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Abstract

The objective of this study was to evaluate effects of whole body radiation exposure early in life
on influenza vaccination immune responses much later in life. A total of 292 volunteers recruited
from the cohort members of ongoing Adult Health Study (AHS) of Japanese atomic bomb (A-
bomb) survivors completed this observational study spanning two influenza seasons (2011-2012
and 2012-2013). Peripheral blood samples were collected prior to and three weeks after
vaccination. Serum hemagglutination inhibition (HAI) antibody titers were measured as well as
concentrations of 25 cytokines and chemokines in culture supernatant from peripheral blood
mononuclear cells, with and without /77 vitro stimulation with influenza vaccine. We found that
influenza vaccination modestly enhanced serum HAI titers in this unique cohort of elderly
subjects, with seroprotection ranging from 18 to 48% for specific antigen/season combinations.
Twelve percent of subjects were seroprotected against all three vaccine antigens post-vaccination.
Males were generally more likely to be seroprotected for one or more antigens post-vaccination,
with no differences in vaccine responses based on age at vaccination or radiation exposure in early
life. These results show that early life exposure to ionizing radiation does not prevent responses of
elderly A-bomb survivors to seasonal influenza vaccine.
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Introduction

Influenza is a major cause of illness and death among the elderly. Patient data pooled from
18 cohorts comprised of a total of 713,872 community-dwelling US adults older than 65
years studied across 10 seasons showed that receipt of seasonal influenza vaccine was
associated with a 27% reduction in risk of hospitalization for pneumonia or influenza and a
48% reduction in death [1]. Based on this and previous studies, older individuals have been
highly encouraged to obtain seasonal vaccination against influenza. However, the magnitude
of benefit from such immunization has been widely debated, based primarily on concerns
regarding potential selection bias that could inflate estimates of risk reduction for
hospitalization and mortality (e.g. if those at highest risk do not receive vaccine) and on
decreased immune responses of the elderly to vaccination [2—4].

Age has been shown to have a significant and consistent negative impact on immune
response across both sexes and in genetically diverse populations. For example, while 70—
90% of healthy young adults are protected from influenza after vaccination, such vaccination
is at best only 50-60% effective in the elderly, and may be as low as 17% depending on
circulating viruses [5-10]. Environmental factors such as diet, exposure to pollutants, and
chronic infection can also alter immune responses, although the magnitude and consistency
of the changes they induce are not as robust as those of age [11].

High doses of radiation have also been associated with significant dose-dependent decreases
in overall immune responses, mediated by depletion of the cellular components of the
immune response and potentially by damage to the stromal components of both primary and
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secondary lymphoid organs [12]. While many studies have examined the differential effects
of acute exposure to ionizing radiation on immune function in both animals and humans, the
effects of radiation exposure early in life (prior to age 25) on immune function in elderly
humans have not been explored. Examination of the immune response of survivors of the
atomic bombing of Hiroshima, Japan, which occurred more than 70 years ago, allows
exploration of this question. In many individuals exposed to the large doses of ionizing
radiation generated by the atomic bomb (A-bomb), circulating lymphocytes were destroyed
and stem cells lost their capacity to produce new lymphocytes [13], leading to early death
from infection [13,14]. However, in most A-bomb survivors, levels of hematopoietic cells
returned to normal within months post-exposure [13], presumably followed by restored
hematopoiesis. How prior radiation exposure affected immune responses years after
recovery from its acute effects is of considerable interest, as this can affect quality of life as
well as survival. The mechanisms by which radiation exposure can lead to long-term
changes in immune response are many and have only recently begun to be elucidated. For
example, normal tissue stem cells have been identified to undergo accelerated aging/
senescence as a consequence of exposure to therapeutic radiation. Senescent stem cells are
unable to self-replenish, leading to failure to maintain specific organs or cell populations.
Radiation-injured cells may also develop a senescence-associated secretory phenotype,
characterized by secretion of pro-inflammatory cytokines that can themselves contribute to
disease processes [15]. We recently showed that prior exposure to A-bomb radiation
enhanced age-related atrophy of the thymus, an important source of naive T cells [16]. We
also showed that A-bomb radiation had long term effects on dendritic cell generation and
function, resulting in impaired antigen presentation in elderly A-bomb survivors [17].

This study was designed to test the hypothesis that radiation exposure early in life
exacerbates age-associated decreases in immune function and thus further reduces the ability
of elderly individuals to mount a protective adaptive immune response to prophylactic
seasonal influenza vaccination. The response of elderly Japanese A-bomb survivors to
influenza vaccination was assessed by measuring anti-influenza virus antibody titers and
influenza antigen-induced cytokine production three weeks after vaccination. We present
data that support the null hypothesis and show that early exposure to ionizing radiation, if
survived, bears little impact upon functional immunity in the old age.

