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ABSTRACT

The influenza and COVID-19 vaccines are essential public health tools for older adults,
who are vulnerable to severe disease following infection. For both diseases, although sex and
gender are known to influence epidemiologic outcomes, their role in the context of vaccination
is largely unexplored. The three aims of this dissertation each address how sex or gender
differences can be leveraged to successfully vaccinate older adults against viral respiratory
diseases. First, in data collected from a longitudinal cohort of older adults (> 75 years of age)
who repeatedly received the high-dose trivalent inactivated influenza vaccine, pre-vaccination
titers predicted vaccine responses. Turning to pre-vaccination titers as an outcome of
importance, an interaction between age and sex emerged. Titers to two influenza strains
decreased with age in males but not in females, suggesting that older females mount more
durable responses to vaccination than older males. Second, using the same cohort of older
adults, we measured humoral responses induced by three doses of a SARS-CoV-2 mRNA
vaccine. Age and frailty were associated with reduced antibody responses in males, but not
females, suggesting that older males may be vulnerable to breakthrough infections following
two doses. The third vaccine dose restored functional antibody responses, eliminated
disparities caused by sex, age, and frailty, and boosted responses to variants of concern,
highlighting the importance of third dose coverage in older adults, especially males. Finally,
turning to the role of gender in vaccine behavior, we performed in-depth interviews to
understand how older adults made the decision to receive the COVID-19 vaccine, and how

intersections between gender and race shaped this process. While some participants eagerly



accepted vaccination, others had significant hesitations due perceived risks associated with the
vaccine product and infrastructure, which varied by gender and race. Most ultimately accepted
vaccination due to fear of COVID-19, with additional motivators depending on lived experiences
of gender and race. Taken together, these data support a central role for sex and gender in
vaccine outcomes for older adults and more tailored approaches to vaccinology. By harnessing

the heterogeneity in vaccine outcomes, we can better serve this vulnerable population.
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1.1 Abstract

Sex differences in the immune system are dynamic throughout the lifespan and
contribute to heterogeneity in the risk of infectious diseases and the response to vaccination in
older adults. The importance of the intersection between sex and age in immunity to viral
respiratory diseases is clearly demonstrated by the increased prevalence and severity of
influenza and COVID-19 in older males compared to older females. Despite sex and age biases
in the epidemiology and clinical manifestations of disease, these host factors are often ignored
in vaccine research. Here, we review sex differences in the immunogenicity, effectiveness, and
safety of the influenza and COVID-19 vaccines in older adults and the impact of sex-specific
effects of age-related factors, including chronological age, frailty, and the presence of
comorbidities. While a female bias in immunity to influenza vaccines has been consistently
reported, understanding of sex differences in the response to COVID-19 vaccines in older adults
is incomplete due to small sample sizes and failure to disaggregate clinical trial data by both sex
and age. For both vaccines, a major gap in the literature is apparent, whereby very few studies
investigate sex-specific effects of aging, frailty, or multimorbidity. By providing a roadmap for
sex-responsive vaccine research, beyond influenza and COVID-19, we can leverage the
heterogeneity in immunity among older adults to provide better protection against vaccine-

preventable diseases.



1.1 Introduction

Throughout the lifespan, sex and age are fundamental modifiers of immunity to infectious
diseases and the response to vaccination. Females tend to mount stronger immune responses
than males (1, 2), and immunosenescence leads to impaired immune function and a heightened
inflammatory state in older adults (3). There is an important intersection between these host
factors, whereby the impact of aging on the immune system differs in males and females (4, 5).
The implications of the interaction between sex and age are clearly demonstrated by the
epidemiology and clinical manifestations of respiratory viral diseases, such as influenza and

COVID-19 (6, 7).

Influenza and COVID-19 represent the largest proportion of the vaccine-preventable
diseases that occur in older adults and are thus the focus of this review (8, 9). Despite high
coverage with seasonal influenza vaccines in the United States, there are an estimated 4 million
incident cases per year in older adults, accounting for 90% of the deaths associated with
influenza (8, 10). Globally, it has consistently been reported that at older ages, males are at
greater risk of infection (11), hospitalization (12-14), and mortality (12, 15). Similarly, the
disproportionate burden of COVID-19 in older adults was recognized early in the pandemic (16,

17), with male sex being a significant predictor of severe outcomes at older ages (18-22).

Vaccines prevent the morbidity and mortality associated with influenza and COVID-19 in
older adults. Despite the clear sex and age biases in epidemiology, the impact of these host
factors on vaccine responses is often ignored or controlled for in analyses, instead of

thoroughly investigated. Here, we review sex differences in the immunogenicity, effectiveness,



and safety of influenza and COVID-19 vaccines in older adults, and the available evidence on
how sex modifies the impact of age-related factors on vaccine outcomes (Table 1). After
identifying major gaps in the literature, we provide a framework for sex-responsive vaccine
research to leverage the heterogeneity of older populations to provide optimal protection

against vaccine-preventable diseases, beyond influenza and COVID-19.

1.2 Sex differences in the response to influenza vaccination in older adults

Sex differences in the immune response to influenza vaccination in older adults have
been reported for multiple types of inactivated influenza vaccines (11V). For the standard-dose
IIV, older females have greater influenza-specific memory B cells, post-vaccination antibody
titers, fold-rises in titers, rates of seroconversion, and rates seropositivity (23-27). For the high-
dose IIV, which contains four times the amount of antigen as standard dose vaccines and is
targeted to older adults, females have greater post-vaccination titers and rates of
seroconversion than males (25-27). In addition, the 2009 pandemic HIN1 (pH1N1) vaccine
generates stronger responses in females in the oldest age groups (28). The consistency of the
female-bias in immunogenicity across various vaccine formulations implores continued

consideration of sex as a variable of importance in influenza vaccine research.

Sex differences in vaccine effectiveness (VE) in older adults have also been observed, but
the evidence is less robust (29, 30). Looking across seven influenza seasons, VE was significantly
greater among females than males, and this difference was more pronounced in older adults
(31). A recent systematic review, however, concluded that there is insufficient evidence of a sex

difference in effectiveness in older age groups (30). The authors note that many studies are



either not designed to assess sex differences or do not present data that is sufficiently
disaggregated by age and sex. More evidence is needed to understand how the sex differences

in the immunogenicity of influenza vaccines translate to effectiveness.

In terms of vaccine safety, older females consistently report more adverse events (AE)
following influenza immunization than males. This has been studied for both the standard-dose
(24, 32, 33) and high-dose (34, 35) lIV, and has been confirmed in several systematic reviews
(30, 36, 37). In one study that disaggregated data by both sex an age, sex differences were
greater at older than younger adult ages (38). Differences in rates of AE may reflect a gender

difference in reporting or a biological sex difference in reactogenicity (4).

1.3 Sex differences in the response to COVID-19 vaccines in older adults

In contrast to the well-documented sex differences in response to influenza vaccination,
minimal sex- and age-disaggregated data are currently available to interrogate sex differences
in COVID-19 vaccine outcomes in older adults. Published studies including older adults focus
primarily on the mRNA vaccines (BNT162b2 and mRNA-1273), and often rely on relatively small
sample sizes. In multivariable analysis, female long-term care facility residents (LTCFR) had
significantly greater IgG titers and functional antibodies than males after the first mRNA vaccine
dose, but not after the second dose (39, 40). Similarly, in fully vaccinated older adults, there are
no significant sex differences in antibody titers (41-43). Among LTCFR who recovered from
SARS-CoV-2 infection, however, there is a trend of higher antibody levels in females than males
(44). While sex differences in immune responses are currently not apparent among older adults

who received mRNA vaccines, data are missing for other vaccine platforms, and more research



is needed to understand how sex differences may be modified by prior infection or affect

immunity against variants of concern (e.g., Omicron).

The COVID-19 vaccine clinical trials revealed remarkably high efficacy against the
ancestral virus at all ages but did not provide estimates disaggregated by sex within each age
group (45-48). Sex differences observed in COVID-19 outcomes in unvaccinated older adults are
not observed in fully vaccinated populations, such that VE with respect to hospitalization and
mortality is the same in males and females (49). Similarly, sex does not impact the risk of
breakthrough infection in LTCFR (50) or in the general older adult population (51, 52). Like
immunogenicity, sex differences in COVID-19 VE are currently not apparent in older adults, but

failure to disaggregate data by both sex and age may be obscuring an important effect.

Few studies have provided both sex- and age-disaggregated safety data for the SARS-CoV-
2 vaccines. Among older adults, local, systemic, and medically attended AE are more common
in females than in males (53, 54). Both among females and overall, older individuals report
fewer AE than younger individuals (53, 54), but the proportion of events classified as serious
increases with age (55). Sex differences have been reported for several serious AE, including a
female bias in anaphylaxis (56-58) and thrombosis with thrombocytopenia syndrome (59), and
a male-bias in myocarditis (60), but these events predominantly occur in younger age groups. It
is currently unclear what age- and sex-dependent protective factors may explain the absence of

these events following immunization in older populations.



1.4 The intersection of sex with age-related factors

In addition to sex differences in vaccine outcomes in older adults, sex can also modify the
effect of chronological age, frailty, or the presence of comorbidities on immunogenicity or VE.
Intersectional analyses investigating differences among males and females caused by age-

related factors are crucial to a robust understanding of the heterogeneity of vaccine responses.

1.4.1 The intersection of sex and aging

Age-associated changes in immunity (e.g., heightened pro-inflammatory state and deficits
in both cellular and humoral immunity) (3, 61, 62) are coupled with changes in the hormonal
milieu in both males and females, which can cause sex-specific effects of aging (29). For
example, decreasing concentrations of estrogens with menopause are associated with reduced
B and T cell numbers and lower concentrations of IL-6 in females (63-65), while decreases in
testosterone in males are inversely correlated with levels of soluble IL-6 receptor (66).
Furthermore, profiling of peripheral blood mononuclear cells across the lifespan revealed that
the decline in naive T cell activity and increase in monocyte function observed with age occur to
a greater extent in males than females, and are accompanied by a male-specific decline in B cell
transcriptional activity (67). This analysis also found that abrupt age-associated epigenetic
changes occur earlier in males than females, and that while older females have higher adaptive
immune cell activity, older males have higher inflammatory and monocyte activity (67). These
findings have been replicated in multiple other studies (68-72), and together suggest that the
effects of aging on the immune system are dampened and occur at a slower rate in females

than males.



Sex-specific effects of aging have been reported in the humoral immune response to
influenza vaccination. In the case of repeated vaccination with the high-dose IV, pre-
vaccination titers to A/H3N2 and influenza B viruses decrease with age in males but not in
females, suggesting that older females enter each influenza season with greater immunity than
their male counterparts (73). In contrast, in response to the pH1N1 vaccine, age-associated
declines in immunogenicity are not observed in males, but are observed in females, where they
are associated with declining concentrations of estradiol (74). Although the results of these
studies may appear conflicting, it is important to note that the high-dose 11V study included only
older adults (aged 275 years), while the pH1N1 study compared younger (aged 18-45 years) and
older (aged 265 years) cohorts. Furthermore, pandemic viruses and vaccines provide a unique
opportunity to evaluate responses to a novel viral antigen, whereas during seasonal influenza
vaccination, the influence of prior exposure to influenza on vaccine immunogenicity may be sex
differential (73). Thus, the discordance in the two studies may be explained by the pandemic

versus seasonal nature of the vaccines investigated.

For COVID-19 vaccines, multiple studies that either control for or ignore sex have
reported that vaccine-induced antibody responses decrease with age in older adults (39, 43, 44,
75-77). There is conflicting evidence on the effect of age on VE, with some studies reporting a
negative effect (78-80), and others reporting no effect (81-83). For antibody responses (84, 85)
and VE (86-88), several studies have identified both male sex and old age as risk factors, but
have not investigated sex-specific effects of aging, with the result that it is currently unknown

whether the effects of aging on COVID-19 vaccine outcomes differ in males and females.



1.4.2 The intersection of sex and frailty

Frailty is defined as reduced physiological function leading to increased vulnerability and
is associated with profound immune dysregulation that can impact vaccine responses in a sex-
specific manner (89-91). Importantly, the prevalence of frailty is higher, but mortality is lower,
in older females than older males, suggesting fundamental sex differences in pathophysiology
(92, 93). For example, frailty is associated with increased frequency of pro-inflammatory late
memory B cells only in males (94), and baseline concentrations of CRP and fibrinogen are
associated with increased incidence of frailty only in females (95). The relationship between
frailty and vaccine responses is debated in the literature, and few studies have considered how

sex may modify this relationship.

For influenza, frailty is not associated with pre- or post-vaccination HAI titers in either
males or females, nor is a sex difference in the impact of frailty observed (73, 96). In addition,
no association between frailty and antibody responses is observed either when controlling for
sex in statistical analysis (25, 97) or when ignoring sex altogether (98-100). In contrast, it has
also been reported that frailty has both a negative (101) and a positive effect on antibody
responses (26), and that frailty may impact measures of vaccine-induced cell-mediated
immunity (25). Evidence of the effect of frailty on influenza VE is also conflicting, with one
study reporting that VE decreases significantly with frailty (102), and another reporting that VE

estimates are not confounded by frailty (103).

The impact of frailty on COVID-19 vaccine outcomes has only been investigated without

consideration of sex. Frailty does not impact vaccine-induced antibody responses against



BNT162b2 when controlling for sex and other covariates (42) or when ignoring sex (104, 105).
Frailty does, however, increase the risk of post-vaccination infection when controlling for sex
and age (50, 51). In analyses that control for sex, living in a long-term care facility, a proxy for
frailty, was associated with increased risk of severe COVID-19 outcomes post-vaccination (86)
and individuals with breakthrough infections were more likely to be LTCFR than unvaccinated
infected individuals (52). Finally, VE is lower and wanes faster in both frail individuals and
males, but sex-specific effects of frailty were not investigated (87). Together, the data support a
role for frailty in impairing COVID-19 VE beyond the impact of chronological age, but whether

this effect is different in males or females remains unknown.

For both influenza and COVID-19, the frailty literature is complicated by different
methods used to measure frailty, small sample sizes, and lack of consideration of biological sex.

More research is needed to address the discordance and gaps in the literature.

1.4.3 The intersection of sex and comorbidity

There is a high prevalence of comorbid conditions in older adults, which can have
immunomodulatory effects that impact infectious disease epidemiology and vaccine responses
(106). For example, the prevalence of health conditions that increase the risk of influenza-
related complications (e.g.: chronic pulmonary or cardiovascular disease, metabolic disorders,
etc.) rises drastically with age and is significantly higher in older males than older females (107).
Similarly, a greater percentage of older males than females are at high-risk of requiring
hospitalization if infected with COVID-19 due to the presence of an underlying condition (e.g.:

cardiovascular disease, diabetes, cancer, etc.) (108).
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Despite the clear age-by-sex bias in the prevalence of comorbidities that may impact
influenza and COVID-19 vaccine responses, sex-specific effects of chronic conditions have not
been studied. For influenza vaccines, studies that either control for or do not consider sex
report that influenza vaccine immunogenicity (27) and relative VE (98, 109) do not differ by the
presence of high-risk conditions. For COVID-19 vaccines, analyses that control for sex reveal
that multimorbidity is not associated with immunogenicity in older adults (42, 43), but is
associated with VE (52, 86, 87, 110, 111). These data reveal a gap in the literature, whereby the
role of sex in modifying the effect of multimorbidity on vaccine responses remains poorly

understood.

1.5 Discussion

Both sex and age-related factors have important consequences on vaccine responses in
older adults, but the intersection of sex with age, frailty, and comorbidity remain incompletely
elucidated (Table 1). This literature gap suggests that a roadmap is needed for sex-responsive
vaccinology research in older adults (Figure 1). Sex-responsive research requires careful

thought at the study planning, data collection, analysis, and dissemination phases.

First, study planning must begin with a review of the literature to identify gaps and
generate hypotheses related to sex differences and sex-specific effects. Following hypothesis
generation, sample size calculations are required to adequately power studies for sub-group
analyses and interrogation of sex as an effect-modifier (112). In the literature reviewed above,
small sample sizes suggest that many studies are not appropriately powered, and are thus

prone to type Il errors, whereby the null hypothesis of no sex difference is erroneously
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accepted (113). Larger sample sizes, with adequate numbers of males and females, are thus
necessary for correct statistical inference. Instead of interpreting larger sample sizes as a
burden, sex should be viewed as an important modifier of vaccine-induced immunity and

outcomes that could improve study design and interpretation (114)

Second, recruitment of diverse participants and inclusion of populations that are typically
under-represented in research (e.g.: populations of color, frail individuals, gender minorities) is
essential. Once recruited, explicit strategies are needed for participant retention. For example,
home visits that do not require participants to travel to study sites are an effective method to
retain participants with reduced mobility. Data collection should also utilize validated measures
of frailty, and multi-morbidity, along with sex-specific questions (e.g.: use of hormone
replacement therapy) to thoroughly understand underlying differences among and between

male and female participants.

Third, sex must be considered as a variable of importance, rather than a confounder to be
controlled for, during data analysis and dissemination of results (112). This begins by
disaggregating data by sex for relevant sub-groups (i.e., age, frailty status). In formal analysis,
use of interaction terms between sex and other variables allows for interrogation of how trends
differ between males and females. Finally, dissemination of results should underscore whether
findings are true for both males and females and highlight the clinical and public health

implications of any sex-specific findings.

In conclusion, we identified sex differences in influenza and COVID-19 vaccine outcomes

in older adults but uncovered a significant gap in the literature in terms of the sex-specific
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effects of age-related factors. While the present review focused on influenza and COVID-19
vaccines, the conclusions and research roadmap extend to other vaccines administered to older
adults, such as the herpes zoster and pneumococcal vaccines, as well as other public health
interventions. Implementation of the roadmap requires engagement at all levels, including
funders, regulatory agencies, vaccine manufacturers, and academic institutions. Ultimately, it is
through sex-responsive research that that we can leverage the heterogeneity of older

populations to provide optimal protection against vaccine-preventable diseases.
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1.6 Table

Table 1.1 Summary of sex differences and sex-specific effects of age-related factors on
influenza and COVID-19 vaccine outcomes in older adults.

Influenza vaccines

COVID-19 vaccines

Sex differences in older adults

vaccines is greater in females than in
males.

e Evidence of greater VE in females, but
insufficient sex- and age-disaggregated
data to support a definitive conclusion.

e Immunogenicity of inactivated influenza

No sex differences are observed in the
immunogenicity of mRNA vaccines.
Preliminary evidence that females mount
greater antibody responses than males in
the context of prior infection.

No evidence of sex differences in VE

Sex-specific effects of aging

e Pre-vaccination titers to the high-dose
inactivated influenza vaccine decrease
with age in males, but not in females.

e Antibody titers to the 2009 pandemic
H1N1 vaccine decrease with age in
females, but not in males.

Both old age and male sex are risk factors
for reduced immunogenicity and VE, but
sex-specific effects of aging have not
been studied.

Sex-specific effects of frailty

and VE is debated, but no sex-specific
effects have been observed.

e The impact of frailty on vaccine responses

Both frailty and male sex are associated
with reduced VE, but sex-specific effects
of frailty have not been studied.

Sex-specific effects of comorbidity

e Not determined

Not determined

Abbreviations: VE: vaccine effectiveness
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1.7 Figure

Study planning

Data collection

[ Analysis & dissemination ]

Review available evidence on
sex differences and identify
literature gaps

Generate hypotheses related
to sex differences and sex-

specific effects of age-related
factors

Ensure studies are powered
to investigate sex differences
and sex as an effect modifier

Recruit diverse and
representative study
participants

Implement strategies to
retain older/frail participants

Collect sex-specific data and
use validated measures of
frailty and multi-morbidity

Disaggregate data by sex for
relevant sub-groups to allow
for intersectional analyses

Use sex interaction terms
instead of controlling for sex
in multivariable regression

Report sex-specific results
and highlight potential public
health implications

Figure 1.1 Roadmap for sex-responsive vaccinology research in older adults.

Sex-responsive vaccine research in older adults requires careful thought and at the study
planning, data collection, analysis, and dissemination phases. Action items for each phase are
provided.
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1.8 Dissertation rationale & aims

As highlighted in the literature review above, sex is rarely considered as a variable of
importance in vaccinology research, particularly in older adult populations. In parallel to the
role of biological sex in the immunological response to vaccination, gender has important, but
largely unexplored, consequences in vaccine hesitancy and decision-making. In the context of
global population aging, where by 2050, the number of people above 65 years of age is
expected to double and the number of people above 80 years of age is projected to triple (115),
successful vaccination programs for older adults are increasingly important to global health.
The three aims of this dissertation each highlight how sex or gender contribute to
heterogeneity in vaccine outcomes in older adults, and how this heterogeneity can be

leveraged to better protect this vulnerable population from viral respiratory diseases.

181 Aiml1l

The first aim was to estimate the impact of repeat vaccination on the antibody response
to the high-dose trivalent inactivated seasonal influenza vaccine in older adults, and its
dependence on the intersection of age, sex, frailty, BMI, and pre-existing immunity. This aim
consisted of quantitative secondary data analysis using clinical and hemagglutination inhibition

titer data collected during the 2014-15 to 2019-20 influenza seasons and is discussed in Chapter

1.8.2 Aim2

The second aim was to investigate sex differences and sex-specific effects of aging in the

magnitude, durability, and breadth of the humoral immune response induced by three doses of
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a SARS-CoV-2 mRNA vaccine. This aim consisted of laboratory and quantitative analysis of
clinical data and samples collected from older adults prior to and at several timepoints

following SARS-CoV-2 vaccination and is discussed in Chapter 3.

1.83 Aim3

The third aim was to understand how the intersection of gender and race shaped the
vaccine decision-making processes for older adults during the COVID-19 pandemic, with the
goal of understanding how vaccine programs and public health messaging could better meet
the diverse needs of this population. This aim consisted of primary data collection in the form

of in-depth interviews and qualitative analysis and is discussed in Chapter 4.
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CHAPTER 2

SEX-SPECIFIC EFFECTS OF AGING ON HUMORAL IMMUNE
RESPONSES TO REPEATED INFLUENZA VACCINATION IN
OLDER ADULTS

Janna R. Shapiro, Huifen Li, Rosemary Morgan, Yiyin Chen, Helen Kuo, Xiaoxuan
Ning, Patrick Shea, Cunjin Wu, Katherine Merport, Rayna Saldanha, Suifeng Liu,
Engle Abrams, Yan Chen, Denise C. Kelly, Eileen Sheridan-Malone, Lan Wang, Scott
L. Zeger, Sabra L. Klein, and Sean X. Leng

npj vaccines, 2021
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2.1 Abstract

Older adults (265 years of age) bear a significant burden of severe disease and mortality
associated with influenza, despite relatively high annual vaccination coverage and substantial
pre-existing immunity to influenza. To test the hypothesis that host factors, including age and
sex, play a role in determining the effect of repeated vaccination and levels of pre-existing
humoral immunity to influenza, we evaluated pre- and post-vaccination strain-specific
hemagglutination inhibition (HAI) titers in adults over 75 years of age who received a high-dose
influenza vaccine in at least four out of six influenza seasons (NCT02200276). Pre-vaccination
titers, rather than host factors and repeated vaccination, were significantly associated with
post-vaccination HAI titer outcomes, and displayed an age-by-sex interaction. Pre-vaccination
titers to HIN1 remained constant with age. Titers to H3N2 and influenza B viruses decreased
substantially with age in males, whereas titers in females remained constant with age. Our
findings highlight the importance of pre-existing immunity in this highly vaccinated older adult
population and suggest that older males are particularly vulnerable to reduced pre-existing

humoral immunity to influenza.

19



2.2 Introduction

Seasonal influenza is an important public health burden in older adults (people 265
years of age), particularly the oldest and frail subset (116-118). In the United States (U.S.), there
are an estimated 4 million incident cases per year in older adults, accounting for 90% of deaths
associated with influenza (8, 10). The U.S. Centers for Disease Control and Prevention (CDC)
recommends annual influenza vaccination for prevention of influenza infection and
complications in people 6 months and older (119). The high-dose inactivated influenza vaccine
(HD-11V) is available to older adults and has demonstrated superior efficacy over the standard-
dose vaccine in older age groups (119, 120). Seasonal influenza vaccination coverage is
relatively high in older adults, with >60% of older Americans being vaccinated annually,

compared to <40% vaccination coverage in the 18-49 age group (121).

Age-related immunosenescence, defined by a decline in cellular and humoral immune
function combined with a chronic low-grade inflammatory phenotype (CLIP), or inflammaging
(3,90, 122), is believed to be the primary reason for the reduced effectiveness of influenza
vaccines observed in older adults (123-125). Repeated annual vaccination may also have a
negative effect on vaccine-induced humoral immune responses as well as vaccine effectiveness
(VE). For example, a recent observational test-negative study using ten years of vaccination
history found that in older adults, VE decreases with increasing numbers of previous
vaccinations but that vaccination continues to offer some level of protection (126). Another
study over eight seasons in the general adult population found that VE to H3N2, but not
influenza B virus, is reduced among individuals with frequent vaccination history compared to

those without prior vaccination (127). Age-specific effects have also been observed in this
20



context, with a reduction in immunogenicity observed with repeat vaccination in teenagers but
not adults (128). In addition, a meta-analysis found heterogeneous effects of repeated
vaccination overall and that when negative effects are observed, they are most pronounced for
H3N2 (129). In contrast, a recent systematic review and meta-analysis concluded that the
available evidence does not support a reduction in VE with consecutive repeat vaccination, but
that certainty in the evidence is low (130). Case control studies in both Australia and Spain
found beneficial effects of repeated annual vaccination on VE in older adults (131, 132), and an
observational population-based study in Sweden found no differences in VE between those
who had been vaccinated in the current season only and those who had been vaccinated in
both the current and previous seasons (133). Based on the conflicting evidence, multi-season
clinical studies to address the effects of aging and repeated vaccination have been

recommended (129).

Mechanistically, pre-existing immunity generated to various influenza virus exposures
over time can have an important impact on the outcome of vaccination. According to the
immune imprinting theory, the memory response established by an individual’s first influenza
exposure has a lifelong effect on subsequent immune responses to infection or vaccination
(134). Broad pre-existing immunity is thought to have negative consequences, as pre-existing
antibodies can suppress the response to novel influenza virus strains by reducing the amount of
available antigen or epitope masking (135, 136). A theoretical benefit of HD-IIV is that pre-
existing antibodies cannot sequester the increased amount of antigen delivered, and, thus,

more antigen is available to activate memory B cells and elicit a protective response (137-139).
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To our knowledge, however, the impact of pre-existing immunity in the context of the HD-IIV

has not been adequately characterized.

In addition to age, other host factors including sex, frailty, and body mass index (BMI)
can impact vaccine responses in older adults. Females have been found to mount greater
antibody responses to HD-IIV than males (27). The immunological differences between males
and females in immune responses are largely attributed to sex hormones and sex chromosomes
(74, 140, 141). Inflammaging likely also contributes significantly to age- and sex-related
differences in immune responses and vulnerability to infections, as discussed in two recent
reviews in the context of SARS-CoV-2 infection and ongoing pandemic (140, 142). The
relationship between frailty and influenza vaccine responses is debated in the literature, with
one study reporting frailty having a negative effect (101), others reporting no effect (25, 96, 97,
99, 100), and others still reporting a positive effect (26). Finally, in older adults, obesity, as
measured by BMI, is significantly associated with decreased hemagglutination inhibition (HAI)
titers and percentage of switched memory B cells (143). Whether host related factors, including
sex and age, explain variation in pre-existing immunity following repeated vaccination has not
been reported. We hypothesize that the variation across studies in estimates of the effects of
pre-existing immunity and repeated annual vaccination is partly caused by failure to adequately
account for heterogeneity and interactions among host factors that likely differ across studies.
To address this knowledge gap, we used a longitudinal cohort of older adults over 75 years of
age who had received high-dose, trivalent inactivated influenza vaccine (HD-11V3) in at least

four out of six influenza seasons to estimate the impact of repeated vaccination on the
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antibody response to HD-1IV3 and its dependence on the intersection of age, sex, frailty, BMI,

and pre-existing immunity.

2.3 Results

2.3.1 Study Participants and annual influenza immunization with HD-1IV3

Over the six influenza seasons from 2014-2015 to 2019-2020, 90 individuals participated
in at least four study seasons and 433 doses of HD-11V3 were administered. The strains included
in each vaccine and the study protocol are described in Figure 1. Table 1 shows demographic
and clinical characteristics of the study participants. There were slightly more females (55.6%),
and yearly study enrollment increased over time. There were missing data in our study (i.e.
individuals who did not participate in all six influenza seasons), but this did not substantially
depart from the missing at random assumption, so multi-level models were used to account for
this missingness. Baseline characteristics, measured during the first year of participation, were
similar between males and females. The median age at study enrollment was 80, and >50% of
participants were classified as pre-frail as per the Fried Frailty Phenotype (144). Trends in the
change of frailty status since baseline were calculated as the difference between the first and
last years of participation and differed by sex. A greater proportion of males improved in frailty
status, whereas more females either did not change or progressed in frailty status. A greater
proportion of males also experienced changes in BMI over the course of the study, while BMI

did not change for females.
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2.3.2 Pre- and post-vaccination strain-specific HAI titers are high among repeatedly vaccinated
older adults

Pre- and post-vaccination strain-specific HAI titer outcomes to the three HD-IIV3 vaccine
strains are summarized and disaggregated by sex in Table 2. Pre- and post-vaccination
outcomes stratified by influenza season are detailed in Supplementary tables 1-6. As expected
in this highly vaccinated elderly population, titers and seroprotection rates (defined as an HAI
titer 240 (145-147)) were high. This was particularly true for influenza B, where 98% of the
participants were seroprotected prior to immunization. Post-vaccination, >94% of participants
achieved seroprotection for HIN1 and H3N2, while 100% of participants were seroprotected
against influenza B. Because of the lack of variability in post-vaccination seroprotection, this
outcome was omitted from further analysis. Fold-rise in titers and rates of seroconversion, as
defined by 24-fold titer increase (148), were relatively low but were highest for H3N2. There
were no sex differences in any post-vaccination outcomes. Together, these data indicate that
pre-existing and post-vaccination strain-specific HAI titers remained high among older adults

who were repeatedly vaccinated with HD-11V3.

2.3.3 Age, sex, BMI, frailty status and repeated vaccination are not associated with post-
vaccination outcomes

We then assessed the relationships between pre-defined host factors (i.e., age, sex,
BMI, and frailty status) and post-vaccination strain-specific HAI titer outcomes. When
controlling for pre-vaccination titers and influenza season, neither age, frailty, nor BMI
individually had statistically significant associations with post-vaccine titers (Supplementary
figure 1A-C), the fold-rise in titers (Figure 2A-C), or the odds of seroconversion (Supplementary

figure 2A-C) for either HIN1, H3N2, or influenza B. Inclusion of interaction terms in the models
24



allowed for analysis of sex-specific contributions of age, frailty, and BMI, as well as sex
differences in the effects of these host factors. None of the host factors had a statistically
significant association with post-vaccination titers (Supplementary figure 1A-C), the fold-rise
(Figure 2A-C), or the odds of seroconversion (Supplementary figure 2A-C) for either males or

females.

The relationship between the number of years of study participation (measured as a
time-varying predictor) and post-vaccination HAI titers outcomes was investigated to evaluate
potential negative effects of repeated annual vaccination on the humoral immune response to
future vaccines. Vaccination status prior to study enrollment could not be verified, but
leveraging the longitudinal design of our study, we sought to quantify whether post-vaccination
outcomes declined with additional annual vaccination, and whether this effect differed by sex.
There was a non-significant negative trend between the number of years participated and the
fold rise in titers (Figure 2D-G). These trends were also observed when analyses were repeated
using post-vaccination titers (Supplementary figure 1D-G) and rates of seroconversion

(Supplementary figure 2D-G) as outcomes of interest.

2.3.4 Pre-vaccination HAI titers strongly predict post-vaccination outcomes

Overall, host factors and increasing number of annual vaccinations did not significantly
predict any of the post-vaccination antibody titer parameters. Pre-vaccination titers, however,
were strong predictors of the fold-rise for HIN1 (slope =-0.15; 95% Cl: -0.18; -0.13) (Figure 2H),
H3N2 (slope =-0.12; 95% Cl: -0.15; -0.10) (Figure 2I), and influenza B (slope =-0.13; 95% ClI: -

0.15; -0.11) (Figure 2J) (p<0.0001 for testing the null hypotheses that the slope equals zero for
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each vaccine strains), such that greater pre-vaccination titers were associated with a smaller
fold rise. Analyses were repeated using post-vaccination titers (Supplementary Figure 1H-K)
and odds of seroconversion (Supplementary Figure 2H-K) as outcomes of interest, and similarly
strong associations were observed with the pre-vaccination titers. The strength of these
associations suggests that post-vaccination outcomes are primarily determined by pre-existing
humoral immunity. Thus, in highly vaccinated populations, such as the older adult participants
in this study, pre-vaccination titers are not just confounders to be controlled for in the analysis
of post-vaccination humoral immunity but are an outcome of public health importance that
illustrate the durability of immunity to influenza from one season to the next. Given the
importance of pre-vaccination titers, we focused subsequent analyses on exploring the
relationships between host factors and pre-vaccination HAI titers in the context of advanced

age and repeated annual vaccination.

