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Abstract

Background Amidst the ongoing COVID-19 pandemic, understanding factors that influence vaccine efficacy is
crucial, particularly in older adults. Regular physical exercise and/or structured physical activity (SPA) has emerged

as a potential modulator of immune responses, enhancing vaccine effectiveness. This systematic review aims to
consolidate current evidence on the impact of SPA/exercise on both immune and inflammatory responses to COVID-
19 vaccination in adults and older individuals.

Methods Most relevant studies were extracted from indexed databases using health subject terms in English,
Portuguese, and Spanish. Studies that examined the impact of regular exercise or SPA on inflammatory and/or
immunological responses in relation to COVID-19 immunization were selected. In particular, all chosen studies
included individuals who received vaccinations either prior to or following the exercise regimen or SPA, and the main
goal was to evaluate these effects on immunological and/or inflammatory reactions induced by vaccination.

Results Among the 7 studies included (n=1149), the effects of regular exercise or PA on vaccine-induced immune
responses while concurrently assessing inflammatory markers were examined. The findings suggest that moderate to
high-intensity structured physical activity (50-70% of maximum heart rate for aerobic exercise and 60-80% of 1RM for
resistance training), performed 3-5 times per week, was able to enhance immune responses to COVID-19 vaccination,
particularly by mitigating chronic low-grade inflammation. Acute exercise can transiently boost immunity, whilst
engagement in moderate SPA over a period of six months may contribute to sustained improvements in immune
function, especially in older adults. However, these findings should be interpreted with caution due to variability in
study design, sample characteristics, and potential confounding factors.

*Correspondence:

Francisco Rodrigues

franciscobrodrigues@ipcb.pt

Guilherme Eustaquio Furtado

guilherme furtado@ipc.pt; furts2001@yahoo.com.br

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12979-025-00515-x
https://orcid.org/0000-0002-8368-1459
https://orcid.org/0000-0001-8655-5151
https://orcid.org/0000-0002-5236-3124
https://orcid.org/0000-0002-7293-1213
https://orcid.org/0000-0001-8405-4249
https://orcid.org/0000-0002-9862-0691
https://orcid.org/0000-0001-8266-1416
https://orcid.org/0000-0002-7648-8458
https://orcid.org/0000-0003-3565-8331
https://orcid.org/0000-0001-8327-1567
http://crossmark.crossref.org/dialog/?doi=10.1186/s12979-025-00515-x&domain=pdf&date_stamp=2025-10-29

Palotino-Ferreira et al. Inmunity & Ageing (2025) 22:44

Page 2 of 14

Conclusion Regular exercise and SPA play a significant role in improving immune/inflammatory responses to
COVID-19 vaccination. Older adults, in particular, may benefit from regular SPA and exercise as a strategy to counteract
immunosenescence and optimize vaccine efficacy. However, further research is needed to better refine exercise
protocols and determine long-term benefits in different populations.
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Introduction

The COVID-19 pandemic, caused by the coronavirus
SARS-CoV-2, has brought unprecedented challenges
to global healthcare systems and social structures [1].
Although the development and distribution of vaccines
have provided a glimmer of light at the end of the tunnel,
the full comprehension of the determinants of vaccine
efficacy is still ongoing [2]. In this context, the complex
interplay between physical activity/exercise, immune/
inflammatory responses, and vaccine efficiency is worthy
of investigation [3].

Age is one of the most important factors influencing the
immune response to infections and vaccination [4]. With
aging, the immune system undergoes a process known as
immunosenescence, which results in a gradual reduction
of responsiveness to pathogens and vaccines, increas-
ing susceptibility to infections, including COVID-19 [5].
This decline in immune function affects both the innate
and adaptive immune systems [6], leading to a weakened
defense against infectious diseases and an increased risk
of chronic conditions in older individuals [7]. It is broadly
accepted that some factors, such as genetic predisposi-
tions, environmental influences, behavioral habits, and
nutrition, contributes to variations in immune responses,
as well as sedentary lifestyles can further exacerbate
these declines [8]. When combined with comorbidities
commonly seen in aging individuals, these factors can
lead to a significantly impaired immune response, lead-
ing to older individuals more prone to severe disease
and complications from infections, as COVID-19 [8, 9].
Therefore, understanding how these age-related changes
in immune function influence vaccine responses is criti-
cal in developing strategies to protect older populations.

Recent studies have shown that immunosenescence not
only results in diminished T-cell production and function
but also impacts the efficiency of antibody responses to
vaccination and infection [10]. In the context of COVID-
19, these age-related changes may contribute to a slower
and less robust immune response, leading to reduced
vaccine efficacy in older individuals [11]. Based on its
data, is essential to consider the role of immune system
aging when assessing the effectiveness of COVID-19
vaccines and other interventions [12]. Focusing on the
immunological mechanisms underpinning aging, we can
better understand the inequalities in COVID-19 results
across age groups and adopt more personalized public

health policies to safeguard the most susceptible popula-
tions [13].

Regular physical activity (PA) which includes physical
exercises is a long-term immune system booster, capable
of improving both innate and adaptive responsiveness
[14-16]. These responses are characterized by improve-
ments in leukocyte trafficking, optimized immune
intern communication (balance between pro- and anti-
inflammatory cytokines), proper metabolic modula-
tion (mainly via interleukin 6), and overall immune cell
function, which, collectively, contribute to an enhanced
state of immune surveillance [17]. Consequently, it is not
a surprise the growing evidence of the strong interplay
between immune adaptations induced by SPA and the
immune/inflammatory responses triggered by COVID-
19 vaccines [3, 9, 18].