2. Methods
2.1. Study population

This study evaluated response to clinically indicated influenza vaccination in A-bomb
survivors who were part of the Radiation Effects Research Foundation (RERF) Adult Health
Study (AHS). This previously described AHS cohort [18-20] is part of a clinical research
program established in July 1957 to follow approximately 20,000 A-bomb survivors in both
Hiroshima and Nagasaki, Japan with health examinations every two years. Radiation
exposure dose for each individual was estimated using the bone marrow doses calculated by
dosimetry system DS02 [21-23]. Individuals with calculated radiation exposures less than 5
mGy were designated as controls.
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Just over 3000 RERF-AHS subjects in Hiroshima, Japan were alive at the beginning of this
study. Six hundred thirty two (632) potential radiation-exposed and non-exposed (control)
subjects were randomly selected from the pool of AHS subjects and surveyed for study
eligibility, using stratified sampling to enhance representation across the major subgroups of
sex, age at vaccination, and radiation exposure dose groups. Eligibility for inclusion required
that subjects had received influenza vaccinations within the past 5 years, were already
planning to receive another influenza vaccination for the flu season being studied, and had
an attending physician who agreed to cooperate with blood collection and vaccine
administration. Subjects were excluded if they had a history of selected diseases or
treatments that might affect responsiveness to vaccination, including a history of leukemia,
lymphoma, myelodysplastic syndrome (MDS), rheumatoid arthritis, systemic lupus
erythematosus (SLE), radiotherapy, current chemotherapy, steroid therapy, or interferon
therapy. Of the 632 potential subjects surveyed, 88 subjects (14%) were unwilling to
participate, 145 (23%) had no vaccination history or did not plan to be vaccinated in 2011 or
2012, 28 (4%) were currently in the hospital, and 69 (11%) did not respond to the survey.
Thus, a total of 302 subjects (48%) consented to participate, including 118 non-exposed and
184 exposed subjects, Two hundred ninety two (292) of these subjects completed the study,
with 157 in the 2011 flu season cohort and 135 in the 2012 flu season cohort
(Supplementary Fig. S1). The demographics of the study population are shown in Table 1.

Written informed consent was obtained from all subjects prior to conducting any study-
related procedures. This study was conducted in accordance with the Ethical Guidelines for
Epidemiological Research established by the Ministry of Education, Culture, Sports, Science
and Technology, and the Ministry of Health, Labor, and Welfare of Japan, and in accordance
with the Declaration of Helsinki. All study-related documents and procedures were approved
by the RERF Ethical Committee.

2.2. Influenza vaccine

Non-overlapping cohorts of subjects were recruited during the 2011 and 2012 flu seasons,
spanning October 2011-January 2012 and October 2012-January 2013 respectively, to
receive a single subcutaneous dose of either the 2011 or 2012 trivalent inactivated influenza
vaccine. The commercial influenza vaccines used were obtained from four suppliers:
Kaketsuken, Kumamoto, Japan (119 subjects; 41%); Denka-Seiken, Tokyo, Japan (74
subjects; 25%); Biken, Osaka, Japan (49 subjects; 17%); and Kitasato Institute Research
Center for Biologicals, Saitama, Japan (50 subjects; 17%). Vaccines were given at a dose of
1.0 mL that contained >30 ug/mL of hemagglutinin for each of the recommended
components, following guidelines from the Japanese Ministry of Health, Labor, and Welfare.
The antigenic strain compositions of the trivalent seasonal vaccines administered in 2010
(shown for reference), 2011, and 2012 are shown in Supplementary Table S1. All 3 antigens
(H1NZ1, H3N2, and B) were classified as recall antigens for subjects in the 2011 flu season
cohort. Similarly, the HLIN1 antigen used in the 2012 flu season was classified as a recall
antigen for the 2012 cohort, with the 2012 H3N2 and B antigens serving as potential neo-
antigens. Given the different antigen compositions of the vaccines, responses from subjects
from each flu season were analyzed separately by antigen, resulting in six different antigen-
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season groups for analysis: responses to HIN1, H3N2, and B antigens for subjects
vaccinated in the 2011 or 2012 flu seasons.

