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Background: Anti-cancer therapies lead to chronic non-resolving inﬂammation and reduced immune function.
One potential therapy is exercise training, but the eﬀectiveness of these interventions to improve immunerelated outcomes, the gaps in the literature, and recommendations to progress the ﬁeld need to be determined.
Objectives: (1) to conduct separate meta-analyses in cancer survivors to determine the eﬀects of exercise training
on pro- and anti-inﬂammatory markers, and immune cell proportions and function; and (2) to perform subgroup
analyses to determine whether exercise modality, cancer type, and speciﬁc markers help to explain heterogeneity in each meta-analysis.
Data sources: Electronic databases (PubMed/MEDLINE, EMBASE, CENTRAL, and CINAHL) from inception to
March 2018. The reference lists of eligible articles and relevant reviews were also checked.
Study selection: Inclusion criteria were adult cancer survivors from randomized controlled trials performing
structured exercise intervention (aerobic, resistance or combined training or Tai Chi/yoga) compared to usual
care control group and included pro-inﬂammatory, anti-inﬂammatory, and/or immune cell outcomes.
Appraisal and synthesis methods: A total of 5349 potentially eligible articles were identiﬁed, of which 26 articles
(27 trials) met the inclusion criteria. Eﬀect sizes were calculated as standardized mean diﬀerences (SMD),
where < 0.2 was deﬁned as trivial, 0.2–0.3 as small, 0.4–0.8 as moderate, and > 0.8 as a large eﬀect.
Results: Exercise training decreased pro-inﬂammatory markers (SMD: −0.2, 95% CI: −0.4, −0.1, p < 0.001).
Sub-group analysis for the pro-inﬂammatory markers indicated that combined aerobic and resistance training
had the greatest eﬀect (SMD: −0.3, 95% CI: −0.5, −1.9, p < 0.001), that prostate (SMD: −0.5, 95% CI: −0.8,
0.1, p = 0.004) and breast cancer populations were most responsive (SMD: −0.2, 95% CI: −0.3, –0.1,
p = 0.001), and that C-reactive protein (SMD: −0.5, 95% CI: −0.9, −0.06, p = 0.025) and tumor necrosis
factor (SMD: −0.3, 95% CI: −0.5, –0.06, p = 0.004) were the most sensitive to change. Exercise training tended
to decrease anti-inﬂammatory markers (p = 0.072) but had no eﬀect on natural killer or natural killer T cell
proportions or cytotoxic activity.
Conclusions: Exercise training reduces pro-inﬂammatory markers in cancer survivors, with the strongest evidence for combined training and for prostate and breast cancer survivors. Further research is warranted to
determine if these changes are clinically relevant or are associated with improvements in symptoms. To
strengthen future research, focusing on novel immune populations that include functional parameters and
standardized reporting of key immune outcomes is recommended.

1. Introduction
Cancer is widespread and costly, with an estimated 1.7 million new

cases and ~600,000 deaths this year in the US alone with annual
treatment costs estimated to exceed $75 billion (Chang et al., 2004).
Cancer mortality is in decline (Siegel et al., 2019), likely owing to

⁎

Corresponding author at: Department of Exercise and Sport Science, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599 USA.
E-mail address: edhanson@email.unc.edu (E.D. Hanson).
ORCID numbers: 0000-0001-6679-9335.
2
ORCID numbers: 0000-0002-0682-2270.
3
ORCID numbers: 0000-0001-9709-1575.
4
ORCID numbers: 0000-0002-7744-5652.
1

https://doi.org/10.1016/j.bbi.2019.08.187
Received 28 April 2019; Received in revised form 6 August 2019; Accepted 21 August 2019
Available online 24 August 2019
0889-1591/ © 2019 Elsevier Inc. All rights reserved.

Brain, Behavior, and Immunity 81 (2019) 92–104

N. Khosravi, et al.

these cells recognize and eliminate malignant tumors (Bui and
Schreiber, 2007; Finn, 2008). Natural killer (NK) cells are one of the
most widely studied components of the immune system with exercise
(Pedersen, 1991; Walsh et al., 2011). In healthy individuals, circulating
NK cell number rapidly increases following acute exercise, with evidence of increased cytotoxicity (Pedersen and Ullum, 1994; Timmons
and Cieslak, 2008; Walsh et al., 2011). Exercise training may also enhance immune function (Nieman, 1994) but this is not conclusive
(Walsh et al., 2011). Within cancer populations, exercise training has
been hypothesized to improve immune function (Kruijsen-Jaarsma
et al., 2013; McTiernan, 2008), with increases in NK cell activity and
lymphocyte proliferation as supporting evidence (Fairey et al., 2002;
Kruijsen-Jaarsma et al., 2013). Animal models demonstrate that exercise training reduces the incidence and growth of cancer through
pathways related to NK cell mobilization (Pedersen et al., 2016). The
movement of NK cells into the tumor may help activate the adaptive
immune system, with T cell inﬁltration having beneﬁcial impacts on
survival outcomes (Fridman et al., 2012). While human studies show
that circulating immune cell numbers appear stable following training,
a consensus on enhanced function is lacking, particularly in subsets
beyond NK cells. Moreover, the magnitude and potential clinical signiﬁcance of any training-induced eﬀects have not been deﬁned.
Previous reviews on inﬂammation and exercise training report
mixed ﬁndings (Kruijsen-Jaarsma et al., 2013; Lof et al., 2012; MenesesEchavez et al., 2016), with several possible reasons existing within
oncology populations. Immune and inﬂammatory marker eﬀects are
likely inﬂuenced by the common use of multiple exercise modalities
and diﬀerent exercise intensities and volumes that produce diﬀerent
endocrine and immune responses (Nieman et al., 2012; Wells et al.,
2016). Cancer types also vary substantially based on several factors
(e.g., origin site, treatment protocols). For instance, chemotherapy is
widely used for some cancers (e.g., breast, leukemia) but less so in
others (prostate), whereas endocrine treatments are commonly used in
hormone-dependent cancers. As such, diﬀerent cancer types are likely
to aﬀect the immune and inﬂammatory responses via decreases in circulating cell number (Geinitz et al., 2001; Lerner et al., 1976; Moertel
et al., 1994) or altered cytokine levels (Collado-Hidalgo et al., 2006;
Dehqanzada et al., 2007). Consequently, exercise modality and speciﬁc
cancer type are important factors to consider when assessing immunity
and inﬂammatory proﬁles in cancer survivors, such that exercise and
public health organizations may consider the eﬀects of exercise training
on inﬂammatory proﬁles and immune function when issuing future
guidelines.