On the other hand, the balance between the long-
term immune improvement induced by exercise and
potential immunosuppression (usually due to over-
training or repeated exhaustion) must be carefully
considered [9, 19]. In this context, it is worth mention-
ing that while regular PA is capable of improving or
maintaining immunity throughout life [20], prolonged
and high-intense exercises, such as endurance events,
can trigger transient immunosuppression, generally
characterized by an impairment in immune cell func-
tion [9]. In fact, this post-exercise “open window” for
opportunistic infections has raised questions about
whether certain exercise protocols may inadvertently
impact the immune response to vaccination, especially
against pathogens like SARS-CoV-2 [20]. As the scien-
tific community seeks to optimize COVID-19 vaccina-
tion strategies for diverse populations [21], it is crucial
to understand how exercise-induced immune adapta-
tions influence the development of protective immunity
against respiratory virus [9, 22].

Considering the limited integration of exercise-elic-
ited immune-inflammatory mechanisms and their role
in enhancing vaccine efficacy among older adults, this
review adopts a systematic approach to address this gap.
The aim is to rigorously analyse studies that investigate
the concurrent effects of regular PA or structured exer-
cise and COVID-19 vaccination in middle-aged and
older individuals. This methodology balances contextual
depth with analytical rigor, offering a comprehensive and
focused perspective on this complex and evolving topic.
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Therefore, this systematic review (SR) aims to present
the current state-of-the-art understanding of the com-
plex interplay between regular exercise/PA, age-related
immune dysfunction, and inflammatory responses to
COVID-19 vaccination. Through synthesis of informa-
tion from multiple studies, we intend to emphasize the
potential of engagement to maximize vaccine response in
older adults, identify significant gaps in the existing liter-
ature, and recommend paths for future research. Further-
more, this review provides actionable insights for public
health strategies aimed at enhancing vaccine efficacy and
reducing susceptibility to viral respiratory infections,
particularly in aged populations.

Methods

Study design

This is a SR conducted in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement [23]. Additionally,

Table 1 Construction strategy for review Preparation based on
PICQOTS principles

Acronym Information Concepts

P Individuals across  According to the WHO, encompassing
all age groups people from different stages of life,

including children, adolescents, adults,
and older people, without restrictions
based on gender, or health status [27]
Regular exercise  Planned, repetitive and structured body
interventions movement done to improvement one
or PA or more components of physical fitness
(i.e, muscle strength and resistance;
flexibility, body composition) [28]

C Controls or Without a specific treatment and/or
groups of involving isolated or combined physi-
comparison cal exercise interventions [29]

6] Pro/anti- Indicators on the changing state of
inflammatory psychosocial, neurocognitive, sensory-
cytokines and/or - motor, social-emotional, sleep, and
antibodies socio-behavioral domains of an older

individual, group of people or popula-
tions [30]

T Time of differ- Refers to the temporal aspects of
ent types of exercise interventions, encompassing
intervention the duration, frequency, and timing of

exercise sessions. It involves specifying

how long each exercise session lasts,

how often sessions are conducted [31].
S Community set-  Encompass the environments, con-

tings or 24-hours
healthcare and
social support
centers

texts, and conditions in which exercise
interventions occur. This involves iden-
tifying where exercise sessions take
place, such as fitness centers, home
settings, outdoor locations, or clinical
facilities [32].
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a combined-method approach was used based on the
Population, Intervention, Comparison, Outcome, Time,
and Settings (PICOTS) framework to develop the con-
ceptual structure of this review (Table 1) [24-26]. The
review protocol was registered in PROSPERO (Registra-
tion ID: 653698), ensuring methodological transparency
and rigor.

Article selection criteria

The PICOTS framework guided the definition of inclu-
sion and exclusion criteria. Expert consultation and sys-
tematic searches ensured comprehensive coverage of
the topic. The central research question was: How do PA
and exercise interventions influence immune responses to
COVID-19 vaccination in adults and older adults?

Based on this, studies were included if they assessed PA
levels or implemented structured, planned, and repeti-
tive exercise interventions aimed at improving physical
fitness in adults or older adults, regardless of gender or
health status. Eligible studies included those with com-
parison groups (with or without treatment), PA-only or
combined interventions, and outcomes involving pro/
anti-inflammatory cytokines or antibody responses. The
timing, frequency, and duration of interventions were
also considered, along with various settings (e.g., com-
munity, healthcare, or social centers).

Only studies in which participants were vaccinated
before or after the intervention, and where the primary
aim was to assess the effects of PA or exercise on immune
and/or inflammatory responses to COVID-19 vaccina-
tion, were selected.

Systematic searches

Articles published between March 2020 and January
2025 were selected to ensure coverage of studies on PA
and exercise during the COVID-19 pandemic. The search
strategy included key terms indexed in MeSH and the
Virtual Health Library (in Portuguese, and Spanish) to
broaden the scope and accuracy. Only studies published
in these three languages were considered. The search
focused on articles assessing the impact of exercise
interventions on immune and inflammatory responses,
particularly in the context of protection against viral
respiratory infections.