2.3. Peripheral blood collection

Peripheral blood samples were collected and processed at baseline prior to immunization
and at three weeks after influenza vaccination. Serum was separated from whole blood by
centrifugation, then was immediately frozen and stored at =80 °C until used. Peripheral
blood mononuclear cells (PBMCs) were purified from heparinized venous blood by banding
in Ficoll-Paque (Organon Teknika Corporation, Durham, NC). Due to human subject
restrictions indicated by the RERF Ethical Committee, total blood collection volume was
restricted to 6 mL per subject at each time point and only one follow-up time point was
approved.

2.4. Determination of influenza hemagglutination inhibition (HAI) titers

Serum antibody titers against specific influenza strain components of the trivalent vaccines
were measured by HAI assay, following standard procedures [24]. Briefly, serum samples
were treated with a receptor-destroying enzyme (RDE: Denka Seiken, Niigata, Japan)
overnight at 37 °C, heat-inactivated for 60 min at 56 °C, centrifuged, then diluted 1:10,
followed by serial two-fold dilutions. Each serum dilution was incubated for one hour at
room temperature with four hemagglutination (HA) units of whole inactivated virus and a
0.5% suspension of chicken red blood cells for HIN1 and B, or turkey red blood cells for
H3N2. The HAI titer was defined as the reciprocal of the highest dilution that prevented red
blood cell agglutination. Samples were evaluated in duplicate. HAI geometric mean titer
(GMT) levels in pre- and post-vaccination (day 21) samples and the vaccine response
measures of seroprotection rate (SPR), seroconversion rate (SCR), and seroconversion factor
(SCF) were calculated. Seroprotection was defined as having a post-vaccination HA titer of
at least 40, Seroprotection rate (SPR) was defined as the proportion of subjects with a post-
vaccination HAI titer of at least 40, regardless of pre-vaccination titer level. Seroconversion
Rate (SCR) was defined as the proportion of subjects with at least 4-fold increase in HAI
titer following vaccination resulting in a post-vaccination HAI titer of at least 40.
Seroconversion factor (SCF) was defined as the ratio of the post-vaccination GMT levels to
pre-vaccination GMT levels.

2.5. Invitro PBMC restimulation with vaccine antigens

PBMCs obtained pre- and three weeks post-vaccination were suspended in AIM V medium
(Life Technologies, Gibco, Grand Island, NY) at 1 x 10° cells/mL and cultured at 2 x 10°
cells/well in a 96-well culture plate (Costar, Toronto, Canada) under stimulation with the
appropriate flu season-specific influenza vaccine (Supplementary Table S1) at 0.1 ug
HA/mL (Denka Seiken, Tokyo, Japan). Plates were incubated at 37 °C in 5% carbon
dioxide. Supernatants harvested at 24 and 96 h were frozen at —80 °C for subsequent
multiplexed measurement of cytokines/chemokines.
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2.6. Multiplexed cytokine/chemokine analysis

Cytokine/chemokine profiling of PBMC culture supernatant was performed using a
Luminex bead-based human 25-plex cytokine assay (Life Technologies-Novex, Grand
Island, NYY, USA) according to the manufacturer’s protocol, using overnight primary
incubation periods. The specific analytes measured were: GM-CSF, TNF, IL-1p, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-10, IL-12(p40/p70), IL-13, IL-15, IL-17, IFN-a, IFN-y, IL-2R,
RANTES, MIG, MIP-1a, MCP-1, IP-10, MIP-1p, eotaxin, and IL-1RA. All samples from
each flu season were run on lot-matched assay kits. The final observed concentration
(pg/mL) of each analyte was quantified using a five-parameter logic curve fit of assay kit
standards and Bioplex Manager software. The low limit of quantification (LLOQ) was
determined for each analyte per assay plate and sample values at or below the LLOQ were
replaced with a value equal to one half (i.e. midpoint) of the LLOQ. Multiplex Luminex
assays were run by the Duke Human Vaccine Institute Regional Biocontainment Laboratory
Immunology Unit (Durham, NC).

2.7. Assessment of thymus function

Thymus function was estimated based on age and radiation dose, as previously described
[16].