earlier diagnosis and advanced treatments. However, numerous adverse
side eﬀects, including chronic non-resolving inﬂammation (Crusz and
Balkwill, 2015; Marelli et al., 2017; Roxburgh and McMillan, 2014;
Siegel et al., 2019) and reduced immune function (Copelan, 2006;
Zitvogel et al., 2008), often accompany anti-cancer therapies and decrease overall quality of life (Bower, 2007, 2014; Schag et al., 1994).
Chronic inﬂammation and compromised cellular immunity are major
concerns, as both promote a pro-tumor environment that may contribute to disease progression (Aggarwal and Gehlot, 2009; Balkwill and
Mantovani, 2001; Mantovani et al., 2008; Tan and Coussens, 2007). As
such, there remains a need to identify options to manage inﬂammation
while maximizing immune function in cancer survivorship. Exercise is
potentially an attractive option. However, the role of exercise training
on immune function and inﬂammatory markers is not well-addressed in
current exercise oncology guidelines (Hayes et al., 2019; Schmitz et al.,
2010). To assist with the development of future guidelines, a metaanalysis of the available exercise immunology and inﬂammatory literature is warranted to address the inﬂux of new literature, to examine
sources of heterogeneity (e.g., cancer type, exercise mode, speciﬁc
biomarker) within key outcomes, to identify gaps in the current literature, and to provide recommendations to improve the ﬁeld.
Exercise training is a non-pharmacological, complementary therapy
that assists with symptom management by systematically targeting
speciﬁc adverse eﬀects of treatment, including inﬂammation (BallardBarbash et al., 2012; Courneya et al., 2014; Galvao and Newton, 2005;
Hanson et al., 2016). Exercise may also favorably manipulate immune
system parameters (Fairey et al., 2002; Koelwyn et al., 2015), as animal
model show reduced tumor growth via immune cell inﬁltration and
redistribution (Pedersen et al., 2016). Immune function has a critical
role in cancer progression and recurrence (Finn, 2008), with exercise
potentially improving immune surveillance (Koelwyn et al., 2015), such
that both innate and adaptive immunity have clinical relevance and
potential survival implications.
Immune cell proportions and function provide direct evidence of
immunity in cancer survivors, but this approach is less common.
Alternatively, circulating biomarkers are commonly assessed (Fairey
et al., 2002; Kruijsen-Jaarsma et al., 2013), because of the relative ease
of obtaining them during clinic visits. Cytokines are generally categorized as either pro- or anti-inﬂammatory, with some, e.g., interleukin
(IL)-6, functioning as both (Opal and DePalo, 2000; Scheller et al.,
2011; Stoner et al., 2013). While a dichotomous classiﬁcation of biomarkers is an oversimpliﬁcation (Cavaillon, 2001), markers are often
grouped and analyzed together to provide insight into the overall inﬂammatory state of the body. Higher circulating levels of pro-inﬂammatory cytokines are linked to cancer-related outcomes. For example, breast cancer patients with advanced tumors had higher
circulating levels of tumor necrosis factor (TNF) compared to healthy
individuals (Ma et al., 2017; Sheen-Chen et al., 1997). Similarly, higher
TNF levels are correlated with the extent and progression of prostate
cancer (Michalaki et al., 2004), and increased levels of C-reactive
protein (CRP) are associated with higher mortality in cancer patients
(Allin et al., 2009; Crusz and Balkwill, 2015; Shrotriya et al., 2018).
Previously, systematic reviews concluded that exercise training had no
eﬀects on circulating cytokines in cancer survivors in general (KruijsenJaarsma et al., 2013; Lof et al., 2012). However, favorable eﬀects were
reported for TNF, IL-6, IL-8, and IL-2 in breast cancer by a recent metaanalysis using a more homogenous population (Meneses-Echavez et al.,
2016). Despite the role of inﬂammatory status in several cancers
(Balkwill and Mantovani, 2001; Michalaki et al., 2004) and the growing
body of literature examining cytokines in exercise oncology
(Christensen et al., 2014; Dethlefsen et al., 2016; Dieli-Conwright et al.,
2018; Glass et al., 2015; Hagstrom et al., 2016; Hojan et al., 2017;
Hojan et al., 2015; Hvid et al., 2016; Lee et al., 2017; Liu et al., 2015;
Rogers et al., 2014; Schmidt et al., 2016), it remains unclear if exercise
beneﬁts extend beyond breast cancer.
In addition to inﬂammatory status, immune function is important as

1.1. Objective
Exercise interventions are attractive non-pharmacological therapies
for treating chronic inﬂammation and compromised cellular immunity
associated with anti-cancer therapies. There is a need to consolidate the
literature to determine the eﬀectiveness of exercise training, guide the
extension of exercise guidelines, highlight gaps in the literature, and
determine speciﬁc areas of need for progressing the ﬁeld. Therefore, the
objectives were (1) to conduct separate meta-analyses to identify and
quantitatively review randomized controlled trials assessing the eﬀects
of exercise training on pro- and anti-inﬂammatory markers, and immune cell proportions function and; and (2) to perform subgroup
analyses to determine whether exercise modality, cancer type, and
speciﬁc markers help to explain heterogeneity in each meta-analysis.
2. Methods
This meta-analysis is reported in accordance with the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines (Moher et al., 2015) and is reported in supplementary
Table 1.
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(Opal and DePalo, 2000; Scheller et al., 2011; Stoner et al., 2013).
Cytokines that were considered but were excluded due to having less
than three studies included IL-2, IL-3, IL-4, IL-5, IL-7, IL-9, IL-12, IL-13,
IL-15, IL-16, IL-17, IL-18, IL-1α, INF-α, TNF-ß, IL-2ra, sIL-2R, sTNF-R,
sTNF-RII, G-CSF, GM-CSF, CTACK, Eotaxin (CCL11), MIP-1α (CCL3),
MIP-1ß (CCL4), IP-10 (CCL10), MIG (CCL9), ENA78 (CXCL5), RANTES
(CCL5), PDGF, LIF, MCSF, and MCP-2.

2.1. Data sources and searches
Electronic databases (PubMed/MEDLINE, EMBASE, CENTRAL, and
CINAHL) were searched by two authors (NK, VF). For searches in
PubMed/MEDLINE and EMBASE, terms from MeSH and Emtree were
used, respectively; for the other two electronic databases, the keywords
were adjusted. To permit a comprehensive search, Boolean operators
and wild cards were used. The selected keywords for the search included “cancer, neoplasm, tumor, tumour, malignancies, exercise, resistance training, aerobic training, immune function, immunity, immune system, immun*, innate immunity, humoral immunity, adaptive
immunity, mucosal immunity, cellular immunity, cytokines, cytokine
receptors, leukocytes, neutrophils, lymphocytes, monocytes, dendritic
cells, natural killer cells, killer cells, immunoglobulins, and T lymphocytes.” Additional resources searched included Scopus (conference papers), American Society of Clinical Oncology, Google Scholar (200 ﬁrst
results) (Bramer et al., 2017), and the reference lists of all identiﬁed
trials and relevant reviews. The search was limited to English-language
studies published between inception and March 2018.

2.5. Data Synthesis
For each outcome of interest, the pre- and post-intervention values
(mean and standard deviation), as well as mean diﬀerences and associated standard deviations, were extracted. When mean diﬀerences and
associated standard deviations were not published, the study authors
were contacted. If an author failed to respond, the values were estimated based on methods from the Cochrane Handbook for Systematic
Reviews of Interventions (Higgins and Green, 2008). For studies reporting
multiple time points, only the immediate post-intervention value was
used in analyses. Aggregation and calculation of ﬁnal results were
conducted by two authors (NK and VF).

2.2. Article selection
2.6. Data analysis
For the purpose of this meta-analysis, the terms ‘article’ and ‘study’
are used synonymously, and ‘trial’ is the unit included in the metaanalysis. A given article may have resulted in more than one eligible
‘trial’ if the article included more than one intervention group. Initially,
article titles and abstracts were screened for relevance. The full text of
potentially eligible articles was obtained to review eligibility for inclusion. The following criteria were used for inclusion in the review: (1)
the study was a randomized controlled trial; (2) the intervention was
exercise training alone (i.e., not in combination with other non-exercise
interventions); (3) the control group comprised of non-exercising
cancer survivors; (4) participants were adults; and (5) immune-related
outcomes (i.e., direct immune markers or cytokines/markers associated
with immune function) were reported. In trials with multiple treatment
arms and a single control group, the sample size of the control group
was divided by the number of treatment groups to avoid over-inﬂation
of the sample size (Higgins and Green, 2008). Two researchers (NK and
VF) completed the study selection independently. If there was disagreement, a third reviewer (EH) was consulted.

All extracted data were entered into software designed speciﬁcally
for meta-analyses (Open Meta-Analyst, http://www.cebm.brown.edu/
openmeta). Random eﬀects modeling, with the DerSimonian-Laird
method, was used to account for both within- and between-study
variability (Borenstein et al., 2010). Eﬀect sizes were calculated as
standardized mean diﬀerences (SMD), where < 0.2 was deﬁned as trivial, 0.2 to 0.4 as small, 0.4 to 0.8 as moderate, and > 0.8 as large
(Borenstein et al., 2010; Cohen, 1992). The statistical heterogeneity
across diﬀerent trials in the meta-analysis was assessed by the I2 statistic (Higgins et al., 2003), where < 25% indicates a low risk of heterogeneity, 25% to 75% indicates a moderate risk of heterogeneity,
and > 75% indicates a considerable risk of heterogeneity. Sensitivity
analyses were carried out by excluding one trial at a time to test the
robustness of the pooled results. Publication bias was evaluated by visual inspection of the Begg’s funnel plot when (1) at least 10 trials were
included in the meta-analysis, and (2) there was substantial variation in
sample size for the included trials (Higgins and Green, 2008). One
author (LS) conducted the data analysis.

2.3. Data extraction and quality assessment
3. Results
The following information was extracted for analysis: bibliographic
information (author, publication year), baseline participant characteristics, intervention details, immune-related components, immunoassay
protocols, and results of reported outcomes. The methodological quality
of studies was assessed using a modiﬁed Physiotherapy Evidence
Database (PEDro) scale (range 1–8). Because it is diﬃcult (if not impossible) to blind participants to an exercise intervention, we considered the blinding of the operator to the outcome assessment as a
quality criterion. Data extraction and quality assessment were completed by two independent reviewers (NK and VF).

