JOURNAL OF VIROLOGY, Dec. 2006, p. 11756-11766
0022-538X/06/$08.00+0 doi:10.1128/JV1.01460-06

Vol. 80, No. 23

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Cellular Immune Responses in Children and Adults Receiving
Inactivated or Live Attenuated Influenza Vaccines’

Xiao-Song He,"** Tyson H. Holmes,? Caigiu Zhang,"* Kutubuddin Mahmood,* George W. Kemble,*
David B. Lewis,” Cornelia L. Dekker,” Harry B. Greenberg,"*°f and Ann M. Arvin’f
Departments of Medicine," Health Research and Policy (Biostatistics),” Pediatrics,”> and Microbiology and Immunology,®

Stanford University School of Medicine, Stanford, California 94305; VA Palo Alto Health Care System,
Palo Alto, California 94304%; and Medimmune Vaccines, Mountain View, California 94303*

Received 11 July 2006/Accepted 5 September 2006

The patterns of cellular immune responses induced by live attenuated influenza vaccine (LAIV) versus those
of the trivalent inactivated influenza vaccine (TIV) have not been studied extensively, especially in children.
The goals of this study were to evaluate the effects of TIV and LAIV immunization on cellular immunity to live
influenza A virus in children and adults and to explore factors associated with variations in responses to
influenza vaccines among individuals. A gamma interferon (IFN-y) flow cytometry assay was used to measure
IFN-y-producing (IFN-y*) NK and T cells in peripheral blood mononuclear cell cultures stimulated with a live
influenza A virus strain before and after LAIV or TIV immunization of children and adults. The mean
percentages of influenza A virus-specific IFN-y* CD4 and CD8 T cells increased significantly after LAIV, but
not TIV, immunization in children aged 5 to 9 years. No increases in the mean levels of influenza A virus-
reactive IFN-y™ T cells and NK cells were observed in adults given LAIV or TIV. TIV induced a significant
increase in influenza A virus-reactive T cells in 6-month- to 4-year-old children; LAIV was not evaluated in this
age group. The postvaccination changes (r-fold) in the percentages of influenza A virus-reactive IFN-y™ T and
NK cells in adults were highly variable and correlated inversely with the prevaccination percentages, in
particular with that of the CD56%™ NK cell subset. In conclusion, our findings identify age, type of vaccine, and
prevaccination levels of immune reactivity to influenza A virus as factors significantly associated with the
magnitude of cellular immune responses to influenza vaccines.

Human influenza A and B viruses are major infectious
pathogens of the respiratory tract that affect people of all ages,
with the highest rates of mortality and severe morbidity in the
elderly and very young (30). The annual worldwide influenza
epidemics and the threat of a new pandemic represent major
public-health concerns. The risks of influenza infection and the
associated morbidity and mortality are significantly reduced by
vaccination (3, 28). The two types of influenza vaccines cur-
rently licensed in the United States are the inactivated trivalent
influenza vaccine (TIV), given by intramuscular injection (28),
and the live attenuated influenza vaccine (LAIV), adminis-
tered intranasally (3). TIV consists of the viral surface proteins
hemagglutinin (HA) and neuraminidase (NA), which are par-
tially purified from detergent-extracted, inactivated virions of
the seasonal circulating influenza strains. TIV is approved for
use in adults and children aged 6 months or older. The newly
licensed LAIV is manufactured using cold-adapted influenza
strains as the “genetic backbone” into which HA and NA genes
from circulating strains are inserted by gene reassortment. The
attenuated phenotypes of the LAIV vaccine result from several
changes in the internal genes that reduce the ability of the virus
to replicate in the respiratory tract (24, 27). LAIV is currently
approved for use in children and adults aged 5 to 49 years.
Both TIV and LAIV are licensed as safe and effective vaccines
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in the approved age groups, although the relative levels of
efficacy between the two commercial vaccines have not been
compared directly. Notably, while the two vaccines represent
different formulations and routes of administration, they con-
tain similar or identical HA and NA antigens.

Antibodies to HA and NA have been associated with pro-
tection from disease or viral replication after natural influenza
infection or vaccination in adults and children (4, 5, 11, 19, 20,
26, 40). Cellular immune responses, including innate NK re-
sponses and adaptive T-cell responses, are thought to play a
pivotal role in clearing influenza virus infection; however, these
conjectures are based primarily on studies in animal models (8,
12, 13, 18, 33, 35, 48). Few systematic studies of cellular im-
munity against influenza virus have been done in people, es-
pecially in young children (21, 34). The relationship between
innate and adaptive immune responses to influenza vaccina-
tion has not been investigated extensively in humans. In par-
ticular, the effects of the prevaccination baseline immunity to
influenza A virus on the cellular immune responses to influ-
enza vaccinations are poorly understood.