Screening process

The review process involved several key stages: Keyword
Selection, Identification, Screening, and Selection, fol-
lowing the PRISMA statement [23]. During the screen-
ing phase, titles and abstracts were reviewed to identify
relevant studies, while non-scientific articles (such as
congress abstracts, proceedings, editorials, and errata)
were systematically excluded. An expert consultation
stage was included to identify additional non-indexed
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keywords that could help uncover more relevant articles.
The systematic searches were independently and manu-
ally conducted by two co-authors (BMPF and AFSG) and
supervised by two senior professors in the field (SVR
and GEF). The search strategy included combinations
such as (“covid19“[Title/Abstract] OR “sarscov2“[Title/
Abstract] AND “Physical Activity“[Title/Abstract]) OR
“exercise“[Title/Abstract]) AND “vaccination” [Title/
Abstract]), AND (“Covid19“[Title] OR “sarscov2“[Title]
AND “exercise”[Title) AND “antibodies”[Title]).

Risk of Bias and study quality

To evaluate the methodological rigor and report-
ing standards of the included studies, the Tool for the
Assessment of Study Quality and Reporting in Exercise
(TESTEX) was utilized [33]. This instrument was spe-
cifically developed and is well-suited to assess research
focused on context related to exercise interventions. The
TESTEX tool comprises two main domains: one address-
ing the quality of the study design (maximum of 5 points)
and another focused on the completeness and clarity of
reporting (up to 10 points), allowing for a total possible
score of 15 [34].

Unlike general quality assessment tools, TESTEX
places emphasis on aspects particularly relevant to
exercise-based studies—such as exercise prescription,
adherence monitoring, and reporting of physical out-
comes—while deliberately omitting criteria less appli-
cable to this field. Each item is evaluated dichotomously,
receiving one point if the criterion is clearly met or
zero if not, providing a structured and exercise-specific
appraisal of study validity (see Appendix A) [33].

Data synthesis

Given the heterogeneity among the selected studies —
including differences in exercise protocols, participant
age groups, types of vaccines administered, and the
immune and inflammatory biomarkers assessed — a
meta-analysis was not feasible. Instead, a narrative syn-
thesis approach was adopted to summarize and interpret
the findings. The included studies were grouped based on
the type of exercise intervention (acute vs. chronic), pop-
ulation characteristics, and the timing of vaccination in
relation to the PA protocol. Key outcomes were catego-
rized according to immune responses and inflammatory
profiles.

Where applicable, particular attention was paid to
the intensity and duration of PA or exercise, as well as
the timing of its application relative to vaccination, as
these factors appeared to modulate the immunological
outcomes. Studies were also qualitatively assessed for
methodological rigor using the TESTEX scale, which
supported the reliability of the reported results.
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Results

In Fig. 1 is shown the PRISMA flow diagram used to out-
line the article selection process systematically. A total
of 5.088 records were initially identified through data-
base searches. After removing duplicates, 507 records
remained for screening. The titles and abstracts of these
records were evaluated, leading to the exclusion of 481
articles that did not meet the predefined criteria. After
full-text screening, 9 studies were included for meeting
the criteria on the role of SPA in modulating immune-
inflammatory responses to optimize vaccination out-
comes in adults and older adults (Fig. 1).

Summary of included studies

In these 7 studies, a total of 1149 participants were col-
lectively evaluated, with participants ranging in age
from 18 to 87 years. The exercise interventions varied in
type, including aerobic exercise [35-38], resistance and
strength exercises [39], combined aerobic and resistance
exercises [37], and questionnaire-based assessments of
habitual PA [40, 41]. The studies also differed in duration,
frequency, and intensity, ranging from single-session
acute exercise to long-term interventions lasting up to
48 weeks. Several experimental designs were employed,
including randomized controlled trials, observational
studies, and cross-sectional analyses, to assess the effects
of PA either acutely or through a longitudinal approach.
Participants in these studies received different COVID-
19 vaccines, including ChAdOx1 nCoV-19 (AZD1222,
AstraZeneca/Oxford), CoronaVac (SinoVac), Pfizer-
BioNTech (BNT162b2), and Janssen (Ad26.COV2.S,
Johnson & Johnson), and the biomarkers analyzed
encompassed different immune and inflammatory types,
such as cytokines (IL-6, IL-10, TNF-a, IFN-a), immuno-
globulins (IgA, IgG, IgM), total lymphocytes and subpop-
ulations, (CD4+, CD8+, CD28-CD57+), and neutralizing
antibodies (NAb, GMT titters). Notably, only the study
conducted by Silva et al. (2023) exclusively examined
older individuals (60—85 years) [37], while the remain-
ing studies included mixed-age populations or younger
adults.

Main outputs of included studies

In the study conducted by Hallam and colleagues (2022)
explored the effects of light- to moderate-intensity exer-
cise performed after vaccination on serum antibody
responses to both COVID-19, using Pfizer-BioNTech
(BNT162b2), and influenza vaccines [35]. This study
was developed between March and June 2021, dur-
ing the early phase of the COVID-19 vaccination cam-
paign. The exercise program involved 90 min of exercise,
including cycling on a cycle ergometer or engaging in
outdoor activities such as walking and games, initiated
within 30 min after vaccination. The results showed a



Palotino-Ferreira et al. Inmunity & Ageing (2025) 22:44 Page 5 of 14
( Identification of studies via databases and registers }
)
c i ifi *- i
15 Records |d§nt|f|ed from*: vaccine Records removed before
= and covid-19 and exercise =
3 Databases (PUBMED: | 5| S¢reenng:
= ’ Records marked as ineligible
= SCIELO, Scopus and Google _
(= ) (n=4.581)
% Academic)
= Registers (n = 5.088)
)
Records screened Records excluded**
—>
(n=507) (n =481)
o
£
c
o
o
“,-; Records were evaluated
(n=82)
——
°
)
3 Studies included in systematic
o review (n = 9)

Fig. 1 PRISMA Flowchart of systematic search

light-to-moderate exercise significantly increased serum
antibody levels for both influenza and COVID-19 vac-
cines. This enhancement in antibody response was asso-
ciated with the role of interferon-alpha (IFN-a), which
appears to mediate the exercise-related immunologi-
cal benefits [35]. These findings have significant pub-
lic health implications, suggesting that incorporating a
light-to-moderate exercise program immediately follow-
ing vaccination could be an effective strategy to improve
immune responses, particularly during mass vaccination
campaigns.