3.1. Literature search and trial selection
A total of 5349 potentially eligible articles were identiﬁed. After
duplicates were removed, 4952 articles remained for screening.
Screening based on study title and abstract review excluded 4906 papers. The remaining 46 papers underwent a full-text screening and 20
papers were excluded (Fig. 1). The ﬁnal analysis included 26 articles
(27 trials) (Bower et al., 2014; Christensen et al., 2014; Dethlefsen
et al., 2016; Dieli-Conwright et al., 2018; Ergun et al., 2013; Fairey
et al., 2005a; Fairey et al., 2005b; Galvao et al., 2010; Glass et al., 2015;
Gomez et al., 2011; Hagstrom et al., 2016; Hojan et al., 2017; Hojan
et al., 2015; Hvid et al., 2016; Janelsins et al., 2011; Jones et al., 2013;
Lee et al., 2017; Liu et al., 2015; Na et al., 2000; Nieman et al., 1995;
Rao et al., 2008; Rogers et al., 2013; Rogers et al., 2014; Schmidt et al.,
2016; Sprod et al., 2012; Sprod et al., 2010).

2.4. Outcome selection
All biomarkers related to the immune system including immunerelated cytokines and immune cells were recorded. Subsequently, to
determine which outcomes were included in the analyses, two steps
were followed. First, cytokines with no clear role in the immune system
were excluded. Second, biomarkers that were reported in less than
three trials were excluded. Cytokines were classiﬁed as pro-inﬂammatory (IL-1β, IL-6, IL-8, TNF, interferon [IFN]-γ, monocyte chemoattractant protein [MCP]-1 and MCP-3, along with the acute phase
protein CRP) or anti-inﬂammatory (interleukin 1 receptor antagonist
[IL-1ra] and IL-10) by two authors (EH, LS), based on previous studies

3.2. Description of the included trials
3.2.1. Trial Setting and participants
The trial characteristics are summarized in Table 1.The number of
participants in each trial ranged from 12 (Liu et al., 2015) to 123 (Lee
et al., 2017). Seventeen trials included only female participants (Bower
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Fig. 1. Flow chart of the study selection process.

male participants (Christensen et al., 2014; Galvao et al., 2010; Hojan
et al., 2017; Hojan et al., 2015; Hvid et al., 2016), and four trials examined both sexes (Glass et al., 2015; Lee et al., 2017; Liu et al., 2015;
Sprod et al., 2010). The control groups consisted of usual care (n = 17)
(Christensen et al., 2014; Fairey et al., 2005a; Fairey et al., 2005b;

et al., 2014; Dethlefsen et al., 2016; Dieli-Conwright et al., 2018; Ergun
et al., 2013; Fairey et al., 2005a; Fairey et al., 2005b; Gomez et al.,
2011; Hagstrom et al., 2016; Janelsins et al., 2011; Jones et al., 2013;
Nieman et al., 1995; Rao et al., 2008; Rogers et al., 2013; Rogers et al.,
2014; Schmidt et al., 2016; Sprod et al., 2012), ﬁve trials studied only
Table 1
Study Characteristics.
Reference

PEDro Score

Cancer Type

Setting

Sample Size

Female (n)

Age (SD) Exercisers

Age (SD) Controls

Hojan et al. (2017) [59]
Dieli-Conwright et al. (2018) [61]
Lee et al. (2017) [60]
Dethlefsen et al. (2016) [55]
Hagstrom et al. (2016) [56]
Schmidt et al. (2016) [58]
Hvid et al. (2016) [57]
Glass et al. (2015) [52]
Hojan et al. (2017) [53]
Liu et al. (2015) [54]
Christensen et al. (2014) [50]
Bower (2014) [75]
Rogers et al. (2014) [51]
Ergun et al. (2013) [76]

8
5
5
5
8
5
4
7
6
5
6
5
8
6

Prostate
Breast
Colorectal
Breast
Breast
Breast
Prostate
Solid tumors
Prostate
Lung
Germ cell
Breast
Breast
Breast

72
21
123
74
39
103
19
44
54
27
19
31
46
60

0
21
64
74
39
103
0
36
0
12
0
31
46
60

65.7 (6.2)
53 (10)
56.3 (9.7)
46 (9.6)
51.2 (9.4)
57.2 (8.8)
69.8 (2.9)
56 (10)
67.4 (8.3)
62.6 (8.4)
34.4 (7.6)
54 (5.4)
57.2 (5.5)
49.7 (8.3)

67.9 (4.9)
55 (4.5)
56.3 (9.9)
48.2 (7.8)
52.7 (9.4)
57.1 (8.9)
68 (6.1)
54 (11)
69.9 (7.2)
60.5 (7.1)
35.8 (8.9)
54 (5.4)
55.2 (9.1)
50.3 (10.4)

Jones et al. (2013) [82]
Rogers et al. (2013) [86]
Sprod et al. (2012) [87]
Gomez et al. (2011) [80]
Janelsins et al. (2011) [81]
Sprod et al. (2010) [88]
Galvao et al. (2010) [79]
Rao et al. (2008) [85]
Fairey et al. (2005a,b) [77]
Fairey et al. (2005a,b) [78]
Na et al. (2000) [83]
Nieman et al. (1995) [84]

7
6
6
4
5
6
7
6
8
8
3
4

Breast
Breast
Breast
Breast
Breast
Breast & Prostate
Prostate
Breast
Breast
Breast
Stomach
Breast

Supervised
Supervised
Home-based
Supervised
Supervised
Supervised
Home-based
Supervised
Supervised
Supervised
Supervised, Hospital-based
Supervised
Supervised + Home-based
1) Supervised;
2) Home-based
Supervised + Home-based
Supervised + Home-based
Supervised
Supervised
Supervised
Home-based
Supervised
Supervised + Home-based
Supervised
Supervised
Supervised
Supervised

75
28
19
16
19
38
57
69
53
53
35
12

75
28
19
16
19
27
0
69
53
53
NA
12

56.4 (9.6)
58 (6.1)
54.3 (3.5)
50 (5)
54.3 (10.6)
56.6 (13.7)
69.5 (7.3)
49.2 (9.6)
59 (5)
59 (5)
57.8 (12.1)
60.8 (4)

55.4 (7.6)
53.7 (13.9)
52.7 (2.1)
50 (5)
52.7 (6.7)
63.3 (9.4)
70.1 (7.3)
49.2 (9.6)
58 (6)
58 (6)
52.2 (10.3)
51.2 (4.7)
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Discovery (n = 2) (Christensen et al., 2014; Dethlefsen et al., 2016),
ﬂow cytometry (n = 2) (Hagstrom et al., 2016; Liu et al., 2015), immunoturbidimetric assay (n = 2) (Hagstrom et al., 2016; Lee et al.,
2017), MicroSlide Technology (Dieli-Conwright et al., 2018), and one
trial did not report the methods used (Galvao et al., 2010).

Galvao et al., 2010; Glass et al., 2015; Gomez et al., 2011; Hagstrom
et al., 2016; Hojan et al., 2017; Hojan et al., 2015; Hvid et al., 2016;
Jones et al., 2013; Lee et al., 2017; Liu et al., 2015; Nieman et al., 1995;
Rogers et al., 2013; Rogers et al., 2014; Sprod et al., 2010), educational
interventions (n = 3) (Bower et al., 2014; Ergun et al., 2013), support
therapy (n = 2) (Janelsins et al., 2011; Sprod et al., 2012), health
evaluation (n = 1) (Dethlefsen et al., 2016), support counselling plus
shoulder rehabilitation movements (n = 1) (Rao et al., 2008), relaxation (n = 1) (Schmidt et al., 2016), and delayed intervention (n = 1)
(Dieli-Conwright et al., 2018). Seventeen trials studied breast cancer
(Bower et al., 2014; Dethlefsen et al., 2016; Dieli-Conwright et al.,
2018; Ergun et al., 2013; Fairey et al., 2005a; Fairey et al., 2005b;
Gomez et al., 2011; Hagstrom et al., 2016; Janelsins et al., 2011; Jones
et al., 2013; Nieman et al., 1995; Rao et al., 2008; Rogers et al., 2013;
Rogers et al., 2014; Schmidt et al., 2016; Sprod et al., 2012), with the
remaining trials including prostate (n = 4) (Hojan et al., 2017; Hojan
et al., 2015; Hvid et al., 2016), germ cells (n = 1) (Christensen et al.,
2014), lung (n = 1) (Liu et al., 2015), colorectal (n = 1) (Lee et al.,
2017), and mixed cancers (n = 2) (Glass et al., 2015; Sprod et al.,
2010). The majority of studies were conducted after treatment (n = 19)
(Bower et al., 2014; Dethlefsen et al., 2016; Dieli-Conwright et al.,
2018; Ergun et al., 2013; Fairey et al., 2005a; Fairey et al., 2005b;
Galvao et al., 2010; Gomez et al., 2011; Hagstrom et al., 2016; Hvid
et al., 2016; Janelsins et al., 2011; Jones et al., 2013; Lee et al., 2017;
Liu et al., 2015; Na et al., 2000; Nieman et al., 1995; Rogers et al., 2013;
Rogers et al., 2014; Schmidt et al., 2016; Sprod et al., 2012), 6 during
treatment (Christensen et al., 2014; Galvao et al., 2010; Glass et al.,
2015; Hojan et al., 2015; Rao et al., 2008; Sprod et al., 2010), and 1
study during and after treatment (Hojan et al., 2017).