We developed an IFN-y flow cytometric assay that allows
simultaneous detection of influenza A virus-specific T cells and
influenza A virus-responsive NK cells in peripheral blood
mononuclear cells (PBMCs) (22, 23). By staining cell surface
phenotype markers and intracellular gamma interferon (IFN-
v), this assay measures the percentages of IFN-y-producing
(IFN-y™) cells in T- and NK cell subsets after a 17-h exposure
of PBMC:s to influenza A virus. Production of IFN-y by NK
cells in this assay depends on exposure of influenza A virus-
specific memory T cells to the virus (22). In the current study,
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TABLE 1. Demographic information on the study population
. Sampling time No. of Age”

Age group Vaceine type (day) " females/males (mean yr. = SD)
Adult (2249 yr) LAIV 0, 10, 28 20 12/8 299 5.7
TIV 0, 10, 28 24 12/12 335+ 8.7
Child (5-9 yr) LAIV 0, 10, 28 9 4/5 6.0+ 1.1
0, 10, 42 9 5/4 7.6+ 13
TIV 0, 10, 28 21 4/17 71+14
Child (6 mo—4 yr) TIV 0 24 12/12 25+13
10 after dose 1 7 4/3 33£08
10 after dose 2 10 5/5 23+13

“ There was no significant difference in age between different vaccine and sampling time groups within each age group.

we evaluated the T-cell and NK cell responses to a live influenza
A virus strain in children and adults before and after immuniza-
tion with TIV or LAIV during the 2004-2005 influenza season.
The goals of this study were (i) to use IFN-y production to
examine patterns of T-cell and NK cell immunity to live influenza
A virus in children and adults before vaccination, (ii) to evaluate
the effects of TIV and LAIV immunization on cellular immunity
to live influenza A virus in children and adults, and (iii) to explore
the factors associated with variations in responses to influenza
vaccines among individuals.

MATERIALS AND METHODS

Human subjects and vaccination protocols. Prior to the 2004-2005 influenza
season, 26 children 6 months to 4 years of age, 39 children 5 to 9 years of age, and
44 adults 22 to 49 years of age were enrolled in a multiproject influenza vaccine study
during the period from 23 September to 1 December 2004. Table 1 summarizes the
demographic information of the study subjects in the three age groups, as well as the
vaccination and blood-sampling protocols for each age group. After obtaining in-
formed consent from the subjects or their parents and assent from children 7 years
old and older, the subjects were immunized with either TIV (Fluzone; Aventis-
Pasteur) or LATV (FluMist; MedImmune) following current guidelines for influenza
vaccination. All of the adult subjects were participants in a study in the previous
2003-2004 flu season, in which they were randomized in a 1:1 ratio to receive either
TIV or LAIV. For the current study, these subjects were immunized with one dose
of the same vaccine that they had received in the previous year. Subjects who were
5 to 9 years of age were randomized in a 1:1 ratio to receive either TIV or LAIV. For
those children who had not received influenza vaccine previously, a second dose of
the same vaccine was given at approximately 28 days (for TIV) or 42 days (for LAIV)
after the first dose based on current vaccination guidelines. Children in the youngest
age group (6 months to 4 years) were all influenza vaccine naive and therefore
received two doses of TIV by intramuscular injection approximately 28 days apart.
The 20042005 TIV contained influenza A/New Caledonia (HIN1), A/Wyoming
(H3N2), and B/Jiangsu virus strains. Each dose of TIV contained 45 p.g of HA in the
recommended ratio of 15 pg from each of the three vaccine strains. The 2004-2005
LAIV contained influenza A/New Caledonia (HIN1), A/Wyoming (H3N2), and
B/Jilin virus strains. Each dose of LAIV contained 10°° to 107 median tissue
culture infectious doses of live attenuated influenza virus reassortants of each of the
three vaccine strains.

The subjects were free of major medical illnesses before enrollment, as doc-
umented by a review of their medical histories and a clinical examination at their
first visit. Subjects were excluded if they had an allergy to eggs or a history of
immunodeficiency or were taking immunosuppressive medications. Three blood
samples were collected from the adults and children aged 5 to 9 years. The first
two samples were collected on day 0 just prior to vaccination (baseline) and on
approximately day 10 (9.8 = 1.1; mean * standard deviation) after the first
vaccine dose. For the adults receiving TIV or LAIV and children receiving TIV,
the third blood samples were collected approximately 28 (29.3 = 2.1) days after
the first vaccine dose (immediately prior to the second dose of TIV for the
vaccine-naive children). For the vaccine-naive LAIV recipients aged 5 to 9 years
(n = 9), the third blood sample was collected approximately 42 (44.5 + 6.0) days
after vaccination, immediately prior to administration of the second dose of
LAIV. For the previously vaccinated LAIV recipients aged 5 to 9 years (n = 9),
the third blood sample was collected on approximately day 28 (28.8 + 0.8). Two

blood samples were scheduled to be collected from each of the 6-month- to
4-year-old subjects, who were randomized in a 1:1 ratio to two different sampling
schedules for the second blood sample. The first blood sample was collected from
all of the subjects at baseline, while the second was collected on approximately
day 10 (9.2 = 0.6) after either the first or second dose, depending upon random
assignment. There were 24 blood samples drawn on day 0, 7 samples drawn on
day 10 after the first dose, and 10 samples on day 10 after the second dose
available for this study because of missed appointments or insufficient volumes of
blood samples collected. No children aged 2 years or younger returned for testing
after vaccination.

Preparation of influenza virus. Purified wild-type influenza virus A/Wyoming/
03/2003 (H3N2) was prepared as previously described (23). In brief, virus was
grown in 11-day old embryonated specific-pathogen-free hen’s eggs (Charles
River Laboratories). Allantoic fluid was harvested 48 h after infection and
assayed for virus by measuring the concentration of influenza HA. Virus-con-
taining allantoic fluid was pooled and centrifuged to pellet influenza A virus
particles. The virus pellet was resuspended in phosphate-buffered saline and
further purified by continuous 15% to 60% sucrose gradient centrifugation. The
purified virus was reconstituted in phosphate-buffered saline, stabilized with
sucrose-phosphate-glutamate buffer (BioWhittaker), dispensed into single-use
aliquots, and stored at —70°C. The virus titer was determined with Madin-Darby
canine kidney cells by standard procedures (31).

