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INTRODUCTION

A large multinational clinical trial compared the safety and efficacy of intranasal trivalent
live attenuated influenza vaccine (LAIV) with intramuscular trivalent inactivated vaccine
(TIV) in children 6 to 59 months of age prior to the 2004-05 influenza season?. In the
Nashville and Boston cohorts, 99 children completed the trial, six (1 with TIV, 5 with
LAIV) developed medically attended wheezing within 42 days following vaccination, and
eight (5 with TIV, 3 with LAIV) developed laboratory-confirmed influenza. The
epidemiologic and genetic factors involved with adverse events (AEs) after vaccination and
lack of vaccine efficacy are poorly understood.

Earlier studies have demonstrated that epidemiologic factors influenced the occurrence of
AEs after vaccination. In one large survey evaluating injection site reactions after multiple
different vaccines, significantly higher rates of pain and local reactions were seen in females
when compared to males2. The pathophysiology of these differential responses was
hypothesized to be multifactorial with hypersensitivity reactions, route of administration,
and hormonal factors being postulated to be involved2. Another study compared the size of
Bacillus Calmette-Guérin (BCG) vaccine scar between two groups of young children, one
with atopy and one without, and found that children in the atopic group had significantly
smaller scars than the control group3.

Recent publications have evaluated the role of genetic factors in adverse events after
vaccination. We and others have shown that the systemic and local reactions after vaccinia
are linked to specific genetic polymorphisms? °. Genetic factors are also associated with
variable responses to vaccines. Twin and family studies have shown that responses to
Haemophilus influenza type b (Hib) conjugate vaccine® as well as live attenuated measles,
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mumps, and rubella (MMR)? and varicella vaccinations have a genetic component.
Furthermore, genetic studies of the HLA region suggest associations with variable response
to the measles® and rubella vaccination®13, and candidate gene studies for the cytokines,
toll-like receptors, and innate immunity response genes suggest associations with variable
response to rubella vaccination14-16,

Specifically for influenza, to our knowledge, no studies have been published on the genetics
or genomics of adverse reactions following the seasonal influenza vaccination. But, there is
evidence that the variability in acute phase response to influenza vaccination may be in part
mediated by genetic variants in HLA class Il, which appear to modulate antibody responses
to influenza vaccination”-18, Moreover, influenza vaccination results in a mild acute phase
response in men with or without severe carotid artery disease, supporting the proposed role
of genetic variants in the candidate gene NFKB/A in acute phase response to influenza
vaccination®20, Finally, at least one study suggests that altered responses to inactivated
influenza vaccine may be associated with host variants in MBL and /L1021,

Given the plausibility that both epidemiologic and genetic factors influence vaccine AEs and
immunogenicity, we sought to identify the factors associated with wheezing and the
occurrence of natural influenza among children who received intranasal trivalent live
attenuated influenza vaccine (LAIV) or intramuscular trivalent inactivated vaccine (TIV) in
the large multinational influenza trial from the Nashville and Boston cohorts.

MATERIALS AND METHODS
Study Design

Parents of children who participated in a multinational influenza vaccine efficacy trial from
October 20, 2004 to August 31, 2005 at the Nashville, TN and Boston, MA sites were
contacted to inquire about participation in this study. The study was approved by the
Institutional Review Boards of the Centers for Disease Control and Prevention, Vanderbilt
University Medical Center, and Boston University Medical Center. After consent, parents
participated in a telephone interview that included demographic information and an atopy
survey. The children also either came to the clinic to provide blood samples for DNA
analysis or provided saliva samples that were mailed back to the study sites.

Clinical Assessments

Enrolled children were assessed for two different clinical outcomes: medically attended
wheezing < 42 days after vaccination and acquisition of laboratory confirmed influenza after
vaccination. A medical chart review was performed to abstract demographic and exposure
data such as age, sex, self-reported race, and season born.

Atopy Survey

A modified International Study of Asthma and Allergies in Childhood (ISAAC)22 was
administered to parents by telephone to gather information on other exposures including
premature birth (<36 weeks); ever breastfed; lived in home with pets; lived in home with
smokers; patient or sibling attending daycare; and personal or family history of asthma,
wheezing, or atopy, including allergies, asthma, or eczema.

