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The role of human NK cells in viral infections is poorly understood. We used a cytokine flow-cytometry assay
to simultaneously investigate the IFN-y response of NK and T lymphocytes to influenza A virus (fluA). When
PBMCs from fluA-immune adult donors were incubated with fluA, IFN-y was produced by both CD564im
and CD56"ight subsets of NK cells, as well as by fluA-specific T cells. Purified NK cells did not produce IFN-y
in response to fluA, while depletion of T lymphocytes reduced to background levels the fluA-induced IFN-y
production by NK cells, which indicates that T cells are required for the IFN-y response of NK cells. The fluA-
induced IFN-y production of NK cells was suppressed by anti—-IL-2 Ab, while recombinant IL-2 replaced the
helper function of T cells for IFN-y production by NK cells. This indicates that IL-2 produced by fluA-specific
T cells is involved in the T cell-dependent IFN-y response of NK cells to fluA. Taken together, these results sug-
gest that at an early stage of recurrent viral infection, NK-mediated innate immunity to the virus is enhanced

by preexisting virus-specific T cells.

Introduction

Influenza A virus (fluA) is the major pathogen of humans and sev-
eral animal species causing annual winter epidemics in the United
States and has the potential to cause worldwide pandemics (1).
Studies in humans and mice have implicated adaptive immune
responses including Ab responses and T cell responses in protec-
tive immunity against fluA infection (2-6). Previous studies in the
mouse model suggested that NK cells were also involved in the
control of fluA infection (7, 8). The role of the innate immune
response in protective immunity against fluA is poorly under-
stood, however, especially in humans.

NK cells are important effector cells in the innate immune
response against infections and tumors. Two mechanisms are
involved in the protective effects of NK cells against viral infec-
tions: cytokine production and cytotoxic activity (9-12). Human
NK cells are characterized phenotypically by the presence of
CDS56 and the lack of CD3 expression (10). Two subsets of human
peripheral blood NK cells have been identified and characterized.
The majority subset (approximately 90%) expresses low levels of
CDS56 (CD564™), whereas the minority subset (approximately
10%) expresses high levels of CD56 (CD56btight) (13). These 2 NK
subsets are thought to have unique functional attributes and,
therefore, distinct roles in the human immune response (13, 14).
The CDS569™ NK subset is more naturally cytotoxic and may
serve as the major cytotoxic effectors. By contrast, the CDS6bright
subset has the capacity to produce abundant cytokines and may
serve as immunoregulators (15, 16). One of the cytokines pro-
duced by CDS6Pright NK cells is IFN-y, which has immune regula-
tory activity (17-21) as well as direct antiviral activity (22-25).

Nonstandard abbreviations used: fluA, influenza A virus; IFN-y*, IFN-y-producing;
MFI, mean fluorescence intensity; SPG, sucrose-phosphate-glutamate.
Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 114:1812-1819 (2004).
doi:10.1172/JCI1200422797.

1812 The Journal of Clinical Investigation

http://www.jci.org

The role of these 2 subsets of human NK cells in the context of a
viral infection has not been extensively investigated.

In this study, we analyzed the production of cytokines by human
NK cells and T cells during ex vivo incubation of PBMCs with fluA
and explored the relationship between the cytokine response of NK
cells and T cells to the virus. We demonstrate that both CDS6Pright
and CD564™ NK cells produce IFN-y in response to fluA and that
IL-2 produced by virus-specific T cells influences the IFN-y produc-
tion of NK cells. These results indicate a role of adaptive immune
lymphocytes in regulating the function of innate immune cells.

Results
The fluA virus induces production of IFN-y in the CDS6"8" and CD56%"
subsets of NK cells as well as in T cells. In our previous work, we devel-
oped a cytokine flow-cytometry assay for the detection and charac-
terization of fluA-specific memory CD8" T cells. PBMCs were incu-
bated with fluA ex vivo, followed by intracellular staining for IFN-y
(26). In the current study, we modified the assay to simultaneously
investigate the IFN-y response of NK cells and T cells to fluA. When
PBMCs from adult donors were incubated with purified fluA for 17
hours, IFN-y-producing (IFN-y*) cells were detected in CD3* and
CD3" lymphocyte subsets (Figure 1A). The majority of IFN-y* cells
in the CD3* T cell population did not express CD5S6 (Figure 1B).
Most of the CD3" IFN-y* cells expressed CD56 (Figure 1C), indicat-
ing that they were NK cells. Incubating PBMCs with heat-inacti-
vated (56°C/35 min) purified fluA induced similar IFN-y response
in CD3* T cells and CD3-CD56* NK cells (data not shown).