2.8. Statistical analysis

The primary endpoint of this study was the absolute change in HAI titer from baseline to
three weeks post-vaccination. Antigen-specific GMTs were calculated across subjects for
pre- and post-vaccination samples. Additionally, subject-specific titers were also calculated
across the antigen-specific antibodies. When vaccine response variables were analyzed as
dichotomous variables, their incidence was assumed to be binomially distributed. Univariate
and multivariable logistic regression models were used to assess the influence of
demographic factors such as age at time of bomb, age at vaccination, sex, and exposure dose
on HAI titers and PBMC cytokine/chemokine biomarkers (see below). Odds ratios were
calculated along with 95% confidence intervals. When analyses were performed across all
subjects, adjustment for flu season was included in those models. Age at vaccination, age at
time of bomb, and bone marrow radiation dose variables were evaluated as continuous
measures and as categorical and dichotomized measures. Dose exposure groups were
defined as <5 mGy (non-exposed; reflecting no meaningful exposure), 5-500 mGy (low),
500-1000 mGy (moderate), and 21000 mGy (high). In addition, the dichotomized outcomes
of high dose (=1000 mGy) versus lesser/no dose and the combination of low and moderate
dose groups were also evaluated. Differences in continuous measures between groups were
analyzed using two-sided, two-sample Wilcoxon rank sum tests. Differences in categorical
variables between groups were assessed using Fisher exact or chi-square tests, depending on
group sizes.

Secondary study endpoints were /n vitro stimulated PBMC cytokine and chemokine
production profiles. Results were summarized individually as well as in relation to the
vaccine response outcomes of interest (e.g. seroprotection, seroconversion, failure to
seroprotect for any of the three vaccine antigens). These parameters were analyzed in
relation to sex, age at vaccination, and radiation exposure dose. Univariate logistic
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regression models were evaluated, but overall significance in relation to vaccine outcome
was calculated using multivariable models that adjusted for the key demographic factors
described above. All subsets of regression approaches were used to evaluate optimal
multivariable models that further incorporated multiple biomarkers in addition to the
demographic factors. All analyses were conducted using the R statistical program (version
3.1.2. for Windows). No corrections were made for multiple comparisons. Statistical
significance was defined as p < 0.05.

3. Results

3.1. Study cohort characteristics

A flow diagram describing how subjects were selected is present in Supplementary Fig. S1.
Demographic characteristics of the study population are summarized in Table 1. 94% and
88% of subjects in the 2011 cohort had received influenza vaccine in the 2010 and 2009 flu
seasons, respectively. For the 2012 cohort, 69% of subjects had received influenza vaccine in
the 2011 flu season and 65% received vaccine in the 2010 flu season. The distributions of
sex and age at time of bomb were similar for all dose groups. However, the high dose group
vaccinated in the 2012 flu season contained no subjects older than 84 years at time of
vaccination and thus the median age of this group was younger at the time of vaccination
than in the non-exposed and low-moderate dose groups for that season (p = 0.005) (Table 1).

3.2. Humoral response to influenza vaccination

Antigen-specific response measures were evaluated to test the hypothesis that radiation
exposure in early life negatively impacts immune function and the capacity for protective
immune response to seasonal influenza vaccine in aged individuals. First, responses to each
of the vaccine antigen/season combinations were evaluated for the overall study population,
without stratification for factors such as age, dose, and sex. Influenza vaccination increased
GMT against each antigen received (Fig. 1A; p < 0.0001). Accordingly, the % of subjects
who were seroprotected for each antigen/season combination also increased, ranging from
19 to 48% post-vaccination (Fig. 1B; p = 0.0005). Antigen-specific responses against HIN1
and H3N2 were similar between the two season-based cohorts in terms of GMT and SPR
post-vaccination. B antigen-specific pre-vaccination (baseline) and post-vaccination GMT
and SPR were higher for the 2011 cohort when it was a recall antigen, compared to the 2012
cohort (Fig. 1A; p <0.01). Consistent with its classification as a neo-antigen, only 2.5% of
subjects demonstrated pre-existing (baseline) seroprotection to the new B antigenic strain in
the 2012 vaccine formulation. However, the 2012 B antigen-specific SCF was lower than
H1IN1 and H3N2 in the 2011 cohort (p < 0.0002). Despite B potentially being a neo-antigen
in the 2012 cohort, the B antigen-specific SCF trended notably lower than for HIN1 and
H3NZ2 in the 2012 cohort (p = 0.06 and p = 0.044, respectively). Three subjects from the
2011 cohort (where the vaccine composition was identical to the previous flu season) were
seroprotected against all three vaccine antigens at baseline. Including these subjects, only
12% of subjects were seroprotected against all three vaccine antigens post-vaccination. No
differences in seroprotection were identified based on vaccine manufacturer.
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3.3. Impact of sex on seroprotection and seroconversion rates

The influence of male versus female sex on SPR and SCR was next examined for each of the
six different antigen-season groups, with multivariable analyses that adjusted for possible
confounding effects of age and radiation exposure dose. For SPR (Fig. 2A and B), an overall
trend is apparent in that males were generally more likely (odds ratios greater than 1) to
mount a seroprotective response to each of the antigens than females. However, this trend is
only significant for response to the 2011 H3N2 antigen, where men were more likely to
achieve seroprotection (OR = 2.7, p = 0.005). Males and females had similar SCRs (Fig. 2C
and D).