DNA Collection, Extraction, and Genotyping

Either whole blood or Oragene saliva samples were collected and DNA was extracted by the
Vanderbilt University DNA Resources Core. Forty-seven samples were initially genotyped
on the Illumina Infinium 610-Quad, followed by an additional 40 samples (including 8
duplicates) on the 660-Quad. All genotyping was performed by the Broad Institute Center
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for Genotyping and Analysis. Nine samples were omitted from further analysis due to low
DNA concentrations or low genotyping call rates (<95%). The majority of failed samples
(7/9) came from Boston and most likely reflect the fact that all Boston DNA samples were
extracted from saliva whereas Vanderbilt DNA samples were extracted from blood or saliva.
In total, 70 non-duplicate samples were successfully genotyped (43 on the 610-Quad, 27 on
the 660-Quad).

Statistical Analysis

RESULTS

Tests of association between case status and survey data were performed in STATA 10.1
using Fisher’s exact. For tests of associations with family history data, two adopted
participants were excluded from the analysis.

Prior to analysis of the GWAS data, SNPs were filtered for minor allele frequency
(MAF<1%) and genotyping efficiency (<99%). Tests of Hardy Weinberg Equilibrium were
performed, and SNPs that deviated from expectations were flagged. Of the 598,704 SNPs
genotyped across both the 610- and 660-Quad, a total 468,458 markers were analyzed.

Quality control measures and pair-wise linkage disequilibrium calculations were
implemented in PLINK?23, Standard allelic tests of association were performed using
Fisher’s exact in PLINK. Five samples were excluded due to relatedness, and four non-
European American samples (based on parent’s self-described race/ethnicity) were excluded
to reduce the potential effects of population stratification. In sum, 61 samples were analyzed
for genetic association. Assuming an additive genetic model in Quanto?*, we had >80%
power to detect large effect sizes (odds ratios >6.0) with common minor allele frequencies
(>5%) at a significance level of 0.05. At more stringent significance levels (p<5.0x1075), we
were only powered to detect extremely large odds ratios (>100).

Study Population

In the original influenza trial, 80 children in Nashville, and 19 children in Boston completed
the study. Of the original 80 Nashville participants, 64 (80%) agreed to participate in the
current study, 62 completed the atopy survey and 58 were successfully genotyped. Of the
original 19 Boston participants, all 19 participants completed the survey and 12 were
successfully genotyped. As mentioned above in Materials and Methods, the greater
proportion of successfully genotyped samples among the Vanderbilt cohort compared with
the Boston cohort (91% versus 63%) may be due to the fact that DNA was extracted from
either blood or saliva whereas all the Boston DNAs were extracted from saliva only.

Of the 81 total participants who completed the survey, there were six cases with medically
attended wheezing (1 with TIV, 5 with LAIV) and 75 controls without wheezing; and eight
cases who developed laboratory-confirmed influenza (5 TIV, 3 LAIV) and 73 controls who
did not (Figure 1). Four non-white subjects were removed from analyses because their
inclusion could introduce population stratification (confounding by genetic ancestry). That
is, having cases and controls of different genetic ancestry can lead to false associations. Of
the samples successfully genotyped, after further quality control (see Methods), there were
six cases (2 TIV, 4 LAIV) and 55 controls for medically diagnosed wheezing, and six cases
(3 TIV, 3 LAIV) and 55 controls for vaccine efficacy (Figure 1).
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Epidemiologic associations with medically diagnosed wheezing < 42 days after
vaccination

To identify epidemiologic factors associated with medically diagnosed wheezing, variables
collected as part of the administered atopy questionnaire were tested for differences between
the six cases with wheezing and the 75 controls without wheezing. Cases with medically
diagnosed wheezing were significantly more likely to have a 15 degree relative with a
history of asthma or wheezing when compared with controls (100% vs 27%, p=0.001). Both
season born and daycare attendance trended toward significance (p=0.058 and p=0.11,
respectively; Table 1).

Genetic associations with medically diagnosed wheezing < 42 days after vaccination

None of the common genetic variants tested for an association with medically diagnosed
wheezing <42 days post-vaccination achieved genome-wide significance (p<5.0x1078;
Table 2). Only one association was identified at p<4.0x1075, and ten associations were
identified at p<9.0x107°. Seven of the associations at p<9.0x10~° were within or near genes,
including myosin, heavy chain 14 (MYH14), chromosome 8 open reading frame 34 (C8orf
34), fibroblast growth factor 1 (FGF1I), transcription factor 7-like 2 (T-cell specific, HMG-
box) (TCF7L2), glutamate receptor interacting protein 2 (GR/P2), and xylosyltransferase |
(XYLTI). Of the associations within or near genes, two involved synonymous SNPs
(rs3745504 in MYHI14and rs4613440 in GRIP2) while the remaining involved intronic
SNPs.