To examine the IFN-y production by the CDS56"ight and CDS564im
subsets of NK cells, the fluA-stimulated PBMCs were costained for
cell surface CD56 and intracellular perforin in addition to CD3
and IFN-y. Perforin is a main effector molecule in rapid natural
cytotoxicity. As previously reported (27), only the CD56%™ subset
of NK cells expressed perforin (Figure 1D). Thus, the CD3-CD56*
NK cell population could be further resolved into 2 subsets:
CD56bright perforin- and CDS64™ perforin®. Both subsets produced
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IEN-y in response to fluA, with a higher percentage of IFN-y* cells
in the CDS6Ygh population than in the CDS64™ population (Fig-
ure 1, E and F). When PBMCs were incubated in the absence of
fluA, IFN-y was produced neither in NK cells (Figure 1G) nor in
CD3" T cells (Figure 1H), indicating that IFN-y production in both
NK cells and T cells was induced by fluA.

The same experiments as those shown in Figure 1 were conduct-
ed with PBMCs from 25 adult donors. Perforin staining was incor-
porated in all experiments to improve the resolution of CDS56Pright
and CD564™ NK populations, which, for some donors, overlapped
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Figure 1

IFN-y production by T cells and CD569™ and CD56°right NK cell subsets
in response to fluA. PBMCs from an adult donor were incubated with fluA
(A—F) or SPG (negative control, G and H) for 17 hours, with brefeldin A
added during the last 5 hours. The cells were stained for CD56, fixed
and permeabilized, and then stained for CD3, IFN-y, and perforin. See
Methods for details. Displayed in the dot plots A—H are cells gated on
different lymphocyte populations: (A) IFN-y production of CD3- and
CDg3+* lymphocytes (gated by forward scattering and side scattering) in
response to fluA; (B) IFN-y production of CD3* lymphocytes in response
to fluA; (C) IFN-y production of CD3- lymphocytes in response to fluA; (D)
expression of CD56 and perforin by CD3- lymphocytes; (E and F) IFN-y
production of CD569m perforint NK and CD5619t perforin— NK subsets,
respectively, in response to fluA; (G and H) negative controls showing
baseline levels of IFN-y production by CD3- and CD3+ lymphocytes in
the absence of fluA. Numbers in the dot plots refer to percentage of
IFN-y* cells in the gated population.

set (P < 0.001) (Figure 2B). Since the number of NK cells in the
CDS56%m subset was approximately 10-fold higher than that of the
CDS6bright subset (data not shown), the absolute number of IFN-y*
cells in the 2 NK cell subsets from the same aliquot of PBMCs was
approximately the same (Figure 2C).

T cells are required for the IFEN-y response of NK cells to fluA. To assess
if the IFN-y response of NK cells to fluA involves other cell types,
we first determined if fluA could directly induce IFN-y production
in virus-exposed NK cells. We purified NK cells from PBMCs by
depleting T cells, B cells, and monocytes prior to incubating them
with fluA. Only background levels of IFN-y were observed for the
CDS56bright and the CDS64™ NK cell subsets in all 4 donors tested
(Figure 3, A and B). IFN-y production was induced from the purified
NK cells by incubation with recombinant cytokines IL-12 and IL-2
(Figure 3B), indicating that NK cells remained functional after the
purification procedure. When purified NK cells were incubated with
recombinant IFN-y in the presence of fluA, no IFN-y* NK cells were
detected (Figure 3B), indicating that the detection of IFN-y* NK cells
was not due to the uptake of extracellular IFN-y by NK cells. These
results demonstrate that the fluA-induced IFN-y production of NK
cells requires other leukocyte subset(s) present in PBMCs.

