In vitro preactivation mimics the effects of vaccination

In view of the enhanced NK cell response to IL-12 plus IL-18
after vaccination (Fig. 2), we investigated whether influenza virus
HINT1 could preactivate NK cells in vitro and, if so, whether this
was cytokine mediated. Using an established protocol (8), PBMC
were incubated with inactivated influenza HINI virus or, as a
positive control, HCC (IL-12 5 ng/ml plus IL-18 50 ng/ml) for
16 h in the presence of a low concentration of IL-15 (1 ng/ml); IL-
15 alone provided a negative control (Fig. 5A). The cells were
washed (to remove the stimuli), maintained in IL-15 for 2 wk, and
then restimulated with varying concentrations of either IL-12 plus
IL-18 or IL-12 plus IL-15 for 6 h (Fig. 5A). Both IFN-y and
CD107a responses were higher in NK cells that had been pre-
activated in vitro with HIN1 than in NK cells maintained in IL-15
alone, and these responses were broadly similar to those induced
by preactivation with high concentrations of IL-12 and IL-18
(Fig. 5B-D). Preactivation with HIN1 or HCC had a modest but
statistically significant effect on CD25 expression in response to
IL-12 plus IL-18, but this was only evident after 18 h of cytokine
restimulation (Fig. SE) rather than 6 h (data not shown). Of in-
terest, the proportion of CD57* NK cells was lower in preactivated
cultures than in cultures maintained in IL-15 alone (Fig. 5F), and
there was a modest but statistically significant increase in the
proportion of NKG2A™ (but not NKG2C*) cells (Fig. 5G, 5H).

Type 1 IFNs contribute to NK cell preactivation in vitro

To determine whether, and if so which, cytokines were involved in
NK cell preactivation by HIN1 virus, the 16-h preactivation ex-
periments were repeated in the presence or absence of neutralizing
mAbs to IL-2, IL-12, or IL-18 or a blocking Ab to IFN-aR2, and
NK cells were immediately tested for IFN-y, CD107a, and CD25
expression (Fig. 6); isotype-matched Abs with irrelevant specificity
were used as negative controls. All four neutralizing or blocking
Abs significantly reduced IFN-y production by HIN1-activated NK
cells (Fig. 6A). Similar but more limited effects were observed for
CD107a expression (Fig. 6B) but only anti-IFN-aR2 significantly
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reduced CD25 expression (Fig. 6C).This experiment was then re-
peated, with neutralizing Abs present at the time of preactivation,
on cells that had then been rested in IL-15 for 14 d and restimu-
lated. In this case, however, blockade of IFN-a3R2 significantly
reduced both the IFN-y (Fig. 6D) and the CD107a (Fig. 6E) re-
sponse to IL-12 plus IL-18, but neutralization of the other cytokines
had no significant effect.

To explore the hypothesis that type 1 IFNs induced in the PBMC
cultures by HINT1 virus were required for NK cell preactivation, we
assessed IFN-a and IFN-$ secretion in culture supernatants of
HIN1-stimulated PBMC collected from study subjects at baseline
(before vaccination) and 2 wk after vaccination. IFN-«a (at con-
centrations in excess of 100 pg/ml) was detected in cell super-
natants from the majority of study subjects at both time points
(Fig. 6F), but IFN-3 was not detected (data not shown). Moreover,
a possible role for IFN-a in the upregulation of CD25 on NK cells
is supported by a direct correlation between the frequency of
CD25™ cells and the level of IFN-a in supernatants (Fig. 6G).

HCMYV exposure influences NK cell responses after vaccination

Our previous cross-sectional studies have suggested that NK cells
from HCMV-uninfected individuals make superior IFN-y and

CD25 responses to vaccine Ags in vitro, in part relating to higher
frequencies of less well-differentiated CD57 NK cell subsets (26,
31). As HCMV infection promotes expansion of CD57" NK cell
subsets at the expense of CD57 " subsets (28, 32-34), we reasoned
that vaccine-induced generation of memory-like NK cells could
differ between HCM V-infected (HCMV™*) and HCM V-uninfected
(HCMV ") subjects.

There were marked and highly significant differences between
HCMV™ and HCMV™ subjects in their NK cell responses to in-
fluenza vaccination (Fig. 7). NK cell IFN-y responses to HIN1 and
to HIN1 plus LCC were robustly enhanced among HCMV  indi-
viduals, but there was limited or no augmentation of the IFN-y
response among HCMV™* subjects (Fig. 7A, 7D). Although CD107a
responses did not differ between HCMV* and HCMV ™~ subjects
(Fig. 7B, 7E), upregulation of CD25 was significantly greater among
HCMV ™ than HCMV™* subjects both at baseline and after vacci-
nation (Fig. 7C, 7F). Moreover, CD25 upregulation by HIN1
stimulation, as measured by MFI, was significantly higher among
HCMV ™ individuals than among HCMV" individuals across the
entire vaccination time course (baseline: HCMV ~, median MFI 529,
interquartile range [IQR] 477-627; HCMV™, median MFI 451, IQR
404-572, p = 0.01; week 2: HCMV ", median 550, IQR 496-636;
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FIGURE 5. Influenza virus induces memory-like NK cells in vitro. (A) An in vitro model for memory-like NK cell generation was used to test whether
influenza HIN1 or HCC can preactivate NK cells for enhanced responsiveness after 2 wk of culture. PBMC were initially cultured for 16 h in medium alone,
with inactivated influenza HIN1 or with HCC. All cultures contained 1 ng/ml IL-15 to ensure NK cell survival. Cultures were then washed extensively and
maintained in medium (containing 1 ng/ml IL-15) for 14 d. After further washes, cells were restimulated in vitro with varying concentrations of IL-12 combined
with either IL-15 or IL-18. NK cell responses were monitored after 6 or 18 h. (B) Representative flow cytometry plots for IFN-y production after HCC (IL-12
5 ng/ml plus IL-18 50 ng/ml) restimulation of control NK cells (medium alone, no preactivation) or NK cells preactivated with HIN1 or HCC. Enhancement of
IFN-y production (C), CD107a expression (D), and CD25 expression (E) in eight individuals after NK cell preactivation with HIN1 (light gray bars) and HCC
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restimulated with IL-12 plus IL-18. Comparisons between culture conditions were made using Wilcoxon signed-rank test. *p < 0.05, **p < 0.01.