Epidemiologic associations with naturally acquired influenza infection

To identify epidemiologic factors associated with naturally acquired influenza among
vaccinated children, we tested for differences between cases and controls for 18 variables
including demographic factors, family history, and environmental exposures collected in the
atopy survey. Mean age, sex, and race were not significantly different between cases of
naturally acquired influenza and uninfected controls. Although cases were more likely to
have a personal history of atopy (50%) and maternal history of atopy (75%) compared with
controls (27.4% and 60.6%, respectively), none of the epidemiologic exposures tested were
statistically significant at p<0.05 (Table 3).

Genetic associations with naturally acquired influenza infection

Among the 468,458 common SNPs tested for an association with the six cases that acquired
natural influenza subsequent to vaccination and 55 controls who were not infected, none
were associated at genome-wide significance (p<5.0x1078). Two SNPs on chromosome 7
were associated at p<4x1076 and a third in linkage disequilibrium (r?=0.81) was associated
at p<3x107° (Table 4). A total of 16 associations were identified at p<9.5x107°, and several
genetic variants were located within or near genes. These candidate genes include amiloride-
sensitive cation channel 1, neuronal (ACCNI), N-acetyltransferase 5 (GCN5-related,
putative) (MAT5), chromosome 20 open reading frame 26 (C200rf26), PR domain
containing 2, with ZNF domain (PRDM2), KIAA0232, and myosin light chain kinase
(MYLK). Only one associated SNP was located in the coding region of a candidate gene
(synonymous rs7263 in NAT5) while the remaining SNPs near or within genes were 5
flanking (rs16981483) or intronic.

DISCUSSION

The epidemiologic and genetic factors involved in adverse events (AEs) after vaccination,
such as wheezing, are poorly understood. Similarly, epidemiologic and genetic factors
involved with vaccine effectiveness are a growing area of interest. In our pilot study of 99
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children from Nashville and Boston combined who had received one of two influenza
vaccines, we sought to determine any specific genetic or epidemiologic risk factors that
might have predisposed a child to develop wheezing after vaccination or acquired culture-
confirmed natural influenza infection after vaccination. When investigating risk factors for
medically attended wheezing < 42 days after vaccination, epidemiologic factors of
significance included family history of asthma/wheezing. This finding is biologically
plausible, since it is known that parental asthma is a risk factor for persistent wheezing in
young children?>-27_ This finding is also potentially clinically important, since questioning
parents about their asthma or asthma in the child’s siblings would be easy to do and could
predict adverse events after vaccination. A larger study is needed to verify these results. In
regards to the acquisition of natural influenza infection, we did not identify any findings in
the atopy survey that were significantly associated with laboratory-confirmed influenza.

In our pilot study, there were several common genetic variants associated with the
development of wheezing after vaccination and with acquisition of natural influenza at
significance thresholds of p<10~ and 1076. The “top hits” for wheezing post-vaccination
included several genes and genomic regions, none of which have been implicated in earlier
GWAS for asthma?8-34, asthma-related traits3®36, or atopy3’. Likewise, the genes
implicated in the cases who developed influenza after vaccination did not overlap with
human leukocyte antigen genes’:18 previously reported in candidate gene studies.

Of the genes implicated here in wheezing and influenza acquisition, it is interesting to note
that two are myosin-related genes: MYLK (associated here with acquisition of natural
influenza) and MYH14 (associated here with wheezing post-vaccination). MYLK is a
nonmuscle myosin light chain kinase isoform involved in inflammatory response and
MYLK genetic variants have been implicated in susceptibility to sepsis-induced acute lung
injury and asthma38-40, Also, FGF1 (associated here with wheezing post-vaccination) is a
fibroblast growth factor implicated in the development of the lung*l. FGF1 genetic variants
have previously been associated with cord blood IgE levels*2 and responsiveness to therapy
for chronic hepatitis®3.

It is possible that our GWAS findings represent novel associations as no GWAS has been
performed for either wheezing post-vaccination or for acquisition of natural influenza post-
vaccination. It is also possible that our findings represent false-positives. Indeed, none of the
identified associations reached the widely accepted genome-wide significance threshold of
p<5.0x1078 44 A major limitation of our pilot GWAS was sample size. Larger studies are
required to identify genetic variants associated at genome-wide significance with small to
moderate effect sizes. Larger studies are also needed to determine the effects of vaccine
type, natural influenza type, and other variables not examined here because of limited
sample size. These limitations will continue to persist for genome-wide studies of vaccine
AEs and efficacy because these events are, by design, rare. Thus, properly powered studies
will most likely require large, collaborative studies such as the initial clinical trial involving
a total of 249 sites?. To our knowledge, most vaccine trials do not prospectively collect
DNA samples, a protocol that would greatly accelerate the pace of research in vaccine
genomics.

