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Background. The efficacy of live, attenuated live attenuated influenza vaccine(LAIV) and inactivated influenza vaccine(IIV) is
poorly explained by either single or composite immune responses to vaccination. Protective biomarkers were therefore studied in

response to LAIV or IIV followed by LAIV challenge in children.
Serum and mucosal responses to LAIV or IIV were analyzed using immunologic assays to assess both quantitative and

Methods.

functional responses. Cytokines and chemokines were measured in nasal washes collected before vaccination, on days 2, 4, and 7 after
initial LAIV, and again after LAIV challenge using a 63-multiplex Luminex panel.

Results.

Patterns of immunity induced by LAIV and IIV were significantly different. Serum responses induced by IIV, including

hemagglutination inhibition, did not correlate with detection or quantitation of LAIV on subsequent challenge. Modalities that in-
duced sterilizing immunity seen after LAIV challenge could not be defined by any measurements of mucosal or serum antibodies
induced by the initial LAIV immunization. No single cytokine or chemokine was predictive of protection.

Conclusions.

The mechanism of protective immunity observed after LAIV could not be defined, and traditional measurements

of immunity to IIV did not correlate with protection against an LAIV challenge.
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There are 2 distinct approaches to the prevention of influenzal
illness. Live, attenuated influenza vaccines (LAIVs) are reassor-
tants between internal protein genes from attenuated master
strains and contemporary wild-type hemagglutinin (HA) and
neuraminidase (NA) genes representing circulating influenza
viruses. Live, attenuated influenza vaccines are delivered by
large-particle aerosol spray into the upper respiratory tract
where they replicate and mimic many aspects of the pathogen-
esis of wild-type influenza infection. Inactivated influenza vac-
cines (IIVs) are given intramuscularly and contain purified,
inactivated, and structurally disrupted virus particles enriched
for HA and NA and standardized to HA content.
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The use of LAIV as an experimental challenge to predict pro-
tection against subsequent infection afforded by different ap-
proaches to vaccination has been reported for both polio and
influenza [1-3]. An earlier paper by our group demonstrated
decreased shedding in children immunized with seasonal
LAIV, compared with IIV, following challenge with LAIV
1 month after the initial vaccination [4]. In children challenged
with LAIV after ITV, 10 of 15 shed 1 or more of the influenza
virus strains in the trivalent vaccine with 21 of 45 possible
strains recovered. In contrast, when LAIV recipients were chal-
lenged with LAIV, 1 of 11 shed virus—although that child shed
all 3 strains after both vaccinations.

The current study included quantitative, strain-specific virus
shedding and multiple measurements of mucosal and systemic
immunity at the time of, and after, each vaccine dose. Data from
this study allowed us to examine the following: (1) correlations
between measurements of systemic and mucosal immunity,
(2) patterns of immunity induced by LAIV and IIV, and (3) cor-
relates of protection upon LAIV challenge. With the limitations
of a relatively small sample size and the short duration between
vaccination and challenge, we demonstrated different patterns
of immunity induced by the 2 vaccines. However, none of the
standard measures of either systemic or mucosal immunity pre-
dicted the comparative efficacy of the 2 vaccines in limiting
virus shedding on subsequent LAIV challenge.
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METHODS

Study samples were generated as part of a clinical trial conduct-
ed as a collaboration between the Vaccine Research Unit at the
University of Rochester Medical Center and the Geisel School of
Medicine at Dartmouth with support from the Laboratory of
Infectious Diseases at the National Institute of Allergy and In-
fectious Diseases, National Institutes of Health. Informed assent
or consent was obtained from all participants and their parents
using protocols and consent forms approved by each institu-
tional investigational review board. In brief, the trial used a se-
quence of LAIV or IIV followed by an LAIV challenge 1 month
later in children 2 to 9 years of age (ClinicalTrials.gov identifier
NCT01246999). Detailed results were previously published [4]
and are summarized in Table 1.