Another study explored the effects of regular exercise
on vaccine-induced immune responses in active and inac-
tive older adults, considering the impacts of aging and
immunosenescence, with a focus on the CoronaVac and

ChadOx-1 vaccines [37]. Participants engaged in a com-
bined training program, which included continuous aero-
bic and resistance exercises, and their immune responses
were assessed pre- and post-vaccination. Results revealed
that physically active participants exhibited significantly
higher IgG and IgA antibody levels following ChadOx-1
vaccination compared to inactive individuals. Moreover,
active participants showed better modulation of T-cell
profiles, including CD4+, CD8+, and CD28-CD57 + cells,
suggesting that SPA may enhance both humoral and
cellular immune responses to vaccines. Interestingly,
the group vaccinated with ChadOx-1 that had ceased
exercising during the pandemic demonstrated a higher
immune response rate (66.7%) compared to those who
maintained regular exercise (56.5%), which highlights
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the potential adverse impact of discontinuing exercise on
vaccine efficacy [37].

A study explored the effects of COVID-19 vaccination
on exercise-induced mobilization of SARS-CoV-2-spe-
cific T cells and corresponding changes in neutralizing
antibody levels [36]. Eighteen healthy participants under-
went a 20-minute graded cycling exercise protocol before
and/or after immunization with Pfizer 2-dose COVID-19
vaccine. The exercise consisted of 4 incremental 5-minute
stages, with power outputs corresponding to 50%, 60%,
70%, and 80% of individual predicted VO2max. Blood
samples were collected at rest, during the 60% and 80%
VO2max stages, and 1 h after exercise cessation. Heart
rate and perceived exertion were monitored during each
stage. Vaccination had no significant impact on lympho-
cytes mobilization during exercise. However, post-vacci-
nation, individuals with synthetic immunity (uninfected)
showed a reduced mobilization of CD4 + and CD8 + naive
T-cells and CD4 +central memory T-cells. In contrast,
those with hybrid immunity (previous SARS-CoV-2
infection) did not show this reduction. Acute exercise
post-vaccination led to a significant mobilization of
SARS-CoV-2 specific T-cells, particularly those reacting
to the spike protein, in both groups. Notably, only the
hybrid immunity group mobilized T-cells responsive to
membrane and nucleocapsid antigens. Additionally, nAb
titters increased significantly during exercise only in the
hybrid immunity group [36].

The impact of PA on immunogenicity in seroposi-
tive patients with autoimmune rheumatic illnesses was
investigated by Smaira and collaborators [40], focusing
on the immune response before and after vaccination
with the CoronaVac vaccine. The study aimed to evaluate
whether PA could influence immune responses in indi-
viduals with prior SARS-CoV-2 infection. Levels of PA
were assessed using a questionnaire that collected infor-
mation across four domains: leisure, domestic activities,
work, and transportation. Based on their responses, par-
ticipants were categorized as physically active or inactive.
The findings indicated no significant association between
PA and improved immune responses after vaccination.
Remarkably, 100% of the participants achieved serocon-
version for anti-SARS-CoV-2 IgG antibodies, demon-
strating a robust immune response. This suggests that
prior SARS-CoV-2 infection may override the potential
positive effects of PA on antibody production in immu-
nocompromised individuals [40].

Beyond these data, the study conducted by Gualano
and colleagues (2022), involving 748 participants in a
mass vaccination setting [41], it was examined the asso-
ciation between PA levels and vaccine responses six
months after the administration of the second dose of
the CoronaVac vaccine. The participants were catego-
rized as physically active (=150 min/week of moderate
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to vigorous activity) or inactive. Physically active partici-
pants demonstrated significantly higher seroconversion
rates (53.1%) compared to inactive individuals (40.7%,
p=0.001). Additionally, positivity for neutralizing anti-
bodies (NAb) was observed in 31.2% of the active group
versus 22.0% of the inactive group (p=0.007). Active
participants also exhibited a 43% increase in geometric
mean titers of antibodies relative to inactive individuals.
Furthermore, the odds ratio analysis revealed that active
participants were 1.5 times more likely to achieve sero-
conversion and neutralizing antibody positivity [41].

Another randomized controlled study conducted for
Mohamed & Alawna in 2021 examined the effects of
moderate-intensity aerobic exercise on immune bio-
markers and disease severity in COVID-19 patients
[38]. Thirty individuals (aged 24—45) with mild to mod-
erate COVID-19 were randomly assigned to an exercise
or control group. The intervention consisted of 40-min-
ute aerobic sessions, three times per week, for two
weeks. Post-intervention, the exercise group showed
significant increases in leukocytes, lymphocytes, and
increased serum antibody to each vaccine four weeks
post-immunization (P<0.05), along with a reduction in
disease severity based on the Wisconsin scale (P<0.05).
These findings suggest that short-term aerobic exercise
enhances immune function and mitigates COVID-19
symptoms [38].