HCMV™, median 489, IQR 426552, p = 0.008), and similar effects CD25 expression (Fig. 7H, 7). Enhancement of CD107a, CD25
were observed after stimulation with HIN1 plus LCC (data not expression, and IFN-y production among HCMV™ subjects was

shown). In vitro stimulation with TIV also resulted in stronger IFN-y evident at 2 and 4 wk postvaccination but had waned by 12 wk
and CD25 responses in HCMV ™~ individuals than in HCMV™ indi- (Fig. 7G-1). Differences in the proportions of CD25* NK cells were
viduals (Supplemental Fig. 2). mirrored in the MFI of CD25 expression, with significantly in-

However, somewhat unexpectedly, when we stratified the data by creased MFI for CD25 in HCC-stimulated NK cells from HCMV*
HCMV infection status, postvaccination enhancement of NK cell individuals 2 wk postvaccination (baseline: median 849, IQR 745—

IFN-y responses to high concentrations of IL-12 plus IL-18 was 1061; week 2: median 1014, IQR 841-1147, p = 0.003).
observed only among HCMV™ individuals, in whom the frequen-
cies of responding cells approached those consistently observed in
HCMV " individuals (Fig. 7G). Stratification by HCMV serostatus Cross-sectional studies in adults of NK cell responses to childhood
also revealed significant increases postvaccination in CD107a and vaccine Ags have revealed that IFN-vy responses are more or less

NK cell differentiation status affects vaccine-induced responses
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supernatants of HIN1-stimulated PBMCs from 32 individuals (17 HCMV ™, 15 HCMV™) before (0) and 2 wk after vaccination. (G) Correlation between
HI1NI-induced IFN-o concentration and HIN1-induced CD25 expression 2 wk postvaccination. Statistical comparisons between NK cells with and without
preactivation or between different neutralizing/blocking conditions were made by Mann—Whitney U test. *p < 0.05, **p < 0.01.

restricted to the CD56"€™ and CD56“™CD57~ NK cell subsets
but that degranulation responses are retained or enhanced among
CD57* NK cells (25, 26). As HCMV infection leads to expansion
of the CD57" NK cell subset, reduced postvaccination IFN-vy re-
sponses among HCM V™ subjects may be due simply to differences
in subset distribution. NK cell responses to HIN1 virus were
therefore analyzed according to their expression of CD57 (Fig. 8).

Stratification of NK cell responses to HIN1 influenza by CD57
expression (see Fig. 8A for gating strategy) in HCMV* and
HCMV  individuals revealed that IFN-y responses were lower
within each subset in HCMV™ individuals than in HCMV ™ indi-
viduals. Data for the 2-wk postvaccination time point are shown in
Fig. 8B, with similar effects evident at all other time points (data
not shown). This is consistent with previous data suggesting that
the effects of HCMYV infection go beyond a simple redistribution
of NK cell subsets (25). The frequencies of NK cells expressing
CD107a upon stimulation with HIN1 virus increased significantly
with increasing CD57 expression 2 wk after vaccination but did
not differ between HCMV* and HCMV ™ individuals (Fig. 8C).
Importantly, CD25 induction by HIN1 in HCMV ™ subjects did
not differ significantly by subset, whereas among HCMV™ sub-
jects CD25 induction declined with increasing CD57 expression
and was significantly lower among HCMV™ than HCMV ~ donors
in the CD57" subset (Fig. 8D).

As CD56"¢" and CD56"™CD57~ NK subsets are enriched for
cells expressing cytokine receptors, we next analyzed whether

enhancement of IL-12 plus IL-18 responsiveness in HCMV™ in-
dividuals was due to preferential effects on these subsets (Fig.
8E-G). As expected, CD56 8" and CD56%™CD57~ NK subsets
from both HCMV ™~ and HCMV™ individuals contained higher fre-
quencies of IFN-y and CD25-expressing cells compared with the
CD57" subset in response to IL-12 plus IL-18 (Fig. 8E, 8G).
However, in HCMV™* individuals, enhancement of these responses
after vaccination was observed across NK cell subsets, and
CD107a expression was significantly enhanced within all CD56%™
CD57-defined populations (Fig. 8F). Little or no effect was ob-
served on NK cell subset responses of HCMV ™~ individuals to
HCC (data not shown). These data indicate that HCC can over-
come a high activation threshold for NK cell CD25 and IFN-y
expression in vaccine-preactivated NK cells from HCMV™ indi-
viduals.

