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Abstract

PURPOSE: To investigate breast cancer survivors’ inflammatory responses to typhoid vaccine as
a window into their innate immune response to novel pathogens.

METHODS: This double-blind crossover trial randomized 158 breast cancer survivors to either
the vaccine/saline placebo or the placebo/vaccine sequence. The relative contributions of age,
cardiorespiratory fitness (VOzpeak), type of cancer treatment, central obesity, and depression to
interleukin (IL)-6, IL-1 receptor antagonist (IL-1Ra), and WBC vaccine responses were assessed
pre-injection and 1.5, 3, 4.5, 6, and 7.5 hours post-injection.
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1.

RESULTS: The vaccine produced larger 1L-6, IL-1Ra, and WBC responses than placebo,
ps<.0001. Prior chemotherapy, higher central obesity, and lower VO;peak Were associated with
smaller vaccine responses after controlling for baseline inflammation. Vaccine response was
summarized by the percent increase in area under the curve (IL-6, WBC) or average post-injection
mean (IL-1Ra) for vaccine relative to placebo. Women who received chemotherapy had smaller
vaccine responses than women who did not for both IL-6 (44% vs 78%, p<.001) and WBC (26%
vs 40%, p<.001); IL-1ra response was not significantly moderated by chemotherapy. Women
whose central adiposity was one standard deviation above the mean had smaller vaccine responses
than women with average adiposity for IL-6 (33% vs 54%, p<.001), WBC (20% vs 30%, p<.001),
and IL-1Ra (2.0% vs 3.2%, p<.001). Women with an average level of VOppeak had smaller vaccine
responses than women whose VOypeak Was one standard deviation above the mean for IL-6 (54%
Vs 73%, p<.001), WBC (30% vs 40%, p<.001), and IL-1Ra (3.2% vs. 4.1%, p=0.01). Age and
depression did not significantly moderate vaccine responses.

CONCLUSIONS: This study provided novel data on chemotherapy’s longer-term adverse
immune consequences. The data also have an important public health message: even relatively
low levels of fitness can benefit the innate immune response to a vaccine.

INTRODUCTION

Age-related declines in immune protection heighten the risk for infection and weaken
immune responses to vaccines (Crooke et al., 2019). Cancers are predominantly age-

related diseases, and treatments including chemotherapy, radiation, and some surgeries are
immunosuppressive; survivors’ residual immune deficits may impede the ability of some
vaccines to elicit a protective immune response (Denlinger et al., 2014). In addition, chronic
diseases/disorders that have been linked with poor vaccine responses include type 2 diabetes,
cardiovascular disease, and osteoporosis, all of which are more prevalent among cancer
survivors (Pascoe et al., 2014). Poor vaccine responses limit protection. However, more
broadly, poor vaccine responses reflect a bigger problem: an increased risk for infectious
disease morbidity and mortality.

In this study, we evaluated breast cancer survivors’ inflammatory responses to a typhoid
vaccine to provide a window into their innate immune response to novel pathogens. Robust
inflammatory responses are an essential immune defense for pathogen control and tissue
repair (Pawelec et al., 2014). Inflammation plays a key role in the immune system’s
responses to infections and vaccines by stimulating the development of adaptive immune
responses. Accordingly, deficits in the initial inflammatory response, a key component

of innate immunity, jeopardize the development of both cellular and humoral immune
responses (Crooke et al., 2019). We assessed the relative contributions of age, physical
fitness, cancer treatment, obesity, and depression because each of these parameters has
been associated with poorer vaccine responses (Dhurandhar et al., 2015; Duggal et al.,
2019; Goodwin et al., 2006; Kiecolt-Glaser et al., 1996; Madison et al., 2021; Weber

and Ljungman, 2018). Importantly, these risk factors share a common element, heightened
inflammation.
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Although there are contrary data for some vaccines (Moncunill et al., 2020; Neal et al.,
2022), higher baseline inflammation predicts poorer vaccine responses (Alter and Sekaly,
2015; Verschoor et al., 2017), For example, older adults with higher interleukin (IL)-6

were significantly less likely to respond to influenza vaccine than those with lower 1L-6
(Trzonkowski et al., 2003). Similarly, greater baseline inflammatory gene expression was
associated with lower antibody responses, and broad immune activation and excessive
inflammation have been identified as transcriptional signatures of weaker protective vaccine
responses (Pereira et al., 2020). Chronic inflammation impairs the immune system’s
functioning, producing habitual inefficient innate immune responses (Grubeck-Loebenstein
et al., 2009), including the acute phase responses that are the focus of this study.

“Inflammaging,” the age-related increase in systemic inflammation, inhibits fundamental
adaptive immune system vaccine responses by impairing the innate immune system’s
antigen presentation and priming tasks. The age-related immune system changes that
characterize immunosenescence increase susceptibility to infection and reduce vaccine
efficacy (Grubeck-Loebenstein et al., 2009). For example, influenza vaccines have been
70-90% effective in clinical trials with healthy younger adults, but only 17-53% effective in
older adults, depending on the viral strain (Goodwin et al., 2006).