3.4. Impact of age at vaccination on seroprotection and seroconversion rates

A similar approach was taken to investigate the impact of age on influenza vaccine response
measures (Fig. 3). Since the bombing occurred in 1945, the entire study population was aged
66 years or older at the time of vaccination. The multivariable analyses thus evaluated age at
vaccination as a continuous variable and also compared subjects aged =75 years versus those
<75 years at the time of vaccination. Individuals =75 years old were less likely than those
<75 years (OR = 0.4; 95%CI: 0.2-0.9) to be seroprotected against the H3N2 antigen in the
2011 flu season and more likely to have seroprotection to B antigen after vaccination in the
2011 season (OR = 2.5; 95% ClI: 1.1-5.7) (Fig. 3A and B). Similar findings were also
observed when looking at age at vaccination as a continuous variable (2011 H3N2: OR =
0.9, p=0.02; 2011 B: OR = 1.1, p = 0.06). However, the likelihood of SCR only increased
for the 2011 B antigen in younger subjects (OR for age = 0.9, p = 0.07; OR for <75 years
old = 0.2, p = 0.03; Fig. 3C and D). Overall, these analyses suggest that pre-existing
immunity (e.g. number of subjects who entered the study seroprotected pre-vaccination)
drove the observed age-related differences in seroprotection rates for the 2011 B antigen,
since over half of subjects (34/60 = 57%) with seroprotection after vaccination were already
seroprotected prior to vaccination. Further, none of those with baseline seroprotection for the
2011 B antigen achieved the additional requirement of a 4-fold change in titer levels used to
define seroconversion.

3.5. Impact of radiation dose on seroprotection and seroconversion rates

To examine the impact of early life exposure to A-bomb radiation on vaccine responses later
in life, individuals exposed to =1 Gy radiation were compared to those who received lower
doses or were not exposed to radiation, in addition to evaluating bone marrow dose exposure
as a continuous measure. Multivariable analysis showed no differences in SPRs when
comparing those with high dose radiation exposure (=1 Gy) versus those exposed to lesser
doses (Fig. 4A and B). There were also no observed influences of continuous dose exposure
on seroprotection. However, radiation exposure did appear to influence seroconversion,
although only for the 2011 HIN1 and 2012 H3N2 antigens. Specifically, individuals
exposed to =1 Gy were more likely to seroconvert to HIN1 in the 2011 flu season (OR =
2.6; 95% CI = 1.1-6.5, p = 0.04) and to H3N2 in the 2012 season (OR = 6.1; 95% Cl = 1.9-
19.8, p = 0.003) (Fig. 4C and D). These overall findings were consistent when evaluating
radiation exposure as a continuous measure (p = 0.10 and p = 0.004, respectively). It is
worth noting that radiation exposure generated similar trends toward seroprotection for the
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2012 H3N2 antigens (=1 Gy OR = 2.2, p = 0.16; continuous dose exposure, p = 0.11). These
differences may not have been as pronounced in relation to seroprotection, given that 27% of
subjects who were seroprotected after vaccination were also seroprotected at baseline for the
2012 H3N2 antigen.

3.6. Incidence of failure to develop seroprotection

A negative impact on immune function by factors such as sex, age, and radiation exposure
may ultimately lead to the inability to mount a seroprotective response to any vaccine
antigens. In a univariate analysis, women were more likely to fail to develop seroprotective
responses to any of the three vaccine antigens tested in a given flu season, compared to men
(38% vs. 23%; p = 0.01, Table 2). This difference remained (p = 0.009) after accounting for
other factors (age at vaccination, radiation dose, prior season vaccination) in a multivariable
logistic regression model. Failure to develop any seroprotective responses did not correlate
with age at vaccination, age at time of bomb, or radiation dose (Table 2).

3.7. PBMC cytokine response to in vitro restimulation with influenza vaccine

PBMC responses to /n vitro stimulation with influenza vaccine were examined at baseline
and three weeks after vaccination to identify possible cytokine/chemokine signatures that
might correlate with observed vaccine responses. /n vitro production of 25 cytokines and
chemokines was similar between vaccine responders and non-responders (subjects who
failed to develop seroprotective responses, as defined above), both at baseline (unstimulated)
and 24 and 96 h following stimulation with vaccine antigens (Supplementary Fig. S2).
Multivariable analysis showed no consistent effects of age at vaccination, sex, or radiation
exposure, or /n vitro cytokine/chemokine production on the likelihood of mounting a
seroprotective response across the entire cohort. However, multivariable analysis that also
adjusted for immunization season showed that higher /in vitro production of IL-1p, IL-2,
IL-6, IL-8, RANTES, or IFN-y and lower production of MIP-1a, eotaxin, or IL-15 were
associated with mounting seroprotective responses against at least one antigen, either for the
entire cohort or when analyses were restricted to those subjects who were not seroprotected
prior to vaccination (p = 0.008-0.05).