NK cell phenotype is modified by influenza vaccination
according to HCMV exposure

Although influenza vaccination influenced cytokine-driven re-
sponses across all CD57-defined NK cell subsets in HCMV™ in-
dividuals, this did not rule out the possibility that vaccination
could induce global changes in the frequencies of functional NK
cell subpopulations, as seen in the in vitro experiments described
above (Fig. 5). To determine whether the effects of influenza
vaccination on NK cell responses were attributable to gross
changes in NK cell phenotype in vivo, samples from HCMV* and
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FIGURE 7. Impact of HCMV infection status on postvaccination NK cell responses. NK cell IFN-y, CD107a, and CD25 responses are shown for 33
HCMYV IgG-seronegative (open symbol) and 19 HCMYV IgG-seropositive individuals (closed symbol) after stimulation with HINT1 virus alone (A—C), HIN1
in the presence of LCC (D-F), or HCC (G-1) before (0) or 2, 4, or 12 wk after vaccination. Bars represent mean values. Comparisons between HCMV ™ and
HCMV™ individuals were made using Mann—Whitney U tests. *p < 0.05, **p < 0.01, ***p < 0.001.

HCMV " individuals were analyzed directly ex vivo (i.e., without
in vitro restimulation) (Fig. 9). There was no evidence of any
change in the ex vivo distribution of CD56/CD57/NKG2C or
CD56/CD57/NKG2A-defined NK cell subsets after vaccination
(Fig. 9A-C), and, in contrast to previous studies (35), we did not
see any change in NKp46 expression (data not shown). Among
HCMV ™ subjects, the proportion of NK cells expressing CD25
(IL-2Ra) ex vivo was significantly higher 2 wk after vaccination
than at baseline, whereas this effect was not seen in NK cells from
HCMV* subjects (Fig. 9D), and no significant increase in ex vivo
expression of IFN-y or CD107a was detected at this or subsequent
time points (data not shown). These data are consistent with
studies previously reporting CD25 being a marker of NK cell
activation at early time points after influenza vaccination (22).
As expected, the proportion of CD57" NK cells was higher at
baseline among HCMV™ subjects than HCMV ™~ subjects, and the
proportion of CD57 NK cells was lower (Fig. 9E) (25, 32, 33).
However, among HCMV™ individuals, the proportions of CD57
NK cells increased noticeably after vaccination (Fig. 9E), result-
ing in a significant increase in the ratio of CD57~ to CD57* NK
cells, which was not seen in HCMV ™ subjects (Fig. 9F). Ex-
pression of Ki67, and coexpression of Ki67 with CD71 (the
transferrin receptor), on a significant proportion of both CD56°1€™
and CD56%™CD57~ NK cells 2 wk after vaccination (Fig. 9G,

9H) is indicative of proliferation (recent cell division) within the
CD57  NK cell subset. These data are consistent with vaccination
promoting proliferation of less differentiated, cytokine-responsive
NK cells and normalization of frequencies of these cells between
HCMV™~ and HCMV" individuals, leading to improved respon-
siveness to exogenous cytokines.

Discussion

Training of lymphoid and myeloid cells upon pathogen exposure
enables them to mount superior responses upon subsequent ex-
posure (1, 2). In this study, we demonstrate that the generation of
memory-like NK cells, observed with recombinant cytokines
in vitro (8, 20), also occurs in vivo after vaccination with either
live attenuated or killed influenza virus. NK cells induced by in-
fluenza vaccination share all the characteristics of cytokine
preactivated memory-like (7) NK cells, including long-term
enhancement (for at least a month) of IFN-vy responses to innate
cytokines and MHC class I-deficient target cells and a role for
CD25 upregulation and IL-2 in enhancing these responses (8, 11,
20). Taken together, our data support a model for generation of
memory-like NK cells by influenza virus involving upregulation
of CD25 by virus-induced IFN-a; selective, IL-2—driven expan-
sion of less differentiated (CD57 ) NK cells; rapid and enhanced
responsiveness of these cells to subsequent cytokine stimulation;
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and, in the absence of further boosting or infection, a resting or
reversion phase (Supplemental Fig. 4).

Our in vitro model of long-term NK cell preactivation by HIN1
influenza demonstrates a role for IFN-af3R2 in virus-induced
preactivation. This is consistent with studies in IFN-aR '~ mice
that point to a role for IFN-a in murine CMV- (MCMV)—driven
NK cell expansion and memory cell formation, in this case by
prevention of fratricidal killing (36), and for type I IFNs (but not
IL-12 and IL-18) in induction of NK cell IFN-vy and degranulation
in a murine model of influenza virus infection (37). A role for
IFN-a in preactivation of human NK cells by influenza virus is
supported by finding biologically relevant concentrations of IFN-a
in HIN1-stimulated PBMC cultures and is consistent with reports
of raised IFN-a concentrations in human plasma up to 7 d after
influenza vaccination (22). The effect of IFN-aBR2 blockade was,
however, partial, raising the possibility that additional myeloid
lineage-derived cytokines contribute to influenza virus—induced
memory-like NK cells. Indeed, consistent with previous studies,
we observed some contribution of IL-12 (and IL-18) to IFN-y
production during the prestimulation phase in vitro (38). Addi-
tionally, although our in vitro studies employed inactivated vac-
cine Ag, a role for NK cell receptor-ligand interactions or
membrane-bound cytokines, as shown in other systems, has not
been excluded (38, 39). Further studies combining neutralizing/
blocking reagents will clarify whether synergies between influ-
enza induced cytokines are required for memory-like NK cell
generation.