While the novelty of our study, the use of epidemiologic and genetic data, and the
application to patient populations in two geographic regions are strengths, there are also
several limitations to address. First, as previously mentioned, the sample size is small, and
we are inadequately powered for the GWAS unless there is a large, single genetic effect.
The existence of a large, single genetic effect, however, is somewhat unlikely given that
atopy is multifactorial. Second, the potential effects of case definition of wheezing should be
considered. Our case definition of wheezing was limited to < 42 days after vaccination, and
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a cutoff of 42 days is not biologically relevant if vaccine effects occur at 43 days or later.
We did evaluate medically versus non-medically diagnosed wheezing within this time
frame, and this expanded case definition did not alter our observations or conclusions
appreciably (data not shown).

In the original parent study, a post hoc analysis for the study period through 180 days after
the last dose of vaccine found that children 6-11 months of age were hospitalized for any
cause at a higher rate in the LAIV group than in the TIV group (6.1% vs 2.6%, difference in
rate 3.5% (95% CI 1.4, 5.8)). Rate of hospitalization for respiratory diagnosis in the LAIV
group was also higher (3.2% vs 1.2%, 2.0% difference (95% ClI 0.5, 3.8)). Although not
statistically significant, there was a trend toward higher rate of hospitalization for any cause
among children receiving LAIV who were 6-47 months of age and had a history of
wheezing than among those receiving TIV also in the same age group with a history of
wheezing!. These findings of possible adverse events as far as 6 months out from
vaccination suggest that, should GWAS and an atopy survey be administered to a larger
population, an extended duration of follow-up for adverse events might be warranted.

A third limitation is that the retrospective nature of the survey and DNA collection
introduces some potential for biases such as recall bias and the bias of patients with a more
positive or negative memory of their vaccine experience being more or less likely to agree to
provide DNA. Despite these potential biases, we note that this study had a high participation
rate for the GWAS (95.1%), and the occurrence of the AEs and acquisition of natural
influenza were recorded prospectively in the original clinical triall. Another possible bias to
consider is detection bias. Families who are familiar with wheezing may be more likely to
recognize it and bring it to medical attention. Alternatively, our results may have a biologic/
genetic basis as discussed. One of the implications of genetic studies of wheezing and
asthma is that they have the potential for sorting out whether there is, in fact, a biologic
basis. If so, then the hypothesized detection bias in an epidemiologic risk factor study
becomes irrelevant.

CONCLUSIONS

In summary, this pilot study demonstrates the feasibility of retrospectively obtaining atopy
surveys and DNA samples from participants to identify factors associated with AE and
acquisition of natural influenza infection after vaccination. Family asthma history was a risk
factor for wheezing after influenza vaccination. No specific genetic polymorphisms were
associated with either wheezing or laboratory-confirmed influenza infection after
vaccination. This study is a paradigm for combined epidemiologic and genetic studies, and
similar studies applied to larger populations should be conducted in the future.
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83 Participants (99 Eligible, Mot Significantly Different)

&4 Mashville, 19 Boston

81 Completed Survey
62 Nashville, 19 Boston

70 Genotyped
58 HNashville, 12 Boston

61 Analyzed
Removed 5 Related Samples
Removed 4 Hon-white Samples

Vaccine Efficacy Adverse Event

Wheezing
6Gcases (1 TIV,S CAIV-T)
75 Controls

Natural Influenza [nfection
Beases (5 TIV, 3 CAIV-T)
73 Controls

Vaccine Efficacy Adverse Event

Natural Influenza Infection
6 Cases (3 TIV, 3 CAIV-T)
55 Controls

Wheezing

6cases (2 TIV, 4 CAIV-T)
55 Controls

Figure 1. Description of atopy survey and genome-wide association study sample sizes by case
definition
(Wheezing = Medically attended wheezing < 42 days after vaccine)
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Demogr aphic, atopy, and exposur es study characteristics for cases of wheezing and

controls

Cases were defined as medically attended wheezing < 42 days after vaccination.