3.3. Methodological quality assessment
The methodological assessment details are presented in supplementary Table 2. Of the 27 trials, ﬁve had maximal scores on the
modiﬁed 8-point PEDro scale (Fairey et al., 2005a; Fairey et al., 2005b;
Hagstrom et al., 2016; Hojan et al., 2017; Rogers et al., 2014), three
scored below 5 (Gomez et al., 2011; Hvid et al., 2016; Nieman et al.,
1995), and the remaining 16 trials fell between these values (Bower
et al., 2014; Christensen et al., 2014; Dethlefsen et al., 2016; DieliConwright et al., 2018; Ergun et al., 2013; Galvao et al., 2010; Glass
et al., 2015; Hojan et al., 2015; Janelsins et al., 2011; Jones et al., 2013;
Lee et al., 2017; Liu et al., 2015; Rao et al., 2008; Rogers et al., 2013;
Schmidt et al., 2016; Sprod et al., 2012; Sprod et al., 2010), with a
mean of 6.33. Random allocation, group similarity at baseline, between-group diﬀerences, point estimates, and variability were reported
in all trials (Bower et al., 2014; Christensen et al., 2014; Dethlefsen
et al., 2016; Dieli-Conwright et al., 2018; Ergun et al., 2013; Fairey
et al., 2005a; Fairey et al., 2005b; Galvao et al., 2010; Glass et al., 2015;
Gomez et al., 2011; Hagstrom et al., 2016; Hojan et al., 2017; Hojan
et al., 2015; Hvid et al., 2016; Janelsins et al., 2011; Jones et al., 2013;
Lee et al., 2017; Liu et al., 2015; Nieman et al., 1995; Rao et al., 2008;
Rogers et al., 2013; Rogers et al., 2014; Schmidt et al., 2016; Sprod
et al., 2012; Sprod et al., 2010). Concealed allocation was reported only
in 11 trials (Fairey et al., 2005a; Fairey et al., 2005b; Galvao et al.,
2010; Hagstrom et al., 2016; Hojan et al., 2017; Hojan et al., 2015;
Janelsins et al., 2011; Liu et al., 2015; Rao et al., 2008; Rogers et al.,
2014; Sprod et al., 2012). In 11 trials, assessors were blinded
(Christensen et al., 2014; Ergun et al., 2013; Fairey et al., 2005a; Fairey
et al., 2005b; Glass et al., 2015; Hagstrom et al., 2016; Hojan et al.,
2017; Jones et al., 2013; Rao et al., 2008; Rogers et al., 2013; Rogers
et al., 2014). Outcomes reported from > 85% of the participants initially allocated to groups was met by 15 trials (Bower et al., 2014;
Christensen et al., 2014; Dethlefsen et al., 2016; Dieli-Conwright et al.,
2018; Ergun et al., 2013; Fairey et al., 2005a; Fairey et al., 2005b;
Galvao et al., 2010; Glass et al., 2015; Hagstrom et al., 2016; Hojan
et al., 2017; Hojan et al., 2015; Jones et al., 2013; Rogers et al., 2014;
Sprod et al., 2010). Intention-to-treat analyses were reported by 13
trials (Fairey et al., 2005a; Fairey et al., 2005b; Galvao et al., 2010;
Glass et al., 2015; Hagstrom et al., 2016; Hojan et al., 2017; Jones et al.,
2013; Lee et al., 2017; Rogers et al., 2013; Rogers et al., 2014; Schmidt
et al., 2016; Sprod et al., 2012; Sprod et al., 2010).

3.2.2. Interventions
A brief description of the exercise interventions is provided in
Table 2. Intervention duration varied from 2 to 104 weeks, with a
median of 12 weeks. Thirteen trials used a combination of aerobic
training (AE) and resistance training (RT) (Dethlefsen et al., 2016;
Dieli-Conwright et al., 2018; Ergun et al., 2013; Galvao et al., 2010;
Gomez et al., 2011; Hojan et al., 2017; Hojan et al., 2015; Lee et al.,
2017; Nieman et al., 1995; Rogers et al., 2013; Rogers et al., 2014;
Sprod et al., 2010), ﬁve trials used AE only (Fairey et al., 2005a; Fairey
et al., 2005b; Glass et al., 2015; Hvid et al., 2016; Jones et al., 2013),
three trials used RT only (Christensen et al., 2014; Hagstrom et al.,
2016; Schmidt et al., 2016), and ﬁve trials included yoga (n = 2)
(Bower et al., 2014; Rao et al., 2008) or Tai Chi (n = 3) (Janelsins et al.,
2011; Liu et al., 2015; Sprod et al., 2012).
3.2.3. Immunoassays
Details of immune-related outcomes and immunoassays are presented in Table 2. Circulating biomarker levels were reported in 24
trials (Bower et al., 2014; Christensen et al., 2014; Dethlefsen et al.,
2016; Dieli-Conwright et al., 2018; Ergun et al., 2013; Fairey et al.,
2005b; Galvao et al., 2010; Glass et al., 2015; Gomez et al., 2011;
Hagstrom et al., 2016; Hojan et al., 2017; Hojan et al., 2015; Hvid et al.,
2016; Janelsins et al., 2011; Jones et al., 2013; Lee et al., 2017; Rao
et al., 2008; Rogers et al., 2013; Rogers et al., 2014; Schmidt et al.,
2016; Sprod et al., 2012; Sprod et al., 2010), immune cell number in 3
trials (Glass et al., 2015; Hagstrom et al., 2016; Liu et al., 2015), and
immune cell activity in three trials (Fairey et al., 2005a; Na et al., 2000;
Nieman et al., 1995). The immunoassays used to determine circulating
cytokine and CRP levels included enzyme-linked immunosorbent assay
(ELISA) (n = 13) (Bower et al., 2014; Ergun et al., 2013; Fairey et al.,
2005b; Glass et al., 2015; Hvid et al., 2016; Janelsins et al., 2011; Jones
et al., 2013; Rao et al., 2008; Rogers et al., 2013; Schmidt et al., 2016;
Sprod et al., 2012; Sprod et al., 2010), bead-based arrays (n = 5)
(Gomez et al., 2011; Hagstrom et al., 2016; Hojan et al., 2017; Hojan
et al., 2015; Rogers et al., 2014), chromium release assay (n = 3)
(Fairey et al., 2005a; Na et al., 2000; Nieman et al., 1995), Meso Scale

3.4. Synthesis of the results
The eﬀects of exercise interventions on the selected immune outcomes are reported in the subsequent sections. Numerical values are
presented as SMD (95% CI) unless otherwise stated. Summary text is
provided to consolidate the ﬁndings for each meta-analysis.
3.5. Pro-inﬂammatory cytokines
The results are shown in Table 3. There was a small [eﬀect size]
decrease in the pro-inﬂammatory markers (SMD: −0.253, 95% CI:
−0.370 to −0.137, p = 0.001); however, there was moderate heterogeneity (I2 = 43%, p < 0.001). None of the trials unduly inﬂuenced
the outcome, and inspection of the funnel plots indicated no evidence of
publication bias. The inﬂuence of each individual study is presented for
cancer type, exercise mode, and marker in supplementary Figs. 1–3,
respectively.
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AE + RT; F: 3x/wk; I: AE: 65–70% of HRR; RT: 70–75% of 1RM; V: 65–85 min
AE + RT; F: AE: 3x/wk, RT: 2x/wk; I: AE: 65–85% of MHR, RT: 60–80% of 1RM; V: AE: 50 min,
RT: 8 exercise/15 Reps
AE + RT; F: RT: 2x/wk, AE: NA; I: AE: > 18METs, RT: NA; V: AE: 10,000 steps/day, RT:30 min
AE + RT; F: 2x/wk; I: AE: 80–100% MHR, RT: 70–90% 1-RM; V: AE: NR, RT: 6 exercise, 3 sets,
8–10 reps
RT; F: 3x/wk; I: 8 RM; V: 60 min, 3 sets, 8–10 reps of 8 RM
RT; F: 2x/wk; I: 60–80% of 1Rm; V: 8 exercises, 3 sets, 8–12 reps
AE; F: 3x/wk; I: 60–65% of VO2max; V: 35 min
AE; F: 3x/wk; I: 55–100% of VO2 peak; V: 20–45 min
AE + RT; F: 5x/wk; I: AE: 65–75% of MHR, RT: 70–75% of 1RM; V: AE: 30 min, RT: 8 reps, 2
sets
Tai chi; F: 3x/wk; I: NR; V: 60 min
RT; F: 3x/wk; I: 10–12-RM load; V: 4 exercise, 10 reps, 4 sets
Yoga; F: 2x/wk; I: NR; V: 90 min
RT + AE; F: 4x/wk; I: AE: 48%-52% of HRR, RT: NR; V: AT: 40 min, RT: 15 reps, 2 sets
1) RT + AE; F: 6x/wk; I: NR; V: AE: 30–45 min, RT: NR
2) T: AE; F: 3x/wk; I: NR; V: 30 min
AE; F: 5x/wk; I: 60–80% of predicted MHR; V: 30 min
AE + RT; F: 2x/wk; I: NR; V: AE: 75 min, RT: 8 exercises, 20 reps
Tai chi; F: 3x/wk; I: NR; V: 60 min
AE + RT; F: 3x/wk; I: AE: 80% of MHR, RT: NR; V: AE: 30 min, RT: NR