2.3.5 Sex modifies the relationship between age and pre-vaccination HAl titers

Next, we assessed the relationships between age, frailty, BMI, and pre-vaccination titers
(Figure 3A-C). Neither frailty nor BMI were statistically significantly associated with pre-
vaccination HAI titers for all participants or in sex-disaggregated subgroups. Further, there were
no statistically significant sex differences in the effects of frailty or BMI on pre-vaccination HAI
titers against either HIN1, H3N2, or influenza B. A statistically significant sex by age interaction,
however, was observed for H3N2 (Figure 3B) and for influenza B (Figure 3C), in which HAI titers

declined with age among male but not female participants.
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To further interrogate the sex-specific effects of aging, expanded models controlling for
frailty and BMI, in addition to influenza season, were constructed. Coefficients from the base
(i.e., controlling for influenza season only) and expanded models are shown in Table 3, and
results from expanded models are plotted in Figure 3D-F. For HIN1, HAI titers tended to
increase with age for both males and females, but the increase was not statistically significant
(males: 0.49 units per decade, p = 0.152; females: 0.35 units per decade, p = 0.267), nor was the
sex difference in slope (p = 0.676) (Figure 3D). For H3N2, while titers again tended to increase
with age in females (0.62 units per decade, p = 0.121), they tended to decrease with age in
males (-0.75 units per decade, p = 0.097), leading to a significant sex difference in age slopes
(sex by age interaction = 0.137; p = 0.010) (Figure 3E). For influenza B, titers again tended to
increase with age in females (0.33 units per decade, p = 0.275) but decreased by 0.78 units per
decade in males (p = 0.023) (Figure 3F). Like H3N2, the sex difference in the effect of age was

significant for influenza B (p = 0.005).

Both the base and expanded models were then amended to include cubic splines to
obtain more granular estimates of the effects of age on HAI titers for males and females.
Coefficients for base and expanded non-linear models are shown in Table 3, and results from
expanded models are plotted in Figure 3G-l. The non-linear model for HIN1 did not differ from
the linear model, and no significant effects of age within each sex or difference between the
sexes were observed (Figure 3G). Although the trends in the linear models were similar for
H3N2 and influenza B, using age as a non-linear predictor revealed that different age categories
were driving the overall effects. For H3N2, the increase in pre-vaccination HAI titers with age in

females was driven by individuals in the 80-85 age category (increase of 0.67 units; p = 0.037),
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and the decrease in males was driven primarily by people in the 75-80 age category (decrease
of 1.78 units; p = 0.012) (Figure 3H). Thus, the sex difference was greatest at the younger end of
the cohort (p = 0.036 at 75 years of age). Conversely, increasing titers to influenza B with age in
females were driven by individuals in the 75-80 age category (increase of 1.2 units; p = 0.004),
whereas for males there was a sharp decline in HAI titers that occurred in participants 90-95
years of age (decrease of 1.65 units; p < 0.0001) (Figure 3Il). Here, the sex difference in pre-
vaccination titers was only significant at the oldest end of the cohort (p = 0.003 at 95 years of
age). Taken together, these data illustrate sex-specific effects of aging on pre-vaccination

antibody titers to H3N2 and influenza B, but not HIN1.

To account for the fact that there were several consecutive influenza seasons where the
strain included in the vaccine remained constant for either HIN1, H3N2 or influenza B, the
above analyses were repeated controlling for viral vaccine stain rather than influenza season.
Re-analysis of pre-vaccination antibody titers using viral vaccine strain rather than influenza
season in the models did not change any of the associations between age and sex described
above, and the trend of declining pre-vaccination titers in males to H3N2 and influenza B
remained (Supplementary Table 7). Further, toillustrate the consequences of ignoring sex as a
biological variable, as is commonly encountered in biomedical research (112, 149), analyses
were repeated controlling for sex rather than allowing age effects to vary by sex. For H3N2 and
influenza B, where the effect of aging was found to be significantly different in males as
compared to females, the estimates derived by controlling for sex (black lines in Figure 3E, F, H,
1) were not representative of either males or females. In the linear models, for example,

controlling for sex led to the incorrect inference that titers remain constant with age, while the
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interaction models demonstrate that this is false for both males and females. The goodness-of-
fit of models controlling for sex and using an age-by-sex interaction term were compared using
Akaike’s Information Criterion (AIC) in Table 4, where lower values indicate better relative
goodness-of-fit. For antibody titers to H3N2 and influenza B, despite the penalty for increasing
model complexity, fit was improved by including an age-by-sex interaction term that allowed
the effect of age to differ by sex. Thus, incorporating sex differences into vaccinology research

can lead to more robust analysis.

2.4 Discussion

In this multi-season, longitudinal study of older adults over 75 years of age, pre-
vaccination titers, rather than host factors or repeated vaccination, strongly predicted all post-
vaccination antibody titer outcomes. While it has previously been reported that pre-existing
immunity predicts the outcome of vaccination across various age groups (126, 128), the role of
sex and age in explaining variability in pre-existing immunity has not been characterized. We
report that pre-existing humoral immunity, which reflects the durability of humoral immunity
against influenza from previous seasons, displayed an age-by-sex interaction. We found that
HAI titers to all three vaccine strains stayed constant in females with age but that HAI titers to
H3N2 and influenza B decreased with age in males, leading to significant sex differences in the
effect of age for these two vaccine viruses. Thus, sex is a fundamental predictor of the effect of
age on pre-existing immunity in this vulnerable population. It has previously been reported that
at older ages, there is a male-bias in influenza B infection and hospitalization (11, 13). Our
results therefore provide a potential mechanism for this sex difference and highlight the need

to develop better vaccines or vaccination strategies against influenza for older males.
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Because older adults are disproportionally burdened by severe disease and mortality
from seasonal influenza, significant effort has been devoted to improving annual vaccination
coverage for this vulnerable population. Older adults, particularly those who are over 75 years
of age, can thus have decades of repeated annual influenza vaccination. Cumulatively, repeated
annual vaccination can lead to high pre-vaccination titers, which we observed in this study and
previously reported in younger adult healthcare workers, where mandatory vaccination policies
result in exceptionally high rates of immunization (150). Particularly important in older adults,
where formation of de novo responses is impaired by immunosenescence (151), the breadth of
pre-existing humoral immunity and the positive predictive value for post-vaccination titers can
thus be harnessed to elicit protection (138). The clinical and scientific implications of this
notion are far-reaching and long-term, as the Advisory Committee on Immunization Practices
(ACIP) of the CDC has recommended annual influenza vaccination for anyone aged 6 months

and older since 2010 (152).

For many vaccines, antibody titers wane over time (153-156). Influenza vaccines are
unique in this respect due to the recommendation for yearly immunization and exceptional
antigenic diversity, which alter the dynamics of waning immunity. The constant pre-vaccination
HAI titers with age in females seen in our study suggest that females benefit from a booster
effect from each successive annual vaccination that appears to prevent antibody waning. This
influenza-specific effect has been reported elsewhere, where samples collected from
individuals over a 20-year period revealed longitudinal increases in neutralizing titers to
influenza (157). However, our data suggest that this effect is absent in males for H3N2 and

influenza B. The reasons for this sex difference are unknown, but may be attributable to the
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compounding effects of females developing stronger responses to influenza infection and
vaccination throughout adulthood (4), leading to a more robust repertoire of memory B cells
that recognize conserved epitopes on drifted virus strains. It is speculated that in older adults,
consistently inferior responses among males may manifest as a lack of memory B cells that can
be boosted by drifted viruses to counteract waning of antibody over time, thus resulting in

decreasing pre-vaccination titers with age.

Notably the sex difference was absent for responses to HIN1 vaccine antigens. A
possible explanation for this lies in the differing evolutionary rates of the three vaccine viruses.
H1N1 viruses experience slower evolution than H3N2 viruses (158) and the influenza B/Victoria
lineage (159). In addition, the global co-circulation of B/Yamagata and B/Victoria lineages leads
to increased exposure to divergent antigens (160). Accordingly, over the six influenza vaccine
seasons included in our study, and in the past decade, vaccine antigens were significantly more
variable for H3N2 and influenza B than for HIN1 (161). It is thus possible that repeated
exposure to the same H1N1 strain sufficiently boosted male steady-state immunity to mask sex
differences in the immune response. Conversely, for H3N2 and influenza B, sequential exposure
to drifted viruses required robust and broad responses to allow for boosting of steady-state
immunity, which may have only been present in females. Another possible explanation is
immunological imprinting in youth, as it has a lifelong impact on subsequent immune responses
to influenza infection and vaccination (134, 162). Individuals in our cohort, born from 1916-
1941, may have been exposed to HIN1 in their youth, while the 1918 pandemic virus continued

to circulate, but were likely exposed to H3N2 and influenza B later in life (163). It is therefore
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possible that strong immune imprinting to HIN1 virus strains masked the sex differences

otherwise observed for H3N2 and influenza B.

Our study had several strengths and limitations. First, this was an observational study
that was not specifically designed to interrogate sex differences in the immune response to
influenza vaccination. To overcome small yearly sample sizes, six influenza seasons were pooled
together, and statistical methods were used to control for annual variation in vaccine virus
strains and repeated measurements on participants. The resulting multi-season nature of this
work improves generalizability to future influenza seasons. Secondly, the humoral immune
response to vaccination was measured by strain-specific HAI titers, which are the standard in
the field, but lack the functional quality of microneutralization assays (164). Relying solely on
serological samples also prohibited mechanistic investigation at the cellular level. In-depth
studies of cellular and transcriptional mechanisms underlying the sex differences observed in
this cohort are on-going. Third, the lack of racial diversity in our cohort must be noted, as it
prohibited us from investigating race as a host factor of interest, which should be considered in
future studies. Although the study lacked racial diversity, the cohort was diverse in terms of age
at vaccination, allowing us to study effects in the ‘oldest’ old subset. In addition, we were
unable to ascertain vaccination history for the participants prior to enroliment in the study.
Previous research suggests that influenza vaccination coverage is similar among older men and
women (165), such that it is unlikely that gender differences in vaccination history confounded
the results observed. Finally, a major strength of this study is the intersectional approach to

analysis, which allowed for interrogation of effects both between and within groups (i.e.,
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between and among males and females), leading to a richer and more nuanced interpretation

(166).

In conclusion, we demonstrated that in highly vaccinated older adults, pre-vaccination
HAI titers, rather than age, sex, BMI, frailty, or repeated vaccination, predict post-vaccination
parameters of humoral immunity. These pre-vaccination titers change with age in a sex-specific
manner, such that older males are particularly vulnerable to lower levels of pre-existing
humoral immunity. These findings provide a basis for future studies to investigate the
predictive value of host factors and vaccination history in protection from influenza, which
could ultimately be a valuable tool in a clinical setting. Further research should focus on
elucidating the mechanisms underlying this sex difference, as well as novel vaccination
strategies to harness the breadth of pre-existing immunity in older adults to provide better

protection against influenza for this vulnerable population.

2.5 Methods

2.5.1 Study population and protocol

During the 2014-2015 to 2019-2020 influenza seasons, we enrolled community-dwelling
older adults above 75 years of age who had not yet received a seasonal influenza vaccine.
Individuals who had a history of allergic reaction to influenza vaccines or to eggs, were
currently taking oral steroids, or had worsening or new-onset of immune-modulating conditions
(e.g., rheumatoid arthritis, hematologic malignancies, etc) were excluded. Study participants
came to the Clinical Research Unit at Johns Hopkins Institute of Clinical and Translational

Research on the Johns Hopkins Bayview Medical Center campus, or study visits were conducted
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at participants’ home as needed. A detailed medical history was obtained, vital signs were
measured and frailty was assessed as per the Fried Frailty Phenotype (144). After a pre-
vaccination blood draw, participants received HD-1IV3 (Fluzone®High-Dose, Sanofi Pasteur, PA,
USA). A second blood sample was collected between 21 and 28 days after vaccine
administration (Figure 1). To focus on the context of repeated annual vaccination, only

individuals who participated in a minimum of 4 influenza seasons were included in this analysis.

2.5.2 Ethics

Written, informed consent was obtained from all participants. The study protocol was
approved by the Johns Hopkins School of Medicine Institutional Review Board. The study is

registered on clinicaltrials.gov (NCT02200276).

2.5.3 Hemagglutination inhibition assays

Validated HAI assays were performed by Sanofi Pasteur and used to quantify antibody
titers against the three influenza virus strains (HIN1, H3N2, and B) included in each season’s
vaccine (167). Briefly, serum was incubated with type Ill neuraminidase to eliminate non-
specific inhibitors and then with turkey red blood cells to adsorb non-specific agglutinins. Two-
fold serial dilutions of sera, beginning at a 1:10 dilution, were then performed in duplicate, and
sera were incubated with influenza virus (4 hemagglutination units/25ul). Turkey red blood cells
were then added, and the titer defined as the highest dilution in which hemagglutination of

turkey red blood cells was inhibited.
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2.5.4 Definitions and categorization of predictor variables

Sex was used as a dichotomous variable based on self-report. Age was calculated based
on the date of vaccination and used as a continuous variable. The frailty assessment was based
on the presence or absence of five measurable characteristics: slowed motor performance (by
walking speed), poor endurance and energy (by self-report of exhaustion), weakness (by grip
strength), shrinking (by unintentional weight loss), and low physical activity (by self-report)
(101, 144). Participants with three or more out of these five characteristics were defined as
frail, those with one or two as prefrail, and those with none as non-frail. BMI was calculated
based on measured height and weight and used as a continuous variable. Influenza season (i.e.,
2014-2015 to 2019-2020) was used as categorical variable so as not to imply a linear
relationship from year-to-year. The influenza season was included as a dummy variable in
analyses to account for possible confounding due to variation in the vaccine composition over
time. In sensitivity analyses, viral strain was used as an alternative approach to control for
confounding due to antigenic drift. Number of years of study participation was defined as the
number of vaccines administered to an individual as part of the study at the time that the
outcome was measured each year. Number of years of study participation was used as a time-
varying continuous predictor ranging from 1 to 6 (i.e., set to one the first year an individual

participated, two the second year an individual participated, etc...).

2.5.5 Outcome variables

Geometric mean titers were calculated both pre- and post-vaccination. For regression
analysis, titers were transformed to a log; scale to achieve an approximately normal

distribution. The fold-rise in titer was calculated as post-vaccination titers divided by pre-
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vaccination titers, and logio transformed to achieve a normal distribution. Seroconversion was
defined as achieving a fold-rise 24 and used as a binary outcome. Seroprotection was defined as

a titer > 40 and used as a binary outcome.

2.5.6 Statistical analysis

To account for repeated measures on participants, multi-level mixed effects models
with random intercepts on the individual were used. Although there was missing data in our
study, we do not anticipate substantial departure from the missing at random assumption. The
mixed-effects method was selected because it is considered to be robust in addressing ‘non-
informative’ missing data (168). Following standard risk factor analysis procedure, the
contributions of host factors of interest were first assessed individually. Based on the a priori
hypotheses of this analysis, fixed effects of the base models for post-vaccination outcomes
adjusted for influenza season, pre-vaccination titers and included interaction terms to allow the
effect of the host factor to differ for males and females. Fixed effects of the base models for
pre-vaccination titers adjusted for influenza season and included interaction terms to allow
effects to differ by sex. Where significant sex differences were found, further analysis
controlled for additional covariates, and used cubic B-splines to investigate non-linear
relationships (169). The relative goodness-of-fit of various models were compared using
Akaike’s Information Criterion. For graphs, predictions were capped at 95 years of age due to
low sample size and large uncertainty in estimates above 95 years. Coefficients were
considered statistically significant if 95% confidence intervals did not span the null value of zero

(i.e., p<0.05). Analysis was performed in Stata 15 (StataCorp).
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2.7 Tables

Table 2.1 Summary of study population characteristics.

All Male Female
Person-seasons - n (%) 433 192 (44.3) 241 (55.7)
Individuals - n (%) 90 40 (44.4) 50 (55.6)
Yearly participation - n (%)
2014 45 (50.0) 19 (47.5) 26 (52.0)
2015 68 (75.6) 28 (70.0) 40 (80.0)
2016 68 (75.6) 31 (77.5) 37 (74.0)
2017 87 (96.7) 38 (95.0) 49 (98.0)
2018 88 (97.8) 40 (100.0) 48 (96.0)
2019 77 (85.6) 36 (90.0) 41 (82.0)
Number of seasons participated
4 40 (44.4) 18 (45.0) 22 (44.0)
5 27 (30.0) 12 (30.0) 15 (30.0)
6 23 (25.6) 10 (25.0) 13 (26.0)
Birth year - Median (p25-p75) 1934 (1930-1938) 1934 (1929-1938) 1934 (1930 -1938)
Range 1916 - 1941 1922 -1941 1916 - 1940
Baseline characteristics?
Age - Median (p25-p75) 80 (77 - 83) 80 (77 - 84) 80 (77 - 83)
Frailty - n (%)
Non-frail 37 (41.1) 17 (42.5) 20 (40.0)
Pre-frail 48 (53.3) 21(52.5) 27 (54.0)
Frail 5 (5.6) 2 (5.0) 3(6.0)

BMI - Median (p25-p75)
Change from baseline?
Frailty - n (%)
Improved
No change
Worsened
BMI
Decreased
No change (+/- 1)
Increased

26.8 (24.5 - 30.4)

11 (12.2)
44 (48.9)
35 (38.9)

39 (43.3)
38 (42.2)
13 (14.4)

27.0 (25.3 - 29.6)

8 (20.0)
18 (45.0)
14 (35.0)

19 (47.5)
14 (35.0)
7 (17.5)

26.5 (23.2 - 30.5)

3(6.0)
26 (52.0)
21 (42.0)

20 (40.0)
24 (48.0)
6 (12.0)

L value for first year participated

2 Difference between first and last year participated
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Table 2.2 Pre- and post-vaccination hemagglutination antibody inhibition (HAI) titer

outcomes.

All

Males

Females

Sex difference!

Person-seasons - n (%)

H1N1
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

H3N2
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)

Seroconversion rate - n (%)

Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)

Fold-rise (log10) - mean (95% Cl)

Seroconversion rate - n (%)

433

74.3 (66.8 - 82.8)
192.3 (174.6 - 211.9)
325 (75.1)

415 (95.8)
0.413 (0.376 - 0.450)
134 (30.9)

89.3 (77.0- 103.5)
363.1(316.3 - 416.8)
314 (72.5)

408 (94.2)
0.609 (0.559 - 0.660)
207 (47.8)

262.8 (235.3 - 293.4)
571.1(520.2 - 627.1)
424 (97.9)

433 (100.0)
0.337 (0.304 - 0.370)
105 (24.2)

192 (44.3)

81.7 (70.7 - 94.4)
185.9 (161.5 - 213.9)
149 (77.6)

184 (95.8)
0.357 (0.308 - 0.406)
47 (24.5)

91.8(73.0- 115.4)
365.0 (292.3 - 455.9)
141 (73.4)

179 (93.2)
0.600 (0.527 - 0.672)
84 (43.8)

236.3 (204.8 - 272.6)
508.5 (445.8 - 580.1)
191 (99.5)

192 (100.0)
0.333 (0.288 - 0.378)
47 (24.5)

241 (55.7)

69.0 (59.0 - 80.6)
197.7 (173.0 - 225.9)
176 (73.0)

231 (95.9)
0.457 (0.405 - 0.510)
87 (36.1)

87.3 (71.9 - 106.0)
361.5 (303.5 - 430.6)
173 (71.8)

229 (95.0)
0.617 (0.548 - 0.687)
123 (51.0)

286.0 (243.1 - 336.4)
626.5 (549.7 - 714.0)
233 (96.7)

241 (100.0)
0.341 (0.294 - 0.387)
58 (24.1)

0.4451
0.8922
0.4116
0.7837
0.1711
0.1932

0.8246
0.8793
0.8855
0.4556
0.8554
0.1807

0.2847
0.1735
0.2887

0.9482
0.8386

1 Sex difference p-values derived from multi-level linear (GMT) or logistic regressions (SPR and SCR).
Fixed effects included a term for sex and controlled for study year. Random effects included a random

intercept on the individual.

Abbreviations & definitions: Cl: confidence interval; Fold-rise: post-vaccination titer divided by pre-
vaccination titer, transformed on the logio scale; GMT: geometric mean titer; SPR: seroprotection rate,
the proportion of individuals who achieved a titer 240; Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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Table 2.3 Sex-specific effects of age on pre-vaccination hemagglutination antibody inhibition

(HAI) titers
Base Models? Expanded Models?
Male age effects Female age Sex difference? Male age effects Female age Sex difference?
effects effects
Differ- Diffe-
Change p-value | Change p-value ence p-value | Change p-value | Change p-value rence p-value
HIN1
Linear 0.047 0.164 0.034 0.286 -0.014 0.674 0.049 0.152 0.035 0.267 -0.014 0.676
Non-linear*
75-80 0.379 0.300 0.146 0.650 -0.023 0.963 0.383 0.301 0.134 0.685 -0.010 0.984
80-85 0.133 0.564 0.233 0.251 -0.256 0.465 0.131 0.574 0.243 0.238 -0.259 0.462
85-90 0.205 0.397 0.109 0.589 -0.156 0.657 0.220 0.377 0.113 0.593 -0.147 0.678
90-95 0.421 0.188 0.066 0.830 -0.253 0.547 0.430 0.186 0.071 0.817 -0.254 0.553
95 -0.609 0.31 -0.612 0.313
H3N2
Linear -0.067 0.133 0.065 0.103 0.131 0.014 -0.075 0.097 0.062 0.121 0.137 0.010
Non-linear*
75-80 -1.725 0.015 -0.156 0.801 -1.898 0.029 -1.776 0.012 -0.297 0.637 -1.833 0.036
80-85 -0.139 0.711 0.653 0.039 -0.328 0.469 -0.102 0.786 0.670 0.037 -0.355 0.435
85-90 0.023 0.953 0.114 0.716 0.463 0.326 -0.048 0.904 0.149 0.651 0.417 0.379
90-95 -0.496 0.39 -0.415 0.430 0.553 0.351 -0.591 0.307 -0.421 0.431 0.614 0.308
95 0.634 0.503 0.784 0.412
B
Linear -0.098 0.005 0.009 0.762 0.108 0.007 -0.078 0.023 0.033 0.275 0.111 0.005
Non-linear*
75-80 -0.315 0.516 0.965 0.023 -1.051 0.087 -0.189 0.693 1.203 0.004 -1.048 0.080
80-85 -0.106 0.695 0.161 0.486 0.229 0.511 0.038 0.886 0.219 0.330 0.344 0.298
85-90 -0.291 0.306 -0.534 0.019 0.496 0.165 -0.181 0.515 -0.111 0.633 0.525 0.123
90-95 -1.799 0.000 -0.434 0.248 0.253 0.572 -1.649 0.000 -0.233 0.526 0.595 0.168
95 1.618 0.020 2.011 0.003

1Base models controlled for study year.
2Expanded models controlled for study year, frailty, and BMI.
3For linear models, the sex-difference is the age-sex interaction term. For non-linear models, the sex difference is at
the beginning of each five-year interval.
4Non-linear models include cubic B-splines with knots at 5-year age intervals from 75-95 years.
Statistically significant values are bolded.
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Table 2.4 Goodness-of-fit comparison of pre-vaccination age models

Base models? Expanded models?

Age-sex interaction - + - +
H1N1

Linear age 1138.86 1140.69 1131.05 1132.87

Non-linear age 1144.47 1151.51 1136.73 1143.72
H3N2

Linear age 1693.38 1689.57 1666.94 1662.83

Non-linear age 1694.58 1694.83 1667.28 1667.95
B

Linear age 1398.31 1393.17 1355.04 1349.28

Non-linear age 1388.09 1378.85 1344.94 1337.26

1 Base models controlled for study year.
2Expanded models controlled for study year, frailty, and BMI.
The lowest AIC, corresponding to the best-fit model, is bolded for each virus.
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Supplementary Table 2.1 Pre- and post-vaccination HAI titer outcomes, 2014-2015 season

2014-2015 season

All

Males

Females

Sex difference®

Vaccinations - n

HIN1
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

H3N2
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

45

83.3 (57.5- 120.7)
301.5 (223.3 - 407.0)
33(73.3)
44(97.8)
0.559 (0.416 - 0.702)
23 (51.1)

159.0 (106.2 - 238.0)
485.2 (320.1 - 735.4)
40(88.9)

43 (95.6)
0.484 (0.363 - 0.606)
15(33.3)

458.4 (315.5 - 666.1)
1153.9 (868.5 - 1533.0)
44(97.8)

45 (100.0)

0.401 (0.302 - 0.500)
18 (40.0)

19

93.5 (60.7 - 143.8)
322.2(213.3- 486.7)
16 (84.2)

19 (100.0)
0.537 (0.382 - 0.693)
10 (52.6)

178.0 (87.0 - 364.3)
672.1(326.4 - 1383.6)
17 (89.5)

18 (94.7)

0.577 (0.334 - 0.820)
8(42.1)

454.0 (298.9 - 689.5)
1296.0 (909.7 - 1846.2)
19 (100.0)

19 (100.0)

0.456 (0.347 - 0.564)
10 (52.6)

26

76.6 (42.7 - 137.3)
287.2(183.7 - 448.9)
17 (65.4)
25(96.2)
0.574 (0.344 - 0.804)
13 (50.0)

146.4 (88.4 - 242.7)
382.4(228.7-639.2)
23 (88.5)

25 (96.2)
0.417 (0.292 - 0.541)
7(26.9)

461.7 (254.4 - 838.3)
1060.0 (685.1 - 1640.0)
25(96.2)

26 (100.0)

0.361 (0.204 - 0.518)
8(30.8)

0.5987
0.7074
0.1676

0.8024
0.8615

0.6354
0.1801
0.9150
0.8205
0.1937
0.2890

0.9644
0.4875

0.3464
0.1432

1 Sex difference p-values derived from simple linear (GMT) or logistic regressions (SPR and SCR).
Abbreviations & definitions: GMT: geometric mean titer; SPR: seroprotection rate, the
proportion of individuals who achieved a titer >21:40; Fold-rise: post-vaccination titer divided by
pre-vaccination titer, transformed on the log10 scale. Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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Supplementary Table 2.2 Pre- and post-vaccination HAI titer outcomes, 2015-2016 season

2015-2016 season

All

Males

Females

Sex difference®

Vaccinations - n

HIN1
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

H3N2
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

68

68.1(51.4 - 90.1)
199.5 (157.0 - 253.5)
49 (72.1)

65 (95.6)
0.467 (0.373 - 0.560)
24 (35.3)

65.8 (48.4 - 89.4)
673.7 (486.8 - 932.4)
47 (69.1)

68 (100.0)
1.011 (0.866 - 1.155)
53 (77.9)

127.8 (96.6 - 169.0)
382.6 (302.4 - 484.1)
63 (92.6)

68 (100.0)
0.476 (0.383 - 0.570)
25 (36.8)

28

80.2 (54.6 - 117.7)
175.3 (125.3 - 245.1)
20 (71.4)

27 (96.4)
0.340 (0.243 - 0.436)
7(25.0)

77.1(45.2- 131.4)
619.4 (363.1 - 1056.8)
20 (71.4)

28 (100.0)
0.905 (0.693 - 1.117)
21(75.0)

158.7 (110.6 - 227.8)
422.9(304.8 - 586.7)
28 (100.0)

28 (100.0)
0.426 (0.319 - 0.532)
9(32.1)

40

60.7 (40.6 - 90.9)
218.4 (155.1 - 307.5)
29 (72.5)
38(95.0)
0.556 (0.415 - 0.696)
17 (42.5)

58.8(40.2 - 86.2)
714.6 (466.8 - 1093.9)
27 (67.5)

40 (100.0)
1.084 (0.884 - 1.284)
32(80.0)

109.8 (72.9 - 165.3)
356.7 (254.3 - 500.2)
35 (87.5)

40 (100.0)
0.512 (0.368 - 0.655)
16 (40.0)

0.3338
0.3714
0.9228
0.7787
0.0217
0.1411

0.3909
0.6691
0.7302
0.7302
0.2245
0.6252

0.1974

0.4813

0.3696
0.5091

! Sex difference p-values derived from simple linear (GMT) or logistic regressions (SPR and SCR).
Abbreviations & definitions: GMT: geometric mean titer; SPR: seroprotection rate, the
proportion of individuals who achieved a titer >21:40; Fold-rise: post-vaccination titer divided by
pre-vaccination titer, transformed on the log10 scale. Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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Supplementary Table 2.3 Pre- and post-vaccination HAI titer outcomes, 2016-2017 season

2016-2017 season

All

Males

Females

Sex difference’

Vaccinations - n

H1N1
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

H3N2
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

68

90.0 (69.0 - 117.4)
174.1 (135.4 - 224.0)
59 (86.8)

64 (94.1)
0.287 (0.205 - 0.369)
13(19.1)

119.6 (80.7 - 177.2)
413.4(292.8 - 583.5)
54(79.4)

65 (95.6)
0.539 (0.421 - 0.656)
31(45.6)

241.1(183.5- 316.7)
601.8 (467.7 - 774.4)
67 (98.5)

68 (100.0)
0.397 (0.300 - 0.495)
21 (30.9)

31

92.4(62.6 - 136.3)
157.7 (106.2 - 234.2)
28(90.3)

29 (93.5)
0.232 (0.113 - 0.351)
5(16.1)

134.1(74.0 - 243.1)
477.0(268.3 - 847.7)
25 (80.6)
30(96.8)
0.551 (0.366 - 0.736)
13 (41.9)

213.3 (153.6 - 296.0)
542.5(388.2 - 758.1)
31(100.0)
31(100.0)
0.405 (0.269 - 0.542)
7(22.6)

37

88.0 (60.2 - 128.9)
189.2 (134.8 - 265.4)
31(83.8)

35 (94.6)
0.332 (0.216 - 0.448)
8(21.6)

108.7 (62.8 - 188.0)
366.7 (237.6 - 565.8)
29 (78.4)
35(94.6)
0.528 (0.369 - 0.688)
18 (48.6)

267.1(173.5-411.3)

656.5 (448.3 - 961.4)
36(97.3)
37(100.0)

0.391 (0.247 - 0.534)
14 (37.8)

0.8588
0.4770
0.4326
0.8553
0.2284
0.5674

0.5990
0.4522
0.8180
0.6663
0.8484
0.5802

0.4161

0.4560

0.8801
0.1788

! Sex difference p-values derived from simple linear (GMT) or logistic regressions (SPR and SCR).
Abbreviations & definitions: GMT: geometric mean titer; SPR: seroprotection rate, the
proportion of individuals who achieved a titer >21:40; Fold-rise: post-vaccination titer divided by
pre-vaccination titer, transformed on the log10 scale. Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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Supplementary Table 2.4 Pre- and post-vaccination HAI titer outcomes, 2017-2018 season

2017-2018 season All Males Females Sex difference’
Vaccinations - n 87 38 49
HIN1
Pre-vaccination - GMT (95% Cl) 70.6 (54.8 - 90.9) 72.2(49.7-104.7) 69.4 (48.6 - 99.1) 0.8793
Post-vaccination - GMT (95% Cl) 207.4 (164.2- 261.9) 203.2 (139.9-295.3) 210.7 (154.8 - 286.7) 0.8802
Pre-vaccination SPR - n (%) 63 (72.4) 27 (71.1) 36 (73.5) 0.8025
Post-vaccination SPR - n (%) 83(95.4) 36 (94.7) 47 (95.9) 0.7946
Fold-rise (log10) - mean (95% Cl) 0.468 (0.383 - 0.553) 0.450 (0.320 - 0.579) 0.482 (0.365 - 0.600) 0.7073
Seroconversion rate - n (%) 31(35.6) 11(28.9) 20 (40.8) 0.2534
H3N2
Pre-vaccination - GMT (95% Cl) 141.4 (100.3 - 199.2) 145.5 (82.8 - 255.4) 138.3 (88.8 - 215.4) 0.8858
Post-vaccination - GMT (95% Cl) 335.9(246.8-457.2) 319.2 (201.1- 506.9) 349.4 (227.7 - 536.1) 0.7748
Pre-vaccination SPR - n (%) 69 (79.3) 30(78.9) 39(79.6) 0.9413
Post-vaccination SPR - n (%) 82(94.3) 37(97.4) 45 (91.8) 0.2963
Fold-rise (log10) - mean (95% Cl) 0.376 (0.300 - 0.452) 0.341 (0.236 - 0.447) 0.402 (0.292 - 0.513) 0.4329
Seroconversion rate - n (%) 23 (26.4) 8(21.1) 15 (30.6) 0.3182
B
Pre-vaccination - GMT (95% Cl) 264.8 (212.0 - 330.8) 223.3 (160.6 - 310.5) 302.2 (222.5 - 410.6) 0.1817
Post-vaccination - GMT (95% Cl) 468.8 (387.3-567.4) 385.0(290.5 - 510.2) 546.2 (421.3-708.1) 0.0706
Pre-vaccination SPR - n (%) 87 (100.0) 38(100.0) 49 (100.0)
Post-vaccination SPR - n (%) 87 (100.0) 38 (100.0) 49 (100.0)
Fold-rise (log10) - mean (95% Cl) 0.248 (0.177 - 0.319) 0.236 (0.110 - 0.363) 0.257 (0.173 - 0.341) 0.7783
Seroconversion rate - n (%) 12 (13.8) 5(13.2) 7(14.3) 0.88

1 Sex difference p-values derived from simple linear (GMT) or logistic regressions (SPR and SCR).
Abbreviations & definitions: GMT: geometric mean titer; SPR: seroprotection rate, the
proportion of individuals who achieved a titer 21:40; Fold-rise: post-vaccination titer divided by
pre-vaccination titer, transformed on the log10 scale. Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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Supplementary Table 2.5 Pre- and post-vaccination HAI titer outcomes, 2018-2019 season

2018-2019 season

All

Males

Females

Sex difference’

Vaccinations - n

HIN1
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

H3N2
Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

Pre-vaccination - GMT (95% Cl)
Post-vaccination - GMT (95% Cl)
Pre-vaccination SPR - n (%)
Post-vaccination SPR - n (%)
Fold-rise (log10) - mean (95% Cl)
Seroconversion rate - n (%)