significantly with each other when defined
by CDS56 signal intensity alone (data not
shown). For all donors, IFN-y production
was detected for both NK subsets in PBMC
samples incubated with fluA. Both the
percentage of NK cells producing IFN-y
(Figure 2A) and the IFN-y staining inten-
sity (Figure 2B) varied among donors. The
percentage of IFN-y* cells in the CDS6bright
perforin- and CDS6d™ perforin® sub-
sets were positively correlated (rs = 0.878,
P <0.001), with average percentage of IFN-y*
cells in the CD56"ight subset approximate-
ly 7-fold higher than that in the CDS56dim
subset (P < 0.001) (Figure 2A). The amount
of IFN-y per cell as indicated by the mean
fluorescence intensity (MFI) of IFN-y* cells
in the CDS56Pright and CDS564™ NK subsets
of each donor were also positively corre-
lated (rs = 0.716, P < 0.001), with average
MFI of the CD56Pright subset approximate-
ly 2-fold higher than in the CD564i™ sub-
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Figure 2

FluA-induced IFN-y production by the CD3-CD56brig"t perforin— NK cell subset (labeled as
CD56Pright) and CD3-CD564m perforint NK cell subset (labeled as CD569™m) in 25 donors.
PBMCs were incubated with fluA for 17 hours, followed by cytokine flow-cytometric analysis
(see Methods). Lines connect pairs of observations from the same donor. Black bars mark the
positions of groups’ means, which were compared using paired Student’s t tests. The attained
significance levels (P values) are reported. For A and C, the t tests were performed on loga-
rithmic-transformed data. (A) The percentage of IFN-y* cells in the 2 NK cell subsets. (B) The
IFN-y MFI of IFN-y* cells in the 2 NK cell subsets. (C) The total numbers of IFN-y* cells detected
simultaneously in the 2 NK cell subsets from the same PBMC aliquot of each donor.
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To assess what other cells are necessary for the IFN-y response
of NK cells to fluA, we first investigated the contribution of T
cells. PBMCs were depleted of T cells by negative selection with
anti-CD3 Ab. The remaining CD3-depleted PBMCs were incu-
bated with fluA and examined for IFN-y production by NK cells.
In the absence of CD3" cells, IFN-y production was reduced to
background levels in both NK cell subsets, a result obtained for
all donors tested (Figure 4). This result indicates that CD3" cells
are required for the IFN-y response of NK cells to fluA.

A small subset of the CD3* population expressed the NK cell
marker CDS56. Some of these cells have been defined as NK T cells.
Of note, NK T cells have been suggested to provide helper func-
tions for cytokine production by NK cells (28). To determine if
the CD3*CDS56" subset was required for the production of IFN-y
by NK cells in response to fluA, we depleted all CD3" cells or just
CD3*CDS56* cells from PBMCs by a strategy shown in Figure 5,
A and B. When CD3-depleted PBMCs, CD3*CDS56" cell-depleted
PBMC s, and unfractionated PBMCs were incubated with fluA,
IFN-y production in NK cells was observed in the unfractionated
PBMCs and the CD3*CDS56" cell-depleted PBMCs but not in the
CD3-depleted PBMCs (Figure 5C). In all 3 donors tested, the levels
of IFN-y production in NK cells were reduced to less than 10% of
the original level when all CD3* cells were depleted, while remain-
ing at greater than 80% of the original level when only CD3*CD56*
cells were depleted (Figure SC and data not shown). This result
indicates that only CD56- T cells are required for the IFN-y pro-
duction of NK cells in response to fluA.