Tai chi; F: 3x/wk; I: moderate; V: 60 min
AE + RT; F: 7x/wk; I: moderate; V: A: NR, RT: 15 reps, 4sets
AE + RT; F: 2x/wk; I: AE: 65–80% MHR, RT: 12–6 RM; V: AE: 15–20 min, RT: 8 exercises, 2–4
sets 6–12 reps
Yoga; F: 4-7x/wk; I: NR; V: 30 min
AE; F: 3x/wk; I: 70–75% of VO2peak; V: 35 min
AE; F: 3x/wk; I: 70–75% of VO2peak; V: 35 min
AE; F: 5x/wk; I: 60% of MHR; V: 60–90 min
RT + AE; F: 3x/wk; I: AE: 75% of MHR, RE: NR; V: AE: 30 min, RT: 12 reps-2 sets

Hojan et al. (2017) [59]
Dieli-Conwright et al. (2018) [61]
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Janelsins et al. (2011) [81]
Sprod et al. (2010) [88]
Galvao et al. (2010) [79]

4
15
15
2
8

12
4
12

26
12
12
8

16
9
12
12
9

16
12
104
12
8

12
26

48
16

Duration (wks)

Counselling & rehabilitation
Usual care
Usual care
Usual care
Usual care

Psychological support therapy
Usual care
Usual care

Usual care
Usual care
Support therapy
Usual care

Usual care
Usual care
Health education
Usual care
Educational group

Usual care
Relaxation
Usual care
Usual care
Usual care

Usual care
Health evaluation group

Usual care
Delayed intervention

Control Group

TNF, INF-γ
NKCA
CRP
NKCA
NKCA

IL-6, CRP, TNF
IL-6, IL-8, IL-10, TNF
IL-6, IL-8
IFN-γ, IL-1ß, IL-1ra, IL-6, IL-8, IL-10, MCP-1, MCP3, TNF,
IIL-6, IL-2, INF-γ
IL-6, TNF
CRP

NK %, NKT %
IFN-γ, IL-1ß, IL-6, IL-8, IL-10, TNF
IL-6, IL-1ra, CRP
IL-6, IL-8, IL-10, TNF
IL-6, IL-8, TNF, MCP1, MCP3

NK %, NKT %
IL-6, IL-1ra
IL-6, TNF
NK%, NKT%
IL-6, IL-1ß, TNF

CRP, TNF
IL-6, IL-8, IL-10, TNF

IL-6, IL-1ß, TNF
CRP, IL-6, IL-8

Immune components

Abbreviations: F = exercise frequency; I = exercise intensity; V = exercise volume; RT = resistance training; AE = aerobic training; RM = repetition maximum; HRR = heart rate reserve; reps = repetitions;
MHR = maximum heart rate; METs = metabolic equivalents; NR = not reported; IL = interleukin; TNF = tumor necrosis factor; IF = interferon; MCP = monocyte chemoattractant protein; VO2peak = peak oxygen
uptake; NKCA = natural killer cell cytotoxic activity; CRP = C-reactive protein; IL-1ra = interleukin 1 receptor antagonist; NK = natural killer; NKT = natural killer T; wk = week.

Rao et al. (2008) [85]
Fairey et al. (2005a,b) [77]
Fairey et al. (2005a,b) [78]
Na et al. (2000) [83]
Nieman et al. (1995) [84]

Jones et al. (2013) [82]
Rogers et al. (2013) [86]
Sprod et al. (2012) [87]
Gomez et al. (2011) [80]

Liu et al. (2015) [54]
Christensen et al. (2014) [50]
Bower (2014) [75]
Rogers et al. (2014) [51]
Ergun et al. (2013) [76]

Hagstrom et al. (2016) [56]
Schmidt et al. (2016) [58]
Hvid et al. (2016) [57]
Glass et al. (2015) [52]
Hojan et al. (2017) [53]

Lee et al. (2017) [60]
Dethlefsen et al. (2016) [55]

Intervention

Reference

Table 2
Summary of exercise interventions and immunoassay protocols.
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Table 3
Changes in Pro-inﬂammatory Cytokines with Training.

Overall
Cancer Type
Breast
Germ Cell
Mixed
Prostate
Colorectal
Exercise Mode
Tai Chi/Yoga
RT
AE + RT
AE
Marker
IL-6
CRP
IL-8
INFgamma
TNF
MCP-1
MCP-3
IL-1b

Intervention
N

Control
N

Weight
%

SMD 95% CI

1183

1152

100

−0.253

768
36
38
239
102

762
40
38
216
96

77.5
3.8
2.7
12.5
3.5

97
85
745
256

106
85
726
235

349
164
144
26
338
48
48
70

331
160
146
28
325
48
48
66

P value

I2

Heterogeneity P value

−0.370, −0.137

0.001

43%

< 0.001

−0.224
−0.089
0.118
−0.481
−0.224

−0.358,
−0.750,
−0.239,
−0.808,
−0.503,

−0.090
0.571
0.475
−0.150
0.056

0.001
0.791
0.468
0.004
0.117

34%
52%
0%
65%
0%

0.018
0.103
0.687
0.004
0.462

10.5
5
62.8
21.7

−0.039
−0.119
−0.352
−0.152

−0.321,
−0.699,
−0.518,
−0.330,

0.242
0.461
−0.186
0.027

0.785
0.688
< 0.001
0.095

2%
37%
57%
0%

0.409
0.175
< 0.001
0.897

27.3
12.4
14
3.4
27.3
4.9
4.9
5.8

−0.159
−0.465
−0.298
0.130
−0.297
−0.381
−0.222
−0.239

−0.379,
−0.872,
−0.709,
−0.509,
−0.530,
−0.785,
−0.624,
−0.577,

0.061
−0.060
0.113
0.770
−0.060
0.023
0.179
0.100

0.156
0.025
0.156
0.419
0.004
0.064
0.278
0.167

38%
67%
64%
28%
52%
0%
0%
0%

0.055
0.011
0.005
0.249
0.013
0.845
0.981
0.429

Abbreviations: RT = resistance training; AE + RT = combined training; AE = aerobic training; IL = interleukin; CRP = C-reactive protein; TNF = tumor necrosis
factor; MCP = monocyte chemoattractant protein.

3.6.1. Subgroup analysis: cancer type
Only two cancer types were included, breast and germ cell cancers.
There was a trend for a trivial decrease in anti-inﬂammatory markers
for the breast cancer group (SMD: −0.196, 95% CI −0.428–0.038,
p = 0.100). Only one study for germ cell cancer was available.

3.5.1. Subgroup analysis: cancer type
There was a moderate decrease for the prostate group (SMD:
−0.481, 95% CI −0.808 to −0.150, p = 0.004) and a small decrease
for the breast cancer group (SMD: −0.224, 95% CI −0.358 to −0.090,
p = 0.001). There was no eﬀect of training on germ cell (p = 0.791),
colorectal (p = 0.117), and mixed cancer (p = 0.468) groups.

3.6.2. Subgroup analysis: exercise mode
There was no change in anti-inﬂammatory markers with the
AE + RT (p = 0.222) and RT (p = 0.275) groups. Only one study for
Tai Chi/Yoga exercise was available.

