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FIG 2 CD4* memory/effector T cells reactive to heterotypic H3N2 virus and to all components of LAIV.
PBMC from day O (prevaccination) and days 7 and 45 postvaccination were thawed and labeled with
CSFE. These CFSE-labeled PBMC were incubated for 1 week with medium alone, a live infectious 2004
H3N2 seasonal influenza virus strain (live H3N2), or LAIV components matching the LAIV used to
vaccinate the LAIV group (FluMist). After the 1-week stimulation cultures were complete, T cells were
harvested and stained with surface markers and then intracellularly for IFN-y. Absolute numbers of
CFSE'ow [FN-y*+ CD4* T cells (calculated by multiplying T cell subset percentages from fluorescence-
activated cell sorting by the total number of viable cells recovered) are shown. These results are similar
to the IFN-y ELISPOT results shown in Fig. 1. Both LAIV and IIV induced similar but transient increases in
CD4+ T cells. *, P < 0.05 for comparison of postvaccination with prevaccination responses by the
Wilcoxon matched-pairs test for differences from baseline within groups. For the IIV group, n = 18 for
all visits, and for the LAIV group, n = 19, 18, and 17 for visits 1, 2, and 3, respectively.

previous priming due to previous influenza virus infections and/or vaccinations. Re-
sponses to LAIV components were significantly increased on day 7 postvaccination in
both the LAIV and IV vaccination groups, and LAIV induced a significant response to
live heterologous H3N2 influenza virus on day 7 postvaccination. Both LAIV and IIV
were able to boost, at least transiently, T cell responses to live H3N2 virus and to LAIV
components in adults.

Flow cytometry-based CD4+ and CD8* T cell proliferative and IFN-y responses.
Flow cytometry-based intracellular cytokine staining assays were used to detect mem-
ory/effector T cells capable of both proliferating and producing the effector cytokine
IFN-y, as well as for identification of the T cell subsets producing antigen-specific
responses. Similar to the results of the IFN-y ELISPOT studies, CD4" T cell responses
increased after vaccination with both LAIV and IlIV. Figure 2 shows that CD4* T cells
reactive to a previously circulating heterotypic H3N2 influenza virus strain, as well as to
the matched LAIV components, were increased in both vaccine groups at day 7
postvaccination. However, CD4* T cell responses induced by the conserved influenza
virus peptide pools and CD8* T cell responses induced by LAIV components, hetero-
typic H3N2 virus, and conserved influenza virus peptide pools were not significantly
increased postvaccination in either group (data not shown). In general, the vaccine-
induced CD4™" T cell responses were short-lived, falling to baseline levels by day 45.

Secretory IgA responses. To compare mucosal immune responses induced by the
2 vaccines in adults, we measured influenza virus strain-specific nasal wash (NW)
secretory IgA by ELISA. The most significant results were seen at day 45 post-LAIV
vaccination. Table 2 presents the medians and ranges of slgA titers for each vaccine
group prevaccination and at day 45 postvaccination. The median titers for influenza
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TABLE 2 Comparison of nasal wash hemagglutinin-specific slgA responses

Median (range) NW anti-HA sigA
endpoint titer

P value?

Vaccine Day 45 (pre- vs day 45
ELISA target antigen group Prevaccination postvaccination postvaccination)
Influenza A/HIN1 virus HA  1IV 18 (1.25-64) 20.75 (1.25-2328) 0.717

LAIV 16.25 (3-41) 28.5 (4-197) 0.05
Influenza A/H3N2 virus HA  1IV 26.5 (5-69) 31.5 (3-476) 0.064

LAIV 32.25 (1.25-88)  57.25 (10-458) 0.004
Influenza B virus HA 1\ 16 (3-50) 16.5 (1.25-77) 0.754

LAIV 9.75 (3-47) 16.75 (5-113) 0.015

aDetermined by the Wilcoxon matched-pair test. Day 0 (prevaccination) outliers (more than 1 standard error
from the mean) were excluded.

virus H1, H3, and B HA-specific antibody responses modestly but significantly increased
in LAIV recipients, with baseline medians ranging from 9.75 to 32.25 and postvaccina-
tion medians ranging from 16.75 to 57.25. In contrast, HA-specific slgA binding titers 45
days after vaccination were similar to prevaccine levels for the IIV vaccination group.
Figure 3 presents pre- to postvaccination mean fold increases in sIgA detected at 7 days
postvaccination by vaccine group, as well as the proportion of subjects in each group
mounting a 4-fold or greater increase above the baseline level. Mean fold increases for
all 3 HA components were 8.4- to 9.5-fold for LAIV recipients, compared to 1.7- to
2.3-fold for IV recipients. In general, LAIV recipients had higher average slgA fold
increases than IV recipients, and they had significantly higher frequencies of 4-fold or
greater slgA responses than IV recipients for 2 of 3 vaccine strains. Higher slgA
responses persisted at day 45 postvaccination in the LAIV group but not the IIV group.