Cytokine flow cytometry assay. PBMCs were prepared with standard Ficoll
gradient centrifugation from heparinized whole blood and incubated with or
without influenza A virus as previously described (22), with minor modifications.
In brief, 1.5 X 10° to 2.0 X 10° cells were resuspended in 0.1 ml of RPMI 1640
medium without serum. Purified influenza A virus/Wyoming was added to the
cells at a multiplicity of infection of 3 and incubated at 37°C in 5% CO, for 1 h.
The same volume of sucrose-phosphate-glutamate buffer was used as the nega-
tive control. RPMI 1640 medium supplemented with 10% fetal calf serum and
antibiotics was then added to a final volume of 0.7 ml. The cells were incubated
for another 16 h, with brefeldin A (Sigma-Aldrich) added to a final concentration
of 10 pwg/ml for the last 4 h of incubation. Staining and flow cytometric analysis
were done as described previously (22), with modifications. In brief, the cells
were first stained with allophycocyanin-Cy7-labeled anti-CD8 and phycoerythrin-
Cy7-labeled anti-CD56 (BD Pharmingen) and then treated with FACS Lysing
Solution and FACS Permeabilizing Solution (BD Biosciences). The permeabil-
ized cells were subsequently stained with a mixture of the following antibodies:
phycoerythrin-labeled anti-IFN-y, fluorescein isothiocyanate-labeled anti-per-
forin, and PerCP-labeled anti-CD3 (BD Biosciences). The stained cells were
analyzed with an LSR II flow cytometer (BD Biosciences). The percentages of
influenza A virus-specific IFN-y" cells were determined for the following cell
subsets after subtraction of the corresponding percentage in the negative control
or the background: CD4 T cells (gated on the CD3* CD8~ lymphocyte popu-
lation), CD8 T cells (gated on the CD3* CD8* lymphocyte population),
CD56°"eht NK cells (gated on the CD3~ CD56""8ht perforin~ lymphocyte pop-
ulation), and CD56%™ NK cells (gated on the CD3~ CD56%™ perforin™ lym-
phocyte population) (22). The limit of detection for the assay was 0.01%. The
average background level was 0.03% for CD4 and CD8 T cells, 1.21% for
CDS56°" NK cells, and 0.37% for CD57%™ NK cells.

Statistical analysis. Data below the detection threshold (0.01%) were imputed to
0.005%, which is one-half of the detection threshold. In order to compare the change
(n-fold) in percentages of IFN-y™ cells, which is likely a more appropriate measure-
ment for the size of change in immune cell activity than the difference in percentages,
all data were log,, transformed for analysis. Therefore, the reported means are
geometric mean percentages (GMP). Regression models were fitted to the log,,-
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FIG. 1. Percentages of IFN-y* cells in CD4 and CD8 T cells and CD56""" and CD56“™ NK cells at day 0 (d0; baseline), day 10 (d10), and
day 28 (d28) after immunization with TIV or LAIV in children aged 5 to 9 years and adults. The bars denote the GMP of IFN-y ™ cells as estimated
by GEE regression analysis. The criteria for statistical significance were adjusted across all four cell subsets within each vaccine and age group to
control the type I error rate at 5% across these multiple comparisons. *#, result that remained statistically significant after the adjustment; *, result
with a P value of <0.05 in an individual test but that became nonsignificant after the adjustment.

tranformed repeated-measures data using generalized estimating equations (GEE)
(32), with generalized score tests used to test hypotheses (7). Spearman’s coefficient
was computed for correlations and partial correlations (9, 47) to estimate the degree
of monotonic association. Attained significance levels with a P value of <0.05 were
considered to be statistically significant. The type I error rate was controlled at 5%
across multiple comparisons within each set of analyses by using sequential Bonfer-
roni adjustment (25, 42).

RESULTS

Percentages of influenza A virus-reactive IFN-y* T cells
and NK cells in adults and 5- to 9-year-old children before and
after immunization with TIV or LAIV. Adults aged 22 to 49
years and children aged 5 to 9 years received TIV or LAIV



VoL. 80, 2006 HUMAN T- AND NK CELL RESPONSES TO INFLUENZA VACCINES 11759
CD4 Tcell CDE8 Tcell CD4 Tcell CD8 T cell
Day 10 Day 28 Day 10 Day 28 Day 10 Day 28 Day 10 Day 28
; 10 P=0.0226 P=0.0176 P=0.0185 P=0.0028 ; 10 P=0.0363 P=0.0077 P=0.1207 P=0.0147
g L. £
ks e = i g ?
3 T 5
£y Ol f : [ [

LAV - TIV LAV TIv LAV vy LAV v

FIG. 2. Differences in LAIV- versus TIV-induced changes (n-fold) in
IFN-y" CD4 and CD8 T cells in children aged 5 to 9 years. The height of
each bar denotes the estimated change (n-fold; days 0 to 10 or days 0 to
28, as indicated) in the GMP (plus 1 standard error). The estimates and
P values were from GEE regression analysis. FC, change (n-fold).