3.5.2. Subgroup analysis: exercise mode
There was a small decrease for the AE + RT group (SMD: −0.352,
95% CI −0.518 to −0.186, p < 0.001), a trivial trend to decrease for
the AE group (SMD: −0.152, 95% CI −0.330–0.027, p = 0.095), with
no changes in the RT (p = 0.688) or Tai Chi/Yoga (p = 0.785) groups.

3.6.3. Subgroup analysis: marker
Only two anti-inﬂammatory markers were included, with no eﬀects
observed in IL–1ra (p = 0.151) and IL-10 (p = 0.257).

3.5.3. Subgroup analysis: marker
There was a moderate decrease in CRP (SMD: −0.465, 95% CI
−0.872 to −0.060, p < 0.025), and a small decrease in TNF (SMD:
−0.297, 95% CI −0.530 to −0.060, p = 0.004). There was a trivialsmall decreasing trend in MCP-1 (SMD: −0.381, 95% CI
−0.785–0.023, p = 0.064) with no changes in IL-8 (p = 0.156), IL-6
(p = 0.156), IL-1β (p = 0.167), MCP-3 (p = 0.278), or INF-γ
(p = 0.419).

3.6.4. Anti-inﬂammatory cytokines summary
Overall, exercise was associated with a trend towards decreasing
anti-inﬂammatory levels, but the eﬀect was small. The ﬁndings were
not inﬂuenced by exercise mode or by marker, and there was insuﬃcient data to explore cancer type.
3.7. Immune cells
The results are shown in Table 5. There was a trivial eﬀect on the
immune markers (SMD: 0.183, 95% CI: –0.212–0.529, p = 0.364);
however, there was also moderate heterogeneity (I2 = 55%,
p = 0.004). One trial (Nieman et al., 1995) inﬂuenced the outcomes
and its removal increased the SMD to a small ES (SMD: 0.303, 95% CI:
−0.021–0.628, p = 0.067) that approached signiﬁcance. The inﬂuence
of each individual study is presented for cancer type, exercise mode,
and marker in supplementary Figs. 7–9, respectively.

3.5.4. Pro-inﬂammatory cytokines summary
Overall, exercise appeared to decrease pro-inﬂammatory markers.
The eﬀects of training were largest in the prostate (moderate ES) and
breast (small ES) cancer groups; AE + RT was the most eﬀective exercise modality (small ES), and CRP (moderate ES) and TNF (small ES)
were the markers most sensitive to change.
3.6. Anti-inﬂammatory

3.7.1. Subgroup analysis: cancer type
There was a small decrease (SMD: −0.256, 95% CI −1.049–0.537,
p = 0.527) for the breast cancer group; however, the eﬀect size became
trivial with the removal of Neiman et al., (1995) (SMD: 0.081, 95% CI
−0.548–0.711, p = 0.800). There was a moderate increase for the lung
cancer group (SMD: 0.560, 95% CI 0.015–1.104, p = 0.044) but no
eﬀect in the mixed-cancer group (p = 0.730). Only one trial was
available for the stomach cancer group.

The results are shown in Table 4. The meta-analysis indicated a
small decrease (SMD: −0.207, 95% CI: −0.432–0.018, p = 0.072) in
anti-inﬂammatory markers, which approached signiﬁcance. There was
insuﬃcient data to calculate heterogeneity, but a leave-one-out analysis
indicated that none of the trials inﬂuenced the outcome. The inﬂuence
of each individual study is presented for cancer type, exercise mode,
and marker in supplementary Figs. 4–6, respectively.
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Table 4
Change in Anti-inﬂammatory Cytokines with Training.

Overall
Cancer Type
Breast
Germ Cell
Exercise type
Tai Chi/Yoga
RT
AE + RT
Marker
IL-1ra
IL-10

Intervention
N

Control
N

Weight
%

SMD

95% CI

P value

I2

Heterogeneity P value

153

154

100

−0.207

−0.432, 0.018

0.072

0%

0.807

144
9

144
10

93.9
6.1

−0.195
−0.389

−0.428, 0.038
−1.298, 0.52

0.100
N/A

0%
N/A

0.732
N/A

14
53
86

15
55
84

9.5
35.4
55.1

−0.295
−0.211
−0.189

−1.027, 0.437
−0.589, 0.168
−0.493, 0.114

N/A
0.275
0.222

N/A
0%
0%

N/A
0.672
0.476

66
87

68
86

43.8
56.2

−0.249
−0.174

−0.590, 0.091
−0.474, 0.127

0.151
0.257

0%
0%

0.73
0.554

Abbreviations: RT = resistance training; AE + RT = combined training; IL = interleukin.

the most widely studied training modality and was associated with the
largest reductions in pro-inﬂammatory marker levels. Exercise training
did not statistically change circulating anti-inﬂammatory cytokines or
immune cell markers, although overall trends were present for both
groups of markers. However, it should be considered that the available
data for anti-inﬂammatory cytokines and immune cell markers were
limited, highlighting the need for additional research in these areas.
Collectively, based on the results of this study, regular participation in a
combination of RT and AT training in prostate and breast cancer survivors appears to be associated with a decrease in low-grade inﬂammation with the implications for anti-inﬂammatory and immune
function still being unclear.

3.7.2. Subgroup analysis: exercise type
There were moderate increases for the Tai Chi/yoga (SMD: 0.560,
95% CI 0.015–1.104, p = 0.044) and AE groups (SMD: 0.448, 95% CI
−0.007–0.903, p = 0.054), with the latter showing a trend for statistical signiﬁcance. There was no eﬀect in the RT group (p = 0.329), and
only one AE + RT trial was available.
3.7.3. Subgroup analysis: marker
There was no eﬀect on natural killer cell activity (NKCA)
(p = 0.840) following training. With the removal of Nieman et al.,
(1995), there was a large increase in NKCA (SMD: 0.817, 95% CI
0.377–1.256, p < 0.001). There were no eﬀects of training on NK cell
(p = 0.435) and natural killer T (NKT) cell Proportions (p = 0.876).

4.1. Limitations and strengths
3.7.4. Immune cells summary
Overall, exercise training had a trivial eﬀect on immune function
markers; however, the ﬁndings were moderately heterogeneous.
Training induced moderate increases in immune function for lung
cancer and AE and Tai Chi/Yoga intervention and immune markers
were restricted to NK and NKT populations only.

There were several limitations in the existing literature that aﬀected
the conclusions and implications of this study. First, for some outcomes,
there was a low number of studies and high heterogeneity, which made
interpretation and generalization of the results challenging. Moreover,
12 out of 27 studies had low quality (scoring ≤5 out of 8 in the
modiﬁed PEDro scale). Second, unsupervised exercise was used in 8 out
of 27 trials, which may have led to imprecise reporting of exercise
characteristics. Third, all inﬂammatory markers were obtained from
circulating blood samples, such that the source of each cannot be determined, as immune cells (Dranoﬀ, 2004), endothelial cells (Mai et al.,
2013), ﬁbroblasts (Pang et al., 1994), and skeletal muscle (Pedersen
and Febbraio, 2012) all secrete cytokines. Fourth, CRP, IL-6, and IL-10
have both pro- and anti-inﬂammatory roles (Del Giudice and

4. Discussion
The main ﬁnding of this meta-analysis is that exercise training decreases circulating pro-inﬂammatory markers, notably CRP and TNF.
Prostate and breast cancer survivors experienced the greatest traininginduced reductions in pro-inﬂammatory markers compared to the other
cancer types analyzed. Combined aerobic and resistance exercise was
Table 5
Changes in Immune Cells with Training.

Overall
Cancer Type
Breast
Mixed
Lung
Stomach
Exercise Mode
AE
RT
Tai Chi/Yoga
AE + RT
Marker
NKCA
NK%
NKT%

Intervention
N

Control
N

Weight
%

SMD

95% CI

P value

I2

Heterogeneity P value

155

154

100

0.183

−0.212, 0.579

0.364

65%

0.004

68
42
28
17

64
46
26
18

42.2
25.4
21.3
11.3

−0.256
0.074
0.560
1.091

−1.049, 0.537
−0.345, 0.492
0.015, 1.104
0.381, 1.802

0.527
0.730
0.044
N/A

78%
0%
0%
N/A

0.004
0.995
0.742
N/A

83
38
28
6

92
30
26
6

49.8
23.3
21.3
5.8

0.448
−0.239
0.560
−1.831

−0.007, 0.903
−0.720, 0.242
0.015, 1.104
−3.180, −0.484

0.054
0.329
0.044
N/A

55%
0%
0%
N/A

0.082
0.591
0.742
N/A

47
54
54

52
51
51

30
35
35

0.128
0.163
0.036

−1.115, 1.372
−0.246, 0.573
−0.409, 0.480

0.840
0.435
0.876

86%
10%
24%

0.001
0.327
0.270

Abbreviations: AE = aerobic training; RT = resistance training; AE + RT = combined training; NKCA = Natural killer cell activity; NK% = natural killer cell proportion; NKT% = natural killer T cell proportions.
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whereas AE + RT had a small to moderate eﬀect size (-0.35). Although
the number of studies using RT or AE was not equal to AE + RT, it is
possible that the larger eﬀect size observed for AE + RT intervention
may be attributed to larger cumulative exercise dose relative to RT or
AE only interventions. Currently, AE + RT is recommended for cancer
survivors by several exercise and cancer organizations (Hayes et al.,
2019; Rock et al., 2012; Schmitz et al., 2010), and the results of this
meta-analysis and others (Meneses-Echavez et al., 2016) lend support to
those guidelines.