We hypothesized that each strain of influenza in the vaccine
(A/California/07/09 [HIN1], A/Perth/16/09 [H3N2], and B/
Brisbane/60/08) would be recovered independently and that im-
mune responses would be strain-specific as has been previously
shown for other simultaneously delivered LAIV A and B strains
[5]. In this study, the numbers shedding virus are consistent
with our assumption that (1) each strain would be recovered
with approximately equal frequency and (2) the likelihood of
shedding multiple strains would be proportional to the frequen-
cy with which the individual strains were shed. The observed
distributions provided justification for aggregating virus recov-
ery data regardless of strain when considering correlates of
immunity.

Immunologic assays were performed as previously described
[4,6]. Serum antibodies to HA and NA, as well as immunoglob-
ulin G (IgG) and IgA class-specific antibodies to whole inacti-
vated virus, neutralizing antibodies, and antibody-dependent
cellular cytotoxicity (ADCC) were each measured on days 0,
28, and 56. Strain-specific mucosal IgA and IgG antibodies in
respiratory secretions were measured by kinetic enzyme-linked
immunosorbent assay (kELISA) and Luminex on days 0, 28,
and 56. Cellular immunity was measured using CD4 and CD8
influenza A virus-specific IFN-y" and TNF-o* cells. As previ-
ously reported (Supplemental data in [4]), influenza-specific
cellular immunity was not detected in any volunteers 1 month
after primary immunization, thus these data did not discrimi-
nate and were not included in the current analyses. Levels of
63 individual cytokines or chemokines were quantified by Lu-
minex in nasal swab samples obtained on days 0, 2, 4, and 7

after initial LAIV and on the same days after challenge with
LAIV 1 month later [7].

Preimmunization samples were used to assess whether the
assays correlated with each other or whether they measured dis-
cordant facets of immunity. The effect of distantly induced im-
munity on virus shedding was derived from evaluating the
correlation of serologic values and virus shedding on day 0
after the first LAIV dose.

A full history of past influenza exposure through natural in-
fection or different vaccine regimens was not available. Howev-
er, none of the subjects had received a prior influenza vaccine
during the calendar year in which they participated in the
study, which was carried out from August to October. Data
on the effect of recent immunity induced by LAIV and IIV
were derived by determining the difference or fold-change in
immune parameter values measured between days 0 and 28
in relation to virus shedding after LAIV challenge.

Spearman correlations were calculated between pairs of im-
munologic responses as well as between immunologic responses
and virus shedding. Results from immunologic assays were ex-
amined in 2 ways: (1) activity on day 0 and (2) change (differ-
ence or fold-change) in response between days 0 and 28. Virus
shedding was evaluated by determining the peak amount of
LAIV shed either after the initial dose of LAIV or after challenge
with LAIV. Correlations presented as matrices represent pairs
within the immunologic assays performed or associations be-
tween immunologic assay results and virus shedding. P values
were adjusted using a Bonferroni correction. This correction ac-
counts for multiple comparisons with the number of compari-
sons equal to the number of correlations presented in a given
matrix.

Principal component analysis (PCA) was performed to ex-
amine the association between multivariate immunologic
assay responses and the type of vaccine (IIV vs LAIV) admin-
istered as dose 1. Principal components were computed based
on the change (difference or fold-change) in immunologic
assay response between days 0 and 28 for each subject and for
each of the 3 virus subtypes. Before analysis, all variables were
scaled to have unit variance. The association between changes
in immunologic response and vaccine type given as dose 1 (ei-
ther LAIV or IIV) was measured by fitting a logistic regression
model with vaccine type as the dependent variable and the first
2 principal component analyses as the independent variables.

Table 1. Virus Recovery by Group From the Parent Pediatric Study [4]

Vaccine Volunteers per Influenza Strains Volunteers Shedding Vaccine Volunteers per Influenza Strains Volunteers Shedding
Dose 1 Group Recovered® Influenza Dose 2 Group Recovered® Influenza

LAIV 13 27 10 LAIV 11 8 1

I\ 18 N/A N/A LAIV 15 21 10

Abbreviations: 11V, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine; N/A; not applicable; PCR, polymerase chain reaction.