1.2. Fitness

Exercise has well-documented anti-inflammatory effects, and regular exercise can dampen
the heightened inflammation that accompanies many diseases and disorders, including
obesity, coronary artery disease, hypertension, diabetes, stroke, and cancer (Mandsager

et al., 2018; Pedersen, 2017). Moreover, regular exercise lowers the risk for respiratory
infections, and reduces the risk for both a cancer diagnosis and death from cancer (Gilchrist
et al., 2020; Simpson et al., 2020). Higher levels of physical activity promote stronger
antibody responses to influenza and pneumococcal vaccines (Duggal et al., 2019).

Unfortunately, the reduced physical activity and associated deconditioning that frequently
occur during cancer and its treatment lower physical performance capacity and worsen
cardiorespiratory fitness, reflected in lower peak oxygen consumption (VOzpeak) (Jones

et al., 2009; Mock, 2004; Peel et al., 2014). During chemotherapy many women reduce
physical activity and gain weight (Vance et al., 2011), behaviors that fuel inflammation and
increase the risk for multiple comorbidities, e.g., type 2 diabetes and cardiovascular disease.

1.3. Cancer treatment

In a longitudinal study that investigated inflammation and comorbidity development over
time, breast cancer survivors and non-cancer controls did not differ at the pretreatment
baseline, but survivors had greater inflammation 6 and 18 months after their primary cancer
treatment compared to controls within a comparable time frame (Alfano et al., 2012).
Increases in comorbidities, particularly among later-stage women treated with chemotherapy
and radiation, may be one significant pathway (Alfano et al., 2012). However, even early-
stage patients often experience persistent fatigue, and over-activation of the inflammatory
network appears to be one key mechanism underlying fatigue (Bower and Lamkin, 2013).
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Prior cancer treatments may leave survivors at risk for immune suppression (Denlinger et
al., 2014). Indeed, cancer survivors have a higher prevalence of influenza and pneumonia
than similar adults without a cancer history, and survivors are also more likely to require
hospitalization (Abdel-Rahman, 2020; Heo et al., 2017).

1.4. Obesity

Weight gain occurs in 50-96% of women during breast cancer treatment (Vance et al.,
2011). Chemotherapy and the onset of menopause are strong clinical predictors of weight
gain during and after treatment, and chemotherapy induces menopause in 60% of women
over the age of 40 (Goodwin et al., 1999; Vance et al., 2011). Adverse changes in body
composition are commonplace after cancer treatment whether or not women gain weight,
with increased central obesity and decreased lean mass (Vance et al., 2011), and visceral fat
produces inflammatory cytokines (Kyrou et al., 2006).

Obesity has been characterized as a state of chronic inflammation because of the elevated
plasma IL-6, TNF-a, and CRP levels (Shelton and Miller, 2010). What is more, the
pathways are bidirectional: visceral adipose tissue’s secretion of proinflammatory cytokines
can function as a stimulus for HPA axis activation, such that hypercortisolemia enhances
adipocyte accumulation, and vice versa (Kyrou et al., 2006). Obesity carries a heightened
risk for more severe infections including greater susceptibility to influenza, postsurgical
infections, and periodontal disease. Moreover, standardized vaccine doses are not as
effective as in the non-obese (Dhurandhar et al., 2015).

1.5. Depression

Obesity can promote depression, and, in turn, depression can promote obesity; for example,
the risk for developing depression over time is 55% among persons with obesity (Luppino et
al., 2010). Furthermore, inflammation can induce depression, and depression primes larger
cytokine responses to stressors and pathogens (Kiecolt-Glaser et al., 2015). Individuals with
a major depressive disorder (MDD) diagnosis have poorer vaccine responses than those
without MDD; heightened subsyndromal depressive symptoms can also impair vaccine
responses, as well as eroding vaccine-related protection more rapidly (Ford et al., 2018;
Irwin et al., 2011; Madison et al., 2021).

1.6. Current study

Based on this literature, we studied the relative contributions of age, fitness, type of cancer
treatment (surgery only, radiation, chemotherapy), obesity, and depression to inflammatory
vaccine responses. We chose a typhoid vaccine because its inflammatory sequalae have been
well-characterized in multiple studies which have shown that a typhoid vaccination reliably
elicits IL-6, IL-1 receptor antagonist (IL-1Ra), and WBC responses without inducing fever
or notable discomfort, aside from mild injection site pain (Brydon et al., 2009; Chia et al.,
2003; Harrison et al., 2013; Hingorani et al., 2000; Kharbanda et al., 2002; Lacourt et al.,
2015; Paine et al., 2013; Wright et al., 2005). The primary outcome was change in IL-6.
Secondary outcomes were IL-1Ra and WBC.
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2. MATERIALS AND METHODS

2.1. Participants

We recruited 172 postmenopausal survivors, ages 36—78, who had been diagnosed with
stage I-111A breast cancer 1-9 years after the completion of all primary cancer treatment
except for longer-term hormonal therapies (tamoxifen, aromatase inhibitors) (Table 1, Figure
1). The primary recruitment sources were the James Cancer Hospital breast cancer clinics,
with secondary recruitment through the Army of Women website. Our 172 participants

fell short of our 180 recruitment goal because of COVID-19 issues (Figure 1); our final
analysis sample was limited to 158 because COVID-19 hospital protocols did not permit
VO, assessments on 14 women (Table 1). The institutional review board approved this
study; each participant provided informed consent.

Exclusions included a prior history of any other malignancy except basal or squamous cell
skin cancers, strokes, diabetes, anemia, current heart disease or uncontrolled hypertension,
liver disease, autoimmune and/or inflammatory diseases, a prior typhoid vaccination,
alcohol/drug abuse, smoking, and medical conditions that would have limited participation
(e.g., cognitive dysfunction). Medication exclusions included steroids, statins, and other
medications with anti-inflammatory actions.