Post-vaccination NW sIgA Fold-Increases at Day 7 by Vaccine Group
Mean; Whisker: Mean+SE
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FIG 3 Fold changes in HA-specific nasal wash slgA endpoint titers at 7 days postvaccination. Nasal wash
specimens were collected prevaccination and at 7 days and 45 days postvaccination. Endpoint titers were
determined for all samples, which were incubated in the wells of ELISA plates coated with HIN1 HA,
H3N2 HA, and B HA (FIuB HA), matching the 3 influenza virus components of LAIV and IIV. Data shown
are average fold changes from baseline at day 7 postvaccination for all 3 HA antigens. Data in
parentheses show the proportions of the groups mounting 4-fold or greater increases from baseline. *,
P < 0.05 by Fisher's exact test for comparison of day 7 postvaccination responses of the LAIV and IIV
groups.
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DISCUSSION

We compared serum antibody, T cell, and secretory IgA immune responses in
healthy adults, aged 18 to 49 years, who received either IV or LAIV seasonal influenza
vaccination. Each of these responses has been measured in previous vaccine trials
comparing IV and LAIV (14, 18-21), but the responses have not all been studied for the
same group of adults. The seasonal vaccines administered contained antigens from
equivalent influenza virus strains but were either inactivated and administered by the
intramuscular route or live, attenuated, and administered by the mucosal route. Only
subjects who received IIV had significant and sustained HAI responses to matched
seasonal influenza A/H1N1, influenza A/H3N2, and influenza B virus antigens, whereas
subjects who received LAIV had modest to no increase in HAI titer to any of the
influenza virus antigens. Both LAIV and IIV induced similar but transient increases
in influenza virus-specific memory/effector T cell responses to both seasonally
matched influenza virus components and a live, previously circulating heterotypic
strain of influenza A/H3N2 virus. Some of these T cell increases persisted for over 6
weeks. Boosted T cell responses included responses to highly conserved influenza
virus class | and class Il peptide epitopes relevant for induction of universal influenza
immunity. Subjects who received LAIV were more likely to respond with 4-fold or
greater increases 1 week following vaccination, and slgA increases induced by LAIV
were more likely to persist than those induced by IIV. The humoral and T cell responses
reported here for adults are in contrast to previous results reported for young children
(17), in whom both IV and LAIV induced similar humoral immune responses but only
vaccine regimens including LAIV induced influenza virus-specific CD4*, CD8*, and
gamma delta T cell responses important for cell-mediated immune protection.

It is interesting that IIV recipients developed serum HAI responses but not slgA re-
sponses, while LAIV recipients developed slgA responses but not serum HAI responses.
Possible explanations for the apparent dissociation of mucosal and systemic antibody
responses are the differences in vaccine formulations and in modes of vaccine delivery.
Purified influenza virus protein antigens administered parenterally induce B and T cells with
systemic homing molecules (e.g., cutaneous lymphatic antigen) important for recognition
of molecular structures lining endothelial cells that are required for transpedesis into
peripheral cutaneous tissues. Whereas the live attenuated whole viruses in LAIV presented
intranasally provide for replication and prolonged antigen stimulation in the upper respi-
ratory tract, increasing inflammation and stimulation in the mucosa, mucosal stimulation
induces B cells that express mucosal homing molecules that are then upregulated, enhanc-
ing trafficking of memory immune T and B cells to the mucosa. For example, the o437
integrin complex is upregulated on the surfaces of lymphocytes activated in Peyer’s
patches. This integrin specifically binds to MadCAM1 on endothelial cells and triggers
transendothelial migration from the vasculature into peripheral mucosal tissues (22, 23).
LAIV induces B cells with mucosal trafficking/respiratory tract-resident cells. Circulating T
cells may be induced differentially by LAIV to facilitate mucosal trafficking of vaccine-
induced B cells activated by vaccination, and increased numbers of mucosa-resident T cells
may directly recruit B cells to the upper respiratory tract via specific chemoattractants (22).
In addition, it would be interesting in future studies to measure CCR5 and CCR7 expression
on T cells induced by LAIV versus IIV, as these chemokine receptors have also been reported
to facilitate lung trafficking of vaccine-induced T cells (24, 25).