88

97.6(77.5- 122.9)
233.4(192.2 - 283.3)
72 (81.8)
87(98.9)
0.379 (0.302 - 0.455)
23(26.1)

119.4 (86.0 - 165.8)
319.3 (237.0- 430.2)
70 (79.5)

83 (94.3)
0.427 (0.333-0.521)
33(37.5)

271.0(210.7 - 348.4)
576.9 (468.0- 711.1)
86 (97.7)

88 (100.0)
0.328 (0.262 - 0.394)
21(23.9)

40

110.3 (80.9 - 150.5)
239.9 (182.1- 316.2)
32(80.0)

40 (100.0)
0.337 (0.221 - 0.454)
7(17.5)

121.8(75.1-197.7)
322.0(194.4 - 533.4)
34 (85.0)
36 (90.0)
0.422 (0.303 - 0.542)
10 (25.0)

208.2 (146.4 - 295.9)
448.9(328.2 - 613.9)
39(97.5)

40 (100.0)
0.334 (0.240 - 0.428)
10 (25.0)

48

88.2 (62.7 - 124.0)
228.1(172.3 - 301.9)
40 (83.3)

47 (97.9)
0.413 (0.309 - 0.517)
16 (33.3)

117.5 (74.0 - 186.5)
317.1(219.7 - 457.5)
36 (75.0)

47 (97.9)
0.431(0.287 - 0.575)
23 (47.9)

337.6(236.7 - 481.4)
711.0 (538.9 - 938.0)
47 (97.9)

48 (100.0)
0.324 (0.228 - 0.419)
11 (22.9)

0.3377
0.7978
0.6868

0.3313
0.0970

0.9136
0.9594
0.2512
0.1470
0.9247
0.0292

0.0566
0.0287
0.8962

0.8795
0.8195

1 Sex difference p-values derived from simple linear (GMT) or logistic regressions (SPR and SCR).
Abbreviations & definitions: GMT: geometric mean titer; SPR: seroprotection rate, the
proportion of individuals who achieved a titer >21:40; Fold-rise: post-vaccination titer divided by
pre-vaccination titer, transformed on the log10 scale. Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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Supplementary Table 2.6 Pre- and post-vaccination HAI titer outcomes, 2019-2020 season

2019-2020 season All Males Females Sex difference’
Vaccinations - n 77 36 41
H1N1
Pre-vaccination - GMT (95% Cl) 49.3 (39.2 - 62.0) 56.8 (42.1- 76.6) 43.6 (30.8 - 61.8) 0.2556
Post-vaccination - GMT (95% Cl) 115.2 (94.0 - 141.0) 114.8 (87.2 - 151.3) 115.5(85.1 - 156.6) 0.9792
Pre-vaccination SPR - n (%) 49 (63.6) 26(72.2) 23 (56.1) 0.1449
Post-vaccination SPR - n (%) 72(93.5) 33(91.7) 39(95.1) 0.5438
Fold-rise (log10) - mean (95% Cl) 0.368 (0.287 - 0.450) 0.306 (0.197 - 0.415) 0.423 (0.302 - 0.544) 0.1547
Seroconversion rate - n (%) 20 (26.0) 7 (19.4) 13(31.7) 0.2245
H3N2
Pre-vaccination - GMT (95% Cl) 27.5(21.1-35.8) 24.0(16.9-34.1) 30.9(20.7 - 46.1) 0.3433
Post-vaccination - GMT (95% Cl) 200.2 (142.8 - 280.7) 184.4 (105.7 - 321.7) 215.2 (140.3 - 330.0) 0.6524
Pre-vaccination SPR - n (%) 34 (44.2) 15 (41.7) 19 (46.3) 0.6803
Post-vaccination SPR - n (%) 67 (87.0) 30(83.3) 37(90.2) 0.3731
Fold-rise (log10) - mean (95% Cl) 0.863 (0.740 - 0.986) 0.886 (0.697 - 1.074) 0.843 (0.673 - 1.012) 0.7301
Seroconversion rate - n (%) 52 (67.5) 24 (66.7) 28 (68.3) 0.8792
B
Pre-vaccination - GMT (95% Cl) 370.5(297.1-462.1) 304.6 (221.0- 419.9) 440.1 (323.7 - 598.4) 0.0981
Post-vaccination - GMT (95% Cl) 636.4 (523.4- 773.9) 522.2 (395.1- 690.1) 757.2 (576.1 - 995.1) 0.0584
Pre-vaccination SPR - n (%) 77 (100.0) 36 (100.0) 41 (100.0)
Post-vaccination SPR - n (%) 77 (100.0) 36 (100.0) 41 (100.0)
Fold-rise (log10) - mean (95% Cl) 0.235(0.178-0.292) 0.234(0.156 - 0.312) 0.236 (0.150- 0.321) 0.9792
Seroconversion rate - n (%) 8(10.4) 6(16.7) 2(4.9) 0.11

! Sex difference p-values derived from simple linear (GMT) or logistic regressions (SPR and SCR).
Abbreviations & definitions: GMT: geometric mean titer; SPR: seroprotection rate, the
proportion of individuals who achieved a titer >21:40; Fold-rise: post-vaccination titer divided by
pre-vaccination titer, transformed on the log10 scale. Seroconversion rate: the proportion of
individuals who achieved a fold-rise in titer > 4.
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2.8 Figures

* Community-dwelling older adults
* Age at vaccination: 75+
* Study participation: 4+ years

2016 2017 2018 2019

DO D28| DO D28| DO D28| DO D28

H1N1

A/California/7/2009
A/Michigan/45/2015
A/Brisbane/02/2018

H3N2

A/Texas/50/2012
A/Switzerland/9715293/2013
A/Hong Kong/4801/2014
A/Singapore/INFIMH-16-0019/2016
A/Kansas/14/2017

IBV

B/Massachusetts/2/2012 (Yam)
B/Phuket/3073/2013 (Yam)
B/Brisbane/60/2008-like virus (Vic)
B/Maryland/15/2016 BX-69A (Vic)

o . .
0 Blood draw = Frallty& vital
—%| signs assessment

Figure 2.1 Study design
Study procedures and the three strains included in each seasonal HD-11V3 are shown. Serum

from blood draws was used to evaluate pre- and post-vaccination strain-specific
hemagglutination antibody inhibition (HAI) titers, and frailty was assessed using the Frailty
Phenotype. Images were created with BioRender.com.
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Figure 2.2 Impact of host factors, repeated vaccination, and pre-vaccination titers on the fold
rise in HAI titers

The relationship of age (in decades, Age/10), frailty status, and BMI (five-unit intervals, BMI/5)
with logio-transformed fold-rise in titers (post-titer/pre-titer) are shown as slopes for HIN1 (a),
H3N2 (b) and influenza B (c). The relationship between increasing years of vaccination and the
logio-transformed fold-rise in titers are shown for HIN1, H3N2, and influenza B (d-f), with the
slopes summarized (g). The relationships between pre-vaccination HAI titers and the logio-
transformed fold-rise in titers are shown for each vaccine antigen (h-j), with the slopes
summarized (k). Estimates and 95% confidence intervals were derived from multi-level mixed
effects models with random intercepts on the individual participant. Models controlled for
influenza season and pre-vaccination HAI titers (a-g), and either controlled for sex (whole
population estimates) or used interaction terms between sex and the host factor of interest to
derive sex-specific estimates.
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Figure 2.3 Relationship of age, frailty status, and BMI to pre-vaccination hemagglutination
antibody inhibition (HAI) titers

Estimates for the relationship of age in decades (Age/10), frailty status, and BMI (five-unit
intervals, BMI/5) to pre-vaccination HAI titers were derived from multilevel mixed-effects
models controlling for study year for HIN1 (a), H3N2 (b), and influenza B (c). Expanded age
models controlling for frailty and BMI are shown for responses to HIN1 (d), H3N2 (e), and
influenza B (f). Expanded models for responses to HIN1 (g), H3N2 (h), and influenza B (I) were
then amended to include cubic B-splines for age with knots at 5-year intervals. Models for the
whole study population adjusted for sex, while sex-specific estimates included an interaction
term allowing effects to differ by sex and are shown with 95% confidence intervals. Asterisks
indicate significant sex differences.
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Supplementary Figure 2.1 Impact of host factors, repeat vaccination and pre-vaccination
titers on post-vaccination titers

The relationship of age (in decades, Age/10), frailty status, and BMI (five-unit intervals, BMI/5)
with log-transformed post-vaccination HAI titers are shown as slopes for HIN1 (a), H3N2 (b)
and influenza B (c). The relationship between increasing years of vaccination and the logz-post-
vaccination HAI titers are shown for HIN1, H3N2, and influenza B (d-f), with the slopes
summarized (g). The relationships between pre-vaccination HAI titers and the log;-transformed
post-vaccination HAI titers are shown for each vaccine antigen (h-j), with the slopes
summarized (k). Estimates and 95% confidence intervals were derived from multi-level mixed
effects models with random intercepts on the individual participant. Models controlled for
influenza season and pre-vaccination HAI titers (a-g), and either controlled for sex (whole
population estimates) or used interaction terms between sex and the host factor of interest to
derive sex-specific estimates.
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Supplementary Figure 2.2 Impact of host factors, repeat vaccination and pre-vaccination
titers on the odds of seroconversion

The relationship of age (in decades, Age/10), frailty status, and BMI (five-unit intervals, BMI/5)
with log odds of seroconversion are shown H1N1 (a), H3N2 (b) and influenza B (c). The
relationship between increasing years of vaccination and the probability of seroconverting are
shown for HIN1, H3N2, and influenza B (d-f), with the log odds summarized (g). The
relationships between pre-vaccination HAI titers and the probability of seroconversion are
shown for each vaccine antigen (h-j), with the log odds summarized (k). Estimates and 95%
confidence intervals were derived from multi-level mixed effects models with random
intercepts on the individual participant. Models controlled for influenza season and pre-
vaccination HAI titers (a-g), and either controlled for sex (whole population estimates) or used
interaction terms between sex and the host factor of interest to derive sex-specific estimates.
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3.1 Abstract

Background: Male sex and old age are risk factors for severe COVID-19, but the intersection of

sex and aging on antibody responses to SARS-CoV-2 vaccines has not been characterized.

Methods: Plasma samples were collected from older adults (75-98 years) before and after
three doses of SARS-CoV-2 mRNA vaccination, and from younger adults (18-74 years) post-dose
two, for comparison. Antibody binding to SARS-CoV-2 antigens (spike protein [S], S-receptor
binding domain [S-RBD], and nucleocapsid [N]), functional activity against S, and live-virus
neutralization were measured against the vaccine virus and the Alpha, Delta, and Omicron

variants of concern (VOC).

Results: Vaccination induced greater antibody titers in older females than males, with both age
and frailty associated with reduced antibody responses in males, but not females. Responses
declined significantly in the six months following the second dose. The third dose restored
functional antibody responses and eliminated disparities caused by sex, age, and frailty in older
adults. Responses to the VOCs, particularly the Omicron variant, were significantly reduced
relative to the vaccine virus, with older males having lower titers to the VOCs than females.
Older adults had lower responses to the vaccine and VOC viruses than younger adults, with

disparities being greater in males than females.

Conclusion: Older and frail males may be more vulnerable to breakthrough infections due to
low antibody responses before receipt of a third vaccine dose. Promoting third dose coverage

in older adults, especially males, is crucial to protecting this vulnerable population.
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3.2 Introduction

The disproportionate burden of COVID-19 in older adults was recognized early in the
pandemic (16, 17, 142). Phase lll trials for the two mRNA vaccines (MRNA-1273 and BNT162b2)
revealed high efficacy in older adults (45, 170), for whom immunosenescence is thought to
impair vaccine-induced immune responses (3). The clinical trials, however, failed to represent
the oldest and frailest subset of the population. Accordingly, wide-spread use of the vaccines in
long-term care facility residents revealed that old age is a risk factor for poor antibody

responses (39, 43, 171).

Male sex is also a significant predictor of severe COVID-19 outcomes at older ages (18-
20, 22, 172). There is extensive evidence that the effects of aging on the immune system differ
between the sexes, including that immunosenescence occurs at a slower rate in females than
males (29, 67). The implications of biological sex are evident in the response to repeated
seasonal influenza vaccination in older adults, where pre-vaccination titers decrease with age in
males but not in females, suggesting that older females enter each influenza season with
greater immunity than their male counterparts (73). In the context of SARS-CoV-2 vaccines,
however, studies have failed to provide sex-disaggregated data within each age group (173,
174), and little is known about how biological sex may modify the effects of age, and age-
related factors like frailty, on vaccine immunogenicity and the durability of protection. Here, we
investigate sex differences and sex-specific effects of aging in the humoral immune response to
the vaccine virus and variants of concern (VOC) induced by three doses of a SARS-CoV-2 mRNA
vaccine in a cohort of adults above 75 years of age. We illustrate that the age- and frailty-

associated declines in antibody responses occur to a greater extent in males than females.
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3.3 Methods

3.3.1 Cohorts

Older adults (75-98 years) were recruited from the Johns Hopkins Longitudinal Influenza
Immunization Study of Aging over 75 years of age (JH LIISA 75+) cohort (73) (Table 1).
Individuals who had worsening or new-onset of immune-modulating conditions (e.g.,
rheumatoid arthritis, hematologic malignancies, or other cancers) or a previous diagnosis of
COVID-19 were excluded. Participants came to the Johns Hopkins Bayview Medical Center, or
study visits were conducted at participants’ homes, as needed. At pre-vaccination visits (Pre),
frailty status was assessed using the Fried Frailty Phenotype (144) and a baseline blood draw
was obtained. Subsequent receipt of two (primary vaccination series) or three doses of a SARS-
CoV-2 mRNA vaccine, either mRNA-1273 or BNT162b2, was confirmed via vaccination cards,
and blood samples were collected 14-30 days (i.e., average < 1 month [M]) post dose 1
(<1M_PD1)), 14-30 days post dose 2 (<1M_PD2), 90 (* 15) days post dose 2 (3M_PD2), 180 (+

15) days post dose 2 (6M_PD2), and 14-60 days post dose 3 (1M_PD3).

Younger adult healthcare workers from the Johns Hopkins Health System were also
sampled as a comparison group. Recruitment of these younger adults has been reported
elsewhere (175). To be eligible for the present study, participants needed to be younger than
75 years, not have a history of COVID-19, and have two samples collected at least 90 days
apart, with the first one collected at least 14 days after receiving the second dose of a SARS-
CoV-2 mRNA vaccine. Due to low plasma volumes, these samples were not tested for ACE2-
inhibition or virus neutralization, and antibody titration against antigens from VOCs could not

be performed for some participants. Exact sample sizes are included in figure legends. For both
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cohorts, written, informed consent was obtained from all participants, and the study protocols

were approved by the Johns Hopkins School of Medicine Institutional Review Board.

3.3.2 Laboratory methods

Detailed ELISA, ACE2 inhibition, and virus neutralization methods can be found in the
Supplemental materials. Briefly, plasmids expressing recombinant nucleocapsid (N), Spike (S),
or S receptor-binding domain (S-RBD) of the vaccine strain and the Alpha, Delta, and Omicron
variants of SARS-CoV-2 were engineered at Johns Hopkins as described previously (176) or
obtained through the NCI Serological Sciences Network for COVID-19 (177) (Supplemental
Table 1). Recombinant proteins were used to coat plates for indirect ELISA measuring plasma
IgG against N, S, or S-RBD. Results were expressed as the logio-transformed area under the
curve (AUC) generated from ten three-fold serial plasma dilutions, as previously described
(176). The ability of plasma antibodies to inhibit ACE2 binding to S was measured using Meso
Scale Diagnostics (MSD) V-PLEX SARS-CoV-2 ACE2 kits according to the manufacturer’s protocol
at a dilution of 1:100 (178). Data were expressed as the logio-transformed concentration
(ug/ml) of ACE2-inhibiting antibodies (ACE2iAb), which are equivalent to anti-S monoclonal
antibodies. For comparison between the vaccine virus and VOCs, data were expressed as
percent ACE2 inhibition. Live-virus microneutralization assays were performed as previously
described, using two-fold dilutions of plasma incubated with infectious virus and then VeroE6-
TMPRSS2 cells to measure cytopathic effect (179). Results were expressed as the logio-
transformed neutralizing antibody (nAb) AUC. Because pre-vaccination IgG and ACE2iAb
responses were low or non-detectable, live virus neutralization was only performed on post-

vaccination samples. IgG binding to seasonal and epidemic B-coronavirus S proteins was
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measured using the multiplex chemiluminescent MSD V-PLEX COVID-19 Coronavirus Panel 3

(IgG) Kit according to the manufacturer’s protocol at a dilution of 1:5000.

3.3.3 Statistical methods

Longitudinal data in the older adult cohort were analyzed using mixed-effects models
with random intercepts on the individual to account for repeated measures, and interaction
terms between study timepoint (categorical) and sex (self-report), age (categorized based on
terciles) and frailty status. Linear regression models including interaction terms between sex
and age or frailty were used to investigate sex-specific effects at individual timepoints. To
compare the older and younger cohorts, the number of days post-dose 2 was used as a
continuous predictor and cubic splines were included to study non-linear relationships (169).
Cubic spline knots were placed at 30-, 100-, and 160-days post-vaccination, points chosen to
approximately divide the data into quartiles. Mixed-effects models included an interaction term
between time and cohort and were repeated separately for males and females. Differences
between cohorts were tested at three sentinel points (14-, 90- and 180- days post dose 2). All
p-values <0.05 were considered statistically significant. Analyses were performed using Stata 15

(StataCorp).

3.3.4 Supplemental Methods

3.3.4.1 SARS-CoV-2 ELISAs

The ELISA protocol was adapted from a protocol published by the Florian Krammer
laboratory (180). Antigens were either engineered at Johns Hopkins as previously described
(176) or were obtained through the NCI Serological Sciences Network for COVID-19 (177)

(Supplemental Table 1). S and S-RBD antigens were diluted to 2ug/ml in PBS. Nucleocapsid
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antigen was diluted to 1ug/ml in PBS. Ninety-six-well plates (Immulon 4HBX, Thermo Fisher
Scientific) were coated overnight at 4°C with 50uL of the antigen solution. Plates were then
washed. All washing steps consisted of 3 washes with 300uL PBS plus 0.1% Tween-20 (PBST)
(Thermo Fisher Scientific). Plates were blocked with 200uL PBST with 3% nonfat milk (milk
powder, American Bio) for 1 hour at room temperature (RT). Plasma samples were heat
inactivated at 56°C for 1 hour and then diluted to 1:20 in PBST + 1% nonfat milk before
performing ten 3-fold serial dilutions. Pre-pandemic plasma samples were diluted to 1:100 and
used as negative controls. A monoclonal antibody against the SARS—CoV-2 S protein (1:5000;
catalog 40150-D001, Sino Biological) was used as a positive control for vaccine, Alpha and Delta
S and S-RBD ELISAs. Convalescent plasma diluted to 1:100 was used as a positive control for N
and Omicron ELISAs. 100uL of samples and controls were added to ELISA plates in duplicate and
incubated for 2 hours at RT. Plates were then washed and 50uL of Fc-specific total IgG HRP
(1:5000 dilution in PBST plus 1% nonfat milk, catalog A18823, Invitrogen, Thermo Fisher
Scientific) was added and incubated at RT for 1 hour. Plates were washed and 100uL of
SIGMAFAST OPD (o-phenylenediamine dihydrochloride) solution (MilliporeSigma) was added to
each well and incubated in the dark at RT for 10 minutes. To stop the reaction, 50uL of 3M HCI
(Thermo Fisher Scientific) was added to each well. The OD of each plate was read at 490 nm
(OD.) on a SpectraMax i3 ELISA Plate Reader (BioTek Instruments). The cutoff value for each
plate was calculated by adding the average of negative control OD values to three times the
standard deviation of the negative control OD values. For each sample, the highest dilution
above the cut-off value was considered the endpoint titer. The cut-off value was then

subtracted from all sample OD values, and negative values set to zero. Background-subtracted
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OD values were plotted against the dilution factor to calculate the area under the curve (AUC).
For each S and S-RBD antigen, the limit of detection was set to half of the lowest measured AUC
for samples with a detectable titer (i.e., titer > 20). For samples with an undetectable titer (i.e.,
titer < 20), the AUC was arbitrarily set to half of the limit of detection. For nucleocapsid assays,

the threshold for seropositivity was set to a titer of 1:180 based on pre-pandemic samples.

3.3.4.2 ACE2 inhibition Assays

The MSD ACE2 inhibition assay measures the ability of participant plasma to inhibit
ACE2 binding to spike protein. Plasma was thawed and ACE2 blocking was measured using the
ACE2 MSD V-PLEX SARS-CoV-2 ACE2 kits according to the manufacturer’s protocol at a dilution
of 1:100. Plates come pre-coated with spike proteins corresponding to variants of interest. They
were washed and incubated with plasma for one hour, human ACE2 protein conjugated with a
SULFO-TAG (light-emitting label) added for another hour, washed, read buffer added, and read
with a MESO QuickPlex SQ 120 instrument. An 8-point calibration curve was included on each
plate such that results could be expressed as ACE2-inhibiting activity corresponding to 1 pg/ml
of monoclonal antibody to the vaccine strain of SARS-CoV-2 S protein. Values below the
manufacturer-specified limit of detection of 0.448 ug/ml were arbitrarily set to half of that
value. For the VOC, results were expressed as percent inhibition ([1 — average sample
electrochemiluminescence/average electrochemiluminescence signal of blank well] x 100), due
to the lack of calibrator for the Omicron variant. based on the equation provided by the
manufacturer. The limit of detection was defined as 20% based on correlation with live virus-

neutralizing antibody (178).
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3.3.4.3 Viruses and cells

Vero-E6-TMPRSS2 cells (181) were cultured in complete media (CM) consisting of
DMEM containing 10% FBS (Gibco, Thermo Fisher Scientific), 1 mM glutamine (Invitrogen,
Thermo Fisher Scientific), 1 mM sodium pyruvate (Invitrogen, Thermo Fisher Scientific), 100
U/mL penicillin (Invitrogen, Thermo Fisher Scientific), and 100 pg/mL streptomycin (Invitrogen,

Thermo Fisher Scientific). Cells were incubated in a 5% CO2 humidified incubator at 37°C.

The SARS—CoV-2/USA-WA1/2020 virus was obtained from BEI Resources. The Alpha
(hCoV19/USA/MD-HP01101/2021, EPI_ISL_825013), Delta (SARS-CoV-2/USA/MD-
HP05647/2021, EPI_ISL_2331496)(182) and Omicron BA.1 (SARS-CoV-2/USA/MD-
HP20874/2021, EPI_ISL_7160424)(183) variant of SARS-CoV-2 were isolated on Vero-TMPRSS2
cells (184). The consensus sequence of the virus isolate did not differ from the sequence
derived from the clinical specimen. The infectious virus titer was determined on Vero-TMPRSS2
cells using a 50% tissue culture infectious dose (TCID50) assay as previously described for SARS-
CoV-2 (185, 186). Serial 10-fold dilutions of the virus stock were made in infection media (IM)
(identical to CM except the FBS was reduced to 2.5%), and then 100 uL of each dilution was
added to the cells in a 96-well plate in sextuplicate. The cells were incubated at 37°C for 4 days,
visualized by staining with naphthol blue-black, and scored visually for cytopathic effect. A Reed

and Muench calculation was used to determine the TCID50 per mL (187).

3.3.4.4 Microneutralization assays

Plasma nAbs were determined as previously described for SARS-CoV (188) and SARS-
CoV-2 (179). Two-fold dilutions of plasma (starting at a 1:20 dilution and ending in 1:2560) were

made in infection media (IM). Infectious virus was added to the plasma dilutions at a final
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concentration of 1 x 10* TCIDso/mL (100 TCIDso per 100 pL). The samples were incubated for 1
hour at room temperature, and then 100 pL of each dilution was added to 96-well plates of
VeroE6-TMPRSS2 cells in hexaplicate. Cells were incubated for 6 hours at 37°C, 5% CO,.

The inocula were removed, fresh IM was added, and cells were incubated at 37°C, 5% CO> until
cytopathic effect was evident in all of the control cells infected with virus containing no serum
or plasma. The time ranged from 2-4 days depending on the specific virus used. The cells were
fixed by the addition of 100 pL of 4% formaldehyde per well, incubated for at least 4 hours at
room temperature, and then stained with Napthol Blue Black (MilliporeSigma). The nAb titer
was calculated as the highest serum dilution that eliminated the cytopathic effect in 50% of the
wells (NT50) and the area under the curve (AUC) was calculated using Graphpad Prism, with the

lower limit of detection set to 1.7.

3.4 Results

3.4.1 Study population demographics

Eighty-six older adults were recruited from the Baltimore area, with three participants
excluded from analysis due to high SARS-CoV-2 N antibody titers (i.e., titer >180), suggesting
prior COVID-19 infection (Supplemental figure 1). One additional participant was excluded
from analysis due to evidence of severe immunosuppression, such that their responses could
not be accurately captured in population-level models. Characteristics of the 82 participants
included in analysis are detailed in Table 1. The population had more females (59%) than males,
and a median age of 84 years. Most participants were classified as pre-frail (64%) and a greater

percentage of males than females were frail. All participants received two doses of a SARS-CoV-
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2 mRNA vaccine, with the majority (70%) receiving BNT162b2. Sixty participants (73%) received

a third vaccine dose at least six months after the second dose.

Demographic information for the younger adult cohort is provided in Table 2. Of 84
eligible participants from the affiliated study (175), three were excluded due to high anti-N
titers (Supplemental figure 1). In the younger population included in analysis, there were more
females than males (60% vs 40%), most participants were between 30 and 49 years of age, and
a majority of samples were collected 21-43 days and 125-150 days after receipt of the second

vaccine dose.

3.4.2 Older females mount greater responses to vaccination than older males

Among older adults, 1gG binding to S and S-RBD of the vaccine strain increased
significantly in response to the first two vaccine doses and then decreased significantly in the 6
months following immunization (p<0.001 for all comparisons; Figure 1A-B & E). Geometric
mean titers (GMT) decreased 11- and 12-fold, for S and S-RBD, respectively, from <1M_PD2 to
6M_PD2 (Supplemental Table 2). Females mounted greater IgG responses to S and S-RBD
relative to their baseline than males at all pre dose 3 timepoints (p<0.02 for all comparisons,
Figure 1A-B & E). Older females also had greater titers of IgG against S and S-RBD at each visit,
and this difference was significant for anti-S IgG at <1IM_PD1 (p=0.020) and at 3M_PD2
(p=0.026). Although differences appear attenuated on the log scale, GMT ratios reveal a
consistent sex difference of 1.2 — 3-fold higher titers in females than males (Figure 1F). After
receipt of a third vaccine dose, IgG titers increased significantly in both males and females

(p<0.001), leading to GMT that were 2- and 4-fold greater than the post-dose 2 peak for S and
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S-RBD, respectively, and to reductions in the female-to-male GMT ratios (Figure 1F;

Supplemental Table 2).

The functional ability of antibodies to inhibit S from binding to ACE2 followed similar
kinetics as IgG in response to the primary immunization series, but then decreased more rapidly
in the 6-months following immunization, resulting in a 28-fold decrease in GMT from <1M_PD2
to 6M_PD?2 (Figure 1C & Supplemental Table 2). By 6M_PD2, 79% of males and 77% of females
had undetectable ACE2iAb. Sex differences were apparent at all timepoints and were significant
at 3M_PD2 (p=0.046), with females mounting stronger responses than males (Figure 1F). Post
dose 3, all but one participant had detectable ACE2iAb, and the geometric mean was 7-fold
higher than the post-dose 2 peak (Supplemental Table 2). Neutralizing capacity declined 6-fold
in the 3 months following the second dose, and titers were then restored to 3-times the post
dose 2 peak by the third dose (Figure 1D). As with the other outcomes, nAb titers were
consistently 1.3-1.9-fold higher for females than for males, reaching statistical significance at

3M_PD2 (p=0.001) and 6M_PD2 (p=0.028; Figure 1D-F)

Despite differences in kinetics over time between the binding and functional assays, the
four readouts of humoral immunity correlated well with each other (R > 0.67; Supplemental
figure 2). As expected, correlations became weaker at the lower range of the ACE2-inhibition
and virus neutralization assays. Taken together, these data suggest that older females mount
stronger response to SARS-CoV-2 vaccination than males, and that a third vaccine dose is

necessary to boost functional antibody responses in both males and females.

64



3.4.3 The effects of age and frailty are greater in males than in females

We next assessed the overall and sex-specific effects of age on the humoral response to
vaccination. Among all older participants, age was significantly associated with reduced anti-S
IgG, anti-S-RBD IgG, ACE2iAb, and nAb in the six months following the primary vaccination
series (Figure 2A-D). This effect was largely driven by the oldest tercile of the population (>88
years). At 3M_PD2, nAb GMT were 1.8-fold higher in the youngest tercile (75-82 years)
compared to the oldest tercile and the percent of participants with undetectable ACE2iAb by
6M_PD2 was 67% and 85% in the youngest and oldest terciles, respectively. In sex-
disaggregated analyses focusing on the 3M_PD2 timepoint (i.e., a time point when all study
participants were represented), age significantly impaired responses in males, but not females,
leading to statistically significant sex differences in the effect of age for anti-S IgG (p=0.025),
ACE2iAb (p =0.001), and nAb (p=0.037; Figure 2E-H). The trend of greater age effects in males
than females was consistent at other timepoints following the primary immunization series
(Supplemental figure 3A-H), and by 6M_PD2, 100% of males in the oldest age group, compared
to 77% of females, had undetectable ACE2iAB. After receipt of a third dose, the effect of age
was no longer significant in the overall population or within either sex, suggesting that a third
vaccine dose eliminated sex and age disparities in vaccine-induced immunity (Figure 2A-D &

Supplemental figure 3I-L).

Frailty had an important overall effect, with frail participants mounting significantly
weaker responses to vaccination than robust and pre-frail participants (Figure 2I-L). By
6M_PD2, 90% of frail participants had undetectable ACE2iAb, compared to 75% of pre-frail and

robust participants. For the nAb, responses in frail participants were 1.8-, 2.3- and 1.9-fold
65



lower at <1M_PD2, 3M_PD2, and 6M_PD2, respectively. Like with age, the effect of frailty at
3M_PD2 was significant in males, but not females for all readouts (Figure 2M-P). No significant
sex differences in the effect of frailty were observed, however, and trends were less consistent
over time (Supplemental figure 3M-X). The effect of frailty was also attenuated by the third
dose but remained significant for ACE2iAb (p=0.005; Figure 2K). From these data, we conclude

that the effects of age and frailty in older adults are largely driven by males, not females.

3.4.4 Antibody responses to VOC are reduced relative to the vaccine virus

The breadth of vaccine-induced immunity in older adults was assessed by measuring
antibody responses to the Alpha, Delta, and Omicron variants (Supplemental Table 3). Anti-S
IgG to the Alpha and Delta variants were similar to each other and were both significantly
reduced relative to the vaccine virus (2-4-fold lower GMT, p<0.001; Figure 3A & D). Titers to
Omicron were further reduced relative to the vaccine virus (>5-fold difference in GMT) and the
Alpha and Delta variants (2-4-fold lower GMT, p<0.001 for all comparisons; Figure 3A & D).
Differences between anti-S IgG to the vaccine virus and the VOC were attenuated at 1M_PD3
(fold difference in GMT <1.5 for Alpha and Delta and <4 for Omicron) but remained significant
(p<0.0001 for all comparisons). Percent ACE2 inhibition of the Alpha and Delta variants was also
significantly lower than for the vaccine strain and functional antibody responses to the BA.1
and BA.2 Omicron variants were undetectable until a third dose was administered (Figure 3B &
D). nAb responses to the Alpha and Delta variants were significantly reduced relative to the
vaccine virus (p<0.001) at all timepoints except for Alpha at 3M_PD2 and nAb titers to the
Omicron BA.1 variant were 8-fold lower than to the vaccine virus at 1IM_PD3 (Figure 3C-D). In

sex-disaggregated analyses, females had higher responses to the VOC than males, and this
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difference was significant for anti-Delta S IgG (p=0.038) and anti-Alpha nAb (p=0.048) at

3M_PD2 (Figure 3E-G & Supplemental figure 4).

To investigate the cross-reactivity of the vaccine-induced humoral response, IgG titers to
seasonal and epidemic B-coronaviruses were measured in the older adult cohort (Supplemental
figure 5). As reported elsewhere (189, 190), titers of IgG recognizing 0C43, MERS-CoV, and
SARS-CoV-1 increased significantly in plasma samples collected after SARS-CoV-2 vaccination

and remained elevated above baseline levels for 6 months.