Cases who wheezed (n=6) Controlswho did not wheeze p-valued
(n=75)

Mean age — mo. 19.0 23.8 0.26
Sex — no. (%) 4 (66.7%) 39 (52.0%) 0.68

Male 2 (33.3%) 36 (48.0%)

Female
Race — no. (%) 6 (100%) 71 (94.7%) 1.00

European-American 0 2 (2.7%)

African-American 0 2 (2.7%)

Mixed
Season born? - no. (%) 0 27 (36.0%) 0.058

Spring 1 (16.7%) 20 (26.7%)

Summer 3 (50.0%) 13 (17.3%)

Fall 2 (33.3%) 15 (20.0%)

Winter
No. of children in home — no. (%) 0 5 (6.9%) 1.00

One 3 (50%) 31 (42.5%)

Two 3 (50%) 37 (50.7%)

>Three
Born premature (<36 wks) — no. (%) 0 9 (12.2%) 1.00
Breastfeed — no. (%) 5 (83.3%) 56 (74.7%) 1.00
Live in home with pet(s)Z - no. (%) 3(75.0%) 33 (58.9%) 0.64
Live in home with smoker(s) — no. (%) 0 6 (8.1%) 1.00
Patient or sibling attends daycare — no. (%) 4 (57.1%) 64 (84.2%) 0.11
Personal history of asthma/wheezing — no. (%) 5 (71.4%) 28 (37.3%) 0.11
Personal history of atopy — no. (%) 2 (33.3%) 22 (29.3%) 1.00
Maternal history of asthma/wheezing — no. (%)¢ 0 16 (21.9%) 0.34
Maternal history of atopy — no. (%)¢ 3 (50%) 46 (63.0%) 0.67
1% degreerelative history of asthma/wheezing — no. (%) 6 (100%) 20(27.4%) 0.001
15t degree relative history atopy — no. (%)¢ 6 (100%) 48 (65.8%) 0.17
2 degree relative history of asthma/wheezing — no. (%)¢ 3 (50%) 20 (27.4%) 0.35
2d degree relative history atopy — no. (%)¢ 3 (50%) 36 (49.3%) 1.00
Received CAIV-T vaccine 5 (71.4%) 31 (44.3%) 0.24

a.. .,
Fisher’s exact test or t-test

bSpring = March, April, May; Summer = June, July, August; Fall = September, October, November; Winter = December, January, February

02 adopted children were removed before analysis.
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Demogr aphic, atopy, and exposur es study characteristics for cases of laboratory
confirmed influenza and controls

Table 3

Page 13

Caseswith influenza Controlswith no influenza p-valued
infection (n=8) infection (n=73)

Mean age — mo. 253 23.2 0.43
Sex — no. (%) 4 (50%) 41 (54.7%) 1.00

Male 4 (50%) 34 (45.3%)

Female
Race - no. (%) 8 (100%) 69 (94.5%) 1.00

European-American 0 2 (2.7%)

African-American 0 2 (2.7%)

Mixed
Season born? - no. (%) 4 (50.0%) 23 (31.5%) 0.82

Spring 2 (25.0%) 19 (26.0%)

Summer 1 (12.5%) 15 (20.6%)

Fall 1 (12.5%) 16 (21.9%)

Winter
No. of children in home — no. (%) 1(12.5%) 4 (5.6%) 0.58

One 3(37.5%) 31 (43.7%)

Two 4 (50.0%) 36 (50.7%)

>Three
Born premature (<36 wks) — no. (%) 0 9 (12.5%) 0.59
Breastfeed — no. (%) 8 (100%) 53 (72.6%) 0.19
Live in home with pet(s)?— no. (%) 4(57.1%) 32 (60.4%) 1.00
Live in home with smoker(s) — no. (%) 2 (25.0%) 4 (5.6%) 0.11
Patient or sibling attends daycare — no. (%) 6 (75.0%) 62 (82.7%) 0.63
Personal history of asthma/wheezing — no. (%) 3(37.5%) 30 (40.5%) 1.00
Personal history of atopy — no. (%) 4 (50.0%) 20 (27.4%) 0.29

y Py

Maternal history of asthma/wheezing — no. (%)¢ 1 (12.5%) 15 (21.1%) 1.00
Maternal history of atopy — no. (%)¢ 6 (75.0%) 43 (60.6%) 0.70
1%t degree relative history of asthma/wheezing — no. (%)¢ 1(12.5%) 25 (35.2%) 0.26
1% degree relative history atopy — no. (%) 5 (62.5%) 49 (69.0%) 0.70
2nd degree relative history of asthma/wheezing — no. (%) 3 (37.5%) 20 (28.2%) 0.69
21 degree relative history atopy — no. (%)¢ 4 (50.0%) 35 (49.3%) 1.00

a.. .,
Fisher’s exact test or t-test

bSpring = March, April, May; Summer = June, July, August; Fall = September, October, November; Winter = December, January, February

P adopted children were removed before analysis.
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