The adult responses to LAIV and IIV reported here are in contrast to the responses
previously reported for children. In addition to the striking differences in HAI responses
between the two age groups, the T cell increases detected in this adult study were
much less impressive than the LAIV-induced T cell responses detectable in children of
6 to 36 months of age (17). These differences may be due in part to preexisting
immunity present in most adults due to multiple prior exposures to live circulating
influenza virus strains and to previous influenza vaccinations. In a recent report, Barria
et al. (15) evaluated HAI responses to HIN1 HA with respect to preexisting antibody
titers and noted that the small subset of adults achieving a 4-fold or higher HAI
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response to HIN1 HA following LAIV vaccination had low to negative prevaccination
HAI titers. The relative immunological naiveté of young children allows more prolonged
replication of LAIV in the upper respiratory tract, which may result in greater stimula-
tion of multiple T and B cell subsets. Inclusion of pathogen-associated molecular
patterns (PAMPs) recognized by cells of the innate immune system facilitates robust
immune responses in naive LAIV recipients. Conversely, adults with extensive cross-
reactive influenza immunity substantially reduce the “take” or duration of replication of
LAIV, thus preventing the stimulation of new systemic immune responses. IIV may
induce only new B cell, new CD4* T cell, and booster responses in memory/effector
cells, while LAIV can induce new B cell, new CD4+ T cell, new CD8* T cell, and booster
responses in both B and T memory/effector cells.

Using the ferret model of intranasal influenza virus challenge, Cheng et al. (26)
evaluated protective responses elicited by LAIV or IIV following upper respiratory
challenge of seropositive ferrets. While both vaccines elicited humoral responses in the
ferrets, only LAIV provided protection from respiratory challenge with a live heterolo-
gous influenza virus. Potential mechanisms of sIgA protection may include blocking of
viral host cell attachment at the site of initial mucosal infection, intracellular uptake of
slgA with blocking of viral uncoating, or redirection for uptake of influenza virus
particles by respiratory macrophages or other phagocytes that can mediate intracellular
killing and inhibition of influenza virus replication (27). These protective mechanisms
afforded by LAIV may explain the beneficial effects of LAIV vaccination in adults despite
the absence of serum HAI responses.

Future studies should include the identification of epitopes most important in eliciting
protective sIgA responses, including HA, HA stalk region, and other viral antigens that
might confer cross-protective sIgA responses. In vitro protection assays to directly assess
slgA-mediated inhibition of viral replication in human macrophages would facilitate the
understanding of slgA protective capacity on a larger scale than is possible with the animal
model. Studies are also needed to understand the differences in and clinical importance of
slgA in conferring protective immunity in children and adults, as well as the role of
preexisting immunity in these populations. Intranasal vaccination with an inactivated whole
influenza virus has been shown to induce HAI and neutralizing antibody responses in nasal
secretions (28). Future studies should include evaluation of functional antibodies elicited by
LAIV and IIV in nasal wash specimens from adults and children and investigation for
correlations between slgA and vaccine efficacy in these populations.

Previous studies suggested that LAIV may be more protective than IIV in young
children who have not previously been vaccinated or exposed to influenza virus, due
to enhanced T cell or sIgA responses (17). However, in adults with extensive preexisting
influenza immunity, LAIV boosting of influenza virus-specific slgA responses may be an
important additional mechanism of vaccine-induced immunity. Influenza virus-specific
slgA and T cell responses may be important correlates of protection against heterotypic
and emerging influenza virus strains and should be investigated as targets for next-
generation influenza vaccines.

MATERIALS AND METHODS

Subjects and vaccines. Thirty-seven healthy adults of 18 to 49 years of age, without symptoms of upper
respiratory illness, were recruited to participate in this study. The study was approved by the Saint Louis
University Institutional Review Board. After informed consent was obtained, subjects were randomized 1:1 to
receive a single dose of either trivalent LAIV, known commercially as FluMist (Medlmmune), or trivalent 11V,
known commercially as Fluzone (Sanofi Pasteur). Both vaccines were licensed 2010-2011 trivalent seasonal
products. For LAIV (FluMist), each 0.2-ml (intranasal) dose was formulated to contain 1095 to 107> focus-
forming units (FFU) of live attenuated influenza virus reassortants of three strains: A/California/7/2009 (H1N1),
A/Perth/16/2009 (H3N2), and B/Brisbane/60/2008. For IIV (Fluzone), each 0.5-ml (intramuscular) dose con-
tained 15 g of each seasonal viral type, for a total dose of 45 pg. The strains used were A/California/07/2009,
x-179A (H1N1), A/Victoria/210/2009, x-187 (an A/Perth/16/2009-like virus) (H3N2), and B/Brisbane/60/2008.
Upon enrollment, a single dose of seasonal LAIV or IIV was administered to each study volunteer. Serum,
peripheral blood mononuclear cell (PBMC), and nasal wash (NW) specimens were obtained on day 0
(prevaccination) and on days 7 and 45 to 51 (referred to as day 45 here) postvaccination.

