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Abstract: Cancer is a major public health issue worldwide. Lifestyle factors, such as body weight and
physical activity (PA), significantly impact cancer risk and progression. There is strong evidence that PA
reduces and obesity increases risk and mortality from numerous cancer types. Energy restriction (ER)
in non-obese hosts significantly reduces tumor incidence in a variety of preclinical models, and reduces
body weight and cardiometabolic risk factors in humans. Emerging data suggest that PA- and ER-induced
changes in inflammatory and immune mediators may contribute to the cancer prevention effects of these
interventions. A systematic literature search was conducted to identify studies that evaluated the impact of
PA and ER on tumor and immune outcomes in humans and animal models. A total of 97 eligible studies
were identified (68 studies reporting PA interventions and 30 studies reporting ER interventions). Thirty-
one studies investigated the effect of PA on cancer immune outcomes using preclinical cancer models of
breast (n=17, 55%), gastrointestinal (n=6, 19%), melanoma (n=4, 13%), and several other cancer types
(n=4, 13%). Despite the heterogeneity in study designs, the majority of studies (n=23, 74%) reported
positive effects of PA on tumor outcomes. Thirty-seven clinical studies investigated the effect of PA on
cancer immune outcomes. None reported tumor outcomes, thus only immune outcomes were evaluated in
these studies. PA studies were conducted in patients with breast (n=22, 59%), gastrointestinal (n=5, 14%),
prostate (n=2, 5%), esophageal (n=1, 3%), lung (n=1, 3%) cancer, leukemia (n=1, 3%), or mixed cancer types
(n=5, 14%). Twenty-two studies investigated the effect of ER interventions on cancer immune outcomes
using preclinical cancer models including breast (n=5, 23%), gastrointestinal (n=5, 23%), lung (n=2, 9%),
liver (n=2, 9%), pancreatic (n=2, 9%), and several other cancer types (n=6, 27%). Positive effects of ER
on tumor outcomes were reported in 21 of 22 studies. Six clinical studies investigated the effect of ER (in
combination with PA) on tumor immune outcomes in cancer patients with overweight or obesity. Five were
conducted in breast cancer patients, and one recruited patients of a mix of cancer types. A wide range of
immunological parameters including immune cell phenotype and function, cytokines, and other immune
and inflammatory markers were assessed in multiple tissue compartments (blood, spleen, lymph nodes
and tumor) in the included studies. Results from preclinical and clinical studies suggest that both PA and
ER exert heterogeneous effects on circulating factors and systemic immune responses. PA + ER alters the
gene expression profile and immune infiltrates in the tumor which may result in a reduction in immune
suppressive factors. However, additional studies are needed to better understand the effect of PA and/or ER