3.4.5 Differences between older and younger cohorts are driven by males

To further investigate the sex-specific effects of aging, antibody kinetics against vaccine,
Alpha, and Delta antigens were compared between the younger and older adult cohorts during
the six-month period following the primary vaccination series. In the whole population, anti-
vaccine S 1gG was significantly lower in older than younger adults (p<0.001 at 14 days post-
vaccination, p=0.004 at 90 days, and p=0.026 at 180 days) (Figure 4A). In sex-disaggregated
analyses, differences between the older and younger adults were significant among males at all
three sentinel points (p=0.004 at 14 days post-vaccination, p=0.005 at 90 days, and p=0.019 at
180 days), but only significant among females at 14-days post vaccination (p=0.004) (Figure 4B-
D). In addition, the magnitude of the difference between the mean of the older cohort and the
mean of younger cohort was consistently larger for males than for females across the three
sentinel points (Figure 4D). Similar results were observed for anti-Alpha and Delta S IgG (Figure
4E-L). There were no significant differences in the rate of waning between older and younger

adults, suggesting that antibody kinetics are not age-dependent.
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3.5 Discussion

In this longitudinal study, older adult females mounted stronger antibody responses to
SARS-CoV-2 mRNA vaccination than older males, and age and frailty were associated with
reduced responses in males but not females. While the kinetics of antibody waning in the six
months following immunization were not age-dependent, older adults mounted weaker initial
responses to vaccination, such that their antibody titers remained lower than younger adults
throughout the follow-up period. A sex-specific effect of age was observed, both within the
older adult cohort and when comparing younger and older adults, in which age-associated
reductions in humoral immunity were greater among males than females. In the older adult
cohort, receipt of a third vaccine dose largely eliminated disparities caused by sex, age, and
frailty in antibody responses, with the exception of ACE2iAb, which remained lower in frail
participants. The effect of age on SARS-CoV-2 vaccine responses has been studied (39, 43, 75-
77,171,191, 192), but the sex differential impact of age has not been reported previously.
Furthermore, studies investigating frailty have not found an effect on antibody responses (42,
104, 105), but have reported that frailty increases the risk of post-vaccination breakthrough
infection (50, 51), suggesting that the immunogenicity studies may have been under-powered
to observe an effect of frailty, that lack of consideration of biological sex obscured the effect, or
that higher levels of antibody are required to prevent infection in frail individuals than in the

general population.

The inclusion of four measures of humoral immunity and four SARS-CoV-2 viruses
allowed us to capture the breadth and depth of vaccine responses in this vulnerable population.

In terms of responses to VOCs, the reductions in anti-S I1gG to the Alpha and Delta variants
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observed in the older adults were similar to other reports in the general population (193). For
the Omicron variant, while reductions in live-virus neutralization in post-vaccination sera from
the general adult population have been reported, and were also observed here, there were no
reductions in anti-Omicron S 1gG (194, 195). Given the importance of neutralizing and non-
neutralizing functions of IgG in conferring protection against SARS-CoV-2 (196, 197), the
markedly lower anti-Omicron S 1gG level in older adults, which persisted after receipt of a third
vaccine dose, suggests that this population may be more vulnerable to disease caused by the
Omicron variant than younger adults, and that reformulation of vaccines to target the Omicron

variant would be beneficial.

Our study has several strengths and limitations. Some of the sex-specific effects
observed were differences among males that were absent among females, without statistical
evidence of a sex difference (i.e., non-significant sex interaction terms) (198). It is important to
note that our findings were generated from post-hoc analyses that were not necessarily
powered to investigate sex differences, and conclusions are limited by small samples sizes in
certain sub-groups. Particularly for age-based analyses, however, the consistency of trends
between assays and timepoints, coupled with statistically significant sex differences in the
effect of aging at 3M_PD2, lend credibility to the conclusion that the effects of age on antiviral
antibody responses are driven by males. Further supporting these findings are similar sex-
specific effects of age observed following seasonal influenza vaccination in both younger and
older adults (73, 150). While it is important to not over-interpret ‘within-sex’ differences as
‘between-sex’ differences (199), there is considerable value in studying differences within

males or females (112, 166). This is particularly true given the uniqueness of the community-
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dwelling older adult cohort, which represent the ‘oldest’ old subset, and are distinct from the
population of long-term care facility residents that has been the focus of much of the SARS-

CoV-2 research in older adults.

There were also missing data in the older adult cohort, particularly at the <1M_PD1
timepoint. These missing data did not, however, depart from the missing at random
assumption, and thus multi-level models were used to account for missingness. The timing of
sample collection was different in the older and younger cohorts. To account for this, analyses
that compared the two cohorts used days post-vaccination as a continuous variable. Finally,
although beyond the scope of this manuscript, future work will include measuring cellular

immunity post-vaccination.

In conclusion, we report that both age and frailty impair antibody responses to the
primary series of SARS-CoV-2 vaccination in older males, and that these disparities are largely
eliminated by vaccination with the third dose. Given that male sex is an important risk factor for
severe outcomes from COVID-19 (18-20, 22, 172), the finding that older and frail males may be
vulnerable to breakthrough infections due to low antibody responses, particularly before a
third vaccine dose is administered, is of considerable public health importance. These findings
emphasize that increasing third dose coverage among older males is crucial for protecting this

vulnerable population from SARS-CoV-2.
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3.8 Tables

Table 3.1 Older adult participant characteristics.

All Male Female
Included in analysis - n (%)° 82 34 (41) 48 (59)
Recruited - n 86 34 52
Excluded - n® 4 0 4
Age - median (IQR) 84 (81 - 88) 84 (82 - 88) 83 (81-89)
Categories - n (%)¢
75-82 32 (39) 12 (35) 20 (42)
83-87 28 (34) 13 (38) 15 (31)
88-98 22 (27) 9 (26) 13 (27)
Frailty - n (%)
Robust 18 (22) 8 (24) 10 (21)
Pre-frail 53 (64) 20 (59) 33 (67)
Frail 10 (12) 6 (18) 4 (8)
Missing 1(1) 0 (0) 1(2)
Vaccine type - n (%)°
mRNA-1273 (Moderna) 24 (30) 8 (24) 16 (33)
BNT162b2 (Pfizer) 58 (70) 26 (76) 32 (67)
Visit participation - n (%)°¢
Pre 82 (100) 34 (100) 48 (100)
<1M_PD1 23 (28) 11 (32) 12 (25)
<1M_PD2 69 (84) 28 (82) 41 (85)
3M_PD2 82 (100) 34 (100) 48 (100)
6M_PD2 80 (98) 33 (97) 47 (98)
1M_PD3 60 (73) 26 (76) 34 (71)

2 Subset of eligible participants without evidence of prior infection who were included in analysis

b participants with high (> 1:180) nucleocapsid titers, indicating prior infection, were excluded from
analysis. One additional participant was excluded due to evidence of severe immune suppression

¢ Percents are based on the number included in analysis in each column
4 Study timepoints: Pre-vaccination (Pre); 14-30 days post dose 1 (<1M_PD1); 14-30 days post dose 2
(<1M_PD2); 75-105 days post dose 1 (3M_PD2); 165-195 days post dose 1 (6M_PD2); 75-105 days

post dose 1 (3M_PD2); 14-60 days post dose 3 (1M_PD3)
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Table 3.2 Younger adult participant characteristics

All Male Female
Included in analysis - n (%) 81 32 (40) 49 (60)
Eligible - n® 84 32 52
Excluded - n© 3 0 3
Age at vaccination - n (%)¢
<29 14 (17) 4(12) 10 (20)
30-39 32 (40) 11 (34) 21 (43)
40-49 18 (22) 8 (25) 10 (20)
50-59 7 (9) 4 (13) 3 (6)
60-74 10 (12) 5(16) 5(10)
Sample 1 - days post dose 2
Mean (min-max) 33 (16-76) 31 (16-65) 34 (16-76)
Median (IQR) 29 (21-43) 27 (21-41) 29 (21-43)
Sample 2 - days post dose 2
Mean (min-max) 138 (96-190) 142 (110 - 190) 136 (96-183)
Median (IQR) 137 (125-150) 139 (128-156) 137 (123-147)

2 Subset of eligible participants without evidence of prior infection who were included in analysis

b Eligible participants from affiliated study (ref) were <75 years of age, had remaining serum from 2 samples
collected at least 90 days apart 14-200 days following 2 doses of an mRNA SARS-CoV-2 vaccine who did not
report prior SARS-CoV-2 infection

¢ Participants with high (> 1:180) nucleocapsid titers, indicating prior infection, were excluded from analysis

4 percents are based on the number included in analysis in each column
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Supplementary Table 3.1 SARS-CoV-2 antigens for ELISAs

Antigen Protein name [relevant mutations] Source
Nucleocapsid | SARS-CoV-2 Nucleocapsid (N) C-terminal domain (247-364) SeroNet
Vaccine S ECD AFurin HexaPro (200) JHU
Vaccine RBD | As previously described (180) JHU
Alpha S hCoV19/USA/MD-HP01101/2021 (EPI_ISL_825013) JHU
[H69del, V70del, Y145del, N501Y, A570D, D614G, P681H,
T716l1, S982A, D1118H]
SARS-CoV-2 B.1.1.7 S-2P(15-1208)-T4f-3C-His8-Strep2x2 SeroNet
[A(69-70), A144, N501Y, A570D, D614G, P681H, T716l, S982A,
D1118H]
Delta S hCoV-19/USA/MD-HP05285/2021 (EPI_ISL_2103264; strain JHU
B.1.617.2a) [T19R, G142D, E156G, F157del, R158del, A222V,
L452R, T478K, D614G, P681R, D950N]
SARS-CoV-2 B.1.617.2 S-2P(15-1208)-T4f-3C-His8-Strep2x2 SeroNet
[T19R, A(157-158), LA52R, T478K, D614G, P681R, D950N]
Omicron S SARS-CoV-2-5(1-1208)-2P-3C-His8-Strep2x2 B.1.1.529 SeroNet

[A67V, DEL(69-70), T95I1, G142D, A(143-145), A 211, L2212,
ins(214)-EPE, G339D, S371L, S373P, S375F, K417N, N440K,
G446S, S477N, T478K, E4A84A, Q493R, G496S, Q498R, N501Y,
Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y,
N856K, Q954H, N969K, L981F]
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Supplementary Table 3.2 Anti-vaccine strain IgG geometric mean titers in older adults

GMT (95% Cl) All Males Females
Vaccine S IgG
Pre 39 (31-49) 43 (30-62) 36 (26-49)
<1M_PD1 3827 (1481-9894) 2186 (463-10313) 6396 (1740-23508)
<1IM_PD2 67232 (47320-95524) 45490 (25336-81677) 87790 (56712-135897)
3M_PD2 17354 (12375-24336) 10219 (5956-17532) 25253 (16656-38288)
6M_PD2 5575 (4303-7225) 4115 (2750-6157) 6901 (4927-9667)
1M_PD3 131220 (101585-169501) 170586 (81207-179062) 139980 (98411-199108)
Vaccine S-RBD IgG
Pre 34 (28-40) 40 (31-53) 30 (24-37)
<1M_PD1 871 (357-2126) 489 (160-1493) 1478 (339-6442)
<1M_PD2 16299 (10293-25810) 11983 (5503-26094) 20110 (11242-35971)
3M_PD2 3041 (2175-4251) 2311 (1247-4283) 3693 (2523-5405)
6M_PD2 1512 (1091-2096) 1123 (679-1857) 1864 (1208-2876)
1M_PD3 57565 (41091-80643) 45628 (25164-82732) 68761 (46015-102751)
Vaccine ACE2-inhibition
Pre 0.2 (0.2-0.2) 0.2 (0.2-0.2) 0.2 (0.2-0.2)
<1M_PD1 23(14-37) 1.6 (0.7-3.6) 3.1(1.7-5.8)
<1M_PD2 13.8(9.5-19.9) 11.1 (6.1-20.3) 16.0 (9.9-25.9)
3M_PD2 5.6 (4.2-7.4) 3.9(2.3-6.5) 7.1(5.2-9.7)
6M_PD2 0.5(0.4-0.7) 0.4 (0.3-0.7) 0.6 (0.3-0.9)
1M_PD3 93.5 (60.2-145.1) 80.5 (43.3-149.8) 104.7 (55.2-198.8)
Vaccine nAb
<1M_PD1 36.5 (23.0-58.1) 29.2 (15.4-55.2) 44.9 (21.3-94.8)
<1IM_PD2 357.4 (261.9-487.8) 297.1 (175.9-501.8) 405.5 (272.8-602.6)
3M_PD2 61.6 (47.4-80.0) 41.7 (27.4-63.5) 81.2 (58.8-112.1)
6M_PD2 53.2 (41.8-67.9) 38.4 (27.7-53.1) 67.0 (47.8-94.0)
1M_PD3 1236.4 (954.9-1600.9) 1062.1 (717.4-1572.5) 1388.8 (972.7-1982.7)
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Supplementary Table 3.3 Anti-Alpha, Delta, and Omicron IgG geometric mean titers in older

adults
All Males Females

S IgG - GMT (95% Cl)

Alpha
<1M_PD1 1005 (472-2139) 597 (178-2003) 1620 (578-4542)
<1M_PD2 19112 (12834-28461) 14580 (7894-26928) 22993 (13438-39340)
3M_PD2 7768 (5707-10572) 5531 (3334-9174) 9880 (6713-14542)
6M_PD2 1894 (1398-2566) 1913 (1264-2896) 1880 (1211-2919)
1M_PD3 101108 (78206-130716) 88356 (58551-133334) 111644 (79308-157164)

Delta
<1M_PD1 1106 (535-2282) 729 (211-2515) 1620 (632-4152)
<1M_PD2 19112 (12935-28240) 12961 (6844-24546) 24917 (15155-40968)
3M_PD2 7768 (5694-10596) 5184 (3093-8689) 10343 (7081-15108)
6M_PD2 1808 (1394-2345) 1418 (952-2113) 2145 (1517-3031)
1M_PD3 80862 (61259-106738) 77443 (50049-119831) 83472 (57148-121920)

Omicron (BA.1)
<1M_PD1 405 (126-1301) 297 (47-1883) 540 (95-3063)
<1M_PD2 4938 (3386-7201) 3551 (1947-6475) 6185 (3776-10132)
3M_PD2 2118 (1551-2893) 1568 (948-2595) 2620 (1756-3907)
6M_PD2 1231 (898-1686) 951 (578-1564) 1475 (976-2231)
1M_PD3 35761 (26798-47722) 31194 (19580-49697) 39699 (27100-58155)

Percent ACE2 inhibi

tion - mean (95% Cl)

Vaccine
<1M_PD1 13.0 (6.6-19.4) 7.2 (3.1-11.3) 17.3 (6.6-27.9)
<1M_PD2 54.9 (47.3-62.6) 48.8 (35.5-62.0) 59.2 (49.8-68.5)
3M_PD2 34.0 (28.7-39.3) 30.5(22.7-38.3) 36.4 (29.1-43.8)
6M_PD2 17.1(14.0-20.2) 14.7 (11.4-18.0) 18.8 (14.0-23.6)
1M_PD3 84.5 (79.0-90.1) 82.8 (74.0-91.5) 85.9 (78.4-93.5)
Alpha
<1M_PD1 9.7 (5.1-14.3) 5.3(2.0-8.7) 12.9 (5.3-20.5)
<1M_PD2 47.0 (40.1-53.9) 41.5 (29.8-53.2) 50.7 (42.0-59.4)
3M_PD2 25.7 (21.2-30.2) 22.1(16.1-28.1) 28.3(21.9-34.7)
6M_PD2 14.2 (11.9-16.5) 12.3(9.5-15.1) 15.5 (12.2-18.9)
1M_PD3 78.9 (72.6-85.2) 76.5 (66.6-86.4) 80.9 (72.3-89.5)
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Delta
<1M_PD1

<1M_PD2
3M_PD2
6M_PD2
1M_PD3

7.4 (3.0-11.7)
42.1 (35.2-49.0)
25.2 (20.8-29.6)
14.4 (12.0-16.8)
75.0 (68.5-81.4)

3.8 (-0.4-8.0)
37.6(25.9-49.2)
21.2 (15.4-27.0)
12.1(9.4-14.7)
70.6 (60.2-81.0)

10.0 (2.9-17.1)
45.2 (36.4-54.0)
28.0 (21.7-34.3)
16.0 (12.3-19.7)
78.4 (69.9-86.9)

Omicron (BA.1)
<1M_PD1

<1M_PD2
3M_PD2
6M_PD2
1M_PD3

3.1(1.2-5.1)
1.9 (0.2-3.6)
1.7 (0.9-2.6)
4.2 (3.2-5.3)
27.4 (19.4-35.4)

1.9 (0.4-3.4)
1.1(0.0-2.2)
1.5 (0.4-2.5)
4.8 (3.0-6.6)
24.2 (11.4-36.9)

4.1(0.6-7.5)
2.4(-0.4-5.3)
1.9 (0.7-3.1)
3.8(2.6-5.1)
30.0 (19.2-40.7)

Omicron (BA.2)
<1M_PD1

<IM_PD2
3M_PD2
6M_PD2
1M_PD3

1.9 (-0.1-3.8)
1.9 (0.1-3.8)
1.2 (0.4-2.1)
1.1(0.5-1.7)
26.0 (17.3-34.6)

1.8 (0.1-3.4)

0.6 (-0.2-1.4)
0.8 (-0.1-1.6)
1.0 (-0.1-2.0)
21.5(7.9-35.1)

2.0 (-1.5-5.4)
2.9 (-0.2-6.0)
1.6 (0.2-2.9)
1.2 (0.4-1.9)
29.5 (17.8-41.2)

nAb - GMT (95% Cl)

Alpha
<1M_PD1 16 (11-23) 13 (9-18) 19 ( 9-38)
<1M_PD2 135 (98-186) 113 (63-202) 152 (103-224)
3M_PD2 59 (46-75) 43 (28-64) 73 (54-100)
6M_PD2 25 (21-30) 21 (16-28) 29 (23-37)
Delta
<1M_PD1 12 (9-16) 13 (7-23) 11 ( 9-14)
<1M_PD2 72 (54-98) 64 (37-111) 79 (55-112)
3M_PD2 17 (15-20) 15 (12-19) 19 (15-24)
6M_PD2 16 (14-18) 15 (12-18) 17 (14-20)

Omicron (BA.1)
1M_PD3

155 (107-223)

148 (78-281)

160 (102-251)
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Supplementary Figure 3.1 Anti-nucleocapsid IgG titers in older and younger adults.
Anti-nucleocapsid (N) IgG endpoint titers are plotted on the logs-scale for the older (A) and
younger (B) adults. Dashed lines indicated the threshold for positivity (titer of 1:180), which was
established using pre-pandemic samples. Colored dots indicate individuals who were excluded
from further analysis due to positive anti-N IgG indicating previous infection, and dots of the
same color are data from the same individual over time.
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Figure 3.1 Older females mount greater humoral responses to SARS-CoV-2 mRNA vaccines
than older males.

Anti-spike (S) 1gG (A), S receptor-binding domain (S-RBD) IgG (B), ACE2-inhibiting antibodies
(ACE2iAb) (C), and neutralizing antibodies (nAb) (D) against the vaccine strain of SARS-CoV-2
were measured at six timepoints: pre-vaccination (n= 82: 48 females, n = 34 males; nAb not
measured), 14-30 days post dose 1 (<1M_PD1; n=23: 12 females, 11 males), 14-30 days post
dose 2 (<1IM_PD2; n=69: 41 females, 28 males), 3 months post dose 2 (3M_PD2; n=82: 48
females, 34 males), 6 months post dose 2 (6M_PD2; n=80: 47 females, 33 males), and 14-30
days post dose 3 (1M_PD3; n=60: 34 females, 26 males). Differences between timepoints were
tested using mixed-effects models with study timepoint as a dummy variable and random
intercepts on the individual. Sex differences were tested using an expanded mixed-effects
model that included a main effect for sex and an interaction term between sex and study
timepoint. All point estimates are shown with error bars indicating the 95% confidence interval.
Dashed lines show the limits of detection. All p-values <0.05 are reported in E, where blank cells
indicate a p-value >0.05 and crossed out cells indicate that the comparison is reported
elsewhere in the table or not tested. The female-to-male ratio of geometric mean titers (GMT)
for each assay and each timepoint is shown in F, with the axis on a log2 scale.
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Supplementary Figure 3.2 Measures of vaccine-induced humoral immunity to the vaccine
strain of SARS-CoV-2 are highly correlated with each other in older adults.

The correlation between anti-S IgG, anti-S-RBD IgG, ACE2-inhbiting antibodies (ACE2iAb), and
neutralizing antibody (nAb) in older adults was assessed for all study timepoints together.
Scatter plots are shown in the lower half of the matrix, and correlation coefficients (R), color
coded by the strength of the correlation, are shown in the upper half of the matrix.

81



o
o a

A s E 26 M: p<0.001; F: p=0.554| 6 a6 M: p=0.024; F: p=0.183
S | Sex diff: p=0.025| 3 S Sex diff: p=0.882
g g 4 [}
= =5 2 4 A c5
o g 5 )

2 8 2 2 8
o S o o4
k=) 9 S |¥ 3
) < o 0 <3
5 [T g3 § [T =)
> . . i & > .24 . ; %)
N N x 2
€ & &S S g2—— ¢ & & &S RN
X -
AN & g P A S & ¢
N
a [a)

B ) F E 5 &
- EI 6 M: p=0.001; F: p=0.293 - 61 S 6 M: p=0.033; F: p=0.572
_g’ & Sex diff: p=0.127| 5’ « Sex diff: p=0.530
5 § 5 S 'O_ 5
S o =] e
< = < =
(_% g 4 (_3’ 8 4

<
fa) < o)
@ o @ 0]
& =] o 23
] a3 ) o
5 , . - § - -
> N - > L2
€ & F & &L b2 S & &
SN M N g & £ & § & &«
A N > A& & ® >€ Q©

C_ Gg - g
e O 3 Wi p<0.00:F:p=0895 2 3 s 3 M:p=0023;F: p=0310
2 E Sex diff: p=0.001 2 & Sex diff: p=0.662
= — = P
E 2 2 E 5 2
2 g 2 £
< E < E 1
3 = 3 H
< g 0 4 E 01
3 - a8 g - I
> o a g

< 4 x o N N
x F & @&
8§ & & & S LS
] & @
D H. o
a4 M: p<0.001; F: p=0.322) 41 Q4 M: p=0.025; F: p=0.073
S o Sex diff: p=0.037, S 2. Sex diff: p=0.934
é" g 3 :8) 31 f:3 23
S 2 S %
P g, 22 A 22
2 [6) 2 o
c =) c 1 X NG A 3
3 <y 3 sl
> 2 Y <
- - - - - c - - - - <
N v v v H N v v v H
RN SRR IR o RN SCN SN I
7/ 7/ * 3 7/ v X 7/ /7 7/ 4 RS ,\ Q
AN 5 ¢ XN /\(,;b <z§3"% & >N L & @
N J\ AN J\ J
Y Y Y Y
©= 75-82 - 83-87 =#=88+ =@-Female =@ Male =@=Robust =@i=Pre-frail =A=Frail =@=Female -@-Male

Figure 3.2 Age and frailty impact the antibody response to SARS-CoV-2 mRNA vaccines in a
sex-specific manner among older adults.
The effect of age on antibody kinetics is shown for anti-spike (S) 1gG (A), S receptor-binding
domain (S-RBD) IgG (B), ACE2-inhibiting antibodies (ACE2iAb) (C), and neutralizing antibodies
(nAb) (D) against the vaccine strain of SARS-CoV-2. Data are shown for six timepoints: pre-
vaccination (n=32 aged 75-82; n=28 aged 83-87; n=22 aged >88; nAb not measured), <1M_PD1
(n=10 aged 75-82; n=8 aged 83-87; n = 5 aged 288), <1M_PD2 (n=24 aged 75-82; n=25 aged 83-
87; n=20 aged 288), 3M_DP2 (n=32 aged 75-82; n=28 aged 83-87; n=22 aged >88), 6M_PD2
(n=31 aged 75-82; n=28 aged 83-87; n=21 aged >88), and 1M_PD3 (n=22 aged 75-82; n=21 aged
83-87; n=17 aged >88) (A-D). Sex-specific effects of age at 3M_PD2 are shown separately for



females (n=20 aged 75-82; n=15 aged 83-87; n=13 aged >88) and males (n=12 aged 75-82; n=13
aged 83-87; n=9 aged >88) (E-H). The effect of frailty on antibody kinetics is shown for the four
assays at six timepoints: pre-vaccination (n=18 robust; n=53 pre-frail; n=10 frail; nAb not
measured), <1IM_PD1 (n=6 robust; n=12 pre-frail; n=>5 frail), <1IM_PD2 (n=15 robust; n=45 pre-
frail; n=9 frail), 3M_PD2 (n=18 robust; n=53 pre-frail; n=10 frail), 6M_PD2 (n=18 robust; n=52
pre-frail; n=10 frail), and 1M_PD3 (n=14 robust; n=39 pre-frail; n=7 frail) (I-L). Sex-specific
effects of frailty are shown separately for females (n=10 robust; n=33 pre-frail; n=4 frail) and
males (n=8 robust; n=20 pre-frail; n=6 frail) (M-P). The overall effects of age (A-D) or frailty (I-L)
at each timepoint were tested using mixed-effects models including a main effect for age/frailty
and an interaction term between age/frailty and study timepoint. All p-values <0.05 are shown
and dashed lines indicate the limit of detection. At 3M_PD2, the effect of age (E-H) or frailty
(M-P) in males and females, and sex-differences in these effects, were tested using linear
regression models with interaction terms between sex and age or frailty, and all p-values are
shown. Point estimates are shown with 95% confidence intervals.
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Supplementary Figure 3.3 Sex-specific effects of aging and frailty 14-30-days and 6-months
post dose 2, and 14-30-days post dose 3 in older adults.
The effect of age on anti-S IgG, anti-S-RBD IgG, ACE2iAb, and nAb are shown <1M_PD2 for
females (n=15 aged 75-82; n=14 aged 83-87; n=12 aged >88) and males (n=9 aged 75-82; n=11
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aged 83-87; n=8 aged >88) (A-D), 6M_PD2 for females (n=19 aged 75-82; n=15 aged 83-87;
n=13 aged >88) and males (n=12 aged 75-82; n=13 aged 83-87; n=8 aged >88) (E-H), and
1M_PD3 for females (n=13 aged 75-82; n=11 aged 83-87; n=10 aged >88) and males (n=9 aged
75-82; n=10 aged 83-87; n=7 aged >88)(I-L). Similarly, the effect of frailty on the three measures
of humoral immunity are shown for <1M_PD2 for females (n=9 robust; n=28 pre-frail; n=4 frail)
and males (n=6 robust; n=17 pre-frail; n=5 frail) (M-P), 6M_PD2 for females (n=10 robust; n=33
pre-frail; n=4 frail) and males (n=8 robust; n=19 pre-frail; n=6 frail)(Q-T), and 1M_PD3 for
females (n=7 robust; n=25 pre-frail; n=2 frail) and males (n=7 robust; n=14 pre-frail; n=5 frail)
(U-X). The effects of age (A-L) or frailty (M-X) in males and females, and sex-differences in these
effects, were tested using linear regression models with interaction terms between sex and age
or frailty, and all p-values are shown. All point estimates are accompanied by error bars
indicating the 95% confidence interval.
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Figure 3.3 Antibody responses to Alpha, Delta, and Omicron variants are reduced relative to
the vaccine virus in older adults.

Anti-S (A), ACE2-inhibiting (B), and neutralizing (C) antibodies against the vaccine, Alpha, Delta,
and Omicron strains of SARS-CoV-2 were measured post-vaccination, with symbols indicating
point estimates and error bars indicating the 95% confidence interval. Differences in the
responses between viral strains at each timepoint were measured using paired t-tests, and all
p-values <0.05 are shown in D, where empty cells indicate p-values >0.05 and crossed-out cells
indicate that the comparison was not tested. Sex-disaggregated data from the 3-month
timepoint are shown, and significant sex differences are indicated by p-values (E-G).
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Supplementary Figure 3.4 Antibody responses to variants of concern tend to be higher in
older females than older males.
Anti-S (A-D), ACE2-inhibiting (E-H), and neutralizing (I-L) antibodies against the Alpha, Delta and
Omicron variants of concern are shown for males and females <1M_PD1 (A, E, |), <IM_PD2 (B,

F,J), 6M_PD2 (C, G, K), and 1M _PD3 (D, H, L). Dashed lines show the lower limit of detection of
the assay. All p-values > 0.05 are shown.
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Supplementary Figure 3.5 Antibody responses against seasonal and pandemic B-
coronaviruses are boosted by SARS-CoV-2 vaccination in older adults.

IgG specific to the spike proteins of the HKU1 (A), OC43 (B), MERS-CoV (C), and SARS-CoV-1 (D)
were measured before and at five timepoints after receipt of a SARS-CoV-2 mRNA vaccine.
Differences between timepoints were tested using multi-level models with study timepoint as a
dummy variable and random intercepts on the individual to account for repeat measures. All
point estimates are shown with error bars indicating the 95% confidence interval and asterisks
indicate significant (p<0.05) increases relative to the pre-vaccination vaccination timepoint.
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Figure 3.4 Differences between younger and older adults in antibody responses to the vaccine
strain of SARS-CoV-2 are sex-dependent.

Plasma samples were collected from older adults at 3 timepoints after the primary vaccination
series and from younger adults at 2 post-vaccination timepoints: 16-76 days post dose 2 (early)
and 96-190 days post dose 2 (late). Differences in anti-vaccine strain S IgG levels over time were
compared between all younger and older adults (A), males (younger: n=27 early; n=30 late) (B),
and females (younger: n=48 early; n=48 late) (C), and summarized at three sentinel points (14-,
90- and 180-days post-vaccination) (D). Comparisons of the anti-Alpha S IgG response between
the younger and older groups are shown for the whole population (E), males (younger: n=27
early; n=26 late) (F), and females (younger: n=39 early; n=34 late) (G), with differences
summarized at 14-, 90- and 180-days post-dose 2 (H). Comparisons of the anti-Delta S IgG
response between the younger and older groups are shown for the whole population (I), males
(younger: n=27 early; n=26 late) (J), and females (younger: n=47 early; n=42 late) (K), with
differences at summarized 14-, 90- and 180-days post-dose 2 (L). Kinetics were analyzed using
mixed-effects models with fixed effects including days post-dose 2 as a continuous predictor
with cubic B-splines (knots at 30-, 100-, and 160-days post-vaccination). Shaded areas indicate
95% confidence intervals (A-C, E-G, I-K). In D, H, and L, point estimates for the difference
between cohorts are shown with 95% confidence intervals, such that confidence intervals that
do not span the null value of zero are statistically significant.
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4.1 Abstract

COVID-19 vaccines are essential public health tools for protecting older adults, who are at
high risk of severe outcomes associated with COVID-19. Little is known, however, about how
older adults approach the decision to receive a COVID-19 vaccine. We hypothesized that
intersections between gender and race may provide unique insight into the decision-making
process and the factors that lead to vaccine uptake among hesitant individuals. We performed
in-depth interviews with 24 older adults who had been vaccinated against COVID-19 and used
the framework approach with an intersectional lens to analyze data. Two typologies emerged:
eager compliers did not question the need to vaccinate, whereas hesitant compliers were
skeptical of the vaccine and underwent a thorough decision-making process prior to
vaccination. For eager compliers, the vaccine offered protection from a disease that posed a
serious threat, and few risks were perceived. In contrast, hesitant compliers perceived risks
associated with the vaccine product or mistrusted the infrastructure that led to rapid vaccine
development. Hesitancy was greater among Black participants, and only Black participants
reported mistrust in vaccine infrastructure. At the intersection of gender and race, a ‘White
male effect” was observed, whereby White men perceived the fewest risks associated with the
vaccine, and Black women were the most fearful of serious side effects. Nearly all hesitant
compliers ultimately got vaccinated due to the threat of COVID-19. Convenient access through
vaccine clinics in senior’s buildings was pivotal for hesitant compliers and external and internal
influences had differential impacts by race and gender. Emphasizing the risk of COVID-19,
convenient and accessible opportunities for vaccination, and messages that are targeted to

specific groups are likely to increase vaccine uptake among older adults.
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4.2 Introduction

Due to the elevated risk of severe health consequences following COVID-19 in older
adults (16, 17, 142), vaccination programs that meet the needs of this vulnerable population
are of considerable public health importance. Much of the existing research measuring the
success of vaccine programs is rooted in coverage rates, often ignoring the complexities of how
people make decisions about vaccines, and barriers to accessing recommended vaccines.
Vaccine behavior (i.e., whether an individual accepts a vaccine), however, does not reveal the
true scope of vaccine hesitancy, defined as a continuum between individuals who accept all
vaccines with no doubts and those who refuse all vaccines with no doubts (201). Individuals
who accept all vaccines according to recommendations, or who delay vaccination, may be
hesitant despite their observed behavior (202). While the immediate public health concerns
surrounding vaccine hesitancy involve those who refuse or delay vaccination, those who accept
vaccines but have concerns may be particularly vulnerable to misinformation and are at risk of
refusing vaccines in the future (202). Individuals who accept vaccines despite hesitations are

also valuable sources of information regarding factors that contribute to vaccine acceptance.

The decision to receive a vaccine is complex, with many contributing factors, including
perceived importance of the vaccine, risk perception, trust, and past experiences (203, 204).
The influence of gender norms, roles, and relations is often over-looked, yet there is substantial
evidence from other areas of health research that men and women are likely to approach
vaccine decisions differently (4). For example, men’s vaccine decision-making process may be
affected by masculine norms prescribing independence and self-reliance, which translate into

lower likelihood of seeking healthcare and increased likelihood of partaking in risky behaviors
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(205, 206). There are also gender differences in risk perception, with women and men
perceiving the same risks differently or perceiving different risks altogether (207). For example,
during the COVID-19 pandemic, women surveyed in the U.S. perceived a greater risk of disease,
while men perceived a greater risk of financial hardship (208). In the case of vaccination,
differences in risk perception are compounded, as vaccine acceptance can be the result of
weighing the competing perceived risks of the disease prevented by the vaccine and the

vaccine itself (209).

Gender norms, roles, and relations must be considered in the context of their
intersection with other social stratifiers, such as race (210). Following the theory of
intersectionality, the relationships between factors and differences within groups can explain
and resolve inequities in health outcomes (211). Racial disparities in vaccine uptake have been
most extensively studied in the context of seasonal influenza vaccination, where the perceived
risks of both the disease and the vaccine, beliefs, attitudes, and trust in healthcare have been
identified as contributing factors (212-218). The direct impact of lived experiences of race and
racism in healthcare has also been investigated, with perceived racial fairness emerging as a
powerful predictor of vaccine attitudes, such that experiences of unfair treatment by a
healthcare professional can discourage vaccination (219). While racial disparities in vaccine
attitudes and uptake have been observed during COVID-19 (220), little is known about the

intersection of race and gender.