Preactivation and memory-like NK cell generation by HINI1
influenza in vitro also demonstrates a marked acceleration of the
NK cell IFN-vy response, with IFN-y* cells detected as early as 6 h
after restimulation, rather than the 16-18-h response typically
observed for primary in vitro stimulation. This suggests that pre-
activated NK cells may be able to respond more rapidly in vivo
during infection. Similarly accelerated responses are observed in
NK cells preactivated with high concentrations of cytokine (8).
This accelerated effector response may, however, be independent

of the IL-2/CD25-driven maintenance of cytokine-responsive
CD57 NK cells that we also observed: CD25 upregulation
occurred significantly later (18 h) than the IFN-y response and
would also require IL-2 release from Ag-specific T cells. Cytokine-
induced preactivation of NK cells may therefore comprise two
distinct phases: an initial phase in which IL-12/IL-18-induced
demethylation of the /FNG locus enhances and accelerates IFN-y
production (27) and a subsequent phase in which IFN-a—induced
upregulation of CD25 facilitates IL-2—dependent proliferation of
CD57 NK cell subsets.

Experiments in which we depleted IgG from NK cell cultures
also revealed a potential contribution of Ab—Ag immune com-
plexes to CD25 upregulation, indicating that FcR-mediated signals
transduced by influenza-specific Abs and Ag may synergize with
innate cytokines to enhance NK cell responses. Notably, however,
there was sufficient influenza-specific IgG present in plasma of
unvaccinated subjects at baseline to support these responses, in-
dicating that, at least in United Kingdom adults, natural exposure
to influenza induces sufficient Ab to mediate Ab-dependent cy-
totoxic responses and that this response is not noticeably enhanced
by vaccination. It remains to be seen whether mucosal vaccine-
induced IgA can augment responses of Fca* NK cells to influenza
infection (30, 40).

Our studies reveal a redistribution of NK cell subsets according
to their differentiation stage after both HIN1 and cytokine pre-
activation of NK cells in vitro and in NK cells sampled ex vivo
before and after vaccination. In vitro priming with HINTI clearly
favors enrichment of cells lacking the late differentiation marker
CD57. One caveat of our in vitro model is the potential for
preferential activation and maintenance of CD56°"EMCD57 -
CD94% cells, with higher sensitivity for cytokines, within
influenza-stimulated cultures. However, we observed no overall
change in the frequency and CD56™EM NK cells ex vivo after
influenza vaccination, whereas significant redistribution occurred
within CD56%™ NK cells. This was particularly evident in
HCMV? individuals, with the effect that 2 wk after vaccination,
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FIGURE 9. Impact of influenza vaccination and HCMYV infection status on ex vivo NK cell-surface phenotype. Frequencies of CD56*¢" and CD56%™
CD57-defined subsets (A), CD94-, NKG2A-, and NKG2C-expressing NK cells (B), and NKG2A*CD57" or NKG2C*CD57* NK cells (C) were measured
directly ex vivo before (0) or 2 wk after vaccination for all 52 study subjects. NK cells from HCMV ™~ (open circles; n = 33) and HCMV™* (closed circles; n =
19) subjects were compared for ex vivo frequencies of CD25" cells (D), proportions of cells in each subset (E), and the ratio of CD56™CD57 "~ to CD56%™
CD57* cells before (0) or 2 wk after vaccination (F) and for frequencies of NK cells in each subset expressing Ki67 (G) or Ki67 in combination with CD71
(H) 2 wk after vaccination. Bars represent mean values. Mann—Whitney U test was used for intergroup comparisons, and trend analysis was performed
using a one-way ANOVA with correction for repeated measures. ** p < 0.01, ***p < 0.001, ****p < 0.0001.

the ratio of CD57 to CD57* cells in HCMV™* subjects has been
restored to levels seen in HCMV  subjects. The increased fre-
quencies of Ki67* and CD71*CD56“™CD57~ NK cells that we
observed ex vivo after influenza vaccination are, however, con-
sistent with proliferative expansion of CD56%™CD57~ cells and
reminiscent of data on yellow fever vaccination in which CD57-
defined subset redistribution correlated strongly with increased
Ki67 expression (41). These data thus confirm and extend obser-
vations made previously for cytokine preactivated NK cells (8)
and suggest that any benefits of cytokine-mediated preactivation
may be particularly apparent in HCMV™ individuals.