We also sought to estimate the correlation between the levels of
fluA-induced IFN-y production in the NK and T cell populations,
taking advantage of the fact that both responses were measured
simultaneously in the same PBMC aliquot from each donor. For
the 25 donors tested, the percentage of IFN-y* cells in CDS56vigbt and
CDS564™ NK subsets were each positively correlated with the per-
centage of IFN-y* T cells or fluA-specific T cells (P < 0.002; Figure 6).
Taken together, these results suggest that the IFN-y response of NK
cells to fluA is associated with the fluA-specific T cell subset.
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Figure 3

Purified NK cells do not produce IFN-y in response to fluA. NK cells
were isolated from PBMCs by negative selection and incubated
under different conditions, followed by intracellular staining for IFN-y.
Displayed in the bar graphs are frequencies of IFN-y+ cells in the
CD56vrignt perforin- (left panels) and CD564M perforint (right panels)
NK cell subsets. (A) PBMCs or purified NK cells from 3 donors (nos.
1-3) were incubated with fluA for 17 hours. (B) PBMCs or purified NK
cells from a fourth donor were incubated with fluA for 17 hours. Purified
NK cells were also incubated with recombinant IFN-y (100 ng/ml) in
the presence of fluA, or with recombinant IL-12 (100 ng/ml) and IL-2
(250 U/ml), for 17 hours.

IL-2 produced by fluA-specific T cells is involved in the IFN-y response of
NK cellsto fluA. It has been reported that recombinant IL-2 induced
IFN-y production by mouse and human NK cells (9, 29) and
enhanced IL-12-induced IFN-y production by human CD56bright
NK cells (16). To test the hypothesis that IL-2 is involved in the T
cell-dependent IFN-y production of NK cells in response to fluA,
we first examined whether IL-2 was produced in PBMCs cultured
with fluA. As shown in Figure 7, IL-2 was indeed produced by T
cells after exposure to fluA, which preceded the onset of IFN-y pro-
duction by NK cells (Figure 7C). The majority of IL-2* cells also
produced IFN-y, while the majority of IEN-y* cells did not produce
IL-2 (Figure 7, A and B), indicating that only a subset of fluA-spe-
cific T cells was capable of producing IL-2.

Next, we examined the effect of IL-2-neutralizing Ab on IFN-y
production by NK cells. In 5 of 6 donors tested, fluA-induced IFN-y
production by NK cells was suppressed by the IL-2-neutralizing
Ab 12% to 67% (Figure 8). This result suggests that IL-2 produced
by fluA-specific T cells is involved in the IFN-y production of NK
cells in the majority but not all of the donors.

Finally, we assessed if recombinant IL-2 could replace T cells in the
induction of IFN-y production by NK cells in response to fluA. As
shown in Figure 9, while IFN-y production of NK cells was reduced
to background levels by depletion of CD3* T cells, addition of recom-
binant IL-2 to the CD3-depleted PBMCs cultured with fluA restored
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No. 6 I—‘
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Figure 4
Depletion of CD3* cells from PBMCs reduces to background levels
the IFN-y response of the NK cells to fluA. CD3* cells were depleted
from the PBMCs of 8 donors (PBMC-CD3). PBMCs and CD3-deleted
PBMCs were incubated with fluA for 17 hours, followed by intracellular
staining for IFN-y. Displayed in the bar graphs are frequencies of IFN-y+
cells in the CD56"ignt perforin- (left) and CD564mperforin* (right) NK
cell subsets. Results of 3 donors (nos. 4-6) are presented in this figure,
while those of other donors are presented in Figures 5 and 9 as part
of other experiments.
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CD56

IFN-y response of NK cells to fluA required CD3+*CD56- cells but not CD3+CD56+ cells. (A) A blood sample was split into 2 fractions. CD3+* cells
were depleted from fraction I. CD56+, CD36*, CD19+, and CD16+* cells were depleted from fraction Il to yield enriched CD56- T cells. Combi-
nation of fractions | and Il resulted in a population depleted of CD3+CD56+ cells. (B) Flow-cytometric analysis of the unfractionated PBMCs,
CD3-depleted PBMCs, CD56- T cells, as well as CD3+*CD56+ cell-depleted PBMCs. Displayed in the dot plots are cells gated on lymphocyte
population by forward scattering and side scattering. (C) FluA-induced production of IFN-y by NK cells in unfractionated PBMCs, CD3-depleted
PBMCs, and CD3+CD56+ cell-depleted PBMCs. Cells were incubated with fluA for 17 hours. Displayed are cells gated on CD3- lymphocyte
population. The numbers in the dot plots are percentages of IFN-y* cells among CD3-CD56+* NK cells. Similar results were obtained in experi-

ments using blood samples from 2 other donors.