@ As reflected in growth of H1, H3, and B influenza virus in culture or identification by PCR on days 2, 4, and/or 7 after challenge.
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RESULTS

Correlations Between Measurements of Inmunity Before Vaccination
The strong correlation of serum HA inhibition (HAI) titer and
microneutralization (MN) titer (r=0.83; P <.001) reinforces
the finding that HAI antibody reflects serum’s ability to neutral-
ize influenza (Figure 1). A pairwise correlation matrix demon-
strates visually the relative strengths of correlations between
individual measurements of serum and mucosal antibodies on
day 0 (Figure 2). Relationships between all pairs of variables
are positive, as indicated by blue, right-leaning ellipses. Corre-
lations for a majority of the assay comparisons are statistically
significant. Nonsignificant comparisons have an X through
the corresponding ellipse. On day 0 the strongest correlations
(deepest blue and narrowest elliptical forms) exist between
(1) serum HAI and serum MN titers (also shown in Figure 1)
and (2) mucosal IgG as measured by Luminex. As previously
shown, serum ADCC did not correlate well with HAT or MN
titer and appears to measure a different facet of immunity [6].
On day 0, upper respiratory tract IgA antibodies collected by
nasal wick and measured by Luminex or KELISA showed weak
correlations with most serum IgG and IgA measurements, as
depicted visually by plumper, paler blue ovals. Immunoglob-
ulin A antibodies in serum and nasal wicks correlated with
each other. When looked at by individual influenza virus
strain, the same patterns are seen for H3, H1, and B strains
although the smaller number of comparisons leads to fewer
associations that remain significant (data not shown).

Immunity Induced by Live, Attenuated Influenza Vaccine and Inactivated
Influenza Vaccine

Induction of immunity by LAIV or IIV was measured as the dif-
ference or fold-change in the immunologic response between
days 0 and 28. After initial LAIV, there was no significant cor-
relation between most of the induced immunologic markers
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Figure 1. Correlation of serum microneutralization (MN) titer and hemagglutina-

tion inhibition (HAV) titer on day O before live, attenuated influenza vaccine or inac-
tivated influenza vaccine. Results represent an aggregate of data from all 3 vaccine
strains. The Spearman correlation is 0.83 with a P value of <.001.

(Figure 3A). Serum antibody responses (HAI, MN titer, and
serum ELISA) showed the greatest correlation with each other
after LAIV administration. Comparison of immunity induced
by IIV again showed that most correlations were not significant
(Figure 3B). The highest correlations were found between HAI,
MN titer, and mucosal IgG responses. There was an inverse cor-
relation between mucosal IgG and mucosal IgA (Figure 3B).

Principal component analysis revealed that immune response
profiles across all 10 immunologic assays were significantly dif-
ferent depending on the vaccine given (P <.001; Figure 4). Ex-
amination of PCA variable weights for the first 2 principal
components, which together explained approximately 50% of
the variance in the data, indicated that the immune responses
driving much of this association were MN titer, NA inhibition
(NAI), and serum IgG as measured by kELISA. Antibody-
dependent cellular cytotoxicity rises were preferentially induced
after IIV, whereas a minimal increase in ADCC occurred after
LAIV. One generalization is that IIV induced stronger serum
antibody responses and LAIV induced better mucosal respons-
es, although this was not uniformly observed.