2.2. Study Procedures and Design

Peak oxygen consumption (VOzpeak), the gold standard fitness measure (Jones et al., 2009),
was evaluated at a screening visit using a graded cycle ergometry exercise test as previously
described (Padin et al., 2019). Blood tests confirmed that women were not diabetic or
anemic.

In this study’s double-blind crossover design, women were randomized to either the vaccine/
placebo or the placebo/vaccine sequence at the first of two full-day study visits. The data
manager who prepared the treatment sequence had no study visit involvement. The research
assistants did not have the condition assignments. The nurse who inoculated women was not
the same nurse who drew blood throughout the day. Blinding was assessed for participants,
nurses, and research assistants.

Women were asked to consume their last meal no later than 7:30 pm the night before each of
the day-long visits, and also to avoid alcohol and strenuous physical activity two days prior
to their appointments. Aspirin and nonsteroidal anti-inflammatory drugs were discontinued
one week before each visit.

An intravenous catheter was inserted on admission, and baseline blood samples were drawn
following a 20-30 minute adaptation period. Following the blood draw, and before breakfast,
women completed baseline questionnaires. A nurse injected saline (the placebo) or Typhoid
capsular polysaccharide vaccine (Typhim-Vi, Sanofi Pasteur) into the non-dominant deltoid
muscle. Women received standardized meals. Subsequent blood draws occurred every 90
minutes for the next 7.5 hours. Women rated the intensity of physical symptoms (pain,
muscle aches, headache, feverishness, focus, memory, and hunger) from 0-9 at each blood
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draw. The two ~9.5-hour sessions were scheduled 26-420 days apart (M=46.87, SD=47.48);
the pandemic delayed some sessions.

Cancer-related fatigue has been well-documented among breast cancer survivors, and

inflammatory activity has been associated with its persistence. To address customary or
usual fatigue, we administered the SF-36 RAND Health Survey (Ware and Sherbourne,
1992), the most commonly used scale in studies of cancer fatigue and inflammation; its
energy/fatigue (vitality) scale assesses fatigue over the last month (Bower et al., 2002).

Depressive symptoms were assessed by the Center for Epidemiological Studies Depression
Scale (CES-D) (Basco et al., 1997; Radloff, 1977). The Charlson Index (de Groot et al.,
2003; Hall et al., 2004; Katz et al., 1996; Quan et al., 2011) provided data on comorbidities.
The Pittsburgh Sleep Quality Index (Buysse et al., 1989) assessed sleep quality.

Central obesity was assessed using dual x-ray absorptiometry (DXA) (model DPX-NT/
software version 5.60, GE Lunar, Madison, WI). Table 1 provides BMI data for reference,
but we used DXA in analyses because BMI misclassifies adiposity status in roughly one-
third of women (Kennedy et al., 2009).

2.3. Blood Samples

We assessed the vaccine’s acute-phase response using IL-6, IL-1Ra and white blood cell
count (WBC) following multiple typhoid vaccine studies that have demonstrated reliable
changes in these parameters, but not TNF-a (Brydon et al., 2009; Chia et al., 2003; Harrison
et al., 2013; Hingorani et al., 2000; Kharbanda et al., 2002; Lacourt et al., 2015; Paine et al.,
2013; Wright et al., 2005). Both cytokines, IL-1 and IL-6, have been shown to regulate the
liver’s production of acute phase proteins, and IL-1Ra functions as an acute phase protein
(Arend et al., 1998; Gabay et al., 1997) Each woman’s stored serum samples were assayed
for each inflammatory marker in one run, thus using the same controls for all time points.

We assayed serum IL-6 with the Quantikine HS ELISA kit (R & D Systems, Minneapolis,
MN), and serum IL-1Ra using an electrochemilluminescence method with Meso Scale
Discovery Kits. Sensitivity for IL-6 was 0.03 pg/mL, the intra-assay coefficient of variation
was 4.1%, and the inter-assay coefficient of variation was 6.5%; corresponding values for
IL-1Ra were 6.3 pg/mL, 4.1% and 8.6%. The hospital lab provided WBC data.

2.4. Statistical Methods

Linear mixed effects models were used to model changes in inflammation across the day
for both visits, allowing explicit modeling of the within-subject correlations both within
visits and between visits. 1L-6 and IL-1Ra values were right-skewed; thus, all analyses for
these outcomes used natural log-transformed values (In) to better approximate normality

of residuals. Time since injection was treated as a categorical variable in all models

(i.e., trajectories were not assumed to be linear). Random effects included subject-specific
visit effects that were allowed to be correlated, thus modeling the different magnitude of
within-subject correlations within and across visits. Additionally, random plate effects were
included for cytokines (IL-6, IL-1Ra). The Kenward-Roger adjustment to the degrees of
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freedom was used to control Type 1 error (Kenward and Roger, 1997), and no adjustments
were made to p-values to account for multiple testing.