IFN-y production of NK cells. Taken together, these results indicate
that IL-2 produced by fluA-specific T cells is one of the regulatory
factors for the IFN-y response of NK cells to fluA.

Discussion

The host immune response to an infection involves orchestrated
activities of different components of the immune system. There-
fore, a comprehensive approach is necessary for understanding
protective immunity to a virus, which is likely to encompass
innate as well as adaptive immunity. In this set of experiments,
we used a single cell-based flow-cytometry assay to detect and
quantify IFN-y* cells in the 2 NK subsets and the T cell popu-
lation from PBMCs exposed to fluA. We observed that in addi-
tion to fluA-specific T cells, CDS6P"ight and CDS564™ NK cells
produced IFN-y after a 17-hour ex vivo incubation of PBMCs
with fluA. This IFN-y response of NK cells depends on the T cell
population in the PBMCs and was correlated with the level of the
T cell response to fluA. IFN-y production by NK cells respond-
ing to fluA could be suppressed by neutralizing Ab against IL-2,
while addition of recombinant IL-2 could replace the effect of T
cells on the IFN-y production by NK cells, indicating that IL-2
produced by fluA-specific T cells is involved in the T cell-depen-
dent IFN-y response of NK cells to fluA.

CDS56bright and CDS564im NK cells are thought to represent
functionally distinct subsets of mature human NK cells in terms
of cytotoxicity and cytokine production. CD564™ NK cells are
more granular and have greater natural cytotoxic potential than
CD56bright NK cells (14). Regarding cytokine production, previous
studies showed that freshly isolated CD561¢" human NK cells were
the primary source of NK cell-derived IFN-y and other cytokines in
response to exogenous monokines including IL-12, IL-15, IL-18,
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and IL-1b alone or in combination, whereas the CD564™ NK cell
subset produced negligible amounts of cytokines under the same
culture condition for 72 hours (15, 30). It has also been observed
that the IL-12-induced IFN-y production of CD56P"isht NK cells
depends on the costimulation by IL-2, either in the form of recom-
binant molecules or product of a CD4" T cell clone specific for
the tetanus toxoid antigen (16), suggesting a link between innate
immunity and adaptive immunity. Of note, IL-2 is a cytokine pri-
marily produced by activated antigen-specific T cells (31).
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Figure 6

Level of IFN-y response of the NK cell subsets correlates with frequency
of fluA-specific T cells in PBMCs of 25 donors. PBMCs were incubated
with fluA for 17 hours, followed by cytokine flow-cytometric analysis to
determine the percentage of IFN-y+ cells in the CD56"9"t perforint NK
subset (labeled as CD56Pright) CD564m perforin- NK subset (labeled
as CD569m), and CD3+ T cell subset of each donor. The percentage
of IFN-y* cells in each NK subset was plotted against that in the T cell
population from the same donor, respectively. The estimated Spearman
correlation coefficient rs and P value is reported in each plot.
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IFN-y and IL-2 production by NK cells and T cells in response to fluA. PBMCs from adult donors were incubated with fluA or SPG (negative
control) for 12 hours, with brefeldin A added during the last 5 hours (A and B) or were incubated with fluA for 4—12 hours, with brefeldin A added
for the last 4 hours (C). The cells were stained for CD56, fixed and permeabilized, and then stained intracellularly for CD3, IFN-y, and IL-2. (A)
Dot plots for a representative donor (no. 7) displaying cells gated on CD3-CD56+* NK cell population (left panels) or CD3* T cell population (right
panels). Numbers in the dot plots refer to the percentage of cytokine-producing cells in each quadrant. (B) Summary of the levels of IFN-y and
IL-2 production by T cells from 4 donors (nos. 7—-10). IL-2 was not detected in NK cells from any of these 4 donors. (C) Kinetics of IL-2 production

by T cells and IFN-y production by NK cells (donor no. 20).