Still in Table 2, Gualano and colleagues developed a
study involving patients with autoimmune rheumatic
disorders, especially those with spondylarthritis, who
were immunized with CoronaVac vaccine [39]. The study
included a single-session exercise protocol consisting of
120 min of strength exercises. After the exercise session,
participants rested for one hour before administration of
COVID-19 vaccine. Pre-vaccination, the seropositivity
rates for IgG were 59% in the exercise group (n=28) and
57.1% in the control group (n =27). Following the booster
dose, seropositivity rates increased to 96% in the exercise
group and 100% in the control group, with no significant
interaction between the groups (p =0.84). Regarding neu-
tralizing antibodies (NAb), positivity rates prior to vac-
cination were 37% in the exercise group and 42.8% in the
control group. Post-vaccination results showed rates of
96% and 93%, respectively. These findings indicate that
a single session of unilateral strength exercise did not
enhance the immunogenicity of the vaccination, as no
significant differences in antibody responses or neutraliz-
ing antibody activity were identified between the exercise
and control groups [39].

Risk of Bias and study quality

The methodological quality of the nine included stud-
ies was assessed using the TESTEX scale (Fig. 2). The
chart highlights variability in methodological rigor,
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Table 2 Characterization of intervention studies related to the effect of exercise modulation on antibody response and inflammation

Author P | C (0} T S Main results
Hallam et al, 18t0 87 One session, aerobic Control 19G, IFNgq, IL-6. 90 min of exer- Exercise took  The time of 45 min of
2022 [35] years, exercise. group cise or instructed  place out- exercise was insufficient
both without to follow their doors at the duration to increase
sexes exercise. daily routine. location the antibody response,
(n=20) where par- and 90 min of exercise
ticipants were  showed a increase in
vaccinated IFNa by human plasma-

cytoid dendritic cells was
previously observed.

Silva et al,, 60to 85 48-weeks, continuous Control IgA, 1gG, T CD4+, 3-days per week, Geriatricsand  Higher IgG levels and
2023 years, aerobic and resistance ex-  group T cells, CD8+, 60 to 75-minutes  Gerontology ~ immunogenicity in the
[37]. both ercises, moderate intensity. without CD28-CD57+. of exercise. Discipline of ChadOx-1 vaccinated
sexes exercise. the Federal exercise group and
(n=93) University of non-practitioners vac-
Sao Paulo cinated with ChadOx-1.

(UNIFESP) or  The group practicing

from the"Hos-  exercises vaccinated

pital Geridtrico with CoronaVac showed

e de Convales- a positive correlation

centes Dom between IgA and IgG,

Pedro II" and lower levels of IgG
after vaccination.

Smith et al, 21to44  One session, bout of Without Lymphocytes One session, The University  Uninfected participants

2024 years, graded cycling exercise a control and subsets of 20-minutes of of Arizona had reduced naive

[36] both before and/or after receiv-  group. immune cells exercise. CD4+and CD8+T cells
sexes ing a COVID-19 vaccine. (lymphocytes and CD4 + central mem-
(n=18) CD45+). ory T cells after vaccina-

tion. Acute exercise after
vaccination mobilized
SARS-CoV-2T cells into
the blood depending on
the intensity.

Smairaetal, =18 Questionnaire on physical ~ Without anti-SARS-CoV-2  Physical Tertiary There was no association
2023 years, activity in 4 domains: a control antibodies of activity was hospital in Sao  between regular PA and
[40] sex leisure, domestic activities, group. IgG GMT total, assessed usinga  Paulo, Brazil immunogenicity before
female  work and transport frequency of questionnaire. and after vaccination.
(n=180) positive neutral-
izing antibodies
(NAb)
Mo- 24t045 2 weeks of moderate-in- With a Leucocytes, Lym- The exercise Turkish hospi-  Leucocytes, Lympho-
hamed & Ala-  years tensity aerobic exercise for  control phocytes, IL-6, program is talin Istanbul  cytes, and Immuno-
wna, 2021 old, both 40 min/session, 3 sessions/ group. IL-10, Immuno- walking/running globulin-A increased in
[38] sex week globulin-A,and  on a treadmill the intervention group
(n=30) TNF-a or bicycling in comparison to the
on a stationary CG after two weeks of
bicycle. intervention. IL-6, IL-10,

and TNF-a showed non-
significant differences
between both groups
after two weeks of
intervention




Palotino-Ferreira et al. Inmunity & Ageing (2025) 22:44

Table 2 (continued)
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Author P | C (o} T S Main results
Gualanoetal, >18 Questions addressing 4 Without IgG seroconver-  PA was as- Tertiary PA was associated with
2022a years, different PA domains after  a control sion and NAb sessed using a hospital in Sao  an increment in anti-
[411. sex 6 months vaccination group. positivity questionnaire. Paulo, Brazil body response after 6
female months of vaccination
(n=748)
Gualanoetal, <50 One session, Unilateral Control Anti-SARS-CoV-2  One session, Tertiary In the Pre-Exercise Group
2022b years, Strength Exercises. group GMT antibodies.  20-minutes of hospital in Sao  and the Control Group
[39] both without Virus SARS-CoV-2  exercise. Paulo, Brazil exhibited seropositiv-
sexes exercise. Pass-circulating ity for IgG and Nab, 1
(n=60) neutralizing month after the booster
antibodies. dose, seropositivity

occurred in 96% versus
100% of cases. In the
post-Graduate period,
the GMT increased simi-
larly in both groups.