In a first set of models we tested for vaccine effects on outcomes by modeling all time
points (including the pre-injection time point) and including fixed effects of injection type,
time since injection, and their interaction. The two-way interaction of injection type by time
tested for a vaccine effect in these models. In a second set of models testing for moderation
of vaccine effects we controlled for baseline outcome levels and modeled the remaining
time points as outcomes, thus controlling for pre-injection inflammatory differences across
levels of moderators (e.g., differences in baseline inflammation by cardiovascular fitness).
These models included the three-way interaction of potential modifier by injection type by
time since injection, with all lowerorder interactions. Specifically, we evaluated (in separate
models) whether age, cancer treatment, obesity, depression, and physical fitness (VO2peak)
moderated the vaccine effect, controlling for baseline inflammation, by testing the three-way
interaction term.

In models assessing moderation we used the area under the curve with respect to ground
(AUCy) as a summary measure of inflammatory response for outcomes with more than
three measurements (IL-6, WBC). AUC with respect to ground was chosen over AUC
with respect to increase since we were controlling for baseline inflammation. Since some
participants had sporadically missing data points across the day, AUCg for different levels
of key predictors (e.g., AUCg for each injection type) was estimated using contrasts within
the linear mixed models. This method has been shown to outperform analyses that use
AUCq values calculated per individual when there are missing data (Bell et al., 2014),

and additionally allowed us to control for the plate effect for models for cytokines. For
IL-1Ra, which only had three measurements across the day, we used the estimated average
inflammation at 6.5 and 8 hours post-injection as a summary measure of inflammatory
response. This was estimated using contrasts in the linear mixed models for differing levels
of key predictors.

To facilitate comparison of effect sizes across the set of potential effect modifiers,

we standardized each continuous predictor using z-scores, and report the effects of

each for a one unit increase in the z-score (e.g., a one standard deviation increase in

the predictor). Binary modifiers (e.g., chemotherapy) were used without modification.
Additional covariates were included in all models to guard against confounding. All models
controlled for the main effects of visit order (first versus second visit), cancer stage, time
since cancer treatment, receipt of hormone therapy (yes/no), and presence of comorbidities.
We initially also included sleep quality (Pittsburgh Sleep Quality Index) in models, but it
was not significant, and results were unchanged when it was removed. Additionally, all
potential effect modifiers (age, cancer treatment, obesity, depression, and physical fitness)
were included as main effects in all models even when they were not the target predictor

of interest in interaction terms. Analyses were conducted in SAS version 9.4 (Cary, North
Carolina).

Bang et al. blinding indices (Bang et al., 2004) were used to assess blinding of participants
and experimenters, separately for each injection type. This index ranges from -1 to 1 with
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a blinding index of zero indicating perfect blinding, i.e., random guessing, and a value of
one indicating complete unblinding, i.e., all guesses correct. the blinding index, which was
calculated using R (Team, 2020).

2.5. Sample Size

Sample size was determined a prioribased on ensuring adequate power for the three-way
interaction of depression by injection type by time using estimates from pilot data to

inform the calculation. A sample size of 180 subjects was estimated to provide 94% power
for this interaction. However, we were unable to fully recruit and assess cardiovascular
fitness (VO2peak) ON a subset of the sample whose visits occurred when COVID-19-related
restrictions were in place, resulting in 158 subjects with enough data such that they could be
included in analysis models (Table 1). This sample size was estimated to provide 88% power
for the three-way interaction.

3. Results

3.1. Vaccine Effects on Inflammatory Responses

All inflammatory measures (IL-6, IL-1Ra, WBC) demonstrated significantly larger
responses to the vaccine as compared to the placebo as evidenced by significant injection
type by time interactions (p<.0001 for all). Figure 2 shows the estimated trajectories. IL-6
and WBC produced the most pronounced vaccine responses; the IL-1Ra response was less
pronounced. Of note, for all three outcomes the mean level at the end of the day was
significantly higher than at baseline for the placebo visit (p<.001 for all), underscoring

the importance of having this condition as a control. In addition to these significant
inflammatory responses, there were also significant vaccine effects on self-rated measures of
pain (p<.0001), aches (p<.0001), and headache (p=0.02), as shown in Supplemental Figure
1.

3.2. Effects of Age, Cancer Treatment, Obesity, Depression, and Physical Fithess on
Baseline Inflammation

Higher central obesity and lower cardiorespiratory fitness (VOppeak) Were associated with
higher pre-injection levels of IL-6, IL-1Ra, and WBC (p<.001 for all; Supplemental Table
1). Pre-injection 1L-6 was also associated with chemotherapy treatment (higher IL-6 for
survivors who received chemotherapy, p=.008) and current hormone therapy (higher IL-6
for women not undergoing hormone therapy, p=.03). Neither age nor depression were
significantly associated with any of the inflammatory markers at baseline (p>.05 for all).