3.8. Predicted impact of thymus function on vaccine response

The age-associated decline in immune responses to vaccination has been hypothesized to be
due, at least in part, to age-related loss of T cells with appropriate specificity, combined with
inadequate replacement due to thymic atrophy. We have previously found increased thymic
involution in individuals exposed to as little as 5 mGy radiation, when adjusted for age,
using a unique archive of tissues obtained from 165 A-bomb survivors, 47% of whom were
>75 yrs at the time of their natural death [16]. We applied a model developed in that work to
the current population using the non-invasive demographic factors of age, radiation dose (as
a continuous variable), sex, and their interaction. This estimated the percentage of residual
thymus area involved in thymopoiesis (functional cortical area) for study subjects as
between 0 and 7.5% (median 0, mean 0.8%). This estimated area did not differ between
subjects who became seroprotected for at least one antigen versus subjects who did not
(mean 0.75% vs. 0.79%; p = 0.80).
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4. Discussion

The ability to respond to influenza vaccine is an important public health issue. We
investigated effects of prior early life radiation exposure on the immunological capacity of
elderly Japanese A-bomb survivors to respond to influenza vaccination as indicated by anti-
influenza virus antibody titers and cytokine production three weeks after vaccination.
Administration of seasonal influenza vaccine was potentially beneficial in this cohort of
elderly Japanese subjects, based on vaccine-induced increase in serum GMTs and the
increased percentage of subjects who were seroprotected for at least one antigen following
vaccination. However, overall response to vaccination was modest, with post-vaccination
seroprotection ranging from 18 to 48% for the various antigen/season combinations and only
12% of subjects were seroprotected against all three vaccine antigens post-vaccination.

A quantitative review of 31 influenza vaccination studies from 1986 to 2002 showed an
adjusted odds-ratio (OR) for seroconversion and seroprotection to all three antigens in
elderly versus young adults that ranged from 0.24 to 0.59 [10]. Vaccination responses in our
elderly cohort were similar to those in other elderly cohorts [5-10] and the data we present
here show that early life exposure to A-bomb radiation did not further affect responses. Of
interest, similar conclusions were recently reached by our group in a controlled mouse
irradiation and aging experiment, where irradiation in youth did not affect lifelong
lymphocyte homeostasis beyond the initial recovery period, and also did not affect late-life
responses to vaccination followed by potentially lethal virus challenge [25].

No difference in seroprotection for at least one antigen, was seen based on age at
vaccination, age at time of bomb, or radiation dose when considered either as a continuous
or a categorical variable (Table 2). However, although only 33% of study subjects were
male, males were more likely than females (77% vs. 62%; p = 0.01) to develop
seroprotection to at least one vaccine antigen. This is also reflected in the increased odds
ratios for seroconversion by males to each of the 6 antigen/season combinations (Fig. 2),
although statistical significance was reached only for the 2011 H3N2 antigen. Our studies
were not able to determine whether this reflects true sex-based differences in immune
response, history of previous exposure to influenza, or underlying differences in health
status that affected participation in the study. However, total numbers of dendritic cells were
recently shown to decrease with age, with absolute numbers of plasmacytoid dendritic cells
decreased specifically in female A-bomb survivors [17], providing a possible mechanism for
the decreased vaccine efficacy observed in females in the current study. Individuals exposed
to 21 Gy radiation showed increased seroconversion to the HIN1 antigen in 2011 and to the
H3N2 in 2012. Why these responses were limited to certain antigen/season combinations is
currently unclear, but likely reflect past exposure (or lack thereof) to these antigens or other
characteristics of individuals with higher levels of radiation exposure that were not assessed
in this study.