In the context of the COVID-19 pandemic, it is increasingly important to understand how

older adults make decisions about vaccines. Much of the literature available on this topic has
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focused on the seasonal influenza vaccine, but there is evidence to suggest that the decision-
making process may be substantially different for the COVID-19 vaccines, given the novelty and
rapid development of the vaccines, the politically charged environment and other
circumstances of the pandemic (221, 222). We hypothesized that previously unexplored links
between gender and race may provide unique insight into the decision-making process and
what factors ultimately lead to acceptance among hesitant individuals. Through qualitative
analysis of in-depth interviews (IDI) with older adults, we aimed to understand how these
factors could be leveraged to design more effective public health messaging and vaccine

programs for this diverse group of individuals.

4.3 Methods

4.3.1 Context

This study took place in the greater Baltimore area, where the population is 30% White,
62% Black, and 5% Hispanic or Latino, and 14% of city residents are over the age of 65 (223).
Median household income in 2019 was $50,177 and an estimated 17% of the population over
65 years of age lived below the federal poverty line, compared to national averages of $65,712
and 9%, respectively (224). As of this writing, 81% and 91% of those over 65 are fully vaccinated
against COVID-19 in Baltimore City and County, respectively (225). Racial inequities in vaccine
coverage were prominent among older adults early in the vaccination campaign, however,
concerted efforts by the Baltimore City Health Department, partners, and the state’s Vaccine

Equity Task Force led to significant improvements in vaccine coverage equity (226-228). Data
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disaggregated by both age and race at the city level are limited, but state-level data suggest

uniformly high coverage among older adults by the end of 2021 (229).

4.3.2 Participants and recruitment

Individuals were eligible to participate if they were over the age of 70 and resided in the
Baltimore area. Although the age of 65 is often used as the cut-off for older adults, in pilot data,
we found that many individuals between the ages of 65 and 70 were not fully retired, and thus
had different experiences. We therefore restricted analysis to those over the age of 70.
Participants were either recruited from the community or selectively sampled from an existing
cohort of older adults (73). Community recruitment included distributing flyers in seniors’
buildings, snowball sampling, and referrals from Baltimore’s Vaccine Acceptance & Access Lives
in Unity Education and Engagement (VALUE) ambassadors. Purposive sampling from the
existing cohort was based on approximately matching ages to those who had been recruited
from the community. Recruitment efforts focused on obtaining a sample with approximately
equal numbers of participants by gender and race. Most White participants came from the
existing cohort (73), and most Black participants were recruited from the community.
Recruitment continued until saturation was achieved, in that interviews no longer yielded new

information.

4.3.3 Data collection

Semi-structured IDI were conducted from October 2021 — February 2022. Due to the on-
going COVID-19 pandemic and the high-risk nature of the study population, all interviews were

conducted over the phone. After collecting basic demographic information, interviews focused
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on five key themes: (1) Experience of the COVID-19 pandemic; (2) Sources of information
regarding vaccines; (3) Decision-making process for the COVID-19 and seasonal influenza
vaccines; (4) Experiences receiving the COVID-19 and seasonal influenza vaccines; (5) Lived
experiences of infectious diseases and vaccination. Participants received a Visa gift card upon
completion of the interview. Interviews were 20-60 minutes in duration, and audio recordings

were professionally transcribed.

4.3.4 Data analysis

Data were manually analyzed using the framework approach (230, 231). Following a
familiarization stage, a thematic framework was developed that largely followed the themes of
the IDI. The thematic framework was then systematically applied to all transcripts, and key
guotes were abstracted and categorized into a series of charts. The first set of charts
categorized data by individual, to provide an overview of each participant. The second set
organized information by theme, allowing for analysis across participants, and identification of
similarities and differences. For the final set of charts, key quotes were categorized by

increasingly specific sub-codes, which were deduced from thematic text-based analysis.

An intersectional lens was applied throughout analysis. Instead of focusing on individual
factors, analysis focused on how factors interacted at multiple levels and on differences
between and within groups (211). Our primary interest was at the intersection of gender and
race. To facilitate this, data were grouped into four key demographic groups (Black women
(BW), Black men (BM), White women (WW) and White men (WM)) at all charting steps. The

intersection of gender and race was also considered in the greater context of other key socio-
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economic factors. Accordingly, as a proxy for socioeconomic status, participant’s ZIP codes
were linked to Census data to determine the median household income and percent of

residents over the age of 65 living below the federal poverty level.

The lead author, who collected data and did much of the analysis, is a young adult White
woman. R.M. and L.P.D., who contributed to design of data collection tools and guided analysis,
are also White women, although L.P.D. leads the VALUE Peer Ambassador Education program
working primarily in the Black community. S.L.K., a White woman, and S.X.L., a man of Asian
descent, provided guidance and expertise on the study population, while E.N.R, a Black woman,
provided significant editorial contributions. The composition of the study team may have

influenced the type of data that were collected and the themes that emerged during analysis.

4.3.5 Ethics

All participants provided oral consent and the study protocol was reviewed and deemed as

exempt research by the Johns Hopkins School of Medicine Institutional Review Board.

4.4 Results

4.4.1 Study participants

Twenty-four adults over the age of 70 were interviewed, with an approximately equal
distribution among the four race/gender categories (Table 1). Ages were similar in each of the
four core groups, but based on ZIP codes, the Black participants lived in neighborhoods with
lower median household incomes and higher levels of poverty in those over 65. Levels of
education also varied by group, with White men being the most educated. Most Black

participants and some White participants lived in seniors’ buildings. This had important
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implications for vaccine access, as the Baltimore City Health Department offered in-house

vaccine clinics in many seniors’ buildings in the spring of 2021.

4.4.2 Typologies

While all participants received the primary series of COVID-19 vaccines (either one or two
doses), two distinct typologies emerged in how participants approached the decision to get the
vaccine: eager compliers (EC) and hesitant compliers (HC). Eager compliers actively sought out
opportunities for vaccination and did not question the need for or the validity of the vaccine. In
contrast, hesitant compliers were skeptical of the vaccine and underwent a thorough decision-
making process. More of the Black participants, particularly women, were characterized as HC.
Only two White participants, one man and one woman, were HC. In the sections below, we
discuss the factors that contributed to eager and hesitant compliers’ decision to receive a
COVID-19 vaccine, with an emphasis on differences that emerged at the intersection of race

and gender.

4.4.3 Eager compliers

For the EC, the vaccine was seen as an obvious way to protect themselves from the risk
posed by COVID-19. Coupled with low perceived risk of the COVID-19 vaccine and positive past

experiences with vaccines, there was little debate as to whether to receive the vaccine.

4.4.3.1 Vaccine as solution to COVID-19

All the EC felt that they were at significant risk of getting COVID-19, and that the

consequences of disease might be severe. For many, age and comorbid conditions contributed
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to feelings of risk. Faced with the prominent threat of COVID-19, the vaccines were

enthusiastically received as a strong source of protection.

As soon as they said that COVID was respiratory, me with COPD and heart
problems, | knew right away that | was not going to be staying on side lines

talking about “I'll wait”. (119_BM)

One participant who had been hospitalized with COVID-19 early in the pandemic was
particularly desperate to get the vaccine to avoid further iliness. In addition to viewing the
vaccine as critical to protecting their own health and well-being, several women noted the
benefits of vaccination for their loved-ones and community. This included being able to spend

time with grandchildren and protecting medically vulnerable family members.

Part was my husband’s health. He’s a lung cancer survivor... and | always

thought if God forbid he got it, you know, it would be the end. (1245_WW)

The perceived need of the vaccine is perhaps best exemplified by how many EC persisted
to get a vaccine as soon as possible, despite a range of a barriers, including lack of knowledge
about where to receive it, difficulties booking appointments online due to low computer
literacy, and physical barriers to accessing mass vaccination sites. Physical barriers were

particularly prominent for women.

I was being pushed in a wheelchair. | could not walk. My daughter took me up
there... | can do nothing by myself. | have to depend on somebody taking me

somewhere. (104_BW)
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Overall, COVID-19 posed a serious threat for the EC and receipt of the vaccine was an

obvious choice that did not require in-depth deliberations.

4.4.3.2 Low perceived risk of the vaccine

The EC either did not perceive any risks associated with the vaccine or were not
deterred by the risks they were aware of. Participants had trust in the systems that led to the
development and emergency use authorization of the vaccines, and in some cases, the speed at

which the COVID-19 vaccines were developed reinforced this trust.

It just reinforces my trust in the medical establishment that, you know the
medical establishment has managed to find a vaccine that is as effective as these

are. (118 WM)

Many noted that with so many people vaccinated, unknown side effects were unlikely.
When EC did perceive risks associated with the vaccine, they were of minor side effects, a
general fear of the unknown, or were immediately qualified with an acknowledgement that
severe risks are exceedingly rare. Several White men were readily willing to assume the risk of a

rare adverse event given the tremendous perceived benefit of the vaccine.

| know there is a risk. It can kill, it can cause permanent disability, but that is very
rare, and that it is risk | am willing to take, because the chances are so small

compared to the benefits of the vaccine. (1085 WM)

Taken together, the risks that the EC associated with the vaccine were perceived as

minimal, and largely did not influence their decision to get the vaccine.
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4.4.3.3 Positive experiences with vaccines

Many EC expressed general pro-vaccine sentiments, had a history of compliance with
vaccine recommendations, and were willing to receive any future COVID-19 vaccines (e.g.,
boosters) that become available. Participants reported that most of their families and
communities were vaccinated, with the notable exception of some participants’ children or
grandchildren who refused the vaccine, which lead to significant frustration and conflict within
the family. In other cases, mainly for White women, a family-based decision-making process

contributed to confidence in the vaccine.

The family had talked about it, and everybody, the older people in my family,
it was not a question. It was yes, of course, we're going to get the vaccine.

And so, | didn't question it, | knew | would get it. (109_WW)

Many participants had positive memories of getting vaccines as a child, or ensuring that
their own children were vaccinated, leaving them no reason to doubt the COVID-19 vaccines.
One Black man linked his experience during the pandemic, and willingness to be vaccinated, to

past experiences with infectious diseases.

I had a partner who had been exposed to Syphilis... | have lived through AIDS ...
So that really raised my awareness about the trans-social diseases. So, | was on
board when COVID-19 came along... | am savvy about the trans-social diseases

(117 _BM)

Three White women discussed how they were confident that the COVID-19 vaccines

would have the same effect that as the polio vaccine.
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I am confident that it [the vaccine] is still working... Like when we had... polio
years ago and when you took the pills or the polio shots, they worked. | think this

is going to be the same thing (1185 _WW)

One notable exception to most EC’s positive history with vaccines, was one Black man’s
story of becoming ill after receiving an influenza vaccine many years ago, resulting in refusal of
the vaccine since. These feelings were, however, restricted to influenza, as the participant was
eager to receive the COVID-19 vaccine after hearing a friend’s story of severe disease following
infection. Taken together, the EC either had positive experiences with vaccines or viewed the
COVID-19 vaccine as distinct from other vaccines, such that they readily complied with

recommendations.

4.4.4 Hesitant compliers: Sources of hesitation

As opposed to EC, who readily accepted vaccination, HC had a variety of concerns about

the vaccine and the system providing it.

4.4.4.1 Risks associated with the vaccine product

For both White and Black HC, vaccine hesitancy stemmed from perceived risks
associated with the vaccine product. For the Black women HC, concerns were primarily focused
on unknown long-term consequences. Many suggested that accepting the vaccine required

assuming some degree of risk.
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It will take a long time before we find out exactly...what benefits the vaccine has

and what benefits it does not have, and what side effects it has. (101_BW)

Comorbid conditions also contributed to perceived risk associated with the vaccine. One
participant suggested that people with underlying conditions, like her diabetes, need to make

sure that the vaccine is appropriate for them.

Unless they have underlying sickness and have to ask a lot of questions, think
twice... They need to check it out first. Vaccines don’t work for everyone.

(116 _BW)

For three Black HC, negative experiences with influenza vaccines contributed to their
perception of risk associated with the COVID-19 vaccine. Two women fell ill after receiving an
influenza vaccine years ago, which prompted them to stop taking the vaccine for several years.
One man reported an allergic reaction to the influenza vaccine, such that in consultation with
his doctor, he no longer receives it. Although the influenza vaccine was largely seen as separate
from the COVID-19 vaccines, these negative experiences did contribute to general feelings of

skepticism about the unknown side effects of vaccination.

The two White HC also perceived risks associated with the vaccine product. The White
man who was hesitant referred to perceived lack of efficacy of the vaccines and questioned the

need for vaccines altogether.
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Most of the arguments that I'm hearing... are that this is going to be like every
other flu or virus. It will burn itself out. And it’s not that inoculating people is

causing it to burn out. (1225 WM)

The White woman, on the other hand, was concerned about the mRNA technology
because it was different than vaccines that she had received in the past. Despite having clear

guestions about the vaccine, she did not want to be viewed as vaccine hesitant.

| wanted to wait and see, because | did not know what the mRNA vaccine was.
Nobody knew... | would not describe myself as vaccine hesitant. | just wanted to

know what | was getting. (1023_WW)

Although the types of risks identified in relation to the vaccine product differed by race,

for both White and Black HC, they figured heavily in deliberations about the vaccine.

4.4.4.2 Mistrust in vaccine infrastructure

For two Black HC, but for no White HC, uncertainty stemmed from mistrust in the
system that made and provided the vaccine, rather than the vaccine itself. They questioned the
motives for making the vaccine and the speed of development, leading them to believe that the
vaccines were not adequately tested. For one woman, this mistrust was mainly focused on the
pharmaceutical industry. In contrast, one man’s long-standing mistrust in the government

supported the notion of collusion between the government and pharmaceutical companies.

I just have a question as to the validity of the testing for the vaccines and how

quickly they came out... In order for them to have that ability to get something
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that quickly, they had to have the information from the Government who created
it... If you know the history of this country, it would not be the first time that the

Government put something on people (102_BM).

For these participants, distrust in the system providing the vaccines stemmed from
existing misgivings with the government and pharmaceutical industry, which were heightened

by the novelty of COVID-19 and speed at which the vaccines were developed.

4.4.5 Hesitant compliers: Decision to vaccinate

Despite the uncertainty surrounding the COVID-19 vaccine, all the HC in our sample
ultimately decided to receive the vaccine. Below are the factors that were pivotal in the

decision to vaccinate.

4.4.5.1 High perceived risk of COVID-19

For all the Black HC, while risks associated with the vaccine or distrust in the vaccine
infrastructure remained prominent, the threat of COVID-19 made the vaccine seem necessary
for protection. They ultimately decided to get vaccinated because the risk of COVID-19 out-

weighed the perceived risks associated with the vaccine.

With the number of people dying going up, there was no way to say that was
fake news. They showed tractor trailers full of bodies. So, it is like you had to
have a come to Jesus moment and go and grin and bear it...You are just rolling
the dice when you walked out of your door, and so, | decided to stop rolling the

dice. (102_BM)
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In contrast, one White HC did not feel at great risk due to COVID-19 due to his rural
residence, such that the risk of disease did not figure into his decision to get the vaccine. For all
other HC, regardless of race or gender, the risk of COVID-19 was the primary factor in their

decision to receive the vaccine.

4.4.5.2 Convenience & ease of access

For those who lived in senior’s buildings, access to in-house vaccine clinics was a major
facilitator and directly contributed to the decision to get the vaccine for some Black HC.
Participants listed many benefits of these vaccination clinics, including feeling that they were
safer and cleaner than mass vaccination sites, convenience due to the absence of lines or long

wait-times, and privacy when getting the vaccine.

I have more faith having it in this building. | may not have gone had it been
down at one of the centers that’s close to us.... the centers were not that clean.

(105_BW)

Convenience and ease of access were not, however, motivators for all participants. One

particularly skeptical Black man refused the vaccine that was offered to him in his building.

So, I did not get a vaccination until June, and it was after they had come into the
building ... | wanted to make sure that when | made a decision, it was not a
hurried decision, and | went jumping the line to get a needle in my arm before |

knew anything about it. (102_BM)
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4.4.5.3 Fostered trust in the vaccine

External and internal influences fostered trust in the vaccine for both White and Black
HC (see representative quotes in Table 2). In terms of external influences, most of the Black HC
trusted their doctors and consulted them regarding the vaccine. These recommendations were
most influential for those who had safety concerns about the vaccine due to their allergies or
underlying conditions. In contrast to consulting his personal physician, for the one White man
who was a HC, being contacted by Veterans Affairs motivated him to receive the vaccine.
Several White participants (both EC and HC), mostly men, reported being contacted by their
healthcare system regarding opportunities to get the vaccine, while none of the Black
participants reported this. For a Black woman, the recommendation from the governor was
pivotal in her decision to receive the vaccine. Across gender and race groups, media coverage of
the vaccine was important in the decision-making process. For one White man, the sheer
volume of coverage, compared to how rarely other topics, such as influenza, are discussed, lent
credibility to how serious COVID-19 was. For a White woman, information about the mRNA
vaccine platform from trusted news sources addressed her hesitations. For a Black woman, on
the other hand, seeing an older Black woman get vaccinated on the news was influential.
Finally, several participants discussed the role of community. Three of the Black HC, two
women and one man, discussed how their families contributed to their decision-making
process. Vaccination was seen as a way to protect their communities, with all of them
specifically discussing their grandchildren. In contrast, the one White man who was a HC stated

that he was not influenced by the anti-vaccine opinions being discussed in his community.
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In terms of internal influences, for many in our sample, the concept of vaccines was
familiar. Participants noted that they had been receiving vaccines all their lives and were
comfortable with them. Several Black women also referred to their faith in fostering trust in the
vaccine. Taken together, unlike the near-unanimous perceived risk of COVID-19 as a motivator
to vaccinate, external and internal influences had heterogeneous effects. Each resonated with

certain participants, according to their specific concerns about the vaccine or lived experiences.

4.4.6 Gender, race, and their intersection

The ways in which gender, race, and their intersection impacted the vaccine decision-
making processes described above are summarized in Table 3. The most prominent impact of
gender norms, roles, and relations manifested in how women discussed the impact of their
decision to get vaccinated on their communities, acknowledging the role the vaccine could play
in protecting themselves and loved ones. In terms of race, it is notable that many of the HC
were Black, particularly Black women. In addition, the sources of hesitation varied by race in
that several Black HC but no White HC expressed mistrust of the system that developed and
provided vaccines. Finally, at the intersection of gender and race, notable differences in risk
perception emerged. The Black women in our sample were particularly concerned about
unknown long-term consequences associated with the vaccine whereas the White men knew

that rare adverse events were possible, but did not think they would be affected.
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45 Discussion

Through IDIs with older adults in the Baltimore area, we found that the risk of severe
iliness following COVID-19 infection was the primary reason for deciding to receive the COVID-
19 vaccine. This was true for both eager and hesitant compliers, even though the two groups
approached the decision-making process differently (Figure 1). For EC, the role of vaccines in
mitigating the risk of disease was clear, and the decision to vaccinate was as an obvious
conclusion. For the HC, however, this conclusion was the result of assessing the competing risks
of the vaccine and the disease, and consideration of a variety of external and internal

influences. In addition, the convenience of in-house vaccine clinics was pivotal for some.

Our findings on how individuals approached the decision to receive the vaccine cannot
be dissociated from their lived experiences, which are fundamentally shaped by gender and
race. These observations can be interpreted through existing literature. For example, the role
that community played in the decision to vaccinate for many women is consistent with the
traditionally feminine roles of caregiving and promoting health (232). Furthermore, the finding
of increased vaccine hesitancy and mistrust among Black participants is likely rooted in the long
history of unethical treatment and racism in healthcare settings and should not be viewed as an
individual lack of trust, but rather as a failure of the healthcare system (233, 234). Our finding
of hesitant or delayed vaccine acceptance among many of the Black participants is mirrored in
national immunization coverage data, where a significant gap in coverage between White and
Black Americans was evident in the early stages of the vaccine campaign but largely
disappeared by the end of 2021 (235). Finally, the observation that Black women were

concerned about long-term side effects, but White men were not, is consistent with the ‘White
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Male Effect’, whereby White men perceive the lowest levels of risk and women of color
perceive the greatest levels (236). Researchers have hypothesized that because White men are
traditionally in positions of power and control, they feel protected from dangers and are thus
more willing to take risks, whereas other groups feel more vulnerable to risks (236). Along with
the observed differences at the intersection of race and gender, we acknowledge that the
decision to vaccinate is the result of interactions between various social processes, such that it

is difficult to untangle the complex causes of the phenomena observed.

This work has several important implications for public health messaging and the design
of vaccine programs. Above all else, highlighting the risk of disease is likely to increase vaccine
uptake. Furthermore, the racial and gender differences in the vaccine decision-making process
suggest that a ‘one size fits all’ approach to vaccine promotion is likely to be ineffective (112).
Instead, different types of messages may resonate with different groups. For example,
emphasizing the link between vaccination and community is likely to resonate with women
more than men, and vaccine promotion at faith-based institutions may have an important
effect among Black women. In terms of the design of vaccine programs, holding vaccine clinics
in seniors’ buildings was a highly effective tool for improving vaccine coverage among hesitant
older adults, both men and women alike. Such programs should be expanded to community-

dwelling older adults and to include other vaccines recommended for this population.

This work also has several limitations. Based on participant ZIP codes, Black participants
were likely of lower socio-economic status than White participants, such that some of the

findings attributed to race may be influenced by socio-economic factors or education levels. In
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addition, interviews were conducted several months after most participants were vaccinated,
so it is possible that attitudes may have shifted over time. Because availability of booster
vaccines changed substantially over the period of time that interviews were conducted, we
were also unable to systematically assess attitudes towards booster vaccines. Finally, the
positionality of our research team must also be noted. White women led this research, which

likely impacted how data were interpreted.

In conclusion, we find that vaccine acceptance obscures true levels of vaccine hesitancy,
and that many who comply with recommendations have unresolved concerns about vaccines.
For those who were hesitant, messages that emphasize the risk of COVID-19, along with
convenient and accessible opportunities for vaccination, were the most important factors in the
decision to ultimately receive the vaccine. Sources of hesitation and the role of external and
internal influences on vaccine attitudes varied by gender and race, such that more targeted
approaches to vaccine promotion would increase vaccine uptake and better serve this

population.
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4.7 Tables

Table 4.1 Participant demographics

Black Women Black Men White Women White men

N 6 5 6 7
Age - mean 80 79 83 80
Resident of senior's building - N 5 3 2 3
Location of COVID-19 vaccine - N

Senior’s building 5 2

Mass vaccination cite 1 2 6 5

Pharmacy 1

Veterans Affairs 2
Median household income? - mean 38,651 47,848 83,264 79,721
% 65+ living in poverty® - mean 20.9 18.9 8.5 11.2
Highest level of education - N

Some high school 1

High school/GED 2 2

Some college/post-secondary 3 1

Associates/vocational degree 3

College 1 2 1

Some post-graduate 1

Post-graduate 3

Unknown 1
Typology

Eager complier (EC) 2 3 5 6

Hesitant complier (HC) 4 2 1 1

2 Estimated by linking zip codes to census data
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Table 4.2 Factors that fostered trust in the vaccine among hesitant compliers

Recommendation from healthcare professional

I had to ask my doctor, do you think | should take it, because my other shots didn't work out.
And he said, no, it doesn’t have the same things in as the flu shot [has] in it. He said it had
different medication in it or whatever. So, | said, “well, I'll try it”. (120_BM)

Recommendation from government

I would say more that Hogan [the governor] made the difference... how he cared about
his people... he was so adamant with making sure that the people of Maryland got the
shot and took care of themselves with it. (103_BW)

Media coverage

Well, they certainly publicized it more, for one thing. | mean, you never see the television
monopolize every single day by one thing like this. You never see the flu...so it definitely had
me concerned somewhat if it’s that serious, if it’s something to pay attention to. So, it has its
effect. You are reminded of it every day. (1225_WM)

For a while, | said | wasn’t going to get it and then, | saw an old Black lady on TV... She was
an elderly lady, older than me. | believe she was in her nineties, and she was getting, | think
they said she got the first shot, | think. And she gave me courage and | said wow. If she is
going through with it, | think | can do it too. (101_BW)

Community

Well, | have been fortunate enough to have great grandchildren and I love them to death.
| wanted to be able to see them and | wanted them to be able to visit me. So, any
precautions | can do to help them, | am going to do. (101_BW)

Lived experiences

Well, | am a child of the fifties and sixties. So, we received vaccinations on the regular for
school, etcetera. So, | already had a mindset that vaccines were good. (102_BM)

Faith

It is an unknown thing but step out on your faith. Believe that the technicians and everybody
that has handled it before... At least one of them got to know something about the good lord.
(101_BW)
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Table 4.3 The impact of gender, race, and their intersection on vaccine decision-making

Gender

e The women in our sample were more likely to see the vaccine as beneficial to their
community and families than the men.

e Women were more likely to note physical barriers to accessing the vaccine (i.e., being
wheelchair-bound and dependent on others, being unable to stand in line).

Race

e More Black participants were classified as HC than White participants.

e The Black HC noted more personal reasons for hesitancy (i.e., fear of side effects,
interaction with their comorbidities), whereas the White HC presented external reasons
for hesitancy (i.e., concerns about mRNA technology, lack of need for the vaccine)

e For the White HC in our sample, perceived risks of the vaccine were entirely associated
with the vaccine product, while for some of the Black HC, risks were associated with the
systems that developed and provided the vaccines.

e For all the Black HC in our sample, risks associated with the vaccine remained prominent,
despite their ultimate decision to get the vaccine.

e More Black participants consulted their doctors about receiving the vaccine, while White
participants were more likely to make the decision without their doctor’s input.

e Several White participants reported that their healthcare system had reached out to
them with information about the vaccine and opportunities to receive it, while none of
the Black participants reported this.

Intersection of gender and race

e Black women in our sample were particularly concerned about unknown long-term
consequences associated with the vaccine.

e The White men who participated were more readily willing to assume the risk of a rare
adverse event associated with the vaccine.

e Faith was important in fostering trust in the vaccine for several of the Black women.

e Several white women had confidence in the COVID-19 vaccine because of their positive
experience with the polio vaccines.

Abbreviations: EC: eager complier; HC: hesitant complier.
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4.8 Figures

GENDER

RACE

Figure 4.1 Factors that contributed to the decision to vaccinate for eager and hesitant
compliers.

The promoters of vaccination and the sources of hesitation are summarized for the eager and
hesitant compliers. The diagram is positioned at the intersection of gender and race to
demonstrate that the process through which individuals approach the decision to vaccinate
cannot be disassociated from their lived experiences, which are fundamentally shaped by
gender and race.
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CHAPTER 5

GENERAL DISCUSSION

Janna R. Shapiro
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5.1 Introduction

The research in this dissertation illustrates the importance of considering sex and
gender in vaccine research and highlights the benefits of an intersectional approach to studying
vaccines in older adults. This type of work requires inter-disciplinarity, as well as thorough
consideration of how to recruit and retain representative populations of older adults in clinical
research. The findings presented here have important implications for measuring the success of
vaccination — whether it be from an immunological perspective or in terms of the design of
vaccine programs — and suggest that more tailored approaches to vaccinology would better

serve older adults.

5.2 Methodological considerations

5.2.1 Inter-disciplinarity

Research is often siloed, yet there is tremendous added value to an inter-disciplinary
approach, especially in the context of vaccinology. Vaccines sit at the intersection of science
and society, in that the success of any vaccine program relies on effective vaccines for the
target population, accessible delivery systems, and willing recipients. Thus, to comprehensively
study vaccines, one must consider a diverse array of techniques and approaches. Accordingly,
this dissertation employed laboratory, quantitative, and qualitative methods to understand the
role of sex and gender in vaccine outcomes in older adults. While inter-disciplinarity adds

richness and depth to research, combining methodologies also requires careful consideration.

For Chapters 2 and 3, analyzing laboratory data with complex statistical models allowed

for extracting the full value from the longitudinal study designs. For example, in Chapter 2,
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mixed effects models allowed us to combine data from repeatedly vaccinated participants over
a six-year period, while accounting for the lack of independence between repeat measures of
humoral immunity and missing data from individuals who did not participate in all six years. In
Chapter 3, the humoral response to vaccination was measured in multiple ways (i.e., antibody
binding, functional inhibition of ACE2, breadth relative to variants of concern and seasonal
coronaviruses), while longitudinal data analysis allowed for interrogation of the effect of host
factors at each timepoint and in trajectories over time. In both cases, the combination of

immunological data and statistical methods yielded rich findings.

The qualitative work, presented in Chapter 4, was not directly integrated into the
laboratory and quantitative findings, but allowed us to address a different aspect of vaccinating
older adults. For a vaccine to have the desired effect, the target population must be able to
access the vaccine and want to receive it. In other words, understanding sources of
heterogeneity in immune response to vaccination is only useful if people are willing and able to
receive the vaccine. Vaccine attitudes are complex to measure, as they are shaped by a variety
of sources of information, depend on each individual’s lived experiences, and are not
necessarily represented by vaccine behavior (i.e., individuals who receive vaccines may have
significant hesitations) (202, 203). Thus, qualitative methods are needed to obtain a nuanced
and comprehensive understanding of how vaccine decisions are made. Importantly, qualitative
methods also allowed for a more detailed study of how gender norms, roles, and relations
contribute to vaccine decision-making. Therefore, although not directly integrated with the
guantitative and laboratory work, the qualitative research presented in Chapter 4 complements

the findings presented in Chapters 2 and 3.
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5.2.2 Intersectionality

The theory of intersectionality proposes moving beyond individual factors, and instead,
assessing how the interactions between factors create within-group differences that shape
health outcomes (211). By focusing on both inter-group and intra-group differences, we can
better understand the causes of inequities in global health (211). Intersectionality has been
widely applied in social epidemiology, for example in studies of how race and gender interact to
create different experiences of social privilege, and its utility in many health-related fields is
increasingly recognized (237, 238). The few examples of the application of intersectionality to
vaccinology have been in research on disparities in vaccine coverage. For example, in
considering the intersectional roles of gender, race/ethnicity and sexual orientation, black
lesbian women and girls were the least likely to initiate HPV vaccination in the US, suggesting a
compounding effect of sexual orientation and race/ethnicity (239). Furthermore, a study by
UNICEF proposed that gender inequities in immunization can be best understood and
addressed using an ecological framework that takes into account the interaction of individuals,
households, communities and systems (240). This methodology, however, has not been widely

implemented in studies of vaccine behavior, and is rarely applied in vaccine immunology.

Intersectionality was a central premise of the three papers presented in this
dissertation, but this lens was implemented differently depending on research methodology. In
Chapters 2 and 3, intersectionality was implemented quantitatively, using interaction terms in
regression models to determine if there were sex-specific effects of age or frailty. This allowed
for interrogation of how outcomes differed not only between males and females, but also

among males and females. In both cases, the most notable sex differences were in the effects
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of age, rather than in the direct comparison of outcomes between males and females. In
chapter 4, intersectionality was applied qualitatively, using thematic analysis to understand
how interactions between gender and race contributed to vaccine decision-making. Following
the theory of intersectionality, however, it must be noted that many factors beyond gender and
race, such as socio-economic status and education level, likely also contributed to the processes
under investigation. Across the three papers, intersectionality guided the design of research

guestions and research methodology.

5.2.3 Not controlling for sex

In much of the published literature, sex and/or gender are ‘controlled’ or ‘adjusted’ for
in analyses. Controlling for sex or gender means treating these variables as confounding factors,
rather than variables of importance to the research question. Technically, this usually means
that a term was included in a regression model to account for the fact that sex, gender, or both
might influence the predictor and the outcome, and possibly confuse the relationship under
investigation. While this allows for sex or gender differences in the outcome at baseline, it also

forces this difference to be the same at all levels of the predictor.

As demonstrated by the work in this dissertation, however, the true relationships
between our predictors and outcomes can be modified by both sex and gender, such that there
is considerable danger in ignoring sex and gender differences by controlling for them
statistically. For example, in Chapter 2, analyses that controlled for sex revealed no significant
association between age and pre-vaccination HAI titers. Analyses that allowed the effect of age

to vary by sex, however, revealed that titers did decrease with age, but only in males.
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Furthermore, models that included an interaction between sex and age were more robust and
of higher statistical quality than those which controlled for sex. In this case, assuming that the
effect of age was the same in males and females obscured a meaningful effect of age in males
and would have led to the false conclusion that age was not important to consider when
assessing the durability of vaccine-induced immunity. The approach of treating sex/gender as
variables of importance, rather than variables that confuse research, was a central tenet of the

research presented in this dissertation.

5.3 Sex differences in the aging immune system

In Chapters 2 and 3, the effects of aging on the immune response to vaccination were
greater in males than females for both the seasonal influenza and COVID-19 vaccine. Since the
influenza vaccine is inactivated and the COVID-19 vaccines were mRNA-based, the consistency
of this finding across the diverse vaccine platforms points to fundamental sex differences in
aging of the immune system. This observation is supported by several lines of basic
immunology research. For example, age-related changes in the frequency of T and B cells occur
more slowly in females than in males (69), and the effect of aging on the composition of the T
cell compartment differs by sex (70). In addition, decreases in T cell production of inflammatory
cytokines IFNy and IL-17 that occur with age in males are not observed in females (71), and
older females have heightened levels of GM-CSF, CRP and IL-5 relative to older males (72). In
perhaps the most comprehensive study to date, an accelerated aging phenotype was observed
in males, characterized by inactivation of B cell loci, a decline in B cell frequency, lower adaptive
immune cell activity, and increases in inflammatory pathways associated with ‘inflammaging’

(67). Taken together, the literature suggests that the process of immune aging is more
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pronounced and faster in males than in females and provides potential underlying mechanisms

for the outcomes observed in Chapters 2 and 3.