3.3. Effects of Age, Cancer Treatment, Obesity, Depression, and Physical Fithess on
Vaccine Responses

The IL-6 and WBC vaccine responses were significantly moderated by central obesity,
VOapeak, and prior chemotherapy (p<.001 for all, Table 2), but not age, depression,

prior radiation therapy, or hormone therapy (p>.08 for all). After controlling for baseline
differences in inflammation, prior chemotherapy, higher central obesity, and lower
cardiorespiratory fitness were associated with smaller vaccine responses. Relative to
placebo, the vaccine increased the IL-6 AUCg by 78% for women who did not receive
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chemotherapy versus only 44% among those who did. For a woman at the average levels of
central obesity and cardiorespiratory fitness, the vaccine produced a 54% increase in IL-6
AUCq relative to placebo. If central obesity was one standard deviation above the mean,

the vaccine produced only a 33% increase; if VOgpeak Was one standard deviation above the
mean, the vaccine produced a 73% increase. Relative to placebo, the vaccine increased WBC
AUCg by 40% for women who did not receive chemotherapy but only 26% for women

who did receive chemotherapy. For a woman at the average levels of central obesity and
cardiorespiratory fitness, the vaccine produced a 30% increase in WBC AUCqg relative to
placebo. If central obesity was one standard deviation above the mean the vaccine produced
only a 20% increase, and if VOgpeak Was one standard deviation above the mean the vaccine
produced a 40% increase. Among these effects, for both IL-6 and WBC the largest effect
sizes were for the effect of prior chemotherapy, followed by central obesity and VOypeak-

The IL-1Ra vaccine response was significantly moderated by both central obesity (p<.001)
and cardiorespiratory fitness (p=.01), with higher central obesity and lower VOgpeak
associated with smaller vaccine responses (Table 3). For a woman at the average levels

of central obesity and cardiorespiratory fitness, average post-injection IL-1Ra was 3.2%
higher after the vaccine compared to placebo. If central obesity was one standard deviation
above the mean the vaccine produced only a 2.0% increase, and if VOgpeak Was one standard
deviation above the mean the vaccine produced a 4.1% increase. Additionally, the IL-1Ra
vaccine response was moderated by hormone therapy (p=.048), with higher inflammatory
response for cancer survivors using hormone therapy (Table 3). For women using hormone
therapy, the vaccine produced a 3.7% increase in IL-1Ra, while IL-1Ra increased only

1.9% among women not using hormone therapy. Among these effects, the largest effect size
was for hormone therapy, followed by central obesity and VO,pea. Age, depression, prior
chemotherapy, and prior radiation therapy did not significantly moderate the IL-1Ra vaccine
response (p>.08).

Though prior radiation treatment did not moderate vaccine responses, it was significantly
associated with overall levels of inflammation after both injections, even after controlling for
baseline inflammation. Cancer survivors who had prior radiation treatment had significantly
higher post-injection IL-6 (main effect of radiation: p=.02) and higher post-injection IL-1Ra
(main effect of radiation: p=.02) across the day. Supplemental Figure 2 shows estimated
post-injection trajectories for all outcomes.

3.4 Baseline Inflammation and Baseline Fatigue as Moderators of Vaccine Responses

We also assessed the question of whether baseline inflammation and/or baseline fatigue
moderated vaccine responses. The IL-6 vaccine response was significantly moderated

by pre-injection inflammation (p<.001), such that cancer survivors with higher baseline
inflammation had smaller responses. For a woman whose pre-injection IL-6 (log-
transformed) was one standard deviation above the mean, the vaccine produced a 27%
increase compared to placebo, significantly smaller than the 53% increase for a woman at
the average pre-injection IL-6 level. Neither the WBC (p=0.10) nor IL-1Ra (p=0.07) vaccine
responses were moderated by pre-injection levels of these measures. Baseline fatigue did not
moderate the 1L-6 (p=0.77), WBC (p=0.32), or IL-1Ra (p=0.81) responses.
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3.5. Blinding

Participants were not completely blinded to the injection type, which was expected due

to the difference in arm pain between the two injection types. The Bang et al. blinding

index (Bang et al., 2004) for participants during the placebo visit was 0.35 (95% CI: 0.26,
0.45) and for the vaccine visit it was 0.44 (95% CI: 0.26, 0.45). There was evidence that
blinding was much more effective for both the experimenters and the nurse. For the morning
experimenter, these indices were —0.03 (95% CI: -0.08, 0.02) and 0.05 (95% ClI: 0.01, 0.10)
for the placebo and vaccine visits, respectively. For the afternoon experimenter, these indices
were 0.08 (95% CI: 0.03, 0.13) and 0.13 (95% CI: 0.07, 0.20) for the placebo and vaccine
visits, respectively. For the nurse, these indices were —0.02 (95% CI: -0.08, 0.03) and 0.04
(95% CI: —-0.003, 0.09) for the placebo and vaccine visits, respectively.

4. Discussion

A robust inflammatory response plays a crucial role in the acute response to infection

and wounding (Jenny, 2012). Age, cancer treatment, obesity, depression, and physical
fitness have all been associated with heightened low-grade chronic inflammation, and
higher inflammation has predicted poorer responses to diverse vaccines including influenza,
varicella zoster virus, yellow fever, and hepatitis B (Alter and Sekaly, 2015; Pereira et al.,
2020; Verschoor et al., 2017). After accounting for baseline differences in inflammation,
prior chemotherapy, lower fitness, and greater central obesity were all associated with

lower inflammatory vaccine responses. Comparisons of the relative effect sizes showed that
chemotherapy had the largest impact on IL-6 and WBC levels, but was not significant for
IL-1Ra. Central obesity had the second largest effect size for all three inflammatory markers,
while cardiorespiratory fitness had modestly smaller but significant effects across all three
indices. Women receiving hormone therapy had larger IL-1Ra responses than those who did
not, but it did not have significant IL-6 or WBC effects.

Neither age nor depressive symptoms showed significant relationships with inflammatory
responses. However, our participants’ average age was only 57, and age-related vaccine
impairments are observed in the elderly (Goodwin et al., 2006). Similarly, major depression
has been a primary focus in vaccine studies (Ford et al., 2018; Irwin et al., 2011), and only
14% of our participants’ CES-D scores reached the major depression threshold at either
visit, limiting our assessment of depression’s impact.