This study reveals important differences between NK cell re-
sponses to influenza Ags and those driven by high concentrations
of exogenous cytokines, which may underlie the differential
responsiveness in HCMV™ and HCMV™ individuals. Although
vaccine-mediated preactivation may play a role in boosting NK
cell responses to influenza virus both in HCMV~ and HCMV™
subjects, lower CD25 expression in HCMV™ individuals (partic-
ularly on late differentiated NK cells) could limit the impact of
T cell-derived IL-2 in costimulation and maintenance of memory-
like NK cells. Lower frequencies of CD25 expressing NK cells in
HCM V-infected subjects after HIN1 stimulation may be partially
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attributed to reduced IFN-a production because median concen-
trations of IFN-a in HIN1 culture supernatants were marginally
lower among HCMV™ individuals than among HCMV ™~ individ-
uals (baseline: 401.0 and 194.3 pg/ml, respectively; 2 wk post-
vaccination: 214.8 and 141.7 pg/ml, respectively), but these
differences did not reach statistical significance. In contrast, cells
from HCMV™ donors responded much less well to IL-12 and IL-
18 compared HCMV " individuals, but this defect was partially
overcome after vaccination.

The longevity of memory-like NK cells may well be linked to
the duration of the underlying stimulus, being longer lasting when
induced by a virulent, replicating virus such as hantavirus or
yellow fever virus (41, 42) than when induced by vaccination (as
in this study) or by exogenous cytokines (7, 8). The use of an
inactivated vaccine in our studies, although not completely
ruling out the possibility of the persistence of residual Ag,
supports a model in which cytokine preactivation outlasts
clearance of Ag. Our observation of similar levels of NK cell
preactivation induced by mucosal, dermal, and i.m. vaccination
supports a role for common, systemically produced factors. In-
trinsic changes affecting cytokine responsiveness, including
epigenetic changes, combined with upregulation of CD25, are
likely to be involved in the induction and maintenance of
memory-like NK cells, particularly those that are relatively
undifferentiated.

Our data, and that of others, reveal differences between the
global effects of cytokine-induction of memory-like NK cells and
more specific, receptor-mediated, ITIM-dependent generation of
memory NK cells. Ligation of murine Ly49H by MCMV m157
generates Ly49H" NK cells with long-term enhanced respon-
siveness to MCMV. In humans, NK cells expressing NKG2C or
activating killer Ig-like receptor expand in response to HCMV-
infected fibroblasts in vitro and adaptive expansions of NKG2C*
cells (as well as NKG2C ™ cells lacking the FceRvy signaling
adaptor) are evident in the blood of HCMV™* individuals (43-47).
By contrast, we found no evidence that cytokine-mediated gen-
eration of memory-like NK cells after vaccination favored par-
ticular NKG2A- or NKG2C-defined NK cell subsets.

Although the pathways involved in the generation of cytokine-
induced memory-like NK- and ITIM-generated memory NK cells
may be distinct, it is likely that cytokine-driven mechanisms can
impact the latter populations. NK cells of HCMV™* individuals may
be skewed toward CD57" Ab-dependent effectors, but these in-
dividuals nevertheless retain the capacity to expand a population
of highly cytokine-responsive and cytokine-producing cells in
situations (such as acute infection, mimicked in this case by
vaccination) when this would be advantageous: cytokine respon-
siveness of CD57* NK cells was enhanced after vaccination.
Furthermore, several studies indicate a role for cytokines in the
regulation of NK cells that have been expanded by interactions
with infected target cells. IL-12 in particular is essential for
induction of CD25 and for generation and maintenance of
memory-like NK cells in MCM V-infected mice (48, 49) and for
upregulation of CD25 on NKG2C* NK cells in response to
HCMV/HLA-E (45). In addition, enhanced cytokine responsive-
ness in NKG2C™&" NK cells may be facilitated by epigenetic
reprogramming of the IFN-vy locus after specific receptor—ligand
interactions (50). It is likely that different pathogens preactivate
NK cells via distinct combinations of cytokines depending upon
pathogen-specific TLR ligands stimulating particular myeloid
cell populations (5, 22). Furthermore, heterologous infections may
maintain cytokine preactivated NK cells; by contrast, MCMV-
primed NK cells show very limited responses to bystander
infections (49).

The impact of influenza vaccination on NK cell responses seems
to reflect the kinetics of memory-like NK cell generation rather
than availability of T cell help, because T cell IL-2 responses did
not differ significantly over the course of the study. Cytokine-
induced preactivation of NK cells for enhanced IFN-y produc-
tion could therefore be of significance in protection against
influenza, with the extent of memory-like NK cell generation
impacting on overall vaccine-induced protection. Further studies
will be required to establish the relationship between memory-like
NK cell generation by different vaccine formulations and subse-
quent responses to virus challenge.

Acknowledgments

We thank Carolynne Stanley for recruiting and obtaining consent from
study subjects and for blood sample collection. We also thank
Dr. Christian Bottomley for advice on statistical analysis.

Disclosures
The authors have no financial conflicts of interest.

References

1. Netea, M. G., E. Latz, K. H. Mills, and L. A. O’Neill. 2015. Innate immune
memory: a paradigm shift in understanding host defense. Nat. Immunol. 16: 675—
679.

2. Netea, M. G., J. Quintin, and J. W. van der Meer. 2011. Trained immunity: a
memory for innate host defense. Cell Host Microbe 9: 355-361.

3. Sato, M., M. Hosoya, and P. F. Wright. 2009. Differences in serum cytokine
levels between influenza virus A and B infections in children. Cytokine 47: 65—
68.