To potentially provide a mechanistic basis for response or lack of serologic response to
vaccination, cytokine production by peripheral blood mononuclear cells was assessed in
response to stimulation with the season-specific vaccine /n vitro. Although no differences
were seen in univariate analysis of the entire cohort, changes in production of a limited
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number of cytokines/chemokines by vaccine-stimulated peripheral blood mononuclear cells
were associated with seroprotection against at least one vaccine antigen in multivariable
analyses that included age at vaccination, sex, radiation exposure, and immunization season.
Limitations on blood draw volume prevented assessment of specific responses to purified
H1N1, H3N2, and B proteins that would be required to determine with certainty that
vaccine-stimulated cytokine responses in any given subject were related to mounting
seroprotection rather than to quantitative variations in vaccine components, including
impurities such as mRNAs or residual non-HA proteins. In addition, cytokine and
chemokine responses induced by vaccine /in vitro may not always reflect cellular immune
responses that result in seroprotection /n vivo. Nevertheless, the information reported here
remains potentially useful for generating hypotheses regarding biomarkers that may
potentially be relevant to vaccine responses that can be tested in future studies.

The immune system is highly dynamic and ability to respond to any specific antigen is in
part dependent on environmental factors including history of antigen exposure. Changes
documented with increasing age include a decrease in thymic T cell production, frequent
clonal expansion of memory T cell populations, increases in autoimmune diseases/
syndromes, and diminished response to prophylactic vaccinations [26-29]. A-bomb
survivors have provided a wealth of information on the recovery from acute radiation
damage, as well as the immediate and intermediate consequences of radiation [13,30-32].
Since survivors recovered their ability to produce blood cells following their radiation
exposure, it is not surprising that the proportion of survivors who were affected by or died of
infectious diseases, such as tuberculosis, has not exhibited a significant increase with
radiation dose. Similarly, the incidence of autoimmune diseases, such as rheumatoid
arthritis, has shown no relation to dose of radiation [32—36]. On the other hand, there are
reports of slight dose-dependent decreases in immunity against viral infection [37,38],
including a subtle decline of immunity against Epstein-Barr virus (EBV). Moreover, the
proportion of carriers of the hepatitis B virus has appeared to increase with radiation dose
[39,40] suggesting an increased risk for hepatocellular carcinoma. Finally, it has been
suggested that long-term impairments of T cell immunity to infections by acute, and in
particular persistent, microorganisms such as the cytomegalovirus (CMV) may cause
chronic inflammation that may lead to increased risk of atherosclerotic diseases [19]. In that
regard, we have reported that the percentages of helper T cells are decreased in A-bomb
survivors who have a history of myocardial infarction [35,41,42].

Although individuals exposed to greater than 1 Gy radiation have demonstrated
approximately a 2% decrease in CD4* T cells [35,42-46], this shift has not resulted in
increased frequency nor severity of infections or autoimmune diseases [47-49]. The results
of biennial examinations of the A-bomb survivors indicated that there were dose-related
changes in white blood cell counts and erythrocyte sedimentation rates as early as 1958 [50].
Since the levels of both markers are known to rise in response to a variety of inflammatory
stimuli [51], it seemed reasonable to assume that low levels of inflammation may well have
been present in the survivors for very long periods. Whether this inflammation was due to
injured cells that developed the senescence-associated secretory phenotype [15] is unknown.
A large-scale study revealed radiation-dose dependent increases in serum IgM (in both
males and females) and IgA (in females) [52]. Another study in a subset of Hiroshima
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survivors has demonstrated that IgM, IgG and IgA levels tend to increase with radiation dose
[53]. The reason for this enhanced B cell immune response in the survivors is unclear.
Recently a positive association was demonstrated between the inflammation marker C-
reactive protein and anti- Chlamydia pneumoniae antibody levels, especially in more heavily
exposed (=1 Gy) A-bomb survivors, although the antibody levels appeared to decrease with
radiation dose among a total survivor population examined [19]. This suggested that the
diminished immune response to Chlamydia pneumoniae might be related to chronic
inflammatory reactions. Alternatively, elevated levels of cytokines such as IL-6 [54] may be
associated with enhanced antibody production in A-bomb survivors, but it is unlikely that A-
bomb irradiation has shifted the balance of regulatory mechanisms in favor of Th2
immunity. Whether exposure to A-bomb radiation results in subtle decreases in T regulatory
cell numbers or function is currently unknown.