Importantly, time since primary treatment completion, which ranged from 1-9 years, was
not related to vaccine responses. The women in our study who received chemotherapy were
3.8 years younger than those who did not, and the groups did not differ on fitness, central
obesity, depression, or comorbidities. In this light, the chemotherapy-treated women’s lower
inflammatory responses provide novel evidence of persistent adverse chemotherapy-related
immune alterations.

A review of 27 clinical trials and observational studies concluded that breast cancer
survivors’ cardiorespiratory fitness was 25% lower than that of healthy sedentary women
(Peel et al., 2014). Viewed another way, the average 50-year-old survivor’s VOymay Was
most similar to that of a sedentary 60-year-old woman, and declines in fitness persisted
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even seven years after treatment completion. Consistent with these studies, our participants’

average VOppeak, 22.0 mL/(kg min), paralleled data from this review, 22.2 mL/(kg min) (Peel
et al., 2014), and our participants’ modal fitness classification was very poor. However, even
among our low fitness sample, women who were relatively more fit had larger inflammatory
vaccine responses. In concert with antibody studies that have looked at fitness (Duggal et al.,
2019), these data show how physical activity promotes vaccine responsiveness.

Exercise need not be vigorous to be beneficial. A large prospective study of older women
showed that accelerometer-measured standing, with or without ambulation, was associated
with lower all-cause mortality, particularly among those with high sedentary time (Jain et
al., 2020). Similarly, other researchers found that low leisure-time physical activity was
associated with a 10% lower risk of bacterial infection compared to sedentary behavior
(Pape et al., 2016). Our study shows how such minimal differences in activity may confer
health benefits.

Our study was not designed to address the particular innate immune pathways, but

other typhoid vaccine studies have provided helpful information in this regard. For
example, Paine and colleagues reported that the typhoid vaccine produced a significant
increase in granulocytes, as well as nonsignificant increases in monocytes and lymphocytes
(Paine et al., 2013). Additionally, there may be de-margination of neutrophils that have
been “sticking” to vascular and/or lymphoid tissues shortly after vaccination, and this de-
margination may reflect a vaccine response.

Our study focused on the initial, rapid inflammatory response, and we did not assess
antibody responses to the vaccine, one limitation. This vaccine produces an antibody
response in 90% of recipients (Plotkin and Bouveret-Le Cam, 1995), and this efficacy is
such that a weaker initial reaction may not diminish its ultimate efficacy and protective
immunity.

Although there is a clear theoretical basis for expecting that a robust initial inflammatory
vaccine response should correspond to more efficient recruitment of the adaptive immune
system, some studies suggest that a less robust inflammatory vaccine response may predict
better outcomes. For example, protection following malaria immunization was heightened
by a “moderately elevated inflammatory state” before vaccination (Neal et al., 2022), and
another study also suggested that a more activated immune system prior to immunization
responded better to the malaria vaccine (Moncunill et al., 2020).

However, in other studies pre-vaccination inflammation-related gene signatures predicted
influenza antibody titers one month post-vaccination across multiple seasons (Nakaya et
al.). Similarly, greater baseline inflammatory gene expression was associated with lower
hepatitis B antibody responses, and broad immune activation and excessive inflammation
were transcriptional signatures of weak hepatitis B vaccine responses (Bartholomeus et al.,
2018; Fourati et al., 2016; Pereira et al., 2020). In our study, baseline 1L-6 had a strong
moderating effect on the IL-6 vaccine response; as expected, higher baseline 1L-6 predicted
a lower IL-6 vaccine response. Accordingly, blocking inflammation has been suggested as a
potential strategy to enhance vaccine efficacy (Alter and Sekaly, 2015; Pereira et al., 2020),
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and this could be a particularly relevant strategy for groups such as older adults and cancer
survivors.

Vaccination provides a useful model to assess the immune system’s response to novel
pathogens because it affords uniform antigen exposure across individuals as well as a
dynamic assessment of the inflammatory response, a central component of the innate
immune system’s first line of defense. Our study provides a new window on chemotherapy’s
persistent adverse immune consequences, a finding that deserves further attention. The data
also have an important public health message for cancer survivors: even relatively low levels
of fitness can benefit immune system functioning and health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Innate immunity plays a key role in immune responses to infections and vaccines.

A typhoid vaccine provided a window into the inflammatory immune response.
Chemotherapy was associated with poorer vaccine responses in cancer survivors Even
relatively low fitness appeared to benefit inflammatory vaccine responses.
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Assessed for eligibility (n=10261)

\ 4

Excluded (n=10055)
o Not meeting inclusion criteria (n=8946)*
o Declined to participate (n=1109)

In-person eligibility screening (n=206)
e |n-person screening + exercise test (n=189)
e |n-person screening + no exercise test, COVID restricted (n=17)

» Excluded (n=34)

¢ High Alc (n=1)

e Low Hgb values (n=1)

e Meloxicam washout too harsh (n=1)

¢ Not interested/cancelled (n=18)

e Blood draw issues (n=7)

e Found ineligible (n=4)

e Too short for VO2 (n=1)

¢ No BPs due to bilateral mastectomies (n=1)

A 4

Randomized (n=172)