Notes: IgA=immunoglobulin A, IgM=immunoglobulin M, IgG=immunoglobulin G, T cells=helper T lymphocyte, Nab=frequency of neutralizing antibody
positivity, GMT =geometric mean titters of anti-51/52 1gG, IFNa=Interferon-a, IL-6 =interleukin-6, CD4+/CD8+/ CD28-CD57 +=T-cell Subset

= Total score = Percentage

e e el e e
S = N W B W

Evaluation criterias

S = N W A 1 N 0 O

1 2 3 4 5 6 7 8

Number os studies

Fig.2 Methodological quality assessment of the included studies using the TESTEX scale. The scores represent the percentage of the total possible score
(15 points) achieved by each study. The articles are ordered as follows: 1: Sevgin et al. (2024); 2: Hallam et al. (2023); 3: Silva et al. (2023); 4: Smith et al. (2024);
5:Smaira et al. (2023); 6: Mohamed & Alawna (2021); 7: Gualano et al. (2022a): 8: Gualano et al. (2022b)

ranging from 40% (6 pts) to 87% (13 pts), with most stud-
ies reaching moderate to high quality. The percentage of
total score was calculated to provide a clearer interpre-
tation of each study’s quality. One study stood out with
a high methodological quality: Hallam et al. (2022) [35],
which achieved 87% of the maximum score (13/15).
Two studies—Silva et al. (2023) [42], and Mohamed
& Alawna (2021)—demonstrated good methodologi-
cal rigor with scores of 73% (11/15) [38]. Smith et al.
(2024) scored 67% (10/15), and Smaira et al. (2023) and
Gualano et al. (2022b) scored 60% (9/15) [36, 38, 40, 43],

reflecting moderate quality. Gualano et al. (2022a) pre-
sented slightly lower methodological strength with 53%
(8/15) [41]The lowest score was observed in Sevgin et al.
(2024), which reached only 40% (6/15), suggesting impor-
tant limitations in study design and/or reporting [44].
Overall, most studies demonstrated moderate to high
methodological quality, although variations in reporting,
especially concerning blinding and adherence to exercise
protocols, were noted across the studies.
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Excluded studies insights
Only 2 studies were excluded since they did not meet
one or more inclusion criteria (Table 2). For instance,
the study by Sevgin et al. (2021) examined the effects of
a 12-week PA on post-vaccination antibody response
in older adults who received an inactivated COVID-19
vaccine [44]. The intervention, which included walking,
balance exercises, and calisthenics, resulted in signifi-
cantly higher immunoglobulin levels at both 15 days and
12 weeks post-vaccination. Despite focusing on older
individuals, this study was excluded as it did not assess
inflammatory markers alongside immune responses [40].
Similarly, the study developed by Batatinha and col-
leagues in 2022 was excluded due to its focus on athletes,
although this study investigated immune/inflamma-
tory biomarkers [45]. This study examined the effects of
COVID-19 vaccination on physiological responses on
graded exercise. Participants underwent a 20-minute
cycling protocol at intensities ranging from 50 to 80% of
VO2max before and 21 days after vaccination with either
the Pfizer-BioNTech (two doses) or Janssen (one dose)
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vaccines. While vaccination did not significantly affect
most physiological markers, including lactate, cortisol,
and respiratory gas exchange, it led to a slight but signifi-
cant increase in heart rate (~5 bpm) and norepinephrine
levels during vigorous exercise (70—-80% VO2max), partic-
ularly in those receiving the Pfizer-BioNTech vaccine [45].

Many studies have relied on epidemiological data to
explore the relationship between the incidence of SARS-
CoV-2 infections or reinfections [46-51], pre-illness vac-
cination profiles, and changes in PA patterns before and
after infection or during the pandemic period However,
these studies were excluded from our review as they
did not assess both immune/inflammatory biomarkers.
Other studies consisted of SRs [52-55], meta-analyses
[56, 57], but without a specific focus on immune/inflam-
matory variables. Additionally, several were narrative
reviews [58—60], position statement [61], letters to the
editor or short critical commentaries aimed at discuss-
ing or hypothesizing the role of regular PA as a protective
factor for the immune-inflammatory responses in the
context of COVID-19 infections [62].

Author P | C (o} T S Main results
Sevginetal, 2024  >65 years, both  12-weeks Control group without  Antibodies 45-minutes of Private Exercise can
[44] sex cardiovascular exercise. 19G, IgA, IgM exercise nursing strengthen
exercise home of the antibody
NP Istanbul  response and
Brain prolong the vac-
Hospital cine’s protection,
contributing to
improved health
and immune
response.
Batatinha et al, 2022 24 43 yearsold ~ 20-min bout of Without a control Lactate, The graded Labora- The majority of
[45] both sex graded exercise, at  group. Cortisol and cycling tory of vaccinated par-
intensities corre- catecholamine exercise University  ticipants (9/12)
sponding to 50%, release of Arizona  received the

60%, 70%, and 80%

Pfizer mRNA vac-
cine. A significant
increase was
observed in heart
rate (HR) at 70%
of VO,max and

in norepineph-
rine at 80% of
VO,max.