before the 2004 to 2005 influenza season. Blood samples were
collected at baseline (day 0), on approximately day 10 after
vaccination, and either on day 28 (for children and adults
receiving TIV and 9/18 children requiring only one dose of
LAIV) or on day 42 (for 9/18 children requiring two doses of
LAIV) after vaccination (Table 1) (see Materials and Meth-
ods). The PBMCs were incubated for 17 h with live wild-type
influenza virus A/Wyoming, which was a component H3N2
virus strain in TIV and LAIV, and the percentages of IFN-y™*
cells in the CD4 T-cell, CD8 T-cell, CD56"¢" NK cell, and
CD56%™ NK cell subsets were determined (Fig. 1). Since no
significant differences were detected in the percentages of
IFN-y™ cells in any T- or NK cell subsets between the children
given LAIV and tested on day 28 or day 42 (P > 0.5; Student’s
t test), the results were pooled and identified as day 28 samples
in the data analyses.

The GMP of influenza A virus-reactive IFN-y* CD4 T cells
and CD8 T cells were significantly higher than baseline (day 0)
on both day 10 and day 28 for 5- to 9-year-old LAIV recipients,
even after adjustment for multiple comparisons (Fig. 1). The
estimated GMP of IFN-y* CD56°"¢" NK cells and CD56%™
NK cells were also higher after vaccination, although the dif-
ferences were not statistically significant after adjustment for mul-
tiple comparisons (Fig. 1). In contrast, children in this age group
given TIV had no significant changes in the GMP of any cell
subsets after vaccination, when adjusted for multiple compari-
sons. In adult subjects, statistically significant changes were not
observed in the GMP of influenza A virus-reactive IFN-y* cells
after TIV or LAIV immunization, after adjustment for multiple
comparisons (Fig. 1).

Comparison of changes in the percentages of influenza A
virus-reactive IFN-y™ cells after immunization with TIV ver-
sus LAIV. Cellular immune responses, measured as the change
(n-fold) in the GMP of influenza A virus-reactive IFN-y™ cells
from baseline to day 10 and from baseline to day 28, were
compared between the TIV and LAIV recipients in 5- to
9-year-old children for each lymphocyte subpopulation. The
change (n-fold) in GMP was significantly greater in the LAIV
recipients than the TIV recipients for CD4 and for CD8 T cells
at both time points (Fig. 2). These results suggest that LAIV
induced more vigorous T-cell responses than TIV in children
aged 5 to 9 years. The changes (n-fold) in GMP for CD56" &
and CD569™ NK cell subsets were also higher after LAIV
versus TIV vaccination, but the differences were not statisti-
cally significant (P > 0.19; GEE regression). Significant differ-

child adult child adult child  adult child  adult

5-9yr 5-9yr

FIG. 3. Differences in the change (n-fold) in GMP for IFN-y* CD4
and CD8 T cells after immunization with one dose of LAIV in children
aged 5 to 9 years versus adults. The height of each bar denotes the
estimated change (n-fold; days 0 to 10 or days 0 to 28, as indicated) in
the GMP (plus 1 standard error). The estimates and P values were
from GEE regression analysis. FC, change (n-fold).

5-9yr 5-9yr

ences were not observed in the change (n-fold) in IFN-y™ cells
in any of the lymphocyte subsets between adults given TIV or
LAIV (P > 0.18; GEE regression). Notably, no significant
difference was detected between the baseline (day 0) levels of
IFN-y™ cells in the CD4 T-cell, CD8 T-cell, and CD56%™ NK
cell subsets between adult TIV and LAIV recipients (P > 0.5;
Student’s ¢ test). The baseline level of IFN-y™* cells in the
CD56""e" subset was higher in the LAIV group than in the
TIV group (P = 0.05; Student’s ¢ test), but the difference was
not statistically significant after adjustment for multiple com-
parisons.

Comparison of the vaccine-induced changes in percentages
of influenza A virus-reactive IFN-y™* cells in children versus
adults. When the changes (n-fold) in the GMP of influenza A
virus-reactive IFN-y™ cells in lymphocyte subpopulations were
compared between children 5 to 9 years old and adults given
LAIV, the average change (n-fold) in the GMP for CD4 T cells
was significantly greater in children both on day 10 and on day
28 (Fig. 3). The change (n-fold) in the GMP was also higher for
the CD8 T-cell subset in children versus adults, although the
difference was significant only on day 28. These results suggest
that T-cell responses to LAIV are more vigorous in children than
in adults. The estimated changes (n-fold) in the GMP of IFN-y*
CD56""€" and CD56%™ NK cells were also greater in children,
but these differences were not statistically significant (P > 0.24;
GEE regression). Significant change (n-fold) differences between
children and adults given TIV were not detected in any T- or NK
cell subsets (P > 0.15; GEE regression).