Correlation of Inmune Parameters With Virus Shedding

Our results did not reveal any measure of immunity resulting
from prior exposure to LAIV that correlated significantly with
suppression of virus shedding, although all immune responses
were in the predicted inverse direction (Figure 5A). As a mea-
sure of the induction of immunity, values generated on day 0
were subtracted from those generated on day 28 for children re-
ceiving an initial dose of either LAIV (Figure 5B) or IIV (Fig-
ure 5C). Again, we found no significant correlations between
the amount of virus shed and increases in immunity generated
by prior LAIV or IIV. The generation of HAI by IIV, a tradition-
al measure of protection against influenza, did not correlate
with virus shedding (a white circle in Figure 5C). Finally, we ex-
amined the decrease in peak virus titer between the first and
second dose of LAIV and found that this did not correlate
with an increase in the immune parameters measured in re-
sponse to prior LAIV (Figure 5D).

Correlation of Mucosal Cytokines and Chemokines With Virus Shedding

Cytokine and chemokine levels were quantified in samples ob-
tained from anterior nares swabs using a 63-multiplex Luminex
panel. Although cytokine and chemokine levels were undoubt-
edly influenced by variation in sample collection, we were able
to detect measureable levels for all but 7 factors in the panel. For
analysis of the resulting data, subjects receiving LATV followed
by LAIV challenge (N = 10) were divided into 3 groups; individ-
uals who did not shed virus with either dose of LAIV (N = 3),
those who shed virus with the first dose but not the second
(N =6), and individuals who shed all 3 strains of virus after
each dose (N =1). Those cytokines and chemokines with a
>4-fold rise from baseline were considered significant and
were examined for each of the 3 groups.
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Figure 2. Heat map representation of correlations between measurements of immune parameters. The intensity of blue and narrowness of shape indicate the strength of the
correlation between measured parameters from 31 participants (93 strain-specific assays) on day 0. The vertical bar indicates the color associated with the strength of a direct
correlation (blue ellipse leaning to the right) or an inverse correlation (red ellipse leaning to the left). An X through the ellipse indicates that the correlation was not significant.
Data represent aggregate immune responses to all 3 influenza virus strains in the vaccine. Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; HAI, hemagglutination
inhibition; lg, immunoglobulin; kELISA, kinetic enzyme-linked immunosorbent assay; MN, microneutralization; NAI, neuraminidase inhibition.

Our results revealed no distinctive patterns of proinflam-
matory or anti-inflammatory cytokine or chemokine respons-
es in those shedding virus after the initial or subsequent dose
of LAIV nor did the level of any individual cytokine or che-
mokine at the time of LAIV administration provide an expla-
nation for protection against subsequent virus shedding
(Supplemental Data, Figure 1). One striking observation
was that the 1 child who consistently shed virus after both
LAIV doses was unique in having no detectable transforming
growth factor-beta (TGFp) at baseline or in response to vac-
cination. This child was 53 months old, compared with the
mean age of other recipients of LAIV (69 months) and IIV
(64 months).

DISCUSSION

This study examined whether correlate(s) of immunity could be
defined with current immunologic assays that might explain the
greater ability of prior LAIV to restrict virus replication in the
upper respiratory tract on LAIV challenge compared with ITV.

In addition, this provided an opportunity to explore more
broadly our understanding of protective immunity to influenza
virus within the context of the 3 arms of the study.

In the first arm, 13 LAIV-dose 1 recipients, whose prior in-
fluenza virus exposure could have included LAIV, IIV, and/or
wild-type infection, were partially protected against influenza
infection. However, vaccine strains were still recovered 72% of
the time; HIN1 (N =9), H3N2 (N =9), and B (N =10). This
level of protection is representative of the effectiveness of dis-
tantly induced immunity to influenza virus, because at least 6
months had passed since possible influenza exposure during
the previous winter.