In the current study we demonstrate that after 17 hours of ex
vivo incubation of PBMCs with fluA, both CDS56bright and CDS6dim
NK cells produced IFN-y. In agreement with previously published
results, the CD56P1g" NK subset was the more potent IFN-y pro-
ducer as indicated by greater percentage of IFN-y* cells and amount
of IFN-y per cell in this subset (Figure 2, A and B). The number of
IEN-y* cells contributed by the 2 NK subsets in PBMCs was similar
(Figure 2C), however, and on average the difference between these
2 subsets in the amount of IFN-y per cell was only approximately
2-fold (Figure 2B). There are 2 possible explanations for the appar-
ently greater capability of IFN-y production by the CD564™ NK
subset observed in our study than that reported previously (15, 16).
This subset of NK cells may require different regulatory factors
for IFN-y production, which were provided by fluA but not by the
monokines used in the previous studies; alternatively, the IFN-y
production of CD56%™ subset may be less sustained and may only
be detected at the earlier stage of culturing.

IFN-y is known for its immune regulatory activity as well as
direct antiviral activity (17-25). Rapid production of IFN-y and
other inflammatory cytokines by NK cells is an important com-
ponent of the innate immune response against viral infections
(12), which has been shown to be mediated by IL-12 in a murine
CMV-infected mouse model (32, 33). Our results suggest that
both CD56Pight and CDS564m NK subsets participate in the innate
immune response against fluA by producing IFN-y during the
early stage of infection.

Resting CDS6bright and CDS64™ NK cells are known to express
distinct panels of lymphocyte homing receptors, suggesting their
different homing potential (34). CD56Pright NK cells express the
chemokine receptor CCR7 (35) and high levels of the adhesion
molecule CD62L (L-selectin) (36); both are receptors mediating
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the homing of lymphocytes to secondary lymphoid organs. Con-
sistent with their expression of lymph node homing receptors,
CDS6bright NK cells have been shown to constitute the major NK
population in lymph nodes (16, 37). In contrast, NK cells in the
peripheral blood and the spleen are overwhelmingly CD564im
(13, 37). Resting CDS64im NK cells lack the expression of CCR7
and CD62L but express high levels of the chemokine receptors
CXCR1, CXCR2, CXCR3, CXCR4, and CX3CR1 (34). Although
the homing potential of CD56%™ NK cells is not clear, they have
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Figure 8
Suppression of IFN-y production of NK cells in response to fluA by IL-2—
neutralizing Ab. PBMCs from 6 donors (nos. 11-16) were incubated with
fluA for 17 hours in the presence of anti—-IL-2 Ab or its isotype control
(4 ug/ml), respectively, followed by intracellular staining for IFN-y to
determine frequencies of IFN-y* CD3-CD56* NK cells. Displayed in the
bar graph is the percentage suppression for each donor, which is defined
as [1 — (frequency of IFN-y* NK cells in the presence of anti—IL-2)/
(frequency of IFN-y* NK cells in the presence of isotype control)] x100.
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The helper function of T cells for fluA-induced IFN-y production in NK cells can be replaced by exogenous IL-2. PBMCs or CD3-depleted PBMCs
from 3 donors (nos. 17—-19) were incubated with fluA or control for 17 hours, with or without addition of recombinant IL-2 (250 U/ml). Displayed
in the graphs are frequencies of IFN-y* cells in the CD569"t or CD56¢™ NK cell subsets under each condition.

not been found in the lymph nodes and are likely to migrate to
other sites in the body and exert their antiviral activity by killing
infected cells and producing antiviral cytokines, including IFN-y,
during the early phase of fluA infection.

The infection of host cells by fluA is mediated by binding of
viral HA molecules to the sialic acid residues present on cell sur-
face receptors (38). Previous studies have shown that fluA infects
different subsets of leukocyte and induces production of innate
cytokines, including various IFNs and interleukins (39-41). Of
particular interest, DCs are the major producer of type I IFN and
IL-12, which have profound effects on other immune cell sub-
sets (42). These innate cytokines can activate NK cells and induce
production of IFN-y (12, 15, 16). Therefore, they are likely to play
a critical role in the fluA-induced IFN-y production of NK cells
observed in our current study.