5.4 Vaccinating older adults

5.4.1 Changing landscape

Immunization programs have traditionally focused on infants, particularly in the first year
of life (241-243). These programs were conceptualized at a time when the global population
was younger and there was a tremendous burden of vaccine-preventable diseases (VPD) in
children under five (244). With population aging, however, the number of people above 65
years of age is expected double by 2050, and the number of people above 80 years of age is
expected to triple (115). The WHO estimates that there will be 1.5 billion people 65 years or
older by 2050, out-numbering children under five, adolescents, and youth (115). In addition to a
growing population, the number of vaccines recommended for older adults has also increased
(245), resulting in the global incidence of vaccine preventable diseases being higher in adults
than children (244). The COVID-19 pandemic has amplified the burden of vaccine-preventable

diseases in this population, and further highlighted the need for effective vaccines (246).

Vaccinating older adults has many benefits in addition to the direct prevention of
infection. For example, the term ‘vaccine-preventable disability’ has been coined to refer to the
role that vaccines play in protecting functional ability and quality of life in older adults (246).
Accordingly, one of the priorities of WHQO’s immunization agenda 2030, a document outlining
the global vaccine strategies for the coming decade, is to address immunization across the life

course, with the objective of people of all ages receiving recommended vaccines (242).
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Centered within the changing landscape of a growing older adult population, more available
vaccines, and greater emphasis on vaccine programs, this dissertation provides insight into the
approaches needed to recruit and retain older adult research participants, as well as innovative

methods to measure the effects of aging.

5.4.2 Recruitment and retention of ‘hard-to-reach’ older adults

Despite the clear public health need to develop and implement vaccines for older
adults, there are many challenges associated with vaccine research in this population. These
challenges are perhaps best exemplified by the lack of representation of the ‘oldest old’ in
many COVID-19 vaccine trials, despite a tremendous need for an effective vaccine in this
population (247). For example, the initial efficacy estimate for BNT162b2 (the Pfizer vaccine) in
those over 75 years of age was based on five cases in the placebo group compared to no cases
in the vaccinated group, resulting in a confidence interval that spanned from -13.1% to 100%
and significant uncertainty in the impact the vaccine would have in this vulnerable population
(48). Many reasons have been cited in the literature to explain the underrepresentation of
older adults in clinical research, including deliberate exclusion due to the presence of
comorbidities and polypharmacy, access and mobility issues, and cognitive impairments
interfering with informed consent (248, 249). Another challenge, that was particularly relevant
to this dissertation, is that there are more older females/women than older males/men, due to
sex differences in lifespan (250). For these reasons, older adults, particularly the oldest old and
racial/ethnic minorities, have been defined as a ‘hard-to-reach’ population (251). The
challenges associated with including older adults in research have been heightened during the

pandemic, with many older adults fearful of interacting with others.
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In the research described in this dissertation, multiple techniques were used to recruit
and retain older adults as research participants. For the larger cohort used in Chapters 2 and 3,
home visits were a highly effective tool to allow for representation of older and frailer
participants who may have been unable to travel to study visits at a medical center. For the
influenza vaccine study, providing the vaccine during a home visit was an added incentive.
Furthermore, the longitudinal nature of the studies meant participants developed meaningful
relationships with study staff. Particularly during the pandemic, when many older adults were
isolated, the social contact provided by study visits helped with retention for some. For others,
the pandemic deterred participation due to the risk of close contact with study staff. To
accommodate this, in the 2020-2021 season, study procedures were modified to collect as
much data as possible over the phone and limit in-person contact. While these modifications
were successful in limiting the risk of COVID-19, they introduced additional challenges. For
example, it was difficult to interact with participants with hearing deficits over the phone, and
some grew frustrated and unengaged due to the length of the phone interviews and the
increased contact with the study (i.e., what was previously one long visit was split into a shorter
visit and a phone call). Despite these challenges, recruitment and retention remained relatively

high for the 2020 and 2021 influenza seasons, as well as for the COVID-19 sub-cohort.

For the qualitative work, an emphasis was placed on recruiting approximately equal
numbers of men and women and of Black and White participants. This proved to be quite
difficult, however, due to unequal interest in the study. Upon sending flyers to several senior’s
homes in Baltimore, multiple women immediately expressed interest in the study, while few

men did. This was particularly true of Black men, who were very difficult to recruit. Recruitment
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was further complicated by the fact that senior’s buildings were closed to visitors during the
pandemic. To address these challenges, we continued to send flyers to residences and senior’s
centers and built relationships with the service coordinators at some buildings so they could
help promote the study to residents. Finally, connections through Johns Hopkins’ involvement
in Baltimore’s VALUE (Vaccine Acceptance & Access Lives in Unity, Education & Engagement)

program facilitated referrals of participants.

In addition to recruitment efforts, in-person interviews were replaced with phone
interviews in the context of the ongoing COVID-19 pandemic. Traditionally, phone interviews
were not the preferred method for collection of qualitative data, due to the absence of visual
and non-verbal cues, lack of depth in data collection, and issues with phone coverage and
clarity of recordings (252). In the context of the pandemic, however, many have noted the need
to switch to alternate methods of data collection to protect both study participants and staff,
despite potential complications (253, 254). While there were occasionally issues with phone
signal and poor connection quality making it difficult to understand the participants, being able
to complete the study from the comfort of their homes largely acted as an incentive to
participate. Nearly all participants reported feeling vulnerable to COVID-19 and were
apprehensive of in-person interactions. Furthermore, while it is impossible to know what data
could have been collected during in-person interviews, the data collected by phone was rich

and allowed for in-depth analysis.

Together, the recruitment and retention strategies employed constitute a

comprehensive effort to include older adults in vaccine research, particularly certain under-
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represented subsets of older adults, such as the oldest old (i.e., aged over 80 years), men, and
racial minorities. While the cohorts employed in Chapters 2 and 3 lacked racial diversity, they
did include many participants above 80 years of age, at various levels of frailty, and with diverse
histories of comorbidities and polypharmacy. For Chapter 4, best efforts were made to obtain a
sample that was more racially representative of the Baltimore area. Importantly, protocols
were adapted to protect the health of study participants and staff during the pandemic,

allowing for important research on diseases that are particularly lethal for older adults.

5.4.3 Frailty: moving beyond chronological age

There is increasing acceptance that chronological age does not always accurately reflect the
functional status of older adults (255, 256), highlighting the need to measure the biological
process of aging through biomarkers, epigenetic markers and deficit or frailty indices (256).
These measures allow us to capture the heterogeneity of the aging process between individuals
of the same chronological age (257). Frailty is conceptualized as a state in which older adults
experience declines in physiological function across multiple organ systems, leading to
increased vulnerability and decreased ability to cope with stressors (89). An estimated 15% of
older adults (265) in the U.S. are considered frail, with an additional 45% considered pre-frail
(258). Based on the prevalence of frailty and its association with poor health outcomes, the

benefit of including frailty assessments in clinical research is increasingly clear (259).

There is active debate in literature about the relationship between frailty and vaccine
responses. Frailty is associated with substantial changes to the immune system, including

chronic low-grade inflammatory phenotype (CLIP) and alterations to the adaptive immune
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system (90, 260, 261), suggesting theoretical mechanisms through which frailty may impair
vaccine response. In Chapter 2, frailty was not associated with pre- or post-vaccination HAI
titers in either males or females, nor was a sex difference in the impact of frailty observed. In
contrast, in Chapter 3, there was a strong association between frailty and multiple measures of
antigen-specific antibody responses, and this effect was greater in males than in females. The
discrepancy between the two vaccines may be due to immune history. While there was
substantial pre-existing immunity to influenza through a lifetime of exposure to infection and
vaccination, there was no pre-existing immunity to SARS-CoV-2. This suggests that the effects of
frailty are more prominent in de novo immune responses, such as the ones stimulated by the
SARS-CoV-2 vaccines, than in the recall responses stimulated by the influenza vaccine. This
hypothesis is also consistent with the sex difference observed in the effect of frailty. There is
substantial evidence that females mount stronger de novo immune responses than males (5),
suggesting that the robustness of the immune response in females may compensate for the
effects of frailty. More research, with diverse vaccine platforms and antigens and large,
representative study populations, is needed to better understand the role of frailty in vaccine

responses.

5.5 Impact & implications

5.5.1 Precision vaccinology: One size does not fit all

A central finding of this dissertation is that older adults are a heterogeneous group that
should not be treated as a single entity when it comes to vaccines. This was true for vaccine

immunogenicity and vaccine uptake, with the overarching policy implication being that a ‘one
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size fits all’ approach to vaccinology does not equitably prevent disease in this population.

Instead, a more precise approach would be beneficial.

In terms of the immunological response to vaccination, the data presented in Chapters 2
and 3 suggests that the effects of aging on vaccine responses are significantly greater for males
than for females. Based on these findings, alternate vaccination strategies should be considered
for older males. For influenza, although more data is needed, decreasing pre-vaccination titers
with age in males suggest that antibody response induced be the previous year’s vaccine are
not sufficiently durable. A solution to this could be to offer older males mid-season influenza
boosters, which would provide a boost in protection for the second half of the influenza season
and prime males to respond better to the subsequent year’s vaccine. Furthermore, this
additional vaccine dose may contribute to eliminating the male-bias in influenza B infection and
hospitalization observed at older ages (13). For COVID-19, older and frail males had lower
antibody titers after the second vaccine dose, suggesting they may be vulnerable to
breakthrough infections. These disparities were largely resolved through receipt of a third
vaccine dose, highlighting the tremendous public health value of third vaccine doses for older

adults, particularly older males.

The concept of tailoring vaccine strategies to specific sub-groups is not new. Precision
vaccinology posits that instead of the traditional “isolate-inactivate-inject” paradigm, specific
vaccines or vaccination strategies be employed to overcome factors associated with poor
immunogenicity (262). The advent of vaccine products specifically for those above 65 years of

age has followed this model to achieve better outcomes (262). The same cannot be said,
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however, for host factors beyond age, although it has been suggested that vaccine doses and
schedules for be altered for males and females (263). While development of new vaccine
products for sub-groups is logistically complicated due to the costs of research and

development, utilizing existing products in novel ways could have a large benefit.

5.5.2 Tailoring vaccine messages and programs to promote uptake

The investigation into how older adults made the decision to receive the COVID-19
vaccine presented in Chapter 4 also yielded several findings following the precision vaccinology
philosophy. Importantly, many of the participants who had hesitations about the vaccine were
in part persuaded by in-house vaccination clinics in their seniors’ buildings. This program,
implemented by the Baltimore City Health Department, was tailored to the needs of older
adults, by removing the need to book vaccine appointments online and eliminating barriers
caused by lack of transportation or reduced mobility. Importantly, participants noted that in
addition to removing barriers, getting vaccinated in their buildings felt cleaner and safer. The
success of this program in promoting vaccination is notable and suggests that expansions to
deliver other vaccines recommended for older adults and to include those who do not reside in

retirement communities or long-term care facilities would yield significant returns.

In addition, intersectional analyses revealed that sources of hesitation regarding the
vaccine, as well as motivators to ultimately accept the vaccine, varied by both race and gender.
This was particularly true for the of role external influences in the decision to vaccinate. For
example, the role that getting vaccinated could play in protecting loved ones, as well as

protecting themselves from acquiring COVID-19 from grandchildren, was valued more by
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women than by men. Furthermore, Black women were the only sub-group that reported that
their faith played a substantial role in fostering trust in the vaccine. These findings suggest that
to increase vaccine uptake, targeted messages that address different types of hesitations
surrounding the vaccine and leverage motivators that resonate with different sub-groups would

be more effective than a general approach.

5.5.3 Incorporation of sex and gender in vaccine research

Historically, biological sex was not considered as a variable of importance in clinical
research, and women/females were often excluded as research participants (264). While
regulations stemmed from attempts to prevent fetal harm, and were restricted to women of
child-bearing age, policies quickly resulted in women of all ages being excluded from clinical
research for much of the 1970’s and 1980’s, until NIH policies began to change in the early
1990’s (264, 265). Several decades later, however, challenges remain to inclusion of sex as a
biological variable, and considerations of gender are even further behind (266). This is evident
in much of the published vaccine research, where sex/gender are either controlled for or
ignored altogether (267). The research presented in this dissertation, however, validates the
importance of considering sex and gender as fundamental modifiers of vaccine outcomes. In all

chapters, the inclusion of sex/gender added depth, nuance, and novelty to the research.

These lessons can be widely applied to all areas of public health research. Instead of
controlling for sex and gender — be it statistically or in the application of an intervention —the
quality of our work can be improved by considering sex and gender as variables of importance

that can explain, rather than confuse, research. A first, and necessary, step is to disaggregate
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data to interrogate how sex and gender intersect with each other or with the predictors and
outcomes under investigation. Disaggregation of data is a trigger for sex- and gender-
responsive research that allows for understanding how the true relationship between a
predictor and outcome differs between males and females or between men, women, and
gender minorities (268). This avoids the pitfalls and unintended consequences of ignoring sex as
a biological variable and gender as a social variable and adds richness and depth to the field of

global health, which undoubtedly benefits the populations we serve.

5.6 Limitations

This work is not without limitations. While the study population in Chapters 2 and 3
were diverse in terms of age and frailty, they were not racially diverse. The overwhelming
majority of participants were White, in stark contrast to the population of Baltimore city, which
is 30% White, 62% Black and 5% Hispanic or Latino (223). Significant effort was spent on
addressing this issue in Chapter 4, but difficulties recruiting Black men resulted in continued
under-representation of Black Americans. Lack of racial diversity limits the generalizability of

conclusions drawn from the data collected.

Chapter 2 was a secondary data analysis, meaning that the study was not designed to
investigate sex differences or sex-specific effects of aging. Therefore, the sample size was not
powered to test these hypotheses. While sex differences in the effect of aging did emerge
despite potential issues with sample size, no sex-specific effects of frailty were observed. It is
possible that sex differences do exist but were not observed in this study due to lack of

statistical power and small sample sizes, particularly of frail participants. While the COVID-19
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vaccination study presented in Chapter 3 was conceptualized with the aim of understanding sex
differences in vaccine responses, the sample was one of convenience drawn from the larger
influenza study cohort, meaning that many of the same issues persisted. Due to the nature of
this work, conclusions should be viewed as hypothesis-generating, and additional studies that

are specifically designed to test these hypotheses are needed to validate findings.

Furthermore, Chapters 2 and 3 relied on serological measures of the vaccine response.
For influenza, HAI titers are the gold standard, but lack the functional quality of neutralization
assays (164). In addition, measures of cell-mediated immunity were not included. As opposed
to circulating antibodies, PBMC can provide deeper insight into vaccine-induced immunological
memory and predict the magnitude and quality of the response upon viral challenge (269).
While the available humoral data provides important insight into vaccine-induced responses,
other sources of data are needed to understand which sub-groups are at elevated risk of

breakthrough infections following vaccination.

For the qualitative work presented in Chapter 4, an important limitation is that all
participants were vaccinated against COVID-19. This allowed us to study the factors that led to
the decision to receive the vaccine among hesitant individuals and to document vaccine
hesitancy that remains despite being vaccinated, but did not allow us to investigate sources of
hesitation among individuals who refused vaccination. Interviewing unvaccinated individuals
could have provided additional insight, particularly in understanding the perceived risks

associated with the vaccine and mistrust in the vaccine infrastructure.
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5.7 Recommendations for future research

Based on the findings and limitations of the work presented in this dissertation, there are
several avenues for future research. These include running additional assays and analyses on
the samples and data collected from the studies described, and additional studies to validate

and expand on the conclusions.

In terms additional assays, the data presented in Chapter 2 should be accompanied by
neutralizing antibody data, to determine if the patterns observed hold true for functional
humoral responses. Furthermore, there are many avenues that could be pursued using the
peripheral blood mononuclear cells (PBMC) collected during the influenza and COVID-19
studies to determine if other aspects of the immune response follow similar trends by sex and
age. Since the inactivated influenza vaccines used in the study have a low capacity to induce
CD8+ T cell responses (270, 271), flow cytometry analysis of PBMC should focus on quantifying
the frequencies of diverse B cell populations (i.e., plasmablasts, memory B cells and age-
associated B cells), which would help uncover the mechanisms for the greater effects of age
seen males. It may also be of interest to study CD4+ helper T cell subsets, including memory
CD4+ T cells, which are important in promoting the B cell response (272). For the samples
collected post SARS-CoV-2 vaccination, B cell, CD4+ T cell, and CD8+ T cell populations are all of
significant interest due to the broad immune response elicited by mRNA vaccines (273-275) and
may be age-dependent (77). Techniques could include IFNy ELISpots to measure the frequency
of T cells secreting IFNy following ex-vivo stimulation, or flow cytometry to measure
frequencies of antigen-specific memory B cell and T cell subsets. For both studies, identification

of age-associated B cells is of particular interest, as they may play a role in abnormal B cell
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responses observed at older ages (276). Little is known, however, about sexual dimorphisms in

the development and impact of age-associated B cells in humoral responses to vaccination.

Additional samples could also be collected from existing cohorts. For the influenza study, a
potential mechanism to explain decreasing pre-vaccination titers decrease with age in males is
that vaccine-induced immune responses become less durable with age in males. To test this
hypothesis, samples could be collected monthly following vaccination to study sex differences
in the kinetics of waning immunity. For the COVID-19 study, following participants for several
months after receipt of the third vaccine dose would reveal whether the declines in immunity
observed after the second dose reoccur and support policy decisions regarding the need for a

fourth vaccine dose in this population.

In terms of new study designs, for both influenza and COVID-19, it would be of interest to
determine if the sex-specific effects of age and frailty hold true across the lifespan. To answer
these questions, a larger cohort of adults at all ages would be needed. In this context, it would
be particularly interesting to use non-linear models to study sex differences in how vaccine-
induced immunity changes with age and to determine if the pattern of abrupt age-related
changes occurring earlier in men that was observed in PBMC profiling holds true in a more
applied scenario (67). In terms of the effects of frailty, studies of vaccines with diverse
platforms and for which the role of pre-existing immunity is understood (i.e., the herpes zoster
or pneumococcal vaccines) would contribute to elucidating the mechanisms through which
frailty impacts vaccine responses and explain the discrepancy between the influenza and

COVID-19 vaccines.
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Following the qualitative work on the vaccine decision-making process described in Chapter
4, there are several directions for future research. First, although the analysis presented above
focused on the decision to vaccinate, other important themes emerged from the interviews,
including where older adults sought out information about vaccines and public health measures
during the pandemic, and how older adults confronted vaccine hesitancy in their families.
Understanding the intersectional roles of gender and race in these contexts would provide
valuable insight into how to best reach older adults with public health messaging. Beyond the
data already collected, additional qualitative studies could expand to include other racial or
ethnic groups, unvaccinated individuals, and participants from other geographical areas. Using
a mixed-methods approach, the findings presented above could also be used to inform the
design of surveys to validate and better understand how findings could be implemented in
public health programs. For example, this could include a formal evaluation of the in-house
vaccination clinics offered in senior’s buildings by the Baltimore City Health Department, or
guantitative research to understand if the factors determined to contribute to the decision to

vaccinate among hesitant individuals in our sample hold true in other contexts.

5.8 Conclusion

In conclusion, the work presented in this dissertation demonstrates the importance of
untangling heterogeneity in vaccine outcomes to achieve equitable prevention from infectious
diseases. This pursuit requires inter-disciplinarity, and consideration of factors that are often
ignored in vaccine research. For both the influenza and COVID-19 vaccines, previously

overlooked effects of sex and gender on vaccine uptake and immune responses could be
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leveraged to design better vaccines, vaccine strategies, and vaccine programs that meet the

needs of all older adults.
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AP1.1 Abstract

Healthcare institutions with mandatory influenza vaccination policies have over 90%
vaccination rates among healthcare workers (HCWs) resulting in a population that has received
the influenza vaccine in many, consecutive years. This study explored the impact of sex and
other host factors in pre- and post-vaccination neutralizing antibody (nAb) titers and
seroconversion against the HIN1 and H3N2 influenza A viruses (IAVs) among HCWs enrolled
into a cross-sectional serosurvey during the annual Johns Hopkins Hospital employee
vaccination campaign in the 2017-18 and 2018-19 seasons. The study enrolled 111 participants
(male=38, female=73) in 2017-18 and 163 (male=44, female=119) in 2018-19. Serum samples
were collected immediately prior to vaccination and approximately 28 days later and nAb titers
to vaccine strains determined. An intersectional approach was used to disaggregate the
combined effects of sex with age and body mass index (BMI) in the nAb response. Differences
between the pre- or post-vaccination geometric mean nAb titers between male and female
HCWs were not observed. Male HCWs were 2.86 times more likely to seroconvert compared to
female HCWs in 2017-2018, but the same trend was not observed in the following year. When
data were disaggregated by age and sex, older female HCWs had higher HIN1 pre- and post-
vaccination nAb titers compared to male HCWs in the same age group for both vaccination
campaign seasons. In both years, the decline in H3N2 pre-vaccination titers with increasing BMI
was greater in female than male HCW. The sex-specific effects of age and BMI on nAb

responses to seasonal influenza vaccines require greater consideration.
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AP1.2 Introduction

Seasonal influenza epidemics affect 5-15% of the world’s population, and the World
Health Organization (WHO) attributes 290,000-650,000 annual, global deaths to influenza (117,
277). Healthcare workers (HCWs) are at an increased risk of contracting influenza due to
occupational exposure and they can also transmit the virus to patients who have a higher risk of
developing severe influenza. The Centers for Disease Control and Prevention (CDC)
recommends annual influenza vaccination, with special provisions for HCWs who are directly or
indirectly involved in patient care and additional emphasis on the importance of influenza
vaccination during the COVID-19 pandemic (278). Healthcare institutions that have mandatory
vaccination policies in place have over 90% vaccination rates among HCWs (279), and high rates
of vaccination have translated to HCWs receiving many consecutive influenza vaccinations.
Previous reports indicate that HCWs with >4 previous influenza vaccines have higher pre-
vaccination antibody titers compared to first time vaccinees, and the post-vaccination antibody
titers are inversely proportional to the pre-vaccination titers (280). Other studies have reported
similar findings, where previously vaccinated HCWs were less likely to mount as robust of a
response as naive HCWs receiving the vaccine for the first time due to higher pre-vaccination

titers (281-283).

Previous studies illustrate that age and body mass index (BMI) can be determinants of
the magnitude of an influenza vaccine response (74, 284-286). Imnmunosenescence, which
refers to the age-associated decline in immune response, has been shown to impact immunity
to seasonal influenza vaccines among older adults (74, 284). Older HCWs (age 49-64) are

reported to have significantly lower HIN1 pre-vaccination antibody levels compared to younger
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HCWs (age 20-48) (287), but with no consideration of the sex of the HCWs. Obesity (i.e., body
mass index [BMI]> 30%) also is associated with impaired immune response to the influenza
vaccine, which is correlated with a greater decline in the antibody titer to the seasonal

influenza vaccine over time (288).

Sex differences in the antibody response to the seasonal influenza vaccine have also
been reported, with females generally developing greater antibody responses to seasonal
influenza vaccines than males (5, 72, 74, 284, 289, 290). Also, female vaccinees are reported to
have greater median pre-vaccination antibody titers than male vaccinees (23), suggesting that
females already have elevated antibody responses to influenza prior to receipt of the annual
vaccine. Sex differences in the antibody responses to the seasonal influenza vaccine among

highly vaccinated HCWs have not been explored, to date.

Females account for 76% of HCWs according the United States Census Bureau, with
healthcare occupations projected to increase rapidly in the next four years due to an aging
population with greater demand on the healthcare system (291, 292). As more females enter
the healthcare workforce, they are more likely to have direct patient contact, which increases
risk of exposure to influenza viruses. It is also estimated that more than one tenth of the world
population is considered obese, and overweight or obese adults comprise more than two thirds
of the US adult population (288). This study explored sex differences in HCWs pre- and post-
vaccination neutralizing antibody (nAb) titers and seroconversion against the HIN1 and H3N2
influenza A virus (IAV) vaccine strains after the administration of inactivated influenza vaccine

during the 2017-18 and 2018-19 seasons. We also investigated how sex intersects with other
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stratifiers, such as age and BMI, to influence the antibody response in HCWs who have received

multiple consecutive years of seasonal influenza vaccination.

AP1.3 Methods

AP1.3.1 Study design

This study was a cross-sectional serosurvey, with HCWs recruited from the Johns Hopkins
Centers of Excellence for Influenza Research and Surveillance (JHCEIRS) during the annual Johns
Hopkins Hospital (JHH) employee influenza vaccination campaign in the 2017-2018 and 2018-

2019 influenza seasons. The JHH Institutional Review Board approved the study.

AP1.3.2 Participant eligibility

All HCWs, at least 18 years or older, who visited the vaccination clinic prior to receiving
the influenza vaccine during the campaign were eligible to participate. HCWs who were unable
to speak or write English, or unable to provide informed consent were excluded from

participating in the study.

AP1.3.3 Study procedure

Informed consent was obtained from all HCWs prior to administering the influenza
guestionnaire, which included demographic information, employment status, influenza
exposure, influenza vaccination history in the last five years, and medical history. Prior influenza
vaccination information obtained during the interview was verified with JHH Occupational
Health records. After completing the questionnaire, 10mL of whole blood was obtained and
then the HCWs were vaccinated. HCWs were asked to return for a post-vaccination follow-up

visit twenty-eight days later and 10mL of whole blood was obtained.
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AP1.3.4 Influenza A virus vaccine strains

In the quadrivalent inactivated influenza vaccines administered at JHH, the 2017-2018
influenza vaccine contained A/Michigan/45/2015 (H1IN1) and A/Hong Kong/4801/2014 (H3N2)
IAVs. The 2018-2019 influenza vaccine contained A/Michigan/45/2015 (H1IN1) and
A/Singapore/INFIMH-16-0019/2016 (H3N2). The A/Michigan/45/2015 (H1N1) and A/Hong
Kong/4801/2014 (H3N2) vaccine strains were provided by Dr. Doris Bucher at New York
Medical College. The A/Singapore/INFIMH-16-0019/2016 (H3N2) vaccine strain was generated
using infectious clone technology (293) and was a recombinant virus encoding the HA (GSIAD
accession # EPI868856) and NA (GISAID accession # EPI868855) sequences of
A/Singapore/INFIMH-16-0019/2016 IVR-186 along with the 6 internal segments of
A/Victoria/361/2011. Madin-Darby canine kidney (MDCK) cells were infected with vaccine
viruses diluted in infection medium (IM) consisting of Dulbecco modified Eagle medium (Sigma),
0.2% bovine serum albumin (Sigma), 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco), and
2 mM GlutaMAX (Gibco) at 37°C and 5% CO2. Infectious virus titers were determined using a

50% tissue culture infectious dose (TCID50) assay (294).

AP1.3.5 Microneutralization assay

Serum samples were diluted with receptor destroying enzyme (RDE, Denka Seiken) at 1:3
ratio and incubated overnight at 32°C followed by heat inactivation at 56°C for 35 minutes.
Samples were 2-fold serially diluted in IM, mixed with 100 TCIDso of each virus, and incubated
at room temperature for 1 hour. The virus/serum mixture was transferred in duplicate into the
96-well cell culture plates containing confluent Madin-Darby Canine Kidney (MDCK) cells and

incubated at 32°C. After a 24 hour incubation, plates were washed once with 1X PBS, fresh IM
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was added, and cells were incubated for 6 days. Plates were fixed with 4% formaldehyde,

stained with naphthol blue black solution, and scored as described previously (74).

AP1.3.6 Statistical Analyses

Neutralizing antibody (nAb) titers were log2 transformed and geometric mean titers
(GMT) were reported for comparison by sex, age, BMI, and seroconversion. Seropositivity was
defined as a 240 antibody titer. Seroconversion was defined as at least a four-fold nAb increase
between post and pre-vaccination antibody titers. The study enrolled 111 participants
(male=38, female=73) in 2017-18 and 163 (male=44, female=119) in 2018-19. Differences
between those who seroconverted and those who did not, as well as between male and female
HCWs, at each time point for each strain and between pre- and post-vaccination titers were
calculated using two-tailed t-tests. Multiple logistic regressions were used to assess the impact
of sex, obesity (i.e., BMI > 30%), age, race, comorbid conditions, and pre-vaccination nAb titers
on the odds of seroconversion. Unadjusted simple linear regression models were used to
determine the effect of age and BMI on pre and post-vaccination antibody titers, in the whole
population and separately for males and females. All analyses were performed in Stata 15

(College Station, Texas). A p<0.05 was considered statistically significant.

AP1.4 Results

AP1.4.1 Healthcare worker characteristics

The study enrolled 128 participants during the 2017-18 season with 111 (86.7%) HCWs
completing both baseline and 28-day post vaccination visits. Of the 111 who completed both

visits, 38 (34.2%) were male and 73 (65.8%) were female. During the 2018-19 season, 200
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participants were enrolled with 163 HCWs completing both visits (81.5%), and of these 44 (27%)
were male and 119 (73%) were female. The HCWs who were lost to follow-up at the 28-day
post-vaccination visit were excluded from the analyses. Table 1 summarizes the demographic
characteristics of the study population, and the characteristics of those lost to follow-up are

described in Supplemental Table 1.

In the 2017-18 season, 73.0% of all HCWs (63.2% of males and 78.1% of females)
reported receiving influenza vaccines consecutively in five previous seasons. In the 2018-19
season, 74.2% of all HCWs (61.4% of males and 79.0% of females) reported receiving five
previous vaccines. In both study years, the majority of HCW participants were Caucasian

females: 62.1% in 2017-18 and 60.8% in 2018-19.

AP1.4.2 HCW who seroconvert have lower pre-vaccination titers

In this study, seroconversion was defined as at least a four-fold increase between pre-
and post-vaccination nAb titers, which was used as an indirect indictor of protection after
vaccination. Seroconversion, however, is biased when individuals have high pre-vaccination
titers, as they may not mount a four-fold rise in titer that is within the detection limits of the
assay. Overall, the majority of HCWs did not seroconvert in either season; 61.3% of HCWs in
2017-18 and 72.4% of HCWs in 2018-19 did not seroconvert for HIN1, and 70.3% (2017-2018)

and 66.3% (2018-2019) of HCWs did not seroconvert for H3N2 (Table 2).

The presence of nAb titers of >1:40 dilution is associated with protection from infection
and we classified those individuals as being seroprotected (295). Pre-vaccination, 86.5% and

93.9% of HCWs in the 2017-2018 and 2018-2019 seasons, respectively, were classified as
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seroprotected for HIN1 and 96.4% and 92.6% of HCWs were classified as H3N2 seroprotected
in each respective study season (Table 2). Post-vaccination, 97.3% and 100% of HCWs were
classified as seroprotected for HIN1 and 100% and 98.8% were protected for H3N2, in each

respective study season.

The pre-vaccination nAb titers to HIN1 were greater among those who did not
seroconvert compared to those who did in both seasons (Figure 1A-B). The H3N2 pre-
vaccination titers were also greater for non-seroconverted HCWs in the 2017-2018 and 2018-
2019 seasons, compared to HCWs who seroconverted (Figure 1C-D). For both seasons and both
strains, there was a significant increase in nAb titers from pre- to post-vaccination among those
who seroconverted. Among those who did not seroconvert, there was only a significant

increase in nAb titer against HIN1 in the 2018-19 season.

AP1.4.3 The odds of seroconversion against the HIN1 and H3N2 vaccine viruses in HCWs are
affected by pre-vaccination titers

We next examined the impact of sex, BMI, age, race, and the presence of comorbidities
on the odds of seroconversion using multiple logistic regression models (Figure 2). In the 2017-
18 season, sex was a significant determinant of the odds of seroconversion for the HIN1 virus,
in which male HCWs were 2.86 times more likely to seroconvert to the HIN1 vaccine strain
than female HCWs (Figure 2A). This male-bias, however, was not observed in seroconversion
against the H3N2 virus in the 2017-18 season nor for seroconversion against either the HIN1 or
H3N2 vaccine viruses in the 2018-19 study season (Figure 2B). The other host factors of interest

did not have a significant impact on the odds of seroconversion.
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Unlike the demographic factors, pre-vaccination titers were significant predictors of the
odds seroconversion to HIN1 (Figure 2C) and H3N2 (Figure 2D) for both males and females in
the 2017-18 and 2018-19 seasons. In each case, the odds of seroconverting were 0.46 - 0.65

times lower for each one unit increase in pre-vaccination nAb titer.

AP1.4.4 Sex alone is not a determinant of seroconversion HIN1 or H3N2 IAVs

Sex differences have been reported in previous influenza vaccine studies (72, 74, 284);
therefore, sex was explored as a possible determinant of pre- and/or post-vaccination titers
among HCWs (Table 2). In the 2017-18 season, more male HCWs (55.3%) seroconverted to the
H1N1 vaccine virus compared to female HCWs (30.1%). In addition, a higher percentage of male
HCWs (31.6%) seroconverted to the H3N2 vaccine virus compared to female HCWs (28.8%). In
the 2018-19 study season, however, the trend reversed slightly where more female HCWs
(29.4%) seroconverted to the HIN1 vaccine virus compared to male HCWs (22.7%), and more
female (37.8%) than male (22.7%) HCWs seroconverted to the H3N2 vaccine virus. In both
seasons, there were no significant differences between male and female HCW in the pre- or
post- geometric mean nAb titer against either the HIN1 or H3N2 vaccine viruses (Figure 3). In
general, both males and females mounted a response to the vaccine, with post-vaccination

titers being significantly higher than pre-vaccination titers.