In the second arm, a dose of LAIV was given 1 month after
initial LAIV. In this group, only 1 of 10 children shed influenza
virus. That single child shed all 3 vaccine strains after both the
first and second dose of LAIV. Inferences from observations in a
single subject are limited, but this child uniquely had no detect-
able mucosal TGFp, which has been shown in animal models to
be a key regulator of influenza virus replication [8-10].
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Figure 3. (A) Heat map representation of fold-changes in immune parameters from days 0 to 28 in samples from 13 participants (39 strain-specific assays) receiving live,
attenuated influenza vaccine on day 0. (B) Heat map representation of fold-changes in immune parameters from days 0 to 28 in samples from 18 participants (54 strain-specific
assays) receiving inactivated influenza vaccine on day 0. The vertical bar indicates the color associated with the strength of a direct correlation (blue ellipse leaning to the right)
or an inverse correlation (red ellipse leaning to the left). An X through the ellipse indicates that the correlation was not significant. Data represent aggregate immune responses
to all 3 influenza virus strains in the vaccine. Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; HAI, hemagglutination inhibition; Ig, immunoglobulin; kELISA,
kinetic enzyme-linked immunosorbent assay; MN, microneutralization; NAI, neuraminidase inhibition.
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enza vaccine (LAIV) and inactivated influenza vaccine (IIV) demonstrating differences in
the immune response to each vaccine. The first 2 principal components together ex-
plained approximately 50% of the variance in the data. The immune responses driving
much of this variation were microneutralization titer, neuraminidase inhibition, and
serum kinetic enzyme-linked immunosorbent assay immunoglobulin G.

In the third arm, an LAIV challenge was given 1 month after
IIV to 15 children. An influenza strain was recovered 56% of the
time from children in this group; HIN1 (N =6), H3N2 (N =5),
and B (N = 10). Thus, IIV provides limited protection to LAIV
challenge when compared with the response generated by initial
LAIV after distant influenza virus exposure (P = .027 by Fisher’s
exact test).

In the latter 2 settings, the LAIV challenge was administered
after a short interval, raising questions as to the possibility of
innate immunity that is not influenza-specific. Such heterotypic
protection against virus shedding has been reported with se-
quential infections with different rhinoviruses [11]. Cytokine
or chemokine levels in nasal secretions collected before and 2,
4, and 7 days after both LAIV doses did not reveal a distinctive
pattern, although it has been shown that selected cytokine levels
are elevated and predict severity of disease with wild-type influ-
enza infection [12].

Early in the development of LAIV, Clements et al [13] chal-
lenged seronegative young adults with wild-type virus 1 to 2
months after receipt of monovalent HIN1 or H3N2. Fifty-
two percent of LAIV vaccinees shed virus on challenge, com-
pared with 66% of ITV vaccinees and 79% of those without prior
immunization. It was reported that serum HAI and NAI induced
by IIV inhibited virus replication and that serum NAI and mu-
cosal IgA antibodies induced by LAIV were protective [14].
Notably, when a challenge was done 7 months postvaccination,

protection against virus shedding was not seen with either
vaccine [13]. However, in a separate pediatric study of chil-
dren who received LAIV 1 year after a prior dose of either
LAIV or IIV, it was found that prior LAIV but not IIV con-
tinued to afford enhanced protection [1].In that study, LAIV
induced more persistent serum HAI, IgG, and IgA antibody
responses than II'V, and nasal IgA antibody was persistent
over the 1-year period [1].

Several additional studies have looked at protection afforded
by LAIV vs IIV over an influenza season and have shown that
protection was higher with LAIV than IIV [15-17]. This led to
the recommendation of LAIV in 2014 as the preferred vaccine
in children ages 2 to 8 without a history of asthma [18, 19].
However, subsequent observational trials have shown very
mixed comparative effectiveness of both vaccines [20], leading
the Centers for Disease Control and Prevention to recently rec-
ommend each vaccine without a preference [21].

The limitations and limited generalizability of this study are
important to emphasize. Live, attenuated influenza vaccine
challenge measures only recent immunity conveyed by the 2
vaccines. This protection against influenza infection should the-
oretically include protection against illness. However, illness,
which is the defining event in virtually all observational studies
of vaccine protection, might be prevented by vaccination ap-
proaches that still allow infection.