Percentage of influenza A virus-reactive IFN-y* cells in
children 6 months to 4 years old after immunization with TIV.
Children aged 6 months to 4 years who had not previously been
immunized received two doses of TIV at a 28-day interval and
were randomized for testing at baseline (day zero) and 10 days
after either the first or the second TIV dose. At day 10 after the
first dose, the GMP of influenza A virus-reactive IFN-y™ cells
increased from baseline in all four lymphocyte subsets (Fig.
4A). These estimated increases were significant in all individ-
ual tests but were nonsignificant for CD4 T cells and CD564™
NK cells after adjustment for multiple comparisons. Ten days
after the second dose, the GMP of IFN-y* cells were signifi-
cantly higher than baseline for CD4 T cells and both NK cell
subsets, but not for CD8 T cells, after adjustment for multiple
comparisons. In contrast, older children and adults did not
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FIG. 4. NK cell and T-cell responses to TIV in children aged 6 months to 4 years. (A) Percentages of IFN-y™ cells in the NK and T-cell subsets
measured at baseline (d0; n = 24) before the first dose of TIV was given and at day 10 (range, 9 to 11) after dose 1 (n = 7) or dose 2 (n = 10)
of TIV, which was given approximately 28 days after the first dose. The GMP of IFN-y™ cells before and after each dose of TIV were compared
via GEE regression analysis. The criteria for statistical significance were adjusted across all four cell subsets to control the type I error rate at 5%
across these multiple comparisons. **, result that remained statistically significant after the adjustment; *, result with a P value of <0.05 in an
individual test but that became nonsignificant after the adjustment. (B) Comparison of T-cell or NK cell responses at day 10 after dose 1 versus
day 10 after dose 2 of TIV. The estimated changes (n-fold) in the GMP of IFN-y™ cells (plus 1 standard error) were compared via GEE regression
analysis. *, result with a P value of <0.05 in an individual test but that became nonsignificant after adjustment for multiple comparisons. FC, change

(n-fold).

have a significant increase in influenza A virus-reactive [FN-y*
cells in any lymphocyte subset after TIV immunization (Fig. 1).

Among children aged 6 months to 4 years, changes (n-fold)
from baseline were estimated to be greater in children tested
10 days after the first dose than in those tested 10 days after the
second dose in three of the four lymphocyte subsets, including
CDS8 T cells (Fig. 4B). For CD8 T cells, the change (n-fold) was
significantly greater after the first dose, although the difference
was nonsignificant after adjustment for multiple comparisons.
The change (n-fold) for the CD56%™ NK cell subset was esti-
mated to be greater after the second dose, but this difference
was not statistically significant in the individual test. Thus, the
second dose of TIV in children aged 6 months to 4 years may
not boost the percentages of influenza A virus-reactive [FN-y™
T cells and NK cells above the levels after the first dose of TIV.

Effects of age on the change in influenza A virus-reactive
IFN-y* cells after TIV vaccination. To explore further the age
effects on immune responses in TIV recipients in all three age
groups, log-transformed percentages of IFN-y™ cells at base-
line (day zero) and 10 days after the first dose were regressed
on age for each lymphocyte subset. Figure SA is a plot of the
regression results for the CD4 T-cell subset as an example.
Since the regression is on age as a continuous variable, hypoth-
eses were tested at the median age for each age group (ages 3,
7, and 30 years). Baseline levels of the GMP of influenza A
virus-reactive IFN-y™ cells in each of the cell subsets increased
significantly from age 3 to age 7 to age 30 years (Fig. 5B). In
contrast, the estimated change (n-fold) in the GMP in each cell

subset decreased from age 3 to age 7 to age 30 years, and the
differences between the adjacent median ages were significant
before and after adjustment for multiple comparisons in six of
eight comparisons, except those for CD8 T-cell and CD56%™
NK cell subsets between the median ages of 3 and 7 years (Fig.
5C). Four children younger than age 2 had only a baseline
blood sample tested. The trend of reduced change (n-fold)
with increased age remained when these four baseline samples
were excluded, although the differences between adjacent me-
dian ages became nonsignificant (P = 0.05), except for CD4 T
cells (P < 0.04) (data not shown). These results suggest that
while the average baseline levels of influenza A virus-reactive
IFN-y* cells were higher in children of intermediate ages and
even higher in adults compared to the youngest children, the
change (n-fold) in the GMP of IFN-y™ cells after the first dose
of TIV tended to be greatest in the youngest children with the
lowest baseline levels and least in the adults with the highest
baseline levels.

Relationship between the baseline levels of influenza A vi-
rus-reactive IFN-y™ cells and changes after vaccination. Al-
though adults as a group had no significant increases in the
GMP of IFN-y™" cells after vaccination, subsets of individuals
demonstrated distinct patterns of responses. For example, in
the 19 adults given LAIV, the percentages of influenza A
virus-reactive IFN-y* CD4 and CD8 T cells at day 10 in-
creased in 11 (58%) subjects and decreased in 8 (42%) subjects
compared to baseline. Baseline percentages of IFN-y* CD4
and CDS8 T cells were significantly lower in the first subgroup
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became nonsignificant after the adjustment. FC, change (n-fold).

than in the second subgroup (P < 0.05; Student’s ¢ test). In
addition, children had lower baseline levels of IFN-y* cells
than adults and were more likely to have increases in the GMP
of IFN-y" CD4 and CD8 T cells after LAIV immunization
(Fig. 1 and 3). In order to assess the relationships between the
baseline levels of IFN-y™ T cells and NK cells, which reflect
cellular immunity to influenza A virus at the time of vaccina-
tion, and changes (n-fold) in IFN-y" cells after vaccination,
which reflect cellular immune responses to the vaccine, we
computed Spearman’s correlation coefficients (rg) between
baseline percentages of influenza A virus-reactive IFN-y* cells
and the changes (n-fold) in the percentage of IFN-y™ cells of
each cell subset in individual subjects after vaccination by age
and vaccine group (Fig. 6). Significant inverse correlations
were detected between the change (n-fold; day 0 to day 10) in
IFN-y* cells and the baseline levels of IFN-y™ cells in the four
lymphocyte subsets examined in adults given LAIV or TIV.
Figure 6A shows the inverse correlations for the change (n-fold)
in the CD4 T-cell subset as an example. The inverse correla-
tion was, in general, stronger among the LAIV recipients than
the TIV recipients, as indicated by the size of rg and the

number of ¢ coefficients remaining statistically significant after
adjustment for multiple comparisons (Fig. 6B). In both vaccine
groups, the strongest inverse correlation was observed between
the change (n-fold) in IFN-y™ cells for any of the cell subsets
following vaccination and the baseline percentage of TFN-y*
cells in the CD569™ NK cell subset, as indicated by the size
and statistical significance of rg (Fig. 6B).