+_J_+

Allocated to Vaccine at V1 (n=85) Allocated to Placebo at V1 (n=87)
Did not complete V2 (n=2) Did not complete V2 (n=7)
» Not interested/cancelled (n=1) _| e Not interested/cancelled (n=6)

¢ Blood draw problems (n=1) » Received incorrect injection

type at V2 (n=1)

A 4

Allocated to Placebo at V2 (n=83) Allocated to Vaccine at V1 (n=80)
S
Excluded from analysis (n=14) Analyzed (n=158)
e No VO2 data (n=14) e Both V1 and V2 data (n=149)

e Only V1 data (n=9)

Figure 1.
CONSORT diagram, subject flow.
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Figure 2:

Estimated trajectories of (A) serum IL-6, (B) serum IL-1Ra, and (C) WBC after injection
with either placebo or typhoid vaccine. Results are from linear mixed models controlling for
age, cancer treatment, hormone treatment, obesity, depression, physical fitness, visit order,
cancer stage, time since cancer treatment, and presence of comorbidities.
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Table 1

Demographic and clinical characteristics of participants.

Page 20

All Participants Analysis
(n=172) Sample (n =
158)
N Mean (SD) or  Range N Mean (SD) or  Range
N N
(%) (%)
Age 172 56.6 (8.4) 36-78 158 56.6 (8.4) 36-78
Race 172 158
White 159 (92.4%) 146 (92.4%)
Black 10 (5.8%) 10 (6.3%)
Asian 1 (0.6%) 0 (0%)
Mixed 2 (1.2%) 2 (1.3%)
BMI, kg/m2 172 158
<185 0 (0%) 0 (0%)
Underweight
18.5-24.9 61 (35.5%) 56 (35.4%)
Healthy
25-29.9 60 (34.9%) 55 (34.8%)
Overweight
> 29.9 Obese 51 (29.7%) 47 (29.7%)
Trunk fat, kg 172 15.7 (6.7) 3.1-34.3 158 157 (6.7) 3.1-34.3
(DXA)
VOppeak, MLI(Kg 158 22.0 (5.3) 10.2-33.6 158 22.0 (5.3) 10.2-33.6
min)
Years since 172 3.5(2.3) 0.8-9.9 158  3.6(2.3) 0.8-9.9
treatment
Chemotherapy 172 116 (67.4%) 158 108 (68.4%)
treatment
Radiation treatment 172 105 (61.0%) 158 94 (59.5%)
Current Hormone 172 138 (80.2%) 158 128 (81.0%)
therapy
Cancer stage 172 158
Stage | 81 (47.1%) 75 (47.5%)
Stage II 82 (47.7%) 76 (48.1%)
Stage 111 9 (5.2%) 7 (4.4%)
Any comorbidities 171 22 (12.9%) 158 20 (12.7%)
CES-D score
Visit 1 172 7.5(6.8) 0-37 158 7.6 (6.9) 0-37
Visit 2 163 7.7 (6.9) 0-41 149 7.8(7.0) 0-41
Energy/Fatigue *
Visit 1 172 60.4 (18.8) 10-90 158 60.9 (19.0) 10-90
Visit 2 163 61.7 (19.7) 0-100 149 62.0 (19.8) 0-100

Fasting IL-6, pg/mL
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All Participants Analysis
(n=172) Sample (n =
158)
Visit 1 171 2.8(6.1) 0.4-78.4 157 29 (6.4) 0.4-78.4
Visit 2 163 2.8(6.4) 0.4-80.6 149 2.8(6.7) 0.5-80.6
Fasting IL-1Ra,
pg/mL
Visit 1 171 542 (394) 121 157 548 (386) 121
-1991 -1991
Visit 2 163 526 (3 69) 143- 149 525 (342) 143-
2389 1888
Fasting WBC, K/uL
Visit 1 169 51(1.4) 1.9-9.1 155 5.1(1.4) 1.9-9.1
Visit 2 163 5.0 (1.3) 1.7-10.5 149 5.0 (1.3) 1.7-10.5

*
From SF-36 RAND Health Survey, higher is less fatigued.
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Estimated area under the curve with respect to ground (AUCg) for serum IL-6 and WBC, for each injection
type (placebo, vaccine) by levels of potential effect modifiers. Results from separate linear mixed effects
models for each moderator, controlling for baseline (pre-injection) outcome level, age, cancer treatment,
hormone treat-ment, obesity, depression, physical fitness, visit order, cancer stage, time since cancer treatment,

and presence of comorbidities.

AUCg, Mean (SE)

Difference in Difference (High-Low)