Safety. Since the study involved administration of licensed vaccines indicated for use in the enrolled
population, detailed safety data were not collected. However, study subjects had 3 clinical visits and 2
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follow-up telephone contacts, during which information on health status and any adverse events was
solicited and documented.

Serum HAI tests. Serum hemagglutination inhibition (HAI) tests were performed as previously
described (29). Serum samples obtained prevaccination and at 7 days and 45 days postvaccination were
tested in duplicate against seasonally matched influenza virus HAI test antigens obtained from the CDC.
Test antigens were from beta-propiolactone-inactivated H1N1 (A/California/7/2009), H3N2 (A/Perth/16/
2009), and B (B/Brisbane/60/2008) influenza virus strains.

CMI ELISPOT assays. Cell-mediated immunity (CMI) ELISPOT assays detecting numbers of IFN-y-
producing cells were performed with PBMC obtained prevaccination and at 7 and 45 days postvacci-
nation, using previously described methods (17). PBMC were stimulated in triplicate with medium alone,
a live heterotypic influenza virus (A/H3N2/California/07/2004), influenza A virus peptide pool | (a pool of
35 class | peptides) and influenza A virus peptide pool Il (a pool of 16 class Il peptides) combined, or LAIV
components (2010-2011 FluMist formulation).

Antigen-specific proliferation and production of IFN-y by T cells. Antigen-specific proliferation
and production of IFN-y by T cells were measured using a 7-day carboxyfluorescein succinimidyl ester
(CFSE)-dilution intracellular cytokine staining (ICS) assay as previously described (17). CFSE-stained PBMC
were stimulated with live influenza virus (A/H3N2/California/07/2004), influenza A virus peptide pool | (a
pool of 35 class | peptides), influenza A virus peptide pool Il (a pool of 16 class Il peptides), influenza A
virus peptide pools | and Il combined, or LAIV components (2010-2011 FluMist formulation) or rested in
medium alone for 1 week at 37°C with 5% CO.,,. Interleukin-2 (IL-2) was added to a concentration of 20
U/ml on the 4th day of incubation. Absolute numbers of CD4+ and CD8* T cells that were CFSE'" [FN-y*
were determined by multiplying viable cell counts on day 7 by percentages of each T cell subset.

Secretory IgA antibodies. Secretory IgA antibodies to hemagglutinin (HA) antigens from influenza
A/H1IN1 virus, influenza A/H3N2 virus, and influenza B virus were evaluated by ELISA, using nasal wash
specimens obtained pre- and 7 and 45 days postvaccination. Microtiter plates were coated overnight
with strain-matched, full-length glycosylated recombinant influenza virus HA proteins (obtained from
Sino Biological, Inc., Beijing, People’s Republic of China), i.e., HIN1 HA (A/California/07/2009), H3N2 HA
(A/Perth/16/2009), and B HA (B/Brisbane/60/2008), at 1 ug/ml. Nasal wash specimens which had been
sonicated and concentrated 5-fold were serially diluted in incubation buffer (phosphate-buffered saline
[PBS], 0.1% Tween 20, 1% bovine serum albumin [BSA]), starting at a 1:2.5 dilution, and added to the
washed plates together with controls. After overnight incubation, the plates were washed, and biotin-
conjugated affinity-purified goat anti-human IgA (KPL) was added at 1:4,000. Plates were incubated for
2 h at 37°C, followed by a wash step and the addition of avidin-alkaline phosphatase (KPL) at 1:4,000.
Following incubation, plates were washed and pNPP substrate added, and the absorbance was measured
1 h later by use of a spectrophotometer. After background subtraction, linear regression plots were
generated (log absorbance versus log dilution) and endpoint titers (EPT) determined, using a cutoff of
a 0.2 optical density (OD) unit.

Statistical methods. Group antibody data were expressed as geometric mean titers. Mean baseline
responses plus 2 standard errors were used to define cutoffs for positive responses. Transformed
continuous data were compared by analysis of variance (ANOVA). Nontransformed continuous data were
compared by the Wilcoxon matched-pairs test (pre- to postvaccination comparisons) or the Mann-
Whitney U test (group comparisons at individual time points). Dichotomous responses were compared
with 2-sided Fisher’s exact test. Outliers among the slgA data were defined as prevaccination nasal wash
slgA titers that were greater than the mean of all prevaccination levels plus 1 standard error.
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