Significant inverse correlations were also detected between
the change (n-fold) in IFN-y™ cells in 5- to 9-year-old children
given LAIV and their baseline percentages of IFN-y™ cells for
some lymphocyte subsets, although fewer correlations were
statistically significant than for the adult LAIV recipients. In
contrast to adults, in children, no statistically significant corre-
lation was detected with the baseline level of IFN-y™ cells in
the CD56%™ NK cell subset after adjustment for multiple com-
parisons (Fig. 6B). Significant correlation was not detected
between the change (n-fold) in IFN-y™ cells in any cell subset
after TIV immunization and the baseline levels of IFN-y™ cells
in any cell subset in this age group (r¢ < 0.31; P > 0.15), even
without adjustment for multiple comparisons. The results did
not change when children aged 6 months to 4 years with data
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FIG. 6. Associations between baseline percentages of IFN-y* cells and changes (n-fold) in the percentages after influenza vaccination. All
subjects with data available for day 0 (baseline) and day 10 were included. (A) Scatter plots for the change (n-fold) in IFN-y* CD4 T cells versus
baseline percentages of IFN-y™ cells in CD4 and CD8 T-cell subsets and CD56"" and CD56%™ NK cell subsets in adult and child (5- to
9-year-old) groups receiving LAIV or TIV. For reference, the dotted lines indicate a change (n-fold) of 1. (B) Complete list of estimated Spearman
correlation coefficients, rg, for change (n-fold) versus the baseline level of IFN-y* cells in all lymphocyte subsets. The criteria for statistical
significance were adjusted across four cell subsets within each vaccine/age group to control the type I error rate at 5% across the 16 multiple
comparisons. **, result that remained statistically significant after the adjustment; *, result with a P value of <0.05 in an individual test but that
became nonsignificant after the adjustment. The average rg was calculated across the change for four lymphocyte subsets versus the baseline
percentage of each cell type in each age/vaccine group. FC, change (n-fold).
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FIG. 7. Estimated partial correlation coefficients for change (n-fold) versus baseline levels of IFN-y™ cells, with the baseline level of each other
lymphocyte subset held constant. The partial correlation coefficients (47) were calculated using the rg between the change (n-fold) in IFN-y™ cells
and the baseline percentage of IFN-y™ cells (Fig. 6B) and the r¢ between the baseline percentage of IFN-y™ cells in each cell subset. FC, change
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available for calculating day O to day 10 changes (n-fold; n = 6)
were included in the analysis (average r¢ = —0.17 and P > 0.08
in all 16 individual tests) (data not shown).

To explore further which lymphocyte subset at the time of
vaccination had the most proximal association with the change
(n-fold) in influenza A virus-reactive IFN-y™ cells on day 10
after vaccination, partial correlation coefficients between the
day 0 to day 10 change (n-fold) and the baseline percentage of
IFN-y* cells were computed. This analysis held constant the
baseline level of IFN-y* cells in each of the T- and NK cell
subsets one at a time (47). Figure 7 summarizes these results
for the groups of adults given LAIV or TIV and children given
LAIV, in which inverse correlations were observed (Fig. 6). In
the adults, when the baseline percentages in the CD4 T-, CDS8
T-, or CD568" NK cell subsets were held constant, the
strong inverse correlation remained between the baseline per-
centages of IFN-y" CD56“™ NK cells and the day 0 to day 10
change (n-fold). In contrast, the inverse correlation declined
toward zero when the baseline percentage of IFN-y* cells in
the CD56“™ NK cell subset was held constant. The same
pattern was observed in both adult LAIV and adult TIV
groups but was more pronounced in the LAIV group, as indi-
cated by the larger sizes of partial correlation coefficients for
baseline CD56%™ NK cells in this group. These results suggest
that the baseline level of IFN-y™ cells in the CD56%™ NK cells
has the most direct association with T- and NK cell responses
after vaccination of adults. In contrast to the adults, when the

baseline level of IFN-y* CD56%™ NK cells was held constant
in children given LAIV, substantial inverse correlations per-
sisted between the change (n-fold) and baseline levels of in-
fluenza A virus-reactive IFN-y* cells (Fig. 7). The different
patterns of negative correlation between baseline and postvac-
cination responses in children versus adults and in LAIV re-
cipients versus TIV recipients further suggests that both age
and type of vaccine influence cellular immune responses to
influenza vaccines.