Gangestad, 2018; Dennis et al., 2013; Hanriot et al., 2008; Scheller
et al., 2011), which complicates the interpretation of these ﬁndings.
Finally, other factors also may have inﬂuenced the results, including
age, sex, exercise intensity and duration, and intervention length that
were beyond the scope of this analysis, although these details are reported in Tables 1 and 2.
This study also had several strengths. First, to our knowledge, this is
the ﬁrst meta-analysis examining the exercise training eﬀects on several
aspects of the immune system in all cancer types. Second, this comprehensive study allows us to create a “big picture” on possible training
eﬀects within the inﬂammation-immune axis in cancer patients.
Previous studies have been limited to systematic reviews (KruijsenJaarsma et al., 2013; Lof et al., 2012) or meta-analyses on certain proinﬂammatory markers only in breast cancer survivors (MenesesEchavez et al., 2016). Last, an a priori subgroup analysis allowed examination of the available data based on diﬀerent cancer types, exercise
modalities, and speciﬁc biomarkers as sources of heterogeneity within
the analysis.

4.3. Anti-inﬂammatory cytokines
The current study revealed a small, marginally signiﬁcant
(p = 0.072) decrease in anti-inﬂammatory cytokines. At ﬁrst glance,
this may seem detrimental, as higher physical activity levels are linked
to elevated IL-10 in healthy men (Jankord and Jemiolo, 2004), and
training tended to increase IL-10 in individuals with impaired glucose
handling (Oberbach et al., 2006). However, anti-inﬂammatory cytokines are modulatory molecules that have a dynamic interaction with
pro-inﬂammatory cytokines (Opal and DePalo, 2000), such that decreased pro-inﬂammatory cytokines may potentially lower anti-inﬂammatory levels by reducing the stimulus for release. A functional and
available receptor (Turner et al., 2014), along with the receptor density
which is inﬂuenced by exercise training (Flynn and McFarlin, 2006;
Shephard et al., 1994), are also important considerations regarding
circulating cytokine levels. Examination of the ratio of pro- and antiinﬂammatory markers may partially address these issues but both
marker-types need to originate from the same study for valid comparisons.
The anti-inﬂammatory analysis in the current study was limited to
only IL-10 and IL-1ra, as these markers appeared frequently enough in
the literature to allow for an analysis to be performed. IL-1ra has a
therapeutic role in cancer by blocking pro-inﬂammatory IL-1 functions
and inhibiting tumor angiogenesis (Mantovani et al., 2008; Voronov
et al., 2003). IL-10 is generally considered anti-inﬂammatory but has a
paradoxical role within tumor function (Ahmad et al., 2018; Dennis
et al., 2013; Galizia et al., 2002; Mannino et al., 2015; Stoner et al.,
2013). The subgroup analyses showed no changes in either marker, nor
were there any eﬀects of cancer type and exercise mode. Although
consistent with previous works in breast cancer (Meneses-Echavez
et al., 2016; van Vulpen et al., 2018), limited data of low quality (4 out
of 6 scored ≤5 in the PEDro scale) limited the strength of the evidence.
The anti-inﬂammatory eﬀects of exercise training in cancer survivors
appear to primarily arise from decreases in pro-inﬂammatory markers
only, as seen in aging and other chronic diseases (Flynn et al., 2007;
Petersen and Pedersen, 2005).

4.2. Pro-inﬂammatory cytokines
The link between cancer and inﬂammation was ﬁrst suggested by
Rudolf Virchow in 1863 (Balkwill and Mantovani, 2001). Inﬂammation
has a crucial role in cancer development and progression (Balkwill and
Mantovani, 2001; Mantovani et al., 2008). Conversely, exercise training
is assumed to improve the inﬂammatory proﬁle in cancer survivors
(Koelwyn et al., 2015; McTiernan, 2008), albeit with limited evidence
to support that hypothesis. In this meta-analysis, exercise training was
associated with a small decrease in circulating pro-inﬂammatory markers in cancer survivors. Among the speciﬁc cytokines analyzed, IL-6
was the most-studied cytokine. Despite a prominent role within several
metabolic pathways during physical exertion (Pedersen et al., 2004;
Steensberg, 2003), IL-6 did not change with exercise training and was
consistent with previous reports in cancer populations (KruijsenJaarsma et al., 2013; Lof et al., 2012). Exercise training was also associated with moderate decreases in CRP levels, which is consistent
with previous work in cancer survivors (Ballard-Barbash et al., 2012;
Betof et al., 2013; Winters-Stone et al., 2018). This ﬁnding may be
important clinically, as elevated CRP levels are associated with poor
prognosis and early death in cancer survivors (Allin et al., 2009; Li
et al., 2017; Nikiteas et al., 2005). TNF is another key mediator of inﬂammation in cancer, regulating a cascade of inﬂammatory responses
via activating a various range of cytokines, chemokines, adhesions, and
angiogenic factors (Balkwill and Mantovani, 2001; Coussens and Werb,
2002). The current study also indicated small decreases in TNF with
exercise training, which is consistent with a previous meta-analysis in
breast cancer (Meneses-Echavez et al., 2016). Collectively, the current
study reports small-moderate reductions in CRP and TNF levels following exercise training. Presently, there is a lack of data to determine
the clinical importance of these changes.
Exercise training appears to reduce inﬂammation in prostate and
breast cancers, although the number of trials for prostate cancer was
limited (n = 4). Other included cancer types with no changes in inﬂammation were germ cell, colorectal, and mixed cancers.
Physiological and treatment diﬀerences in cancer types exist and may
inﬂuence the exercise response; however, a more likely explanation is
the greater statistical power of breast and prostate cancer studies owing
to their higher relative frequency within exercise oncology (Jones and
Alfano, 2013). While prostate and breast cancer survivors appear to
have greater inﬂammation reduction with exercise training, more studies are needed to be conducted in other cancer sites to determine if
these beneﬁts extend to other populations.
Combined aerobic and resistance training was the only exercise
mode that reduced pro-inﬂammatory levels; however, this exercise
mode was also the most studied intervention. Interestingly, the eﬀect
sizes for AE and RT were both small (-0.15 and −0.11, respectively),