4. Dunmire, S. K., O. A. Odumade, J. L. Porter, J. Reyes-Genere, D. O. Schmeling,
H. Bilgic, D. Fan, E. C. Baechler, H. H. Balfour, Jr., and K. A. Hogquist. 2014.
Primary EBV infection induces an expression profile distinct from other viruses
but similar to hemophagocytic syndromes. PLoS One 9: e85422.

5. Stacey, A. R., P. J. Norris, L. Qin, E. A. Haygreen, E. Taylor, J. Heitman,
M. Lebedeva, A. DeCamp, D. Li, D. Grove, et al. 2009. Induction of a striking
systemic cytokine cascade prior to peak viremia in acute human immunodefi-
ciency virus type 1 infection, in contrast to more modest and delayed responses
in acute hepatitis B and C virus infections. J. Virol. 83: 3719-3733.

6. van de Berg, P. J., K. M. Heutinck, R. Raabe, R. C. Minnee, S. L. Young,
K. A. van Donselaar-van der Pant, F. J. Bemelman, R. A. van Lier, and
1. J. ten Berge. 2010. Human cytomegalovirus induces systemic immune
activation characterized by a type 1 cytokine signature. J. Infect. Dis. 202:
690-699.

7. Cooper, M. A., J. M. Elliott, P. A. Keyel, L. Yang, J. A. Carrero, and
W. M. Yokoyama. 2009. Cytokine-induced memory-like natural killer cells.
Proc. Natl. Acad. Sci. USA 106: 1915-1919.

8. Romee, R., S. E. Schneider, J. W. Leong, J. M. Chase, C. R. Keppel,
R. P. Sullivan, M. A. Cooper, and T. A. Fehniger. 2012. Cytokine activation
induces human memory-like NK cells. Blood 120: 4751-4760.

9. Berrien-Elliott, M. M., J. A. Wagner, and T. A. Fehniger. 2015. Human
Cytokine-Induced Memory-Like Natural Killer Cells. J. Innate Immun. 7: 563—
571.

10. Rydyznski, C. E., and S. N. Waggoner. 2015. Boosting vaccine efficacy the
natural (killer) way. Trends Immunol. 36: 536-546.

11. Keppel, M. P, L. Yang, and M. A. Cooper. 2013. Murine NK cell intrinsic
cytokine-induced memory-like responses are maintained following homeostatic
proliferation. J. Immunol. 190: 4754-4762.

12. Lee, S. H.,, S. Yun, Z. H. Piao, M. Jeong, D. O. Kim, H. Jung, J. Lee, M. J. Kim,
M. S. Kim, J. W. Chung, et al. 2010. Suppressor of cytokine signaling 2 regulates
IL-15-primed human NK cell function via control of phosphorylated Pyk2. J.
Immunol. 185: 917-928.

13. Tang, F.,, B. Sally, C. Ciszewski, V. Abadie, S. A. Curran, V. Groh, O. Fitzgerald,
R. J. Winchester, and B. Jabri. 2013. Interleukin 15 primes natural killer cells to
kill via NKG2D and cPLA?2 and this pathway is active in psoriatic arthritis. PLoS
One 8: €76292.

14. Vallera, D. A., M. Felices, R. T. McElmurry, V. McCullar, X. Zhou, J. Schmohl,
B. Zhang, A. Lenvik, A. Panoskaltsis-Mortari, M. R. Verneris, et al. 2016. IL-15
Trispecific Killer Engagers (TriKEs) Make Natural Killer Cells Specific to CD33+
Targets While Also Inducing In Vivo Expansion, and Enhanced Function. Clin.
Cancer Res. DOI: 10.1158/1078-0432.CCR-15-2710.

15. Hagau, N., A. Slavcovici, D. N. Gonganau, S. Oltean, D. S. Dirzu,
E. S. Brezoszki, M. Maxim, C. Ciuce, M. Mlesnite, R. L. Gavrus, et al. 2010.
Clinical aspects and cytokine response in severe HINI influenza A virus in-
fection. Crit. Care 14: R203.

16. Mooij, P., G. Koopman, D. Mortier, M. van Heteren, H. Oostermeijer,
Z. Fagrouch, R. de Laat, G. Kobinger, Y. Li, E. J. Remarque, et al. 2015. Pan-
demic Swine-Origin HIN1 Influenza Virus Replicates to Higher Levels and
Induces More Fever and Acute Inflammatory Cytokines in Cynomolgus versus

8T0Z ‘€2 |udy uo 1senb Aq /6.0 jounwiw i ' mma//:dny wody papeojumoq


http://www.jimmunol.org/

The Journal of Immunology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

33.

Rhesus Monkeys and Can Replicate in Common Marmosets. PLoS One 10:
e0126132.

. Wang, S. M., Y. T. Liao, Y. S. Hu, T. S. Ho, C. F. Shen, J. R. Wang, Y. S. Lin, and

C. C. Liu. 2014. Immunophenotype expressions and cytokine profiles of influ-
enza A HINI virus infection in pediatric patients in 2009. Dis. Markers 2014:
195453.

. Arts, R. J., B. A. Blok, P. Aaby, L. A. Joosten, D. de Jong, J. W. van der Meer,

C. S. Benn, R. van Crevel, and M. G. Netea. 2015. Long-term in vitro and in vivo
effects of y-irradiated BCG on innate and adaptive immunity. J. Leukoc. Biol.
98: 995-1001.