In addition, a relatively broad age range (2-9 years) was rep-
resented in this study. However, with the exception of increas-
ing influenza B HAI seropositivity with age, we found no
differences with respect to age in an earlier study of influenza
vaccines in children [4]. That study used 1 dose of vaccine, rath-
er than the recommended 2 doses, in potentially influenza naive
subjects. However, all subjects had evidence of prior influenza
exposures. There were no symptoms associated with the atten-
uated vaccine in the trial associated with this study, despite ev-
idence of robust viral replication [4].

Another consideration is that the behavior of LAIV in adults
is clearly different than in children. Limited vaccine virus recov-
ery is seen in adults even when the infecting strains are those to
which the adult has no prior exposure [21-23]. An immunolog-
ic explanation for this resistance to LAIV in adults is not yet
apparent.

In spite of the relatively large number of assays performed, it
remains possible that the most discriminating assays were not
done, eg, neutralizing antibody in mucosal secretions, which
we have previously shown to be a distinctive marker of protec-
tion afforded by live, oral polio vaccine [3]. In addition, others
have implicated cellular immunity in protection induced by
LAIV [24]; however, this was not detected in the current
study. It is worth noting that the mucosal assays, in particular
Luminex assays, are sensitive detectors of mucosal IgA and IgG
responses, but all mucosal assays suffer from variability in col-
lection and processing.
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(A) Correlation of immune response measured on day 0 to peak amount of live, attenuated influenza vaccine (LAIV) shed (N =13, aggregate of 39 strain

comparisons). (B) Correlation of the fold-change in LAIV immune responses measured between days 0 and 28 to the amount of virus shed on LAIV challenge (N =11 prior
recipients of LAIV, aggregate of 33 strain comparisons). (C) Correlation of the fold-change in inactivated influenza vaccine immune responses measured between days 0
and 28 to the amount of virus shed on LAIV challenge (N =15 prior recipients of IIV, aggregate of 45 strain comparisons). (D) Correlation of the fold-change in immune
response measured between days 0 and 28 to the decrease in peak virus titer between the first and second doses of LAIV (N=11 participants, aggregate of 33 strain
comparisons). The vertical bar indicates the color associated with the strength of a direct correlation (blue ellipse leaning to the right) or an inverse correlation (red ellipse
leaning to the left) correlations. An X through the ellipse indicates that the correlation was not significant. Data represent aggregate immune responses to all 3 influenza
virus strains in the vaccine. Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; HAI, hemagglutination inhibition; kELISA, kinetic enzyme-linked immunosor-

bent assay; MN, microneutralization; NAI, neuraminidase inhibition.

In considering the methods used for data analysis, the
Bonferroni correction for multiple comparisons is recognized
as conservative, and in a few instances we found significance
without it. However, for most comparisons the correlation co-
efficients were weak, and it was unclear whether important cor-
relations would emerge with inclusion of additional subjects.
This underscores the small size of the current study and the sub-
sequent need to focus our primary analyses on aggregate re-
sponses to all 3 viruses in the vaccine recipients.

Finally, there is an assumption that the events surrounding
an attenuated vaccine virus infection mimic wild-type infec-
tion and that immunologic measurements from the upper

respiratory tract and serum reflect lower respiratory tract pro-
tection. Neither may be true. As an example, protection against
upper respiratory tract influenza infection in mice is mediated
by IgA, whereas lower respiratory tract protection is mediated
by IgG [25].

CONCLUSIONS

These limitations do not negate the fact that profound differ-
ences are seen in the immunity induced, and the protection af-
forded, by the 2 different influenza vaccine approaches. We
could not explain the differences in protection by the compre-
hensive collection of currently available immunologic assays
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performed. In particular, HAI is generally accepted as a mea-
sure of vaccine-induced protection against illness, but we
found no correlation of HAI with protection against virus shed-
ding on LAIV challenge. These observations highlight the need
to understand more fully the pathogenesis and correlates of
protection against influenza infection at the mucosal level in
humans.

Supplementary Material

Supplementary material is available online at Open Forum Infectious
Diseases (http://OpenForumInfectiousDiseases.oxfordjournals.org/).
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