Outcome  Moderator Level” Placebo Vaccine Difference  Mean (SE) 95% ClI P-value
In(IL-6) Age Z-score=0 9.4 (0.52) 14.6 (0.53) 5.2(0.32)
Z-score=1 10.1(0.59) 14.9(0.60) 4.8(0.45)  -0.37(0.32) (-1.01, 0.26) 0.25
CESD Z-score=0 9.4(052) 14.6(0.53) 5.2(0.32)
Z-score=1 95(0.57) 14.7(0.60) 5.1(0.46) -0.03(0.33) (-0.69, 0.62) 0.92
Trunk Fat Z-score=0 9.5(0.52) 14.6 (0.53) 5.1(0.29)
Z-score=1 10.4(0.63) 13.8(0.63) 35(0.42) -1.67(0.29) (-2.25, -1.09) <0.0001
VO2peak Z-score=0 9.5(0.52) 14.6 (0.53) 5.1(0.30)
Z-score=1 9.1(0.61) 15.7(0.62) 6.6(0.42)  1.48(0.30) (0.89, 2.07) <0.0001
Chemotherapy  No 8.6 (0.70) 15.3(0.71) 6.7 (0.54)
Yes 10.0 (0.54) 14.4(055) 4.4(0.38) -2.28(0.66) (-3.57, -0.98) 0.0007
Radiation No 8.9(0.62) 14.0(0.62) 5.0 (0.50)
Yes 10.0 (0.58) 15.2(0.60) 5.2(0.42)  0.22 (0.66) (-1.08, 1.52) 0.74
Hormone Tx No 9.8 (0.76) 13.8(0.78) 4.0(0.73)
Yes 94(051) 14.9(052) 5.4(0.35)  1.42(0.81) (-0.18, 3.02) 0.08
WBC Age Z-score=0 27.5(0.54) 35.9(0.55) 8.4(0.46)
Z-score=1 27.1(0.66) 35.9(0.67) 8.8(0.65)  0.41(0.46) (-0.50, 1.32) 0.38
CESD Z-score=0 27.5(0.54) 35.9(0.55) 8.4(0.46)
Z-score=1 27.6(0.63) 35.7(0.66) 8.1(0.65) - 0.29(0.47) (-1.21, 0.64) 0.54
Trunk Fat Z-score=0 27.6(0.53) 35.9(0.54) 8.3(0.40)
Z-score=1 28.1(0.69) 33.5(0.69) 55(0.57) - 2.82(0.40) (-3.61, -2.02) <0.0001
VO2peak Z-score=0 27.6(0.54) 35.9(0.54) 8.4(0.42)
Z-score=1 26.6(0.70) 37.2(0.72) 10.6(0.59) 2.28 (0.42) (1.45,3.12) <0.0001
Chemotherapy  No 27.4(0.81) 38.3(0.83) 10.9(0.76)
Yes 27.1(0.55) 34.2(0.55) 7.1(0.53) -3.77 (0.92) (-5.59, -1.94) <0.0001
Radiation No 27.7(0.69) 36.1(0.69) 8.4(0.72)
Yes 27.4(0.63) 35.7(0.66) 8.3(0.60) - 0.13(0.95) (-2.00, 1.74) 0.89
Hormone Tx No 28.1(0.90) 34.9(0.91) 6.9(1.0)
Yes 275(0.52) 36.3(053) 87(0.51)  1.83(L.16) (-0.47, 4.12) 0.12

*
Z-score = 0 is the AUCqg at the average level of the moderator in the sample (e.g., at average age), and Z-score = 1 is the AUCg at one standard
deviation above the average level of the moderator (e.g., age that is one SD above the mean age).
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Table 3

Estimated average serum IL-1ra mean post-injection, for each injection type (placebo, vaccine) by levels of
potential effect modifiers. Results from separate linear mixed effects models for each moderator, controlling
for baseline (pre-injection) IL-1ra, age, cancer treatment, hormone treatment, obesity, depression, physical
fitness, visit order, cancer stage, time since cancer treatment, and presence of comorbidities.

Post-Injection Mean (SE) Difference in Difference (High-Low)
Outcome Moderator Level © Placebo Vaccine Difference ~ Mean (SE) 95% ClI P-value
In(IL-1Ra)  Age Z-score=0 6.11(0.03) 6.32(0.03) 0.21(0.02)
Z-score=1 6.10(0.03) 6.31(0.03) 0.21(0.03) 0.004 (0.02) (~0.041, 0.050) 0.85
CESD Z-score=0  6.11(0.03) 6.32(0.03) 0.21(0.02)
Z-score=1  6.14(0.03) 6.33(0.03) 0.19(0.03) -0.013(0.02)  (-0.058,0.032) 0.57
Trunk Fat Z-score=0  6.14 (0.05) 6.34(0.05) 0.20 (0.02)
Zscore=1  6.17(0.05) 6.29(0.05) 0.12(0.03) -0.073(0.02)  (-0.113,-0.034)  0.0004
VO2peak Z-score=0 6.14 (0.05) 6.34(0.05) 0.20 (0.02)
Z-score=1 6.12(0.05) 6.37(0.05) 0.25(0.03) 0.053 (0.02) (0.012, 0.094) 0.01
Chemotherapy  No 6.09 (0.04) 6.35(0.04) 0.26(0.04)
Yes 6.12 (0.03) 6.30 (0.03) 0.18(0.03) =-0.077 (0.05)  (-0.171,0.017) 0.11
Radiation No 6.11(0.04) 6.27(0.04) 0.16 (0.04)
Yes 6.12 (0.03) 6.36(0.03) 0.24(0.03) 0.082 (0.05) (~0.009, 0.174) 0.08
Hormone Tx No 6.13 (0.04) 6.24 (0.04) 0.11 (0.05)
Yes 6.13(0.03) 6.36(0.03) 0.23(0.02) 0.114 (0.06) (0.001, 0.226) 0.048

*
Z-score = 0 is the post-injection mean at the average level of the moderator in the sample (e.g., at average age), and Z-score = 1 is the
post-injection mean at one standard deviation above the average level of the moderator (e.g., age that is one SD above the mean age).
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