. Blok, B. A., R. J. Arts, R. van Crevel, C. S. Benn, and M. G. Netea. 2015.

Trained innate immunity as underlying mechanism for the long-term, nonspe-
cific effects of vaccines. J. Leukoc. Biol. 98: 347-356.

Leong, J. W., J. M. Chase, R. Romee, S. E. Schneider, R. P. Sullivan,
M. A. Cooper, and T. A. Fehniger. 2014. Preactivation with IL-12, IL-15, and IL-
18 induces CD25 and a functional high-affinity IL-2 receptor on human
cytokine-induced memory-like natural kKiller cells. Biol. Blood Marrow Trans-
plant. 20: 463-473.

Ni, J., M. Miller, A. Stojanovic, N. Garbi, and A. Cerwenka. 2012. Sustained
effector function of IL-12/15/18-preactivated NK cells against established tu-
mors. J. Exp. Med. 209: 2351-2365.

Jost, S., H. Quillay, J. Reardon, E. Peterson, R. P. Simmons, B. A. Parry,
N. N. Bryant, W. D. Binder, and M. Altfeld. 2011. Changes in cytokine levels
and NK cell activation associated with influenza. PLoS One 6: €25060.
Horowitz, A., R. H. Behrens, L. Okell, A. R. Fooks, and E. M. Riley. 2010. NK
cells as effectors of acquired immune responses: effector CD4+ T cell-dependent
activation of NK cells following vaccination. J. Immunol. 185: 2808-2818.
Jost, S., P. J. Tomezsko, K. Rands, 1. Toth, M. Lichterfeld, R. T. Gandhi, and
M. Altfeld. 2014. CD4+ T-cell help enhances NK cell function following ther-
apeutic HIV-1 vaccination. J. Virol. 88: 8349-8354.

Nielsen, C. M., M. J. White, C. Bottomley, C. Lusa, A. Rodriguez-Galan,
S. E. Turner, M. R. Goodier, and E. M. Riley. 2015. Impaired NK Cell Responses
to Pertussis and HINI Influenza Vaccine Antigens in Human Cytomegalovirus-
Infected Individuals. J. Immunol. 194: 4657-4667.

White, M. J., C. M. Nielsen, R. H. McGregor, E. H. Riley, and M. R. Goodier.
2014. Differential activation of CD57-defined natural killer cell subsets during
recall responses to vaccine antigens. Immunology 142: 140-150.
Luetke-Eversloh, M., Q. Hammer, P. Durek, K. Nordstrom, G. Gasparoni,
M. Pink, A. Hamann, J. Walter, H. D. Chang, J. Dong, and C. Romagnani. 2014.
Human cytomegalovirus drives epigenetic imprinting of the IFNG locus in
NKG2Chi natural killer cells. PLoS Pathog. 10: e1004441.

Goodier, M. R., M. J. White, A. Darboe, C. M. Nielsen, A. Goncalves,
C. Bottomley, S. E. Moore, and E. M. Riley. 2014. Rapid NK cell differentiation
in a population with near-universal human cytomegalovirus infection is attenu-
ated by NKG2C deletions. Blood 124: 2213-2222.

Lefevre, E. A., B. V. Carr, C. E. Inman, H. Prentice, I. H. Brown, S. M. Brookes,
F. Garcon, M. L. Hill, M. Igbal, R. A. Elderfield, et al; COSI. 2012. Immune
responses in pigs vaccinated with adjuvanted and non-adjuvanted A(HIN1)pdm/
09 influenza vaccines used in human immunization programmes. PLoS One 7:
€32400.

Barria, M. L, J. L. Garrido, C. Stein, E. Scher, Y. Ge, S. M. Engel, T. A. Kraus,
D. Banach, and T. M. Moran. 2013. Localized mucosal response to intranasal
live attenuated influenza vaccine in adults. J. Infect. Dis. 207: 115-124.
Nielsen, C. M., M. J. White, M. R. Goodier, and E. M. Riley. 2013. Functional
Significance of CD57 Expression on Human NK Cells and Relevance to Disease.
Front. Immunol. 4: 422.

. Bjorkstrom, N. K., P. Riese, F. Heuts, S. Andersson, C. Fauriat, M. A. Ivarsson,

A. T. Bjorklund, M. Flodstrom-Tullberg, J. Michaélsson, M. E. Rottenberg, et al.
2010. Expression patterns of NKG2A, KIR, and CD57 define a process of
CD56dim NK-cell differentiation uncoupled from NK-cell education. Blood
116: 3853-3864.

Lopez-Verges, S., J. M. Milush, S. Pandey, V. A. York, J. Arakawa-Hoyt,
H. Pircher, P. J. Norris, D. F. Nixon, and L. L. Lanier. 2010. CD57 defines a

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

325

functionally distinct population of mature NK cells in the human CD56dimCD16+
NK-cell subset. Blood 116: 3865-3874.

Muntasell, A., C. Vilches, A. Angulo, and M. Lipez-Botet. 2013. Adaptive
reconfiguration of the human NK-cell compartment in response to cytomega-
lovirus: a different perspective of the host-pathogen interaction. Eur. J. Immunol.
43: 1133-1141.