DISCUSSION

In this study, cellular immune responses to a live influenza A
virus strain were evaluated in children aged 6 months to 9 years
and adults aged 22 to 48 years before and after immunization
with TIV or LAIV. After one dose of LAIV, the average
percentage of influenza A virus-reactive IFN-y™ cells in T-cell
and NK cell subsets, detected after stimulation with live influ-
enza A virus/Wyoming (H3N2), increased significantly in chil-
dren aged 5 to 9 years but not in adults. In children aged 5 to
9 years, LAIV was more likely to induce an increase in the
percentage of influenza A virus-specific IFN-y* CD4 and CD8
T cells than TIV. Age also significantly influenced immune
responses to LATV and TIV. The change (n-fold) in IFN-y* T
cells induced by LAIV was smaller among the adults than
among 5- to 9-year-old children. Significant inverse correla-
tions between the postvaccination change (n-fold) in influenza
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A virus-reactive IFN-vy cells in various lymphocyte subsets and
their prevaccination levels were observed in all age and vaccine
groups, except for children given TIV. The strongest correla-
tion was observed in adults given LAIV. Among adults, the
baseline levels of IFN-y* cells in the CD569™ NK cell subset
were associated most directly with change (n-fold) in IFN-y™
cells after either LAIV or TIV vaccination. Although differ-
ences in the pattern of the inverse correlation were observed,
the vaccine-induced change (n-fold) in influenza A virus-reac-
tive IFN-y™ cells in all four lymphocyte subsets, including CD4
and CD8 T cells and CD56°"¢" and CD56™ NK cells, corre-
lated positively with each other in all age and vaccine groups
(data not shown). Notably, the cellular immune responses to
TIV and LAIV showed no correlation with the day 0 to day 10
change (n-fold) in neutralizing antibody titers against influenza
A virus/Wyoming (unpublished data).

In a limited number of influenza vaccine-naive children
younger than age 5, the average percentage of influenza A
virus-reactive IFN-y™ cells increased significantly in the CD8
T-cell and CD56""&" NK cell subsets after one dose of TIV,
while significant changes were not observed in any T- or NK
cell subsets in older children or adults after TIV vaccination.
The reason for the different responses in different age groups
remains unclear but may be related to the lack of preexisting
influenza virus immunity in the youngest age group. Interest-
ingly, the percentages of IFN-y™" cells detected in the subjects
tested at day 10 after a second dose of TIV given 28 days after
the first dose were not greater than the levels observed in the
subjects tested at day 10 after the first dose. Possible explana-
tions for this unexpected result include a difference in the
kinetics of the secondary responses or in the functional status
of immune cells that are reexposed to the HA and NA antigens
after a recent primary exposure. These issues should be ad-
dressed in future studies with larger sample sizes in order to
optimize the use of TIV in this youngest age group. However,
it is interesting that a similar lack of boosting effect was ob-
served in the same subjects in their antibody-secreting-cell
responses to the second dose of TIV (unpublished data).

Presentation of exogenous protein antigen to CDS8 T cells,
such as the influenza virus proteins in the TIV formulation,
requires cross-presentation of the antigen through the major
histocompatibility complex class I pathway (44). Dendritic cells
(DCs) are the major antigen-presenting cells that have the
capability to cross-present exogenous protein antigens to CD8
T cells (1, 43, 46). The detection of influenza A virus-specific
CD8 T cells following immunization with TIV in children
younger than 5 years old suggests that the cross-presentation
pathway is functional in this age group. It is unclear why TIV
failed to induce a significant T- or NK cell response in older
children, although one might speculate that the preexisting
influenza virus immunity diminished the ability of DCs to
present viral antigen efficiently. Interestingly, LAIV appears to
be more likely to induce influenza A virus-specific IFN-y*
T-cell responses than does TIV, as demonstrated in the 5- to
9-year-old vaccinees. This seems likely to be due to the provi-
sion of additional antigens in the form of endogenously syn-
thesized viral proteins in LAIV-immunized subjects. It is also
possible that the replication of LAIV in the respiratory tract
provides a more favorable environment for DCs and other
antigen-presenting cells to present viral antigens to T cells.
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These findings may have implications for the relative protec-
tive effects of LAIV and TIV in children. It will be important
to directly compare responses to TIV and LAIV in children
younger than 5 years old to determine whether these two
vaccines also differ in the capacity to induce T-cell responses in
the youngest age group and to examine the efficiency of cross-
priming versus conventional endogenous priming for the stim-
ulation of primary major histocompatibility complex class I-re-
stricted responses in influenza-naive children. It will also be of
interest to investigate the shedding of replicating vaccine virus
in LAIV recipients and to investigate if vaccine replication is
associated with T-cell responses in recipients.

The innate immune response, which is rapid but not consid-
ered antigen specific, provides a first line of defense against
viral infection and influences the subsequent adaptive T-cell
responses (36, 37, 49). It was reported that in human volun-
teers experimentally challenged with wild-type influenza virus,
infection caused a significant increase in NK cell activity (13).
Despite the importance of innate immunity in host defense
against viral infection, most previous immunological studies of
influenza vaccines have focused on adaptive immunity, i.e.,
B-cell and T-cell responses, and rarely on innate immunity. In
limited studies of the NK cell response to inactivated influenza
vaccine, an enhanced NK cell cytotoxicity has been related to
vaccination in some studies (38, 45), but not others (29).