AP1.4.5 Age intersects with sex to impact nAb titers in HCWs

Previous studies have demonstrated that age is a determinant of both pre- and post-
vaccination antibody titers (74, 287). Pre- and post-vaccination nAb titers against the respective

seasonal HIN1 and H3N2 vaccine viruses were disaggregated by age and sex to explore the

147



differential impact of age on vaccine-induced immunity in male and female HCWs. In general,
age results in a decline in nAb responses among both male and female HCWs (Figure 4). During
the 2017-18 season, female HCWs (slope=0.061 for HIN1 and 0.070 for H3N2) had a greater
decline in pre vaccination nAb titers with age compared to male HCWs (slope=0.047 for HIN1
and 0.043 for H3N2) (Figure 4A and E). In post-vaccination nAb titers, male HCWs had a greater
decline in HIN1 titers with age (slope=0.056) compared to female HCWs (slope=0.039) (Figure
4B), but no difference was observed in the decline of H3N2 titers with age between male and
female HCWs (Figure 4F). In the 2018-2019 season, male HCWs had a greater decline in both
pre- and post-vaccination titers for both HIN1 (slope=0.081 pre and 0.068 post-vaccination)
and H3N2 (slope=0.092 pre and 0.070 post-vaccination) compared to female HCWs
(slope=0.033 pre and 0.025 post HIN1 vaccination and slope=0.051 pre and 0.045 post H3N2
vaccination) (Figure 4 C, D, G, H). Taken together, these data suggest that even among adults
below 65 years of age, increasing age is associated with an impaired ability to maintain an
antibody response in the year following vaccination and to mount robust responses to the

vaccine, and that this effect is modified by sex.

AP1.4.6 BMI intersects with sex to affect H3N2 nAb titers in HCWs

Obesity is known to impair immune response to the influenza vaccine and increase the
severity of influenza symptoms (284, 296, 297). For both study seasons, BMI was not an
independent determinant of either pre- or post-vaccination nAb titers against the HIN1 vaccine
virus (data not shown). Because BMI affected nAb responses to H3N2 vaccine viruses, we
further explored the intersection of BMI with sex on pre- and post-vaccination nAb titers

against the H3N2 viruses. During each vaccine season, as BMI increased, the decline in pre-
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vaccination nAb titers against H3N2 viruses was greater in female HCWs (slope=0.074 in 2017-
18 and 0.078 in 2018-19) as compared to male HCWs (slope=0.043 in 2017-18 and 0.052 in
2018-19) (Figure 5). Taken together, these data suggest that BMI has a greater impact on

female HCWs’ ability to maintain protective antibody levels in the year following immunization.

AP1.5 Discussion

Consecutive years of influenza vaccination does not appear to adversely affect
protective influenza antibody titers as >86% of HCWs were seroprotected prior to vaccination
and >97% were seroprotected after receiving their annual influenza vaccine. Among HCWs that
have received annual influenza vaccinations for at least 5 consecutive seasons, sex alone does
not influence pre or post HIN1 or H3N2 vaccination titers or the likelihood of seroconversion.
Although we observed that male HCWs were 2.86 times more likely to seroconvert in the 2017-
18 season against HIN1 vaccine virus, the same trend was not observed the following year. This
is possibly due to the fact that pre-vaccination titers determined the magnitude of the nAb
response to the influenza vaccine virus. In the 2017-18 influenza season the male HCWs had
lower pre-vaccination nAb titers as compared to female HCWs, possibly increasing the odds of
male HCWs seroconverting. In contrast, during the 2018-19 season, male HCWs had slightly
higher pre-vaccination nAb titers compared to female HCWs, thereby decreasing the probability
of seroconverting among males. It is likely that mandatory repeat vaccinations among HCW's

have masked sex differences previously reported in non-HCW populations (72, 74, 284).

The primary predictor of seroconversion was pre-vaccination titers, with the odds of

seroconverting decreasing significantly as pre-vaccination titer increased for both males and
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females in both seasons. This is consistent with previous reports in highly vaccinated
populations (280-283). Age was a significant predictor of pre- and post-vaccination nAb titers
against both HIN1 and H3N2 viruses, across both influenza vaccine seasons. When nAb titers
were disaggregated by age and sex, we observed that the impact of age on pre- and post-
vaccination nAb titers was greater in males than in females in the 2018-19 study seasons,
suggesting an age-associated sex difference in nAb titers among HCWs. For most vaccine
studies, older age is defined as individuals 65+ years of age. In our study, we showed that
declining immunity to QIV occurs among HCWs at a younger age (50-68 years), with the impact

being greater for male than female HCWs.

Previous studies have reported that obesity contributes to lower immune responses to
seasonal influenza vaccines and increased risk of developing more severe influenza symptoms
(284, 296, 297). Higher BMI appears to contribute to a faster decline in the pre-vaccination nAb
titers against H3N2, in particular, among HCWs in both study years. Our results suggest that
BMl is an important factor associated with the maintenance of nAb against vaccine viruses.
Overall, HCWs categorized as overweight or obese had lower pre-vaccination titers compared
to normal weight HCWs. The decline in H3N2 pre-vaccination titers with increasing BMI was
greater in female compared to male HCWSs. The rationale for how BMI would affect
neutralization of H3N2 but not HIN1 viruses is not known, but may reflect greater changes in
recent years to the H3N2 as compared with the HIN1 components of seasonal influenza
vaccines, which likely resulted in the greater seroconversion to H3N2 than HIN1 in HCWs.
Taken together, our data supports the hypothesis that that age and BMI may have sex-specific

effects on functional antibody responses to influenza A virus vaccine viruses. Increasing age is
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associated with a greater decrease in nAb responses overall, whereas increasing BMl is

associated with a greater decline in nAb responses in females.

Exploring influenza vaccine-induced immunity through intersectional analyses allows for
a deeper understanding of how host factors intersect to impact the quality of the immune
response. This study was specifically focused on exploring sex differences in combination with
host factors that are well-documented to impact the immune response to the influenza vaccine.
Although this study did not find that biological sex alone affected pre- or post-vaccination titers
or seroconversion rates in HCWs, sex intersected with age and BMI to explain significant
variation in the antibody responses to seasonal influenza vaccines. When vaccine strains remain
constant from one year to the next, pre-vaccination nAb titers allowed us to interrogate the
duration of the vaccine-induced immune response from the previous year and look at how male
and female HCWs may be responding differently to repeat vaccinations, particularly among
those above 50 years of age. In addition, as women constitute more than 76% of the healthcare
workforce and this is projected to increase within the next four years, it is important to

document how sex interacts with other variables to impact vaccine immunogenicity.

This study is not without limitations. The study is an annual observational cross-
sectional survey and was not designed specifically to interrogate sex differences in the immune
response to the influenza vaccine. The small cohort size did allow for definitive exploration of
the effects of sex, age, and BMI as host factors that may affect vaccine efficacy. Further, the
lack of racial and ethnic diversity of the enrollees as well as the predominance of females

compared with males during the 2017-18 season, especially among older age and normal
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weight enrollees must be acknowledged. In addition, due to the mandatory influenza
vaccination policy at JHH, the study was not able to recruit unvaccinated HCWs for pre and
post-vaccination nAb comparison. Furthermore, there was an H3N2 strain change during the
2018-2019 season; therefore, the 2018-2019 pre-vaccination titers did not necessarily measure
H3N2 antibody titers from the previous year. The study also did not continue past the one-
month post vaccination; therefore, the durability of the antibody responses was not assessed.
The pre-vaccination nAb titers against HIN1 and H3N2 might suggest durability of antibody in
the HCW population from previous years. Future studies will incorporate a 6 month follow-up
time point to explore nAb durability and confirmation of protection. Finally, this study relied on
nAb titers as a measure of immunogenicity, as opposed to hemagglutination inhibition titers,
which is more commonly used to measure antibody responses to seasonal influenza vaccines.
In conclusion, the impact of host factors, such as sex, is largely masked in the highly vaccinated
HCW population. More in-depth intersectional analyses, however, revealed important
interactions between sex, age, and BMI in the maintenance of antibody titers in the season
following immunization, as well as the magnitude of the response to the seasonal influenza

vaccine.
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AP1.8 Tables

Table 1
Characteristics of healthcare workers enrolled during the 2017-18 and 2018-19 influenza vaccine seasons at the Johns Hopkins Hospital.
2017-2018 2018-2019
Male Female Total Male Female Total

N (%) 38 (34.2) 73 (65.8) 111 44 (27.0) 119 (73.0) 163
Age - med (IQR) 34 (28-44) 38 (30-52) 30 (27-37) 36 (30-47)
Age Categories - n (%)
19-49 33 (86.8) 51 (69.9) 84 (75.7) 38 (86.4) 98 (82.4) 136 (83.4)
50-68 5(13.2) 22 (30.1) 27 (24.3) 6(13.6) 21(17.6) 27 (16.6)
Race - n (%)
American Indian or Alaskan Native 0(0.0) 0(0.0) 0(0.0) 1(2.3) 0(0.0) 1(0.6)
Asian 7 (18.4) 7 (9.6) 0(0.0) 5(11.4) 8(6.7) 13 (8.0)
Black or African American 6(15.8) 13 (17.8) 14 (12.6) 8(18.2) 28 (23.5) 36 (22.1)
White 21 (55.3) 48 (65.8) 19 (17.1) 28 (63.6) 76 (63.9) 104 (63.8)
Other 3(7.9) 5 (6.8) 69 (62.2) 2 (4.5) 7(5.9) 9(5.5)
Unkown 1(2.6) 0(0.0) 8(7.2) 0(0.0) 0(0.0) 0(0.0)
BMI Categories - n (%)
Normal 9(23.7) 31 (42.5) 40 (36.0) 18 (40.9) 55 (46.2) 73 (44.8)
Over weight or obese 29 (76.3) 42 (57.5) 71 (64.0) 25 (56.8) 62 (52.1) 87 (53.4)
Missing 0(0.0) 0(0.0) 0(0.0) 1(23) 2(1.7) 3(1.8)
Vaccination history categories - n (%)
<5 previous vaccines 14 (36.8) 16 (21.9) 30 (27.0) 12 (27.3) 20(16.8) 32 (19.6)
5 previous vaccines 24 (63.2) 57 (78.1) 81 (73.0) 27 (61.4) 94 (79.0) 121 (74.2)
Unkown 0(0.0) 0(0.0) 0(0.0) 4(9.1) 2(1.7) 6(3.7)
Missing ) ) () 1(2.3) 3(25) 4(2.5)
Ever smoked - n (%)
No © ) @) 42 (95.5) 104 (87.4) 146 (89.6)
Yes ©) ) @) 2 (4.5) 14 (11.8) 16 (9.8)
Missing () () () 0(0.0) 1(0.8) 1(0.6)
Underlying conditions
No 26 (68.4) 31 (42.5) 57 (51.4) 25 (56.8) 64 (53.8) 89 (54.6)
Yes 12 (31.6) 42 (57.5) 54 (48.6) 19 (43.2) 55 (46.2) 74 (45.4)
Patient contact
No 32(84.2) 44 (60.3) 76 (68.5) 23 (52.3) 46 (38.7) 69 (42.3)
Yes 5(13.2) 29 (39.7) 34 (30.6) 21 (47.7) 68 (57.1) 89 (54.6)
Missing 1(2.6) 0(0.0) 1(0.9) 0(0.0) 5(4.2) 5(3.1)

(.) = smoking data not collected in the 2017-18 study season.
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Table 2
Pre and post-vaccination geometric mean titer, seroprotection, and seroconversion rates in healthcare workers disaggregated by sex.

2017-18

2018-19

All

Male

Female

All

Male

Female

HIN1
Pre-vaccination GMT

Post-vaccination GMT

Pre-vaccination SPR
Post-vaccination SPR
SCR

H3N2
Pre-vaccination GMT

Post-vaccination GMT

Pre-vaccination SPR
Post-vaccination SPR
SCR

310 (232-415)
886 (690-1136)
86.5

97.3

38.7

822 (621-1087)
1782 (1409-2255)
96.4

100

29.7

248 (147-419)
939 (613-1437)
842
97.4
55.3

782 (506-1210)
1745 (1193-2554)
97.4

100

31.6

349 (245-496)
859 (627-1176)
87.7
97.3
30.1

843 (584-1217)
1802 (1329-2441)
95.9

100

28.8

676 (547-836)
1418 (1185-1696)
93.9

100

276

524 (418-656)
1161 (963-1400)
92.6

98.8

337

905 (573-1431)
1928 (1332-2791)
95.5

100

227

573 (345-953)
1043 (682-1596)
88.6

97.7

22.7

607 (479-770)
1265 (1032-1550)
933

100

294

506 (394-650)
1208 (984-1484)
94.1

99.2

37.8

155

GMT = Geometric mean titer (reported as mean (95% CI)) ; SPR = seroprotection rate ; SCR = Seroconversion rate.
No statistically significant differences.
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Figure 1: Healthcare workers (HCWs) who did not seroconvert had higher pre-vaccination
titers than those who seroconverted. Log,-transformed neutralizing antibody (nAb) titers pre-
and 28 days post-vaccination are shown for HCWs who seroconverted (gray) and those who did
not (white) to HIN1 in the 2017-18 season (A), HIN1 in the 2018-19 season (B), H3N2 in the
2017-18 season (C), and H3N2 in the 2018-19 season (D). Dashed lines indicate the median titer
for each group and dotted lines indicated the 25t and 75 percentiles. Differences between
those who seroconverted and those who did not at each time point for each strain and
between pre- and post-vaccination titers were calculated using two-tailed t-tests. Asterisks
indicate the significance level with * = p-value <0.05 and **** = p-value <0.0001.
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Figure 2: Odds of seroconversion are affected by pre-vaccination titers. Multiple logistic
regression models were used to analyze the impact of sex, BMI, race, and the presence of
comorbidities on the odds of seroconverting to HIN1 (A) and H3N2 (B) during the 2017-18 and
2018-19 seasons. Point estimates of the log odds ratios with 95% confidence intervals are
depicted separately for the 2017-18 (circles) and 2018-19 (squares) seasons. Simple logistic
regressions were used to analyze the impact of pre-vaccination titers on the odds of
seroconverting to HIN1 (C) and H3N2 (D) titers for males and females in each season. The odds
ratios and 95% confidence are depicted. * = p-value < 0.05.
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Figure 3: Neutralizing antibody titers increased after receiving an influenza vaccine for both
male and female HCWs. Log,-transformed neutralizing antibody titers pre- and 28 days post-
vaccination are shown for female (black) and male (white) HCWs to HIN1 in the 2017-18
season (A), HIN1 in the 2018-19 season (B), H3N2 in the 2017-18 season (C), and H3N2 in the
2018-19 season (D). Dashed lines indicate the median titer for each group and dotted lines
indicated the 25™ and 75 percentiles. Differences between female and male HCWs at each
time point for each strain and between pre- and post-vaccination titers were calculated using
two-tailed t-tests. Asterisks indicate the significance level with * = p-value <0.05, ** = p-value
<0.01, *** =p-value <0.001 and **** = p-value <0.0001.

158



© 1 o
A = famale (p=0.002) B = F:g.::]fmn
- I
e e
il g"
o Eg
A a"
2 e
= =
91 z@
I I
2 e
-+ -
wd A 2017-18, HIN1 PRE | o | 2017-18, HIN1 POST
20 30 40 50 &0 0 20 an 0 ] 60 70
Age Age
C = male (p=0.008) D = -
A female (p=0.034) male (p=0.008)
- -
&oa | o
g g7
e Bo
5 a7
- z
Em =2
E £
E— o E o -
T -
o] (201813, HIN1 PRE | | o
0 30 an 50 60 0 20 20 40 50 0 0
Age Age
E . Y |
o famale (p=0.001) i femals (p=0.009)
L]
g i of
LV
g s mg - o i «
z £ L I
= = . ae O
Eo B, | "% &%
do| o, 08 JERET
z H s L ]
£ = A .
g Yo iy ® . .
& il ™ .
E: z a
fe te
-+ -
w o 2017-18, H3N2 POST |
20 30 40 50 60 0 20 a0 40 50 &0 70
Ape Age
G = H = rale (p=0.014)
= female (p=0.001)
+ |
&ea | Bioy
E g
E o
I o
2 2
g= Zw
E 7
Ew Ew
< < i ®
o -
fat
il 2018-19, HINZ PRE | = 201818, HENZ POST
20 30 40 50 60 0 20 20 P 50 80 70
Aga Age

A — Male @ — Female

Figure 4: Age intersects with sex to impact neutralizing antibody (nAb) titers in HCWs. Simple
linear regression models were used to analyze the effect of age on nAb titers separately for
male and female HCWs before vaccination in HIN1 2017-18 season (A), 28 days post-
vaccination HIN1 in the 2017-18 season (B), before vaccination in HIN1 2018-19 season (C), 28
days post-vaccination HIN1 in the 2018-19 season (D), before vaccination in H3N2 in the 2017-
18 season (E), and 28 days post-vaccination H3N2 in the 2017-18 season (F) before vaccination
in H3N2 in the 2018-19 season (G), and 28 days post-vaccination H3N2 in the 2018-19 season
(H).
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Figure 5: Body mass index (BMlI) interacts to sex to affect H3N2 nAb titers in HCWs. Simple
linear regression models were used to analyze the effect of BMI on nAb titers separately for
male and female HCWs before vaccination in H3N2 2017-18 season (A), 28 days post-
vaccination H3N2 in the 2017-18 season (B), before vaccination in H3N2 2018-19 season (C), 28
days post-vaccination H2N2 in the 2018-19 season (D).
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AP2.1 Abstract

Benchmarks for protective immunity from infection or severe disease after SARS-CoV-2
vaccination are still being defined. Here we characterized virus neutralizing and ELISA antibody
levels, cellular immune responses, and viral variants in 4 separate groups: Healthy controls
(HCs) weeks (early) or months (late) following vaccination in comparison to symptomatic SARS-
CoV-2 patients after partial or full mRNA vaccination. During the study time, most symptomatic
breakthrough infections were caused by the SARS-CoV-2 Alpha variant. In the HCs, neutralizing
antibody levels were sustained over time against the vaccine parent virus, but decreased
against the Alpha variant, whereas IgG titers and T cell responses against the parent virus and
Alpha variant declined over time. Both partially and fully vaccinated patients with symptomatic
infections had lower virus neutralizing antibody levels against parent virus than the healthy
controls, similar IgG antibody titers and similar virus-specific T cell responses measured by IFN-
v. Compared to healthy controls, neutralization activity against the Alpha variant was lower in
the partially vaccinated infected patients and tended to be lower in the fully vaccinated
infected patients. In this cohort of breakthrough infections, parent virus neutralization was the

superior predictor of breakthrough infections with the Alpha variant of SARS-CoV-2.

Summary: Despite similar antibody titers and T-cell responses to vaccinated noninfected

healthy controls, neutralizing capacity was reduced in those with breakthrough infection.
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AP2.2 Introduction

The mRNA COVID-19 vaccines are 90% effective at preventing severe disease leading to
hospitalization which includes infections with variant SARS-CoV-2 viruses, such as the Alpha and
Delta variants (298-300). The United States had 10,262 documented vaccine breakthrough
cases from January 1 to April 30, 2021 out of approximately 101 million fully vaccinated
individuals (301). During this same period, 706 vaccine breakthrough cases resulted in
hospitalization for COVID-19, and of these, 132 were fatal. As of May 1, 2021 the CDC switched
to counting only hospitalizations and deaths resulting from vaccine breakthrough cases (302).
The total number of people hospitalized in the US after receiving a BNT162b2, mRNA-1273, or
Ad26.COV2.S. SARS-CoV-2 vaccine by August 31, 2021 was 10,741 (48% female), with 7,282
being individuals over age 65 (302). Analysis of vaccine breakthroughs from the United Kingdom
from December 2020 to July 2021, when the Alpha variant predominated, showed that
breakthrough infections in vaccinated people result in fewer COVID-19 symptoms, shorter
duration of symptoms, less frequent hospitalizations, and more asymptomatic infections than

unvaccinated people (303).

Benchmarks for humoral or cellular immunity that translate to protection against SARS-
CoV-2 asymptomatic infection, symptomatic COVID-19, hospitalization, or death are still being
defined. The circulation of SARS-CoV-2 variants further complicates the establishment of such
benchmarks due to sequence differences compared to the vaccine-seed strains (i.e., parent
virus). Many studies show that high antibody titers in the plasma of convalescent or fully
vaccinated individuals can adequately neutralize most SARS-CoV-2 variants, suggesting that if

individuals develop sufficiently high levels of antiviral antibody, the vaccine can protect against
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severe disease (304-306). Less data exist on correlates of protection conferred by cellular
immune responses against SARS-CoV-2 in unvaccinated people (307) compared to vaccinated

people (308) in the context of antibody responses (309).

During an outpatient trial to evaluate the efficacy of convalescent plasma administered
early in infection, we identified vaccinated individuals with confirmed SARS-CoV-2 infection
(i.e., breakthrough cases). We conducted a study to compare humoral and cellular responses in
infected patients who were at least two weeks post a first dose (partially vaccinated) or second
dose (fully vaccinated) of a SARS-CoV-2 mRNA vaccine to healthy fully vaccinated controls. After
sequencing the infecting viruses, we compared measures of humoral and cellular immunity to
both a parent strain with a spike protein similar to the one used in the mRNA vaccines, and the
Alpha variant of SARS-CoV-2, in the infected individuals to healthy vaccinated controls. We
report that vaccinated patients with confirmed symptomatic SARS-CoV-2 infections either after
the first or second dose had similarly high IgG antibody titers and cell-mediated immune
responses, but significantly lower virus neutralizing antibody (nAb) levels compared to healthy
vaccinated controls, suggesting that a reduced nAb level is a key factor in greater susceptibility

to breakthrough infection.

AP2.3 Results

AP2.3.1 Study population

This study population, described in Table 1, included samples from four separate
patient groups: 1) vaccinated uninfected healthy controls sampled 7-14 days post

vaccination (early fully vaccinated healthy controls [Early FV-HC]); 2) vaccinated uninfected
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healthy controls sampled approximately 95-187 days post vaccination (Late FV-HC); 3) partially
vaccinated (PV) patients with symptomatic confirmed SARS-CoV-2 infection (PV-infected [PV-I]);
and 4) fully vaccinated (FV) patients with symptomatic confirmed SARS-CoV-2 infection (FV-I).
All participants received mRNA-based vaccines (i.e., either BNT162b2 or mRNA-1273). The
symptomatic breakthrough patients were identified and evaluated from January 4 to June 4,

2021, before the Delta variant became predominant.

Of the fully vaccinated HC sampled early and late post vaccination, 49% were female. The
majority (89%) of the HC had received the BNT162b2 mRNA vaccine. Most of the PV-I
patients (n=22) were male (55%) with a median age of 46 years (IQR: 33-55) and had received
the BNT162b2 vaccine (72.7%). The mean time from first vaccine dose to presentation with
infection (i.e., sample collection) was 20 days (range 14-38). The main exposure was non-work
related, with onset of symptoms from 10 known point exposures averaging 2.4 days, and time
from symptom onset to blood draw was 4 days (n =13). Cough (81%), fatigue (77%), dyspnea on
exertion/shortness of breath (55%), and altered taste or smell (55%) were the predominant

symptoms, and a minority (42%) of patients had elevated C-reactive protein.

The majority of the 13 FV-I patients were female (69%), with a median age of 39 years
(IQR 33-44). Over three quarters had received the BNT162b2 vaccine. The main exposure
sources to SARS-CoV-2 were children or social activities such as travel or dining in a public
venue. The median time from second vaccination to confirmed infection was 80 days (range 32-
124). The mean time between point exposures and onset of symptoms from 6 known point

exposures was 3.6 days and the mean time from symptom onset to screening visit blood draw
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was 4 days (N=13). The most common symptoms were fatigue (77%), cough (77%), dyspnea on
exertion (69%), and altered taste or smell (54%). The majority (85%) had elevated C-reactive
protein. None of the infected patients were immunosuppressed or developed symptoms
requiring hospitalization. Most reported being back to their normal healthy state within 2
weeks of symptom onset. Absolute lymphocytes were similar between PV-I (1.74k) and FV-I

(1.79k) patients.

AP2.3.2 SARS-CoV-2 Alpha variant caused a majority of infections in vaccinated individuals

In the FV-I, the B.1.1.7 clade (Alpha variant) represented 7 out of 11 sequenced SARS-
CoV-2 infections; P.1 (Gamma variant), B.1.526 (lota variant), B.1.311, and early B.1 lineage
(19A Nextstrain) accounted for the remaining 4. In the PV-I, only 8 samples yielded a successful
sequence of the infecting viruses, which included: 2 Alpha variants, 2 Gamma variants, and the
remaining four consisted of various B.1 lineage viruses. The circulation of variants in the US

over time is graphed in Figure 1.

AP2.3.3 Humoral and cellular immune responses to SARS-CoV-2 variants in vaccinated HCs

To assess the kinetics of the humoral immune response post-vaccination, we compared
plasma antibodies that bind (measured by indirect IgG ELISA) and neutralize (measured by
microneutralization assay) SARS-CoV-2 in the early and late FV-HC groups. Area under the curve
(AUC) values were calculated by plotting the OD values (ELISA) or protection from cytopathic
effects (microneutralization) against serial dilutions. For SARS-CoV-2 spike (S) and S-receptor
binding domain (S-RBD), the specific IgG responses against both the parent strain and Alpha

variant were significantly lower in the late FV-HC group compared to the early FV-HC group,
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suggesting that responses decrease with time since receipt of the second vaccine dose (Figure
2A-B). The late FV-HC group showed 9%, 23%, 25%, and 24% mean reduction from initial values
of 1gG responses compared to the early FV-HC group for the parent strain S, Alpha variant S,
parent strain S-RBD, and Alpha variant S-RBD, respectively (Figure 2A-B). These reductions were
all statistically significant, and the reduction in anti-S-RBD IgG was greater in magnitude than
the reduction in anti-S IgG for both the parent and Alpha variant viruses. Furthermore, in early
FV-HC, the IgG responses to the parent S and S-RBD were lower than the IgG responses to the
Alpha variant S and S-RBD by 3% (p=0.0004) and 7% (p=0.0225), respectively. The late FV-HC
group showed 12% lower (p<0.0001) IgG response to the Alpha variant S compared to the
parent S, whereas the 1gG response to the Alpha variant S-RBD was 8% higher (p=0.0030) than

the response to parent S-RBD (Figure 2A-B).

Microneutralization assays demonstrated a significant difference in nAb activity (as
expressed by AUC) against the Alpha variant between the early FV-HC group and the late FV-HC
group, with a 23% decrease in the late FV-HC group compared to early FV-HCs (Figure 2C). The
difference in nAb AUC against the parent virus between early and late FV-HCs, however, was
negligible, suggesting that the antibody response against the Alpha variant significantly waned
over 4 months in contrast to minimal waning of the nAb response to the parent virus. This
decreasing trend with time was confirmed when assessing antibody responses relative to the
days post second vaccination in the late FV-HC group (Supplemental figure 1C and F). In parallel
to the AUC values, geometric mean titers (GMT) are summarized for each group in

Supplemental Table 1, and follow similar patterns as the AUC values.
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Humoral and cellular immune responses are known to interact closely to provide
protection against viral infection. We performed interferon (IFN)-y enzyme-linked
immunosorbent spot (ELISpot) assays on peripheral blood mononuclear cells
(PBMCs) obtained from FV-HCs to quantify the frequency of virus-specific T cells (Figure 2D).
Due to low sample availability, cellular assays were not completed for all participants. Exact
sample sizes are detailed in Supplemental Table 2. As expected, treatment with SARS-CoV-2 S
peptide pool stimulated a significant T cell response at both early and late time points in HCs.
The early FV-HC group elicited stronger T cell response, with a median of 197 spot-forming
units (SFU) per million cells against SARS-CoV-2 parent strain spike peptide pool as previously
reported (308), compared with less than 110 SFU per million cells in the late FV-

HC group (Figure 2D). As with the antibody data, this decreasing trend with time was confirmed
when assessing T cell responses relative to the days post second vaccination in the late FV-HC

group (Supplemental Figure 1G).

AP2.3.4 Humoral and cellular immune responses to SARS-CoV-2 in infected, but
vaccinated individuals.

We compared antibody responses to SARS-CoV-2 in partially (PV-I) and fully (FV-I)
vaccinated and infected patients with responses in the late FV-HC group using ELISA and
microneutralization assays. The samples in the late FV-HC group were collected in a similar time
frame relative to the second vaccine dose in the FV-I group (Supplemental Figure 1). Among the
infected patients, there was no significant difference in IgG responses to SARS-CoV-2 S or S-RBD
between PV-I and FV-I patients to either the parent or Alpha variant viruses (Figures 3A-B and

3D-E). The IgG responses to the parent strain and Alpha variant S and S-RBD tended to be
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higher in the infected groups than in the late FV-HC group, and was statistically significantly
different for the fully vaccinated group for the parent virus S-RBD (p = 0.0365; Figure 3D). The
anti-S IgG AUC values were higher for the parent than Alpha variant virus (i.e., trending below
the line of agreement) among PV-I, FV-I, and HC groups (Figure 3C). In contrast, anti-S-RBD IgG
AUC values were similar against the parent and Alpha variant (i.e., primarily on the line of
agreement) (Figure 3F). Finally, anti-nucleocapsid IgG responses were not significantly different

between HCs and either PV-I or FV-I patients (Supplemental Figure 2).

While IgG responses to SARS-CoV-2 antigens (parent and Alpha variant) were lower in late
FV-HC group compared to vaccinated and infected participants (Figures 3A-F), the functional
nAb response to the parent virus was significantly lower in the PV-I and FV-I group compared to
that in late FV-HC group (mean reduction of 73% and 43%, respectively; Figure 3G). Similarly,
the nAb response to the Alpha variant was significantly lower in the PV-I group than in the late
FV-HC group, but this difference was not significant for the FV-I group. nAb responses to the
Alpha variant in the PV-l and FV-I groups were 63% (p<0.0001) and 16% (ns) lower compared to
those of late FV-HC group, respectively (Figure 3H). Furthermore, the functional nAb responses
against both the parent virus and the Alpha variant were significantly lower in the PV-I group
compared to that in the FV-1 group (52% and 58% lower in the PV-I group for Parent and Alpha,
respectively) (Figures 3G-H), supporting that full vaccination is important in eliciting nAb
responses to SARS-CoV-2 variants of concern. Additional analysis showed a correlation between
nAb responses against the parent virus and the Alpha variant (Figure 3l). Furthermore, patterns

in AUC values were replicated on the GMT scale (Supplemental Table 1).
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To determine if cell-mediated immunity was reduced in patients with vaccinated SARS-
CoV-2 infections, T cell IFN-y responses to a SARS-CoV-2 S peptide pool were evaluated. Like the
HC group, cells from infected patients (i.e., PV-l and FV-I) treated with the peptide pool
mounted a significantly greater IFN-y response than untreated cells (Figure 3J). Further, the IFN-
v response was similar among the PV-I, FV-I, and the late-FV-HC groups (Figure 3J). To
determine if there was a reduction in cell-mediated immune responses to the Alpha variant in
the vaccinated patients, we compared T cell responses to the parent and Alpha strain. There
was no difference in T cell IFN-y responses among either PV-I or FV-I| to parent or Alpha spike

peptide pools (Figure 3K).

AP2.3.5 Humoral and cell-mediated immune parameters are not associated in either healthy
controls or vaccinated, but infected patients

Within the HCs, PV-1 and FV-I patients, levels of binding IgG against either S or S-RBD and
nAb to the parent strain all strongly correlated with each other (correlation coefficients (R)
ranged from 0.55 to 0.94), indicating high levels of agreement between the three measures of
humoral immunity (Figure 4A-D). However, antibody responses were poorly correlated with
measures of T cell-mediated immunity to the parent strain (R values ranging from -0.31 to 0.40;
Figures 4A-D). When assessing the correlation between cellular and humoral responses to the

Alpha variant, similar trends were observed as for the parent strain (Figure 5).

AP2.4 Discussion

Symptomatic SARS-CoV-2 infections in vaccinated individuals may be due to low antibody
levels, low cellular responses, mismatches between cellular and humoral responses to the

parent strain and the variants, or high exposure to infectious cases. We have quantified the
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magnitude of antibody and cellular responses to parent strain and Alpha variant in four
separate groups: partially vaccinated individuals infected with SARS-CoV-2, fully vaccinated
individuals infected with SARS-CoV-2, as well as uninfected healthy controls sampled early and

late after vaccination.

This study demonstrates several important findings about infections in this vaccinated
cohort. The antibody responses to the spike and S-RBD antigens were comparable at similar
timepoints among fully vaccinated healthy controls and in those who developed breakthrough
infections. Regardless of whether fully or partially vaccinated, however, SARS-CoV-2 infection
was associated with lower levels of neutralizing antibodies to the parent strain. These data are
consistent with a recent study reporting an association between lower titers of neutralizing
antibodies and breakthrough infections (306) and two studies identifying nAb levels as potential
correlates of protection (310, 311). Our study complements and extends those findings by
showing the presence of robust spike peptide-specific T cell responses in infected vaccinated
individuals suggesting that lower neutralization titers are specifically associated with infections
in vaccinated individuals, regardless of T cell responses. Our study also further reinforces the

impact of the second vaccine dose in boosting nAb responses.