Notes: IgA=immunoglobulin A, IgM=immunoglobulin M, IgG=immunoglobulin G, T cells=helper T lymphocyte, Nab=frequency of neutralizing antibody
positivity, GMT=geometric mean titers of anti-51/52 1gG, IFNa=Interferon-a, IL-6 =interleukin-6, CD4+/CD8+/ CD28-CD57 +=T-cell Subset; PA=Physical Activity;

VO,max =

Discussion

This systematic review highlights the significant role of
PA in enhancing immune-inflammatory responses to
COVID-19 vaccination in both adults and older individu-
als. The included studies demonstrated that acute exer-
cise, particularly single sessions of moderate to vigorous
intensity performed before vaccination, was associated

with enhanced mobilization of immune cells, increased
cytokine production, and higher antibody titters in the
short term. For example, acute protocols were found to
temporarily boost levels of IgG and neutralizing anti-
bodies, as well as increase the recruitment of T-cells to
peripheral circulation.
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In contrast, chronic exercise interventions, involving
several weeks of structured aerobic or resistance training,
showed sustained benefits, such as elevated immunoglob-
ulin levels over time (e.g., IgG against the SARS-CoV-2
spike protein), improved T-cell function, and a reduction
in baseline inflammatory markers such as IL-6 and CRP.
These long-term adaptations were particularly evident in
older adults and individuals with chronic conditions, sug-
gesting that habitual exercise enhances vaccine respon-
siveness by mitigating the effects of immunosenescence
and chronic low-grade inflammation.

The diversity of subpopulations—including variations
in age, health conditions, vaccine types, and factors such
as exercise intensity and duration—necessitates caution
in interpreting the results. These variables may signifi-
cantly influence outcomes and limit their generalizability.
However, the overall body of evidence strongly supports
the notion that PA contributes to enhanced immunoge-
nicity, particularly in individuals with chronic conditions
and older adults. The magnitude of these effects may
vary, influenced by factors like the specific exercise regi-
men (type, intensity, duration), as well as individual char-
acteristics such as age and health status.

The studies included in this SR show that both acute
and chronic exercise interventions can positively influ-
ence various immune markers, such as antibody produc-
tion, T-cell activation, and immune cell mobilization.
However, the specific exercise regimens, including the
type, duration, intensity, and frequency, vary widely
between studies [35, 36, 38—42]. It is important to con-
sider how these factors influence immune responses, as
different forms of exercise or engagement in regular PA
might have unique effects on the immune-inflammatory
responses to COVID-19 vaccination. For example, pro-
longed, moderate-intensity exercise could result in sus-
tained improvements in immune function [41, 42], while
a single bout of high-intensity exercise may boost acute
immune activation [39].

Acute bouts of exercise can temporarily enhance
immune surveillance by increasing the circulation of
immune cells, such as lymphocytes and natural killer
(NK) cells and and the oxidative burst of neutrophils [63],
while long-term exercise programs contribute to sus-
tained immunomodulation by reducing chronic inflam-
mation and enhancing the adaptive immune response,
they can also decrease the production of pro-inflam-
matory cytokines, improve neutrophil function, and
stimulate B lymphocyte proliferation [64—66]. Interest-
ingly, a period of at least two weeks of PA is sufficient to
positively stimulate the immune system as a trigger for
inducing long-term effects [65]. This adaptation occurs
through mechanisms such as enhanced antigen presen-
tation [67], increased circulation of immune cells, and
improved communication between innate and adaptive
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immunity [63]. Regular engagement in SPA not only
boosts the immediate immune response but also fosters
long-term immunological memory, potentially enhanc-
ing the effectiveness of vaccinations and overall immune
resilience [57].

Although acute and chronic exercise have shown ben-
efits in mobilizing immune cells and enhancing anti-
body production [57], it remains unclear whether these
changes impact the duration and strength of immunity
after vaccination. Some studies suggest that exercise can
enhance the immediate immune response to vaccination
[39], but the long-term effects on immune memory and
protection against SARS-CoV-2 reinfection are less well
understood [63].

This review primarily focuses on the effects of PA on
immune responses specifically related to COVID-19 vac-
cination. It is important to remain focused on how physi-
cal activity (or physical exercise), rather than general
PA, influences the immune-inflammatory responses to
COVID-19 vaccination. Additionally, the age of the par-
ticipants also plays a crucial role in how exercise influ-
ences immune responses, with older adults potentially
benefiting more from structured PA due to age-related
declines in immune function [44, 68]. Furthermore, the
stage of the pandemic during which these studies were
conducted could also influence the baseline immune sta-
tus of the participants, potentially affecting the outcomes.

Additionally, studies included in this SR represent a
wide diversity of populations, including differences in
age, health status, exercise intensity, and vaccination
types [35, 36, 38—42]. These factors significantly influence
the outcomes observed, and care should be taken when
attempting to generalize the findings across different
groups. For example, older adults may benefit more from
exercise interventions compared to younger, healthier
individuals, as exercise can help mitigate the immunose-
nescence associated with aging [4, 69]. Additionally, indi-
viduals with chronic conditions may experience different
immune-enhancing effects from exercise compared to
healthy adults [40, 41, 52]. These variations underscore
the need for caution when interpreting the generalizabil-
ity of the results, as individual factors may alter the effec-
tiveness of exercise interventions.