IFN-v is known for its direct antiviral activity, as well as its
immune-regulatory activity (14). Rapid production of IFN-y
and other inflammatory cytokines by NK cells, including the
CD56""e" and CD56%™ NK cell subsets, is an important com-
ponent of the innate immune response (6). In the current
study, we demonstrated that the IFN-y response of NK cells to
influenza A virus antigens can be enhanced by vaccination,
especially with LAIV, in the majority of children, as well as in
some adults. Based on our previous finding that the IFN-y
response of NK cells to influenza A virus is dependent on the
preexisting memory T cells specific for influenza A virus (22),
we propose that the enhanced NK cell reactivity to influenza A
virus is secondary to the enhanced T-cell response after vacci-
nation. In agreement with this hypothesis, we found that the
change (n-fold) in the percentage of IFN-y* NK cells corre-
lated positively with the change (n-fold) in IFN-y™* T cells in
both adults and children receiving either LAIV or TIV (data
not shown).

Although the adults as a group did not respond to TIV or
LAIV as assessed by a change in the average levels of influenza
A virus-reactive IFN-y* cells, the responses were highly vari-
able among individual subjects, who showed either increases or
decreases in the percentage of IFN-y* T cells and NK cells
after immunization. Significant positive and negative correla-
tions were observed between measured parameters, indicating
that such person-to-person variation reflects the intrinsic in-
teraction between the vaccine and the host immune system
rather than the measurement error of the assay. One of the
most intriguing findings of this study was that in adults, who are
likely to differ in their previous exposures to influenza A virus,
CD4 and CD8 T-cell responses to vaccination best correlated
inversely with the levels of CD56"™ NK cell reactivity at the
time of vaccination. To our knowledge, this is the first report of
the relationship between the baseline levels of an innate im-
mune response against a virus and the cellular immune re-
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sponses after vaccination. The findings in this study, together
with our previous findings on interactions between influenza A
virus-reactive T cells and NK cells, suggest a new model of
relationships between innate immunity and adaptive immunity,
as well as between preexisting memory T cells and antigen
recall responses, in the contexts of viral infection and vaccina-
tion.

Previously, we showed that IFN-vy production by NK cells in
response to influenza A virus depends on preexisting influenza
A virus-specific memory T cells and that interleukin-2 pro-
duced by the activated influenza A virus-specific memory T
cells determines the IFN-vy response of NK cells to influenza A
virus (22). Based on these observations and the inverse corre-
lation between cellular responses to influenza vaccines and the
baseline percentage of IFN-y* CD56%™ NK cells, we specu-
late that the interaction between NK cells and DCs is critical in
determining the immunologic outcome of exposure to influ-
enza vaccination or infection.

DCs play a central role in both innate and adaptive immu-
nity. Influenza A virus-infected DCs are the major producers
of type I IFN and interleukin-12, which activate NK cells to
produce cytokines and mediate cytotoxic activity (6, 10, 15).
On the other hand, DCs process viral antigens and present
them to specific T cells, resulting in activation and amplifica-
tion of virus-specific T cells, which constitute the primary or
secondary T-cell response to viral infection or vaccination.
Depending on their maturity and functional status, DCs can
also render T cells anergic to cognate antigens (2). Studies
using in vitro-cultured NK cells and DCs have shown that NK
cell-DC interaction may result in their reciprocal activation, as
well as inhibition of DCs by NK cells, in different circum-
stances (16, 17, 37, 41, 49). At low NK cell/DC ratios, DC
responses were amplified dramatically, while at high NK
cell/DC ratios, DC responses were inhibited completely. The
inhibition of DC functions by NK cells was mediated by the
potent DC-killing activity of the autologous NK cells (41),
which is most likely mediated by the CD56%™ NK cell subset,
which expressed high levels of perforin (39). Therefore, de-
pending on the magnitude of CD56™ NK cell activity during
the early stage of infection in vivo, the NK cell response could
either enhance or suppress subsequent adaptive T-cell re-
sponses by activating or inhibiting DC responses.

Based on our observations, the levels of influenza A virus-
specific memory T cells are low in some adults, consistent with
less previous exposure to influenza A virus infection or vacci-
nation and resulting in low levels of baseline NK cell reactivity
to influenza A virus. During influenza A virus infection or
LAIV vaccination, the lower levels of baseline T-cell and NK
cell reactivity are likely to result in higher levels of viral rep-
lication, as well as higher levels of DC activity, which are likely
to be associated with a more vigorous influenza A virus-specific
T-cell response. In contrast, higher baseline levels of influenza
A virus-specific T-cell and NK cell reactivities should limit
virus replication upon reexposure to natural infection or vac-
cination and inhibit DC functions. The outcome would be to
limit the further activation of influenza A virus-specific T cells.

The variable patterns in the immune responses that we ob-
served in influenza vaccinees also raise important questions
regarding the roles of innate and adaptive cellular immunity
during natural infection with pathogenic influenza viruses. The
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current population may have limited cross-reactive neutraliz-
ing antibody activity but significant T-cell cross-reactivity
against newly emerged epidemic or pandemic influenza strains,
as neutralizing antibodies primarily target the highly variable
HA and NA proteins while T-cell immunity may target more
conserved structural and nonstructural proteins of the virus.
Do modulation of DC functions and subsequent T-cell re-
sponses by high levels of NK reactivity, which is due to high
levels of preexisting memory T cells, accelerate or delay the
recovery of infected individuals? Since innate immune re-
sponses to infecting virus may occur well before the onset of
clinical symptoms, it is difficult to study the interaction between
DC, NK cell, and T-cell immunities at the earliest stages of
natural infection, as opposed to vaccination. Our study sug-
gests that LAIV immunization may serve as a valuable model
to address these types of critical questions concerning host
responses to influenza virus and other viral infections, since
early events can be studied directly in relation to the time of
exposure.
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