The major finding of this study, however, is that the IFN-y
response of NK cells to fluA also depends on T cells. It has been
reported that IL-2, a cytokine produced by activated T cells,
enhances IL-12-induced IFN-y production by CD56b"ight NK cells
(16). In the experiments reported here, we observed that depletion
of T cells always reduced to background the fluA-induced IFN-y
production by NK cells (Figure 4), which upon exposure to the
virus, fluA-specific T cells produced IL-2 prior to production of
IFN-y by NK cells (Figure 7), and that the T cell-dependent IFN-y
production of NK cells can be suppressed by IL-2-neutralizing Ab
for the majority of donors (Figure 8). We have also observed exog-
enous IL-2 to replace T cells in facilitating IFN-y production of
NK cells exposed to fluA (Figure 9). In addition, the level of IFN-y
response of NK cells appears to correlate positively with the level
of fluA-specific T cells (Figure 6).

Based on these results, as well as previously reported effects of
DC-derived innate cytokines on the activation and IFN-y produc-
tion of NK cells (15, 16), we propose the following model for the
IFN-y response of NK cells to fluA. The production of IFN-y by
NK cells requires regulatory signals from both DC and T cells.
Incubation of PBMCs with fluA results in the infection of DCs
(43, 44), which produces innate cytokines including IFN-o, IFN-f3,
IL-12, and other monokines with the potential to activate NK
cells (12, 15, 16, 45-47). On the other hand, fluA-infected DCs
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process and present fluA antigens to fluA-specific T cells, which
produce IL-2 and other cytokines. Under the collective actions
of DC-derived monokines and T cell-derived cytokines, the NK
cells respond by producing IFN-y (16). Of note, while important
proof of concept for this model was provided by the experiments
of purified NK cells incubated with recombinant IL-12 plus IL-2
(ref. 16 and Figure 3B) and T cell-depleted PBMCs incubated with
fluA plus IL-2 (Figure 9), other cytokines derived from DCs and
T cells could be involved in the underlying mechanism for this
model as well. In particular, the fact that IL-2-neutralizing Ab
only partially blocked the IFN-y production by NK cells (Figure 8)
suggests that IL-2 is not the only T cell-derived regulatory factor
for the IFN-y response of NK cells.

Taken together, our results suggest a dependence of one of the
innate immune functions, that is, IFN-y production by NK cells,
on the fluA-specific T cell recall reaction, which is a part of adap-
tive immunity. FluA infection does not persist, but occurs at mul-
tiple times throughout the life of an individual. Since only donors
without recent flulike disease were used in this study, the IFN-y*
T cells detected in PBMCs stimulated ex vivo for 17 hours or fewer
with our cytokine-flow cytometric assay are likely to represent pre-
existing fluA-specific memory T cells.

The innate immune response, which is rapid but not thought
to be antigen specific, provides a first line of defense against viral
infection and influences the subsequent adaptive T cell response
(48). Recent studies have revealed a complex interaction between
NK cells and DCs that may lead to NK cell activation, DC activa-
tion, or NK cell-mediated killing of DCs under different circum-
stances (49-53), indicating an important role of NK cells in the
regulation of adaptive immunity to infections. It has been shown
in a mouse model that NK cells are necessary for optimal priming
of adenovirus-specific T cells (54). Of particular interest, depletion
of NK cells abrogated fluA-specific CD8" T cell responses both in
vitro and in vivo (55). Conversely, the experiments reported here
suggest that at the very early stage of infection, preexisting mem-
ory T cells specific for the infecting virus may also play a critical
role in regulating the antiviral functions of NK cells. In addition,
the correlation we observed between the levels of IFN-y responses
in NK cells and T cells to fluA suggests that at a later stage of infec-
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tion, when the virus-specific T cell population has expanded, the
NK response to fluA will be enhanced further. Thus the strength
of innate immunity to a viral infection may be modulated by the
quantitative and qualitative nature of adaptive immunity specific
for the infecting virus, especially in situations such as influenza
where multiple reinfections are the rule. Taken together with pre-
vious work, our results support the notion that extensive recipro-
cal interactions exist between the components of innate immunity
and adaptive immunity, which collectively constitute a successful
immune response to clear an infection.