Another key factor to consider is the type of COVID-
19 vaccine administered in each study. Vaccines such
as mRNA-based vaccines (e.g., Pfizer-BioNTECH and
Moderna), viral vector vaccines [e.g., ChadOx-1 (Astra-
Zeneca) and Janssen (Johnson & Johnson)], and inacti-
vated virus vaccines (e.g., CoronaVac) may elicit different
immune responses [70]. Based on this, such differences
could also affect how PA — or even its interruption —
influences the immune and inflammatory responses fol-
lowing COVID-19 vaccination, as previously reported
[35]. Still in this respect, it has suggested that mRNA
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vaccines may trigger a more robust T-cell response, while
inactivated vaccines may generate a stronger antibody
response [71]. Beyond these facts, the distinct immu-
nological variables examined across studies, including
antibodies, T-cells, and cytokines, should be considered
in light of the vaccine types used, as these could sig-
nificantly influence the magnitude and type of immune
response that is enhanced by regular exercise and PA.
Considering all these data, it is worth highlighting that
the interaction between exercise and different vaccine
platforms is critical to understanding how PA can boost
vaccination efficacy.

The methodological quality assessment of the included
studies revealed notable variability in study design and
reporting standards. Although all studies contributed
valuable insights into the role of PA on the immune
response to COVID-19 vaccination, their indicating
moderate quality. These methodological differences
must be considered when interpreting the results, as
they directly impact the robustness and generalizability
of conclusions. Therefore, there is a clear need for future
randomized controlled trials and longitudinal studies
with standardized protocols and improved reporting
quality to strengthen the evidence base on how exercise
influences vaccine efficacy [72], particularly among older
populations.

Another critical issue that warrants further investi-
gation is the potential interaction between PA and vac-
cine side effects. Although exercise is generally beneficial
for health, which includes the improvement of immune
responses, post-vaccination side effects, such as fever,
muscle soreness, and fatigue, may affect an individu-
al’s ability to engage in PA. It is important to determine
whether moderate exercise can help reduce the severity
of these symptoms or improve recovery time, or even
whether intense exercise may exacerbate them. Addition-
ally, some individuals may experience a delayed immune
response or more severe side effects, especially if they
have underlying health conditions, so understanding how
exercise influences this interaction is important for pro-
viding appropriate guidance for PA post-vaccination.

Strengths and limitations

The strengths of this study include the comprehensive
analysis of main studies investigating the impact of regu-
lar physical activity on immune/inflammatory responses
to COVID-19 vaccination. The inclusion of different
interventions (acute and chronic), vaccine types, and age
groups provided valuable insights into how exercise can
enhance vaccine efficacy and promote health. Further-
more, the consideration of various immune biomarkers,
such as antibodies and T cells, offers a broad perspec-
tive on the immune response to vaccination. However,
the study also has limitations. The heterogeneity of
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methodologies across the studies analyzed, such as varia-
tions in the type, intensity, and duration of PA, as well as
the populations studied, limits the ability to provide firm
generalizations about the universal effectiveness of any
specific PA regime. Additionally, most studies focused
on short-term interventions, and further longitudinal
research is needed to assess the long-term effects of PA
on vaccine immunogenicity and the duration of protec-
tion against COVID-19.

Future perspectives and Real-World applications

Based on the current evidence, several promising direc-
tions emerge for advancing our understanding of how
regular PA modulates immune-inflammatory responses
to COVID-19 vaccination. First, future longitudinal stud-
ies are essential to clarify the sustained impact of regu-
lar PA both before and after vaccination, particularly in
diverse populations such as older adults and individu-
als with chronic conditions. Special attention should be
given to how immunosenescence affects vaccine efficacy
and whether exercise can mitigate its negative effects
[73], especially through mechanisms like the peripheral
mobilization and apoptotic clearance of senescent cells
induced by acute and chronic exercise, respectively.

Second, it remains important to investigate how regu-
lar physical activity influences B cell metabolism and
function. The potential crosstalk between skeletal muscle
(via myokine production) and immune cells—particularly
B lymphocytes—may enhance antigen-specific antibody
production and improve vaccine immunogenicity [74].
While this muscle-immune interaction has been increas-
ingly studied in oncology, its role in vaccination contexts
remains underexplored.

Finally, from a translational perspective, integrating
structured PA programs into vaccination campaigns—
especially in primary care or public health settings—
could serve as a low-cost, scalable strategy to improve
vaccine outcomes in vulnerable populations. Tailoring
exercise protocols based on age, health status, and type
of vaccine could further optimize these benefits. These
programs could be implemented in vaccination clinics
or as part of public health initiatives, aiming to increase
vaccine effectiveness, reduce the risk of post-vaccination
complications, and promote overall health in the general
population.

Conclusion

This SR highlights the role of PA in enhancing immune/
inflammatory responses to COVID-19 vaccination. Evi-
dence from the analyzed studies indicates that both
acute and long-term PA interventions can positively
influence distinct immunological variables, includ-
ing antibody production, T-cell activation, and immune
cell mobilization. While short-term exercise can act as
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an immediate immune stimulant, long-term exercise
programs contribute to sustained immunomodulation,
reducing chronic inflammation and improving adap-
tive immune responses. Notably, the effects of exercise
vary across populations, with older adults and individu-
als with chronic conditions particularly benefiting from
PA in terms of vaccine-induced immunogenicity. How-
ever, the diversity in study designs, exercise modalities,
and vaccine types necessitates cautious interpretation of
these findings. Moving forward, integrating structured
PA strategies into public health policies could be a practi-
cal approach to optimizing vaccine efficacy and promot-
ing long-term immune resilience.
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