4.4. Immune cell markers
Immune cells play a critical role in the recognition and elimination
of tumor cells (Bui and Schreiber, 2007; Finn, 2008). Various immune
cells are involved, but NK cells as part of innate immunity are considered the ﬁrst line of defense against malignant cells (Bui and
Schreiber, 2007; Waldhauer and Steinle, 2008). NKT cells, a small population within T cells that are similar to NK cells, also participate in
the defense against cancer and act as a bridge between innate and
adaptive immunity (Nair and Dhodapkar, 2017; Terabe and Berzofsky,
2008). NK cells play an important role in the training-related reduction
in tumor growth and incidence in animal models (Pedersen et al.,
2016). In the current study, exercise training was not associated with
signiﬁcant changes in immune cell proportion or function. However,
this ﬁnding needs to be interpreted cautiously because the number of
studies and cell populations analyzed were limited, and overall study
quality was poor (50% were ≤5 in the PEDro scale). Additionally,
circulating cell proportions do not necessarily reﬂect the levels at the
tissues or the tumor (Campbell and Turner, 2018; Dhabhar et al., 2012;
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Kruijsen-Jaarsma et al., 2013; Pedersen and Hoﬀman-Goetz, 2000).
Leukocyte redeployment from circulation into the tissues following
stress is well established and varies based on the type of stress (short vs.
long term) and time since the stimuli (Campbell and Turner, 2018;
Dhabhar, 2014). Obesity and diabetes, which are relatively common in
cancer survivors, also reduce circulating T cell numbers with higher
accumulation within adipose tissue (Carolan et al., 2015; Magalhaes
et al., 2015) while acute (Krüger et al., 2008) and chronic exercise
(Pedersen et al., 2016) also increase immune cell accumulation within
tissues in animal models. As immune cell pools are highly responsive to
stress stimuli (Dhabhar, 2014), blood-derived samples from cancer
survivors must consider these factors when interpreting these results.
Subgroup analyses on speciﬁc immune markers found that exercise
training was not associated with a change in NKCA or NK and NKT cell
proportions. However, the removal of one study (Nieman et al., 1995)
led to a large, signiﬁcant increase in NKCA. NKCA was also reported to
increase in another non-randomized study in a cancer population
(Peters et al., 1994), providing indirect support for this ﬁnding.
Moreover, improved NKCA along with unchanged NK cell numbers
were reported in healthy individuals (Nieman et al., 1990). When assessing NK function, cytotoxic capacity is assessed by diﬀerent methods,
with chromium release assays considered the gold standard (Whiteside
and Herberman, 1994). However, a lack of standardized eﬀector to
target cell (E:T) ratios used in these assays limits the ability to pool data
and may lead to fundamental interpretation errors. Reporting the lytic
units reduces the arbitrary selection error of diﬀerent E:T ratio (Bryant
et al., 1992) but was only performed in a single trial (Fairey et al.,
2005a). To obtain suﬃcient data for our analysis, the highest reported
E:T ratio for NKCA from each study was used. For future studies, we
recommend reporting the lytic activity in future studies so results may
be pooled and more easily analyzed together. Collectively, this metaanalysis suggests exercise training has the potential to improve NKCA in
cancer survivors. Enhanced immune cell function may represent a key
clinical outcome in cancer survivors by partially oﬀsetting treatmentinduced leukopenia while possibly contributing to a reduced frequency
of general illness but needs corroboration. Future work should also
include exploring other immune populations along with functional
outcomes (e.g., proliferation, phagocytosis, tumor inﬁltration capacity)
to develop a greater understanding of the inﬂuence exercise training
has on this system.
Subgroup analyses based on cancer type revealed that exercise
training has moderate eﬀects on lung cancer but was based on a single
study with no other cancer types showing similar ﬁndings. AE and Tai
Chi/Yoga were also associated with a moderate eﬀect on immune
system biomarkers. The lack of data does not permit ﬁrm conclusions at
this stage in either subgroup analyses.

Table 6
Summary of Key Findings.
Previous Gaps in the Literature
Conﬂicting results on the eﬀects of exercise training on pro-inﬂammatory
markers.
Limited data for immune and anti-inﬂammatory markers, the magnitude of
eﬀects not previously deﬁned.
Inﬂuence of cancer type, exercise mode, and speciﬁc biomarkers are unknown.
What Have We Learned from this Study?
Pro-inﬂammatory markers appear to decrease with exercise training.
Largest changes occur with AE + RT in prostate and breast cancer for CRP and
TNF.
No clear eﬀect of training on immune cell populations or anti-inﬂammatory
cytokines, but limited data permits only tentative conclusions.
How to Use this New Information?
Inﬂammation merits consideration as an evidence-based outcome in exercise
oncology guidelines.
Analysis supports current guidelines recommending combined exercise training
in oncology populations.
Enhanced NKCA in conjunction with lower pro-inﬂammatory cytokines create a
better anti-tumor environment.
What Needs to Happen Next?
Focus on speciﬁc immune populations with functional outcomes, and
standardized reporting of data.
Comparing changes in the ratios of pro- and anti-inﬂammatory markers.
Determine if changes are clinically relevant or are associated with improvements
in symptoms.

•
•
•
•
•
•
•
•
•
•
•
•

Abbreviations: AE + RT = combined training; CRP = C-reactive
TNF = tumor necrosis factor; NKCA = Natural killer cell activity.

protein;

particularly in prostate and breast cancers. Performing 150 min of exercise per week, including two days of resistance exercise, is recommended for cancer survivors (Demark-Wahnefried et al., 2015;
Schmitz et al., 2010). Our results lend support to this recommendation.
Cancer survivors should be encouraged to engage in a regular combination training to improve their inﬂammatory proﬁle, as chronic lowlevel inﬂammation may inﬂuence the development of secondary cancers (Donin et al., 2016) and cardiovascular disease (Okwuosa et al.,
2017) while contributing to the overall health of cancer survivors.
While this meta-analysis found that pro-inﬂammatory markers decreased, it is not clear if this change is clinically signiﬁcant or leads to
improvements in symptoms (Kazdin, 1999). There are several inﬂammation-related symptoms reported in cancer survivors such as fatigue, depression, and cognition impairment (Bower, 2014; Seruga
et al., 2008) which could be used as an evaluation tool for clinical
signiﬁcance of inﬂammatory changes with exercise training. Despite
the decrease in pro-inﬂammatory cytokines following exercise, there
was no improvement in anti-inﬂammatory markers which needs to be
considered within the context of the pro-inﬂammatory response as the
balance between these markers that dictates overall inﬂammation.
Considering the dynamic balance between pro- and anti-inﬂammatory cytokines (Coussens and Werb, 2002; Opal and DePalo,
2000), further studies are needed 1) to examine this relationship as
small changes in both markers may alter the inﬂammatory proﬁle and
2) in light of the fact that only two markers (IL-10 and IL-1ra) were
available for the current analysis. Similarly, insuﬃcient immune cell
data left us unable to reach ﬁrm conclusions. A reasonable number of
immune-related studies exist, examining lymphocytes (Na et al., 2000;
Nieman et al., 1995), T cells (Glass et al., 2015; Nieman et al., 1995;
Wang and Joyce, 2010), B cells (Glass et al., 2015), dendritic cells (Liu
et al., 2015), monocytes (Glass et al., 2015), neutrophils (Nieman et al.,
1995), and complete blood cells counts (Karvinen et al., 2014) following exercise training. However, data were inconsistently reported,
and the criterion of ≥ 3 studies necessary for inclusion in the analyses
was not met for most markers. Moving forward, we recommend including 1) complete blood counts with diﬀerential, 2) reporting both
cell counts and proportions for all populations of interest, 3) clearly
indicating the time since the last exercise session, and 4) presenting
functional assays on a per cell basis (i.e. lytic units). The adoption of

4.5. Implications
In the American College of Sports Medicine (ACSM) exercise
guidelines for cancer survivors released in 2010 (Schmitz et al., 2010),
the immune system and inﬂammation were not discussed as a category
A, B or C evidence-based outcomes, due to a lack of data. The updated
Exercise and Sports Science (ESSA) position stand provides comprehensive exercise prescriptions for a wide range of symptom management but also fails to address inﬂammation or immune function (Hayes
et al., 2019). Literature in this area, inﬂammatory markers, in particular, has grown rapidly in recent years as the majority of the analyzed
studies (21 out of 26) in the current meta-analysis were published after
2010. Future exercise oncology guidelines should consider reduced
inﬂammation as an evidence-based outcome of exercise training, based
on our and other recent analyses (Kruijsen-Jaarsma et al., 2013;
Meneses-Echavez et al., 2016). A summary of the implications is provided in Table 6.
Combination training (AE + RT) is a beneﬁcial mode of exercise for
cancer survivors to reduce the pro-inﬂammatory cytokine levels,
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these standard procedures when evaluating immune outcomes will
allow for more thorough analyses in future meta-analyses while also
address limitations within the current literature.
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5. Conclusion
Previous reports present conﬂicting evidence on the eﬀects of exercise training on pro- and anti-inﬂammatory markers in cancer survivors, and no meta-analyses have examined speciﬁc immune outcomes.
In the current meta-analysis, exercise training is associated with small
decreases in pro-inﬂammatory markers. Speciﬁcally, TNF and CRP were
lower after training, which may have clinical relevance as both are
considered as prognostic biomarkers in cancer (Ma et al., 2017;
Michalaki et al., 2004; Shrotriya et al., 2018). Prostate and breast
cancer survivors are most likely to experience these beneﬁts when using
combined aerobic and resistance training, which is consistent with
current exercise oncology guidelines (Hayes et al., 2019; Rock et al.,
2012; Schmitz et al., 2010). Exercise training produced only a trend for
decreased anti-inﬂammatory cytokines. However, when considered
with the decrease in pro-inﬂammatory levels, a potential change in
these cytokine ratios may produce a more optimal anti-tumor environment. The possible increase in NKCA also contributes to an antitumor environment but the low quantity and quality of data diminish
the impact of this conclusion. Additional high-quality studies are necessary to examine if exercise training alters anti-inﬂammatory cytokines and innate and adaptive immune cell proportion and function
during and after cancer treatment. Further research is also warranted to
determine if changes in these biomarkers are clinically signiﬁcant and
translate to improvements in symptoms and ultimately survivorship.
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