Our studies found that the predicted percentage of residual thymus area involved in
thymopoiesis did not differ between subjects who became seroprotected to at least one
antigen versus subjects who did not, despite exposure to radiation. This is perhaps not
unexpected, since although radiation exposure significantly accelerates loss of thymic area
with active thymopoiesis [16], minimal thymic function is typically present even in non-
exposed individuals at the ages present in this cohort. Poor vaccine responses in the elderly
have generally been hypothesized to be due to a decline in T cell function. The role of age-
related changes in B cells has been less well studied. A recent study using genetically
engineered mice bearing limited numbers of potentially responsive B cells and a vaccine
against an HIV-related antigen suggested that generation of priming responses could occur
when at least one appropriate B cell precursor was present [55]. Additional studies will be
required to determine the relative contributions of age- or radiation-induced changes in
numbers and/or function of antigen-presenting cells, T cells, and B cells to vaccine
responses in humans. Likewise, the mechanisms that resulted in a trend toward increased
seroconversion and decreased vaccine failure in males will require further study. It is
tempting to speculate that similar or enhanced immune responsiveness to vaccination may
be due to possible overall constitutional and immunological “robustness” of the individuals
who survived more than 65 years after being exposed to high early-life doses of radiation.

Our finding that elderly A-bomb survivors who had received over 1 Gy radiation showed
similar seroprotection and similar or higher seroconversion after influenza vaccination
compared with those who received less than 1 Gy or were non-exposed is consistent with
other studies that showed general immune recovery and detectable but generally limited
effects of radiation in this population [56]. They speak to a remarkable resiliency of the
immune system to withstand a single global and widespread radiation-induced damage
event.

In conclusion, this study found that influenza vaccination of a unique cohort of elderly
subjects who were exposed to A-bomb radiation early in life modestly increased their serum
HA titers, similar to matched non-exposed subjects, indicating that early life exposure to
ionizing radiation does not prevent vaccine responses later in life. Further study will be
necessary to identify methods to increase immune responses to influenza vaccination in the
elderly, with and without a history of radiation exposure.
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Humoral HAI responses to vaccination by cohort flu season. (A) Box and whisker plot show
HAI titers for each of the six antigen-season combinations studied for all participants in the
study at baseline (white bars) and three weeks post-vaccination (gray bars). The “box”
encloses the 25-75 percentile titers and the “whisker” (error bars) indicate 95% of
responses. The number of outliers at higher titers is shown above each whisker. The
seroconversion factor (SCF) for each antigen/season combination is also shown. (B) The
percentages of subjects classified as seroprotected before and after vaccination and the
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seroconversion rate (SCR) are shown for these same antigen/season combinations. The 95%
confidence intervals for SCF are presented in Supplementary Table S2.
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Multivariable analysis of sex effect on humoral response to influenza vaccine antigens.
Vaccination response odds ratios (OR) and 95% confidence interval for sex effect on
seroprotection rate (A and B) and seroconversion rate (C and D), adjusted for vaccination
the prior season and for dichotomized age at vaccination (=75 vs. <75 yrs), and radiation

dose (<1 Gy vs. =1 Gy).
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Multivariable analysis of age at vaccination effect on humoral response to influenza vaccine
antigens. Vaccination response odds ratios (OR) and 95% confidence interval for age effect
on seroprotection rate (A and B) and seroconversion rate (C and D), adjusted for vaccination

the prior season, sex, and radiation dose (<1 Gy vs. 21 Gy).
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Fig. 4.

Multivariate analysis of radiation dose effect on humoral response to influenza vaccine
antigens. Vaccination response odds ratios (OR) and 95% confidence interval for radiation
dose effect on seroprotection rate (A and B) and seroconversion rate (C and D), adjusted for
vaccination the prior season, sex, and for dichotomized age at vaccination (=75 vs. <75 yrs).
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Table 2

Vaccine efficacy as a function of sex, age at vaccination and at time of bomb, and radiation dose.
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Characteristic Vaccine success (seroprotection for 21 antigen)  Vaccine failure (seroprotection for NO antigens)  p-value
Sex

Female 120 (62%) 75 (38%) 0.01
Male 75 (77%) 22 (23%)

Age at vaccination

Median (range) 79 (66-89) 81 (67-89) 0.44
<75y.0. 55 (65%) 29 (35%) 0.87
75+ y.0. 140 (67%) 68 (33%)

Age at time of bomb

Median (range) 13.4 (0.5-23.2) 14.3 (0.1-23.6) 0.54
<12 y.o. 78 (70%) 33 (39%) 0.39
12+ y.0. 117 (65%) 64 (35%)

Dose

Median (range) 110 (0-3496) 81 (0-2553) 0.94
<5 mGy 80 (68%) 38 (32%) 0.2
5 to <500 MGy 57 (67%) 28 (33%)

500 to <1000 MGy 24 (55%) 20 (45%)

1000+ mGy 34 (76%) 11 (24%)

<1000 mGy 161 (65%) 86 (35%) 0.24
1000+ mGy 34 (76%) 11 (24%)
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