Methods

Human subjects and blood samples. Twenty-three adult donors (ages 25-65)
without recent flulike symptoms were enrolled with informed consent. The
study protocol was approved by the institutional review board at Stanford
University. Venous blood samples were collected using Vacutainer tubes
with sodium heparin (Vacutainer Systems; BD). In addition, buffy coats
obtained from 3 healthy blood donors at a blood bank were also included
in the study, yielding a total of 26 subjects.

Preparation and fractionation of PBMCs. PBMCs were prepared with stan-
dard Ficoll-Paque (Pharmacia Biotech Inc.) gradient centrifugation from
the whole blood or buffy coats. Depletion of CD3* cells or enrichment of
NK cells and T cells were conducted using respective RosetteSep reagents
(StemCell Technologies Inc.) or MACS MicroBeads (Miltenyi Biotec) fol-
lowing the manufacturer’s instructions.

Preparation of influenza virus. Purified fluA Panama/2007/99 strain
(H3N2) was prepared as previously described (26). In brief, virus was grown
in 11-day-old embryonated specific pathogen-free hen eggs (Charles River
Laboratories Inc.). Allantoic fluid was harvested 48 hours after infection
and assayed for virus by measuring the concentration of influenza HA.
Virus-containing allantoic fluid was pooled and centrifuged to pellet fluA
particles. The virus pellet was resuspended in PBS and further purified by
a continuous 15-60% sucrose gradient centrifugation. The purified virus
was reconstituted in PBS, stabilized with sucrose-phosphate-glutamate
(SPG) (BioWhittaker Inc.), dispensed into single-use aliquots, and stored
at-70°C. The virus titer was determined with Madin-Darby canine kidney
cells by standard procedures (56).

Cytokine flow cytometry. Unfractionated or fractionated PBMCs or lym-
phocyte subsets were incubated with fluA as previously described (26). In
brief, 2 x 10° cells were resuspended in 0.1 ml of RPMI-1640 medium with-
out serum. Purified fluA virus was added to the cellsata MOI of 3 and incu-
bated at 37°C with 5% CO, for 1 hour. The same volume of SPG was used

—_
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as the negative control. RPMI-1640 medium supplemented with 10% FCS
and antibiotics was then added to a final volume of 0.7 ml, with or without
the addition of 1 of the following reagents: rat anti-human IL-2-neutraliz-
ing Ab or its isotype control (BD Biosciences — Pharmingen), recombinant
human IL-2 (Chiron Inc.), recombinant human IL-12 (Sigma-Aldrich), or
recombinant human IFN-y (a gift from L. Blatt, Intermune Inc.). The cells
were incubated for another 11 hours (for detection of IL-2 and IFN-y) or
16 hours (for detection of IFN-y). Brefeldin A (Sigma-Aldrich) was added
to a final concentration of 10 ug/ml for the last 5 hours of incubation.
Staining and flow-cytometric analysis were done as described previously
(26). In brief, the cells were first stained with allophycocyanin-labeled
anti-CD56 (BD Biosciences — Pharmingen) and then treated with FACS
Lysing Solution and FACS Permeabilizing Solution (BD Biosciences). The
permeabilized cells were subsequently stained with different combinations
of the following Abs: phycoerythrin-labeled or FITC-labeled anti-IFN-y,
phycoerythrin-labeled anti-IL-2 (BD Biosciences), FITC-labeled anti-
perforin, and PerCP-labeled anti-CD3 (BD Biosciences — Pharmingen).
Surface and intracellular staining were each carried out by incubating at
room temperature for 30 minutes. Stained cells were then washed, fixed
with 1% paraformaldehyde in PBS, and analyzed using a FACSCalibur flow
cytometer, with Cellquest software (BD Biosciences).

Statistical analyses. Subsets’ means were compared using paired Student’s
t tests, in some cases after logarithmic transformation of the data. Cor-
relation testing was based on Spearman’s rank-correlation statistic 7, a
robust, distribution-free measure of correlation (57). Individual test’s
P-value thresholds for declaring statistical significance were set at or below
0.05 to control the total type I error rate collectively across all statistical
tests at 0.05 (S8).
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