In addition to contributing to a better understanding of infections in vaccinated
individuals, this study provides insight into vaccine-induced immune response by evaluating
early and late healthy control groups. First, measures of both cellular and humoral immunity
decreased with time since the second dose. Measures of the cellular response, however, did

not correlate well with antibody responses. Second, these data demonstrate that IgG titers
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against the Alpha variant S and S-RBD were higher than those to the parent strain in the early
healthy control group. Interestingly, IgG levels to the Alpha variant spike were markedly

lower than those to the parent strain in the late HC group. These findings suggest that while
MRNA vaccines initially stimulate robust humoral responses to variant viruses, these responses
may be short-lived (312-314). Finally, microneutralization assay results indicated that the nAb
response against the parent virus was maintained through 6 months in late healthy control
groups although binding IgG response decreased, an observation also seen in a study of
vaccinated health care workers followed for six months (313). While the nAb responses to
parent virus and the Alpha variant were comparable in the early FV-HC group, the level of nAb
against Alpha variant was significantly lower in the late FV-HC group. This decrease in nAb
response to the Alpha variant over time again suggests waning of vaccine-induced immunity to

variants of concern.

The magnitude of the antiviral antibody response and the duration of detectable
neutralizing antibodies was assessed, with neutralizing antibodies being detectable longer in
convalescent (108 days) than vaccinated (65 days) individuals (311, 315). The nAb titers
necessary for protection against infection were much higher than needed for protection from
severe disease (310, 311). One important factor that has not been carefully addressed to date is
the level of mucosal antibodies present after vaccination, as these antibodies are critical for
protection from infection in the upper respiratory tract (316). The presence of anti-SARS-CoV-2
IgG in the nasal tract of infected individuals is inversely correlated to the presence of infectious
virus (317, 318) emphasizing the importance of mucosal antibody response for rapid

neutralization of SARS-CoV-2.
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Samples from infected individuals were collected in the first 8 days after symptom onset.
The decrease in nAb titers against the Alpha variant relative to the parent virus observed in the
FV-HC group was not observed in the infected groups. Among patients in the FV-I group,
infection represented the third exposure to SARS-CoV-2, and a rapid memory response likely
contributed to the elevated measures of humoral and cellular immunity reported here.
Consistent with this hypothesis, emerging data on the Omicron variant suggests that multiple
exposures (i.e., either three doses of mMRNA vaccines or a combination of infection and two
vaccine doses) are needed to develop broad immunity to SARS-CoV-2 variants of concern (319).
Since the Alpha variant is antigenically distinct from the parent virus, a boosting effect against
the parent virus may not be as strong as that against the Alpha variant, thus, a difference in

parent virus neutralizing antibody levels remained

There are several limitations to this study. The study had a small sample size, and
consistent with having received the vaccination, none of the infected participants were
hospitalized, suggesting mild disease. Also, the timing of sample collection in this study allowed
for evaluation of breakthrough infections with the Alpha variant, but not the Delta or Omicron
variants, which may have different pathology. In addition, all HCs in the study had received two
doses of vaccine, while infected cases were either fully or partially vaccinated, meaning that the
control group for the PV-l is imperfect. While the timeframe of this nonlongitudinal,
convenience sample collection relative to vaccination overlapped for the FV-I and late FV-HC
groups, the late FV-HC group was sampled slightly longer after vaccination, on average, than
the FV-1 group. Because of this, responses may have waned to a greater degree in the FV-HC

than the FV-I, thus attenuating differences between the two groups. Finally, low availability of
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PBMC from HC groups did not allow testing of T cell responses against the Alpha variant, such
that data comparing T cell responses to the parent and Alpha strains in infected participants

must be interpreted with caution.

Overall, the study demonstrated humoral and cellular responses decreased with time
from vaccination date, potentially increasing the likelihood of infections. It is critically important
to understand the magnitude and duration of the protective immune response induced by

vaccination and boosting to determine how best to end the COVID-19 pandemic.

AP2.5 Methods

AP2.5.1 Study participants, blood sample processing, and storage

From an outpatient trial recruiting symptomatic newly infected patients, which did not
exclude vaccinated individuals, we identified 13 fully vaccinated (more than 14 days post
second vaccination) patients who developed symptomatic breakthrough SARS-CoV-2
infection (FV-1) and 22 partially vaccinated (more than 14 days after first vaccination) patients
who developed symptomatic SARS-CoV-2 infection (PV-I). We then compared these patients
to 22 fully vaccinated non-infected health care workers (i.e., healthy control (HC)) evaluated 1-2
weeks post vaccine (Early FV-HC) and 15 fully vaccinated uninfected health care
workers evaluated at 5 months post vaccine (Late FV-HC). All study participants had received
either BNT162b2 (Pfizer) or mRNA-1273 (Moderna) mRNA vaccines. For those with SARS-CoV-2
infection, clinical symptoms information, nasal swabs, and serum samples were obtained as
close to onset of symptoms as possible. Demographic and clinical data was self-reported by the

research participants.
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The study called Convalescent Plasma to Limit SARS-CoV-2 Associated Complications
(CSSC-004) was a phase 2 double blinded randomized control trial with either high titer SARS-
COV-2 convalescent plasma or placebo control plasma. This study was designed as a separate
protocol under Johns Hopkins University Investigational New Drug application (19725) and filed

as NCT04373460 at clinical trials.gov. Johns Hopkins was the central IRB (IRB00247590).

AP2.5.2 SARS-CoV-2 genome sequencing

Automated nucleic acid extraction was performed as described previously (317, 318)
using the chemagic 360 (PerkinElmer) following the manufacturer’s protocol. Whole genome

sequencing and analysis were performed as previously described (320).

For a subset of samples, 25ng of RNA, previously extracted using Qiagen’s Viral RNA mini
kit, was processed following the lllumina RNA Prep with Enrichment (L) Tagmentation protocol
with lllumina Respiratory Virus Oligo Panel for one plex enrichment. Libraries were sequenced
on the lllumina MiSeq (2x76 bp) or iSeq (2x151 bp) platform. FASTQ files were analyzed in
Illumina’s BaseSpace using the DRAGEN Pathogen Detection application to generate consensus
files. The pangolin web-based application, Phylogenetic Assignment of named Global Outbreak

LINeages (PANGOLIN) (https://pangolin.cog-uk.io/) was used to identify the SARS-CoV2 lineages

from these consensus sequences. Nextclade (https://clades.nextstrain.org/) was used for clade

assignment, sequence quality check and phylogenetic tree construction.
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AP2.5.3 Expression and purification of parent strain and Alpha variant S- and S-RBD Plasmid
preparation

The plasmids expressing recombinant S and S-RBD for the vaccine strain of SARS-CoV-2
have been described previously (321) The sequence from the SARS-CoV-2 Alpha variant
hCoV19/USA/MD-HP01101/2021 (EPI_ISL_825013) was used to engineer S and S-RBD
expression plasmids. The Alpha variant S gene was synthesized in its entirety (GeneScript)
before cloning into the pCAGGS vector. Site directed mutagenesis was used to introduce a
N501Y substitution into the plasmid expressing the S-RBD from the vaccine strain. The plasmids
were extracted using GigaPrep kits (Thermo Fisher Scientific) and eluted in molecular biology

grade water.

Protein purification by immobilized metal affinity chromatography (IMAC) and gravity
flow was adapted from previous methods (321). After washing with PBS (Thermo Fisher
Scientific), nickel nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN) was added to the culture
supernatant, followed by overnight incubation for 12-16 hours at 4°C on a rotator. For every
150 mL of culture supernatant, 2.5 mL Ni-NTA agarose was added. Five-milliliter gravity-flow
polypropylene columns (QIAGEN) were equilibrated with PBS. One polypropylene column was
used for every 150 mL culture supernatant. The supernatant-agarose mixture was then loaded
onto the column to retain the agarose beads, with recombinant proteins bound to the beads.
Each column was then washed, first with 1x culture supernatant volume of PBS and then with
25 mL of 20 mM imidazole (Millipore MilliporeSig- ma) in PBS wash buffer to remove host cell
proteins. Recombinant proteins were then eluted from each column in 3 fractions with 5 mL of

250 mM imidazole in PBS elution buffer per fraction, giving a total of 15 mL eluate per column.
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The eluate was subsequently dialyzed several times against PBS using Amicon Ultra Centrifugal
Filters (Millipore MilliporeSigma) at 5000g for 20 minutes at 10°C to remove the imidazole and
concentrate the eluate. Filters with a 10 kDa molecular weight cutoff were used for RBD eluate,
whereas filters with a 50 kDa molecular weight cutoff were used for full-length S protein eluate.
The final concentration of the recombinant S and S-RBD proteins was measured by
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific), and purity was assessed on 10% SDS-
PAGE gels (Bio-Rad) followed by Coomassie blue staining. After sufficient destaining in water
over-night, clear single bands were visible for S- and S-RBD proteins at their respective

molecular sizes.

For the scale-up purification, preparative IMAC chromatography was performed using an
Akta Explorer 100 (Amersham Biosciences, Uppsala, Sweden) controlled by Unicorn 5.31
software. HisTrap excel (ImL) prepacked columns (Cytiva) were used for generating the purified
S and S-RBD proteins. For the S-RBD purification process, the equilibration step was performed
with PBS buffer for 5 column volumes (CV) at 1 mL/min, followed by loading of 40 CV of the
harvest material at 1 mL/min. A wash step with 20 mM imidazole in PBS was performed for 20
CV at 1 mL/min, immediately followed by the step gradient elution of the bound proteins using
15 CV of 500 mM imidazole in PBS at 1 mL/min. 1 mL fractions were collected during this step
and stored for further purity analysis. The column was then re-equilibrated with PBS,
regenerated using 0.5 M NaOH for 10 CV at 1 mL/min and finally stored at 20% v/v ethanol. For
the S protein purification process, a similar setup was used with slight modifications in the
purification protocol. The flow rate during the loading step was reduced to 0.5 mL/min to

increase the residence time during loading, thereby increasing the yield of the target protein.
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The buffer compositions were optimized to enhance the purity in the elution step. This included
an addition of 0.4 M NaCl in the equilibration, wash and elution buffers to help mitigate the
electrostatic interactions of contaminants with the tagged protein or resin. The imidazole
concentration in the wash buffer was also increased to 30 mM to help remove the tagged
contaminants from the elution fractions. SDS-PAGE analysis (Any kDa gel, Bio-Rad) was
performed followed by silver staining to analyze the purity of these fractions. The pure fractions
were then pooled and buffer-exchanged against PBS (as described above) to generate ~ 10x

concentrated S and RBD protein solutions.

AP2.5.4 Viruses and cells

Vero-E6-TMPRSS2 cells (181) were cultured in complete media (CM) consisting of DMEM
containing 10% FBS (Gibco, Thermo Fisher Scientific), 1 mM glutamine (Invitrogen, Thermo
Fisher Scientific), 1 mM sodium pyruvate (Invitrogen, Thermo Fisher Scientific), 100 U/mL
penicillin (Invitrogen, Thermo Fisher Scientific), and 100 pug/mL streptomycin (Invitrogen,

Thermo Fisher Scientific). Cells were incubated in a 5% CO2 humidified incubator at 37°C.

The SARS—CoV-2/USA-WA1/2020 virus was obtained from BEI Resources. The Alpha
variant of SARS-CoV-2 (hCoV19/USA/MD-HP01101/2021, EPI_ISL_825013) was isolated on
Vero-TMPRSS2 cells plated in 24-well dishes and grown to 75% confluence. The CM was
removed and replaced with 150 pL of infection medium (IM), which is identical to CM but with
the fetal bovine serum reduced to 2.5%, and 150 ul of the viral transport media containing a
swab from a patient confirmed to be SARS-CoV-2 positive was added to the culture. The

cultures were incubated at 37°C for 2 hours, the inoculum was aspirated and replaced with 0.5
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mL of IM and the cells cultured at 37°C for up to 5 days. When a cytopathic effect was visible in
most of the cells, the IM was harvested and stored at -70°C. The presence of SARS-CoV-2 was
verified by extracting RNA from the harvested supernatant using the Qiagen Viral RNA
extraction kit (Qiagen), and viral RNA detected using quantitative RT-PCR (184). The consensus
sequence of the virus isolate did not differ from the sequence derived from the clinical
specimen. The infectious virus titer was determined on Vero-TMPRSS2 cells using a 50% tissue
culture infectious dose (TCID50) assay as previously described for SARS-CoV-2 (185, 186). Serial
10-fold dilutions of the virus stock were made in infection media (IM) (identical to CM except
the FBS was reduced to 2.5%), and then 100 uL of each dilution was added to the cells in a 96-
well plate in sextuplicate. The cells were incubated at 37°C for 4 days, visualized by staining
with naphthol blue-black, and scored visually for cytopathic effect. A Reed and Muench

calculation was used to determine the TCID50 per mL (187).

AP2.5.5 Indirect Enzyme-linked immunoassays (ELISAs)

The ELISA protocol was adapted from a protocol published by the
Florian Krammer laboratory (321). Ninety-six well plates (Immulon 4HBX, Thermo Fisher
Scientific) were coated with either full-length S protein or S-RBD of the parent strain or Alpha
variant at a volume of 50 pL of 2 ug/mL diluted antigen in filtered, sterile 1x PBS (Thermo Fisher
Scientific) at 4°C overnight. Coating buffer was removed, and the plates were washed 3 times
with 300 pL 1x PBS plus 0.1% Tween-20 (PBST) wash buffer (Thermo Fisher Scientific) and then
blocked with 200 pL PBST with 3% nonfat milk (milk powder, American Bio) by volume for 1
hour at room temperature. All plasma samples were heat-inactivated at 56°C on a heating block

for 1 hour before use. Negative control samples were prepared at 1:10 dilutions in PBST in 1%
179



nonfat milk and plated at a final dilution of 1:100. A monoclonal antibody against the SARS—
CoV-2 S protein was used as a positive control (1:5000 dilution, catalog #40150- D001, Sino
Biological). Plasma samples were prepared in 3-fold serial dilutions starting at 1:20 in PBST in
1% nonfat milk. Blocking solution was removed, and 100 pL diluted plasma was added in
duplicate to the plates and incubated at room temperature for 2 hours. Plates were washed 3
times with PBST wash buffer, and 50 plL secondary antibody was added to the plates and
incubated at room temperature for 1 hour. Anti-human secondary antibody, Fc-specific total
IgG HRP (1:5000 dilution, catalog A18823, Invitrogen, Thermo Fisher Scientific), was prepared in
PBST plus 1% nonfat milk. Plates were washed, and all residual liquid was removed before
addition of 100 pL SIGMAFAST OPD (o-phenylenediamine dihydrochloride) solution
(MilliporeSigma) to each well, followed by incubation in darkness at room temperature for 10
minutes. To stop the reaction, 50 pL 3M HCI (Thermo Fisher Scientific) was added to each well.
The OD of each plate was read at 490 nm (OD490) on a SpectraMax i3 ELISA Plate Reader
(BioTek Instruments). A cutoff value for each plate was calculated by summing the average of
the OD values of the negative controls and 3 times the standard deviations of the OD values of
the negative controls. This cut-off value was subtracted from all sample OD values, and
negative values set to zero. Background-subtracted OD values were then plotted against the
dilution factor to calculate the AUC. For all ELISA data, a titer of 1:180 was determined as a cut-
off for positivity using pre-pandemic and convalescent samples. On the AUC scale, this cut-off

was established by taking the average AUC values of samples with a titer of 1:180.
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AP2.5.6 Microneutralization assay

Plasma nAbs were determined as described for SARS-CoV-2 (188). Two- fold dilutions of
plasma (starting at a 1:20 dilution) were made in infection media (IM). Infectious virus was
added to the plasma dilutions at a final concentration of 1 x 10* TCIDso/mL (100 TCIDso per
100 pL). The samples were incubated for 1 hour at room temperature, and then 100 pL of each
dilution was added to 1 well of a 96-well plate of VeroE6-TMPRSS2 cells in hexaplicate. The cells
were incubated for 6 hours at 37°C, 5% CO,. The inocula were removed, fresh IM was added,
and the cells were incubated at 37°C, 5% CO; for 2 days. The cells were fixed by the addition of
100 pL of 4% formaldehyde per well, incubated for at least 4 hours at room temperature, and
then stained with Napthol Blue Black (MilliporeSigma). The nAb titer was calculated as the
highest serum dilution that eliminated the cytopathic effect in 50% of the wells (NT50) and the

area under the curve (AUC) was calculated using Graphpad Prism.

AP2.5.7 T cell interferon response to SARS-CoV-2 spike peptide

Peptides and ELISPOT assays. Peptides for the spike protein of SARS-CoV-2 were obtained
from BEI Resources and reconstituted with DMSO at a concentration of 10 mg/mL. The SARS-
CoV-2 peptides are 12, 13, or 17 mer, with 10 amino acid overlaps. The spike protein peptide
pool consisted of 181 peptides. The peptides were combined into 1 pool for each viral protein
at 10 pug/mL. The Alpha variant spike peptides (15mers with 11 amino acid overlap) were
purchased from JPT Peptide Technologies (Berlin, Germany) and used at a concentration of
1ug/ml. For comparison, parent virus spike peptides from the same company were used at the
same concentration. Stimulation with anti-CD3 antibody (Mabtech, 1 pg/mL) was used as a

positive control for each study participant.
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IFN-y ELISPOT assays were performed as previously described (322). Briefly, ELISPOT Pro
and ELISPOT Plus kits with precoated plates were purchased from Mabtech. The wells were
plated with unfractionated PBMCs at 250,000 cells/well, and the cells were cultured for 20
hours with the SARS-CoV-2 peptide pool. The plates were then processed according to the
manufacturer’s protocol and read by a blinded independent investigator using an automated
reading system. Four replicates per pool were run, and the mean of replicates was plotted. The
replicate farthest from the median was not used. If 2 values were equally distant from the
median, then the higher value was discarded. Spot forming units (SFU) per million PBMCs were
calculated by multiplying SFU generated by the automated plate reader by 4 (i.e., SFU/250,000
cells were multiplied to yield the standard SFU/million). A response was counted as positive

only if treatment induced at least a 3-fold increase and the SFU exceeded 20 spots/million.

AP2.5.8 Statistical analyses

AUC values were logio transformed to achieve a normal distribution. Immune read-outs
between groups and viruses were compared by two-tailed t-tests, paired t-tests, or one-way
ANOVAs with Tukey’s correction for multiple comparisons where appropriate. A p value of less
than 0.05 was considered statistically significant. Correlations between IgG antibody,
microneutralization assay and ELISpot assays were assessed using Pearson’s correlation
coefficients (R). Percent changes were calculated as 100*[(initial value — final value)/initial
value] using logio-tranformed values. Analyses were performed using GraphPad Prism 8

(GraphPad Software) and Stata 15 (StataCorp).
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AP2.7 Tables

Table 1. Participant demographic information

SARS-CoV-2 infection Early FV-HC®  Late FV-HC PV-I¢ FV-14
N 22 15 22 13
Sample collection - mean
(range)
Days post dose 1 20 (14 - 38) 103 (54 - 145)
Days post dose 2 9(7-14) 142 (95-187) 80(32-124)
Sex - n (%)
Male 13 (59.0) 6 (40.0) 12 (54.5) 4 (30.8)
Female 9(41.0) 9 (60.0) 10 (45.5) 9(69.2)
Age - n (%)
21-30 7 (31.8) 12 (80.0) 2(9.1) 3(23.1)
31-40 4 (18.2) 2 (13.3) 7 (31.8) 4 (30.8)
41-50 6 (27.3) 1(6.7) 5(22.7) 5 (38.5)
51-60 5(22.7) 0(0) 6(27.3) 1(7.7)
61-70 0 (0) 0 (0) 2(9.1) 0(0)
Vaccine type
Moderna 1(4.5) 3 (20.0) 6 (27.3) 3(23.1)
Pfizer 21 (95.5) 12 (80.0) 16 (72.7) 10 (76.9)

2 Fully vaccinated healthy controls sampled early after receipt of the second vaccine dose.

® Fully vaccinated healthy controls sampled late after receipt of the second vaccine dose.

¢ Partially vaccinated (>14 days after first vaccination) patients who developed symptomatic
breakthrough SARS-CoV-2 infection
4 Fully vaccinated (>14 days after second vaccination) patients who developed symptomatic
breakthrough SARS-CoV-2 infection
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Supplement Table 1. Geometric mean titers

GMT (95% Cl) Early FV-HC Late FV-HC PV-1 FV-I
Parent S IgG 35820 (20992 - 61122) 10109 (6509 - 15702) 27906 (15394 - 50586) 20444 (9327 - 44812)
Parent S-RBD IgG | 43740 (25439 - 75208) 2705 (1721 - 4252) 12551 (6717 - 23453) 14580 (6188 - 34354)
Alpha S IgG 35820 (25915 - 49511) 3901 (1807 - 8422) 7618 (4202 - 13809) 6262 (2888 - 13579)
Alpha S-RBD IgG | 102226 (70886 - 147423) 5229 (2790 - 9802) 10279 (5303 - 19925) 18787 (7303 - 48330)
Parent nAb 181 (121 - 273) 202 (132 - 309) 18 (12 - 26) 38 (20-71)
Alpha nAb 206 (140 - 303) 76 (51- 114) 21(13-34) 47 (24 - 93)
Supplemental Table 2. Samples numbers used in assays.
Group Early FV-HC Late FV-HC PV-I FV-I

N 22 15 22 13
Data sources - n (%)

ELISA 22 (100) 15 (100) 22 (100.0) 13 (100.0)

Neutralizing 22 (100) 15 (100) 22 (100.0) 13 (100.0)

ELISpot (vaccine virus) 15 (68) 13 (87) 11 (50.0) 8 (61.5)
Complete data 15 (68) 13 (87) 11 (50) 8 (61.5)
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AP2.7 Figures
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Figure 1 The incidence of majority breakthrough infections caused by SARS-CoV-2 variants.
The frequency of SARS CoV2 circulating lineages in the USA between Sep 2020 and Sep 2021.
Each bar with specific color indicates the time when the breakthrough infections occurred. Data
were retrieved from Nextstrain Genomic epidemiology of novel coronavirus-North America-
focused subsampling, further filtered data set by country- USA on 9/27/2021.
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Figure 2. Measures of vaccine-induced humoral and cellular immunity decrease with time in
HCs, with the exception of nAb to the parent strain. Plasma and PBMC samples were collected
from fully vaccinated HCs, with no history of testing positive for COVID-19, either 7-14 days
(early, n = 22) or 95-187 days (late, n = 15) after the second dose. Indirect ELISAs were used to
measure 1gG against S (A) and the S-RBD (B) from either the parent strain or Alpha variant
viruses and are graphed as area under the curve (AUC) values. Microneutralization assays were
also performed against the parent virus and Alpha variant, and AUC values are shown (C). An
IFN-y ELISPOT was used to measure the spot-forming units (SFU) per million PBMCs in response
to SARS-Cov-2 spike parent strain peptide pools (D). The dashed lines indicate the limit of
detection (A-C). Two-tailed, unpaired t-tests were used to compare between groups, and paired
two-tailed t-tests were used to compare outcomes on the same individuals. P-values below
0.05 are shown, but since four comparisons were made in each panel, the Bonferroni correction
for multiple comparisons suggests that only values below 0.0125 (i.e., 0.05/4) be considered
statistically significant.
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Figure 3. Antibody responses are greater in FV-l as compared to FV-HCs. Plasma samples were
collected from confirmed breakthrough infections that occurred either after receipt of the first
vaccine dose (red circles, PV-1, n = 22) or after receipt of the second dose (blue circles, FV-I, n =
13). For comparison, plasma samples from fully vaccinated HCs were collected (grey circles,
Late FV-HC, n = 15). Logio-transformed AUC values for anti-S IgG (indirect ELISA; A-C), anti-S-
RBD IgG (indirect ELISA; D-F) and neutralizing antibodies (microneutralization assay; G-l) are
shown for the three study groups for the parent virus (A, D and G), the Alpha variant (B, E, and
H), and as the correlation between the parent and Alpha variants (C, F, and I). Dashed lines
indicate the limit of detction (A-B, D-E, G-H) or the line of agreement (C,F, ). One-way ANOVA
with Tukey’s correction for multiple comparisons were used to compare groups for antibody
data, and paired two-tailed t-tests (J) or repeated-measures ANOVA with Tukey’s correction for
multiple comparisons (K) were used to analyze ELISpot data. All p-values below 0.05 are shown
and were considered statically significant.
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Figure 4. Antibody responses correlate well with each other but correlate poorly with
measures of T cell-mediated immunity. The correlation between various measures of humoral
and cell-mediated immunity were assessed seperately for HC sampled 7-14 days post-
vaccination (A, Early FV-HC), HC sampled 95-187 days post-vaccination (B, Late FV-HC),
indiviuals with confirmed SARS-CoV-2 after receipt of the first dose of a vaccine (C, PV-I), and
indiviuals with confirmed SARS-CoV-2 after receipt of the second dose of a vaccine (D, FV-I).
Scatter plots and trendlines are shown in the lower half of matrices, and correlation coefficients
(R), color coded by the strength of the correlation, are shown in the upper half of the matrices.
For cell-based measures, data shown is the ratio spot-formuing units (SFU) per smillion for
treated to untreated cells, transformed on a logio scale.
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Figure 5. Antibody responses to the alpha variant correlated well with each other but
correlate poorly with measures of T cell-mediated immunity. The correlation between various
measures of humoral and cell-mediated immunity to the alpha variant were assessed
seperately early FV-HC (A), late FV-HC (B), PV-Is (C), and FV-Is (D). Scatter plots and trendlines
are shown in the lower half of matrices, and correlation coefficients (R), color coded by the
strength of the correlation, are shown in the upper half of the matrices. For cell-based
measures, data shown is the ratio of spot-formuing units (SFU) per smillion for treated to

untreated cells, transformed on a logio scale.
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Supplemental figure 1. Measures of humoral and cellular immunity tend to decline with time
after vaccination, regardless of infection status. Humoral immune responses are shown as the
parent strain anti-S-IgG AUC (A), anti-S-RBD-lgG AUC (B), and neutralizing antibody (nAb) AUC
(C) versus days since receipt of the second dose of a SARS-CoV-2 mRNA vaccine for individuals
with breakthrough infection (n = 13) and healthy controls without evidence of breakthrough
infection (n = 15). Humoral immune responses to the alpha variant are shown as anti-S-IgG AUC
(D), anti-S-RBD-IgG AUC (E), and neutralizing antibody (nAb) AUC (F). Similarly, measures of
cellular immunity are shown as a ratio of SFU/million (G)) in treated and untreated cells versus
days since receipt of the second dose of a SARS-CoV-2 mRNA vaccine. Slopes and associated p-
values were derived from simple linear regressions for each outcome for both groups.
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Supplement figure 2. Antibody response to SARS-CoV-2 virus nucleocapsid (N) in vaccinated
people. Indirect ELISAs were used to measure 1gG against the nucleocapsid protein and results
graphed as area under the curve (AUC) values. Data is shown for healthy controls (HCs), with no
evidence of SARS-CoV-2 infection 7-14 days (white circles, early FV-HC, n =22) or 95-187 days
(gray circles, Late FV-HC, n = 15) after the second dose. Red and blue circles indicate samples
obtained from participants who had received either 1 (PV-l, n =22) or 2 (FV-Il, n= 13) vaccine
doses, and who had confirmed SARS-CoV-2 infection. The dashed line indicates the limit of
detction. A one-way ANOVA with Tukey’s correction for multiple comparions was used to
compare groups, and, p-values below 0.05 were considered statically significant.
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AP3.1 Summary box

e Sex and gender are often ‘controlled’ for in global health research, which forces the
relationship between the predictor and outcome of interest to be the same across sex
(i.e. males, females and intersex) or gender (i.e. men, women and gender minorities).

e There are many examples where controlling for sex, gender, or both led to incorrect
findings that were detrimental to equitably improving global health.

e Instead of controlling for sex or gender, we urge researchers to consider sex and gender
as variables of importance that can explain, rather than confound, their research.

AP3.2 Commentary

If you read any global health publication — whether it be about injury prevention, non-
communicable diseases, or vaccines — you are likely to find a footnote in a table or a sentence
in the statistical methods section indicating that the results were ‘controlled’ for sex or gender.
Although the terms sex and gender are often used interchangeably in the literature, the
distinction between them is important. Sex, or the biological differences between males and
females, is based on the sex chromosome complement, reproductive tissues, and sex steroid
concentrations. In contrast, gender is based on behaviors, occupations, and activities defined
by social or cultural norms, and can refer to differences between men, women, and gender
minorities. There is ample evidence that both sex and gender contribute meaningfully to global
health outcomes. In this article, we explore what it means when we ‘control’ for sex or gender,

and whether this practice can have unintended outcomes.

Statistically, we seek to uncover how predictors influence a health outcome. In global
health, predictors can be demographic (e.g., age or race), medical (e.g., type or presence of
treatment) or intervention-based (e.g., access to intervention or not). In many cases, a third

type of variable, known as a “confounder”, must also be taken into account. In the statistical
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literature, there are many technical definitions of confounding.(323) For our purposes, a
confounding variable is a risk factor for the outcome that is also associated with the predictor,
such that the observed relationship between predictor and outcome is confused by the
presence of the confounder (Figure 1A).(324) For example, in studying the relationship between
age and the likelihood of getting a COVID-19 vaccine, sex or gender could be considered
confounders if, in your study population, women were older and more likely to get the vaccine
than men. In this case, sex, gender, or both might make it difficult to understand the causal

relationship between age and the likelihood of vaccination.

Controlling for sex or gender means treating these variables as confounding factors,
rather than variables of importance to the research question. Technically, this usually means
that a term was included in a regression model to account for the fact that sex, gender, or both
might influence the predictor and the outcome, and possibly confuse the relationship under
investigation. While this allows for sex or gender differences in the outcome at baseline, it also
forces this difference to be the same at all levels of the predictor (note the parallel lines in
Figure 1A). For example, if we return to our example of how age (predictor) impacts the
likelihood of getting the COVID-19 vaccine (outcome), controlling for sex or gender forces the
difference between men and women to be the same at all ages. This approach assumes that

the change in the likelihood of getting vaccinated with age is the same for men and women.

In reality, there are countless examples that demonstrate that the true relationships
between our predictors and outcomes of interest do, in fact, differ by both sex and gender. We

argue that relationships such as the ones depicted in Figure 1B, where the sex/gender
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difference changes across levels of the predictor, are often more accurate than the one
depicted in Figure 1A. There is considerable danger in ignoring such sex and gender differences
by controlling for them statistically. For example, re-analysis of a randomized-controlled trial
comparing different anti-retroviral therapy regimens for HIV management found higher rates of
efficacy, adverse events, and treatment discontinuation in women compared to men.(325)
Evidence suggests that this may be due to sex differences in drug metabolism, leading to higher
drug exposure in females?, yet the original analysis of this data completely ignored the role of
sex as a biological variable by controlling for sex in statistical analyses.(326, 327) In this case,
and in many others, assuming the outcome of the drug regimen was the same in men and
women was not only incorrect, but detrimental to the health of women who were likely over-

dosed, more likely to suffer side effects, and to discontinue treatment than men.

Although the tendency to ‘control’ for sex or gender is based in statistics, it is also
pervasive in public health interventions and messaging, which often ignore sex as a biological
variable or are blind to gender inequalities. For example, the link between gender norms and
tobacco use has been thoroughly exploited by the tobacco industry. Tobacco advertising
highlights associations between smoking and masculinity, or alternately, promotes smoking as a
symbol of independence and sexuality to target women.(328) Public health interventions for
tobacco control, however, such as increasing prices and taxation of tobacco products, often do
not consider the gendered aspect of this issue.(328) The absence of gender-responsive tobacco
control measures may explain why more countries saw significant decreases in the prevalence

of smoking in men than in women between 2005 and 2015.(329) Once again, treating sex and
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gender as confounding variables to be controlled for (or ignored), instead of meaningful

sources of variation in the population, is detrimental to equitably improving global health.

Instead of controlling for sex and gender — be it statistically or in the application of an
intervention - we urge those working in global health to consider sex and gender as variables of
importance that can explain, rather than confuse, their research. A first, and necessary, step is
to disaggregate data to interrogate how sex and gender intersect with each other or with the
predictors and outcomes under investigation.(329) Disaggregation of data is a trigger for sex-
and gender-responsive research that allows for understanding how the true relationship
between a predictor and outcome differs between males and females or between men,
women, and gender minorities. This avoids the pitfalls and unintended consequences of
ignoring sex as a biological variable and gender as a social variable, and adds richness and depth

to the field of global health, which undoubtedly benefits the populations we serve.
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AP3.3 Figure

A. Controlling for sex/gender as confounding variables
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Figure 1. Controlling for sex and gender as confounding variables compared with including sex

and gender as intersectional variables of interest.
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AP4.1 Correspondence

We call for an intersectional approach to COVID-19 research and vaccination programmes
to better serve people. Socially, gender, race, ethnicity, disability, class and geography are key
mediators of exposure to SARS-CoV-2, access to care and the impact of lockdowns. Biologically,
age, male sex, obesity and co-morbidities are important risk factors for severe disease and
mortality. More investigation is needed on how these factors interact to affect health and

vaccination.

For example, mild to moderate adverse events following messenger RNA COVID-19
vaccines (such as fatigue and pain) are more likely to be reported by women than men (CDC
COVID Response Team, Food and Drug Administration (330). Meanwhile, fewer women,
younger adults and Black individuals intend to get a COVID-19 vaccine (331). Clearly,

intersectionality is key in studying and communicating the risks and benefits of vaccination.

Despite interest in how the pandemic differentially affects people, biomedical and social
scientists have siloed variables to focus on one group or risk factor. Instead, we need models
that evaluate, for example, how the impact of age on COVID-19 outcomes differs by sex, race,

gender, co-morbidities or frailty. Such approaches have borne fruit in flu vaccine development
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