Dou, Y., B. Fu, R. Sun, W. Li, W. Hu, Z. Tian, and H. Wei. 2015. Influenza
vaccine induces intracellular immune memory of human NK cells. PLoS One 10:
e0121258.

Madera, S., M. Rapp, M. A. Firth, J. N. Beilke, L. L. Lanier, and J. C. Sun. 2016.
Type I IFN promotes NK cell expansion during viral infection by protecting NK
cells against fratricide. J. Exp. Med. 213: 225-233.

Hwang, 1., J. M. Scott, T. Kakarla, D. M. Duriancik, S. Choi, C. Cho, T. Lee,
H. Park, A. R. French, E. Beli, et al. 2012. Activation mechanisms of natural
killer cells during influenza virus infection. PLoS One 7: e51858.

Draghi, M., A. Pashine, B. Sanjanwala, K. Gendzekhadze, C. Cantoni,
D. Cosman, A. Moretta, N. M. Valiante, and P. Parham. 2007. NKp46 and
NKG2D recognition of infected dendritic cells is necessary for NK cell activa-
tion in the human response to influenza infection. J. Immunol. 178: 2688-2698.
Braun, M., N. K. Bjorkstrom, S. Gupta, K. Sundstrém, C. Ahlm, J. Klingstrém,
and H. G. Ljunggren. 2014. NK cell activation in human hantavirus infection
explained by virus-induced IL-15/IL15Ra expression. PLoS Pathog. 10:
e1004521. Available at: http://journals.plos.org/plospathogens/article?id=10.
1371/journal.ppat.1004521.

Mota, G., M. Manciulea, E. Cosma, I. Popescu, M. Hirt, E. Jensen-Jarolim,
A. Calugaru, C. Galatiuc, T. Regalia, D. Tamandl, et al. 2003. Human NK cells
express Fc receptors for IgA which mediate signal transduction and target cell
killing. Eur. J. Immunol. 33: 2197-2205.

Marquardt, N., M. A. Ivarsson, K. Blom, V. D. Gonzalez, M. Braun, K. Falconer,
R. Gustafsson, A. Fogdell-Hahn, J. K. Sandberg, and J. Michaélsson. 2015. The
Human NK Cell Response to Yellow Fever Virus 17D Is Primarily Governed by
NK Cell Differentiation Independently of NK Cell Education. J. Immunol. 195:
3262-3272.

Bjorkstrom, N. K., T. Lindgren, M. Stoltz, C. Fauriat, M. Braun, M. Evander,
J. Michaélsson, K. J. Malmberg, J. Klingstrém, C. Ahlm, and H. G. Ljunggren.
2011. Rapid expansion and long-term persistence of elevated NK cell numbers in
humans infected with hantavirus. J. Exp. Med. 208: 13-21.

Béziat, V., O. Dalgard, T. Asselah, P. Halfon, P. Bedossa, A. Boudifa, B. Hervier,
1. Theodorou, M. Martinot, P. Debré, et al. 2012. CMV drives clonal expansion
of NKG2C+ NK cells expressing self-specific KIRs in chronic hepatitis patients.
Eur. J. Immunol. 42: 447-457.

Gumd, M., M. Budt, A. Séez, T. Brckalo, H. Hengel, A. Angulo, and M. Lépez-
Botet. 2006. Expansion of CD94/NKG2C+ NK cells in response to human
cytomegalovirus-infected fibroblasts. Blood 107: 3624-3631.

Rolle, A., J. Pollmann, E. M. Ewen, V. T. Le, A. Halenius, H. Hengel, and
A. Cerwenka. 2014. IL-12-producing monocytes and HLA-E control HCMV-
driven NKG2C+ NK cell expansion. J. Clin. Invest. 124: 5305-5316.

Lee, J., T. Zhang, 1. Hwang, A. Kim, L. Nitschke, M. Kim, J. M. Scott,
Y. Kamimura, L. L. Lanier, and S. Kim. 2015. Epigenetic modification and
antibody-dependent expansion of memory-like NK cells in human
cytomegalovirus-infected individuals. Immunity 42: 431-442.

Zhang, T., J. M. Scott, I. Hwang, and S. Kim. 2013. Cutting edge: antibody-
dependent memory-like NK cells distinguished by FcRy deficiency. J. Immunol.
190: 1402-1406.

Lee, S. H., M. F. Fragoso, and C. A. Biron. 2012. Cutting edge: a novel
mechanism bridging innate and adaptive immunity: IL-12 induction of CD25 to
form high-affinity IL-2 receptors on NK cells. J. Immunol. 189: 2712-2716.
Min-Oo, G., and L. L. Lanier. 2014. Cytomegalovirus generates long-lived
antigen-specific NK cells with diminished bystander activation to heterologous
infection. J. Exp. Med. 211: 2669-2680.

Luetke-Eversloh, M., B. B. Cicek, F. Siracusa, J. T. Thom, A. Hamann,
S. Frischbutter, R. Baumgrass, H. D. Chang, A. Thiel, J. Dong, and
C. Romagnani. 2014. NK cells gain higher IFN-y competence during terminal
differentiation. Eur. J. Immunol. 44: 2074-2084.

8T0Z ‘€2 |udy uo 1senb Aq /6.0 jounwiw i ' mma//:dny wody papeojumoq


http://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1004521
http://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1004521
http://www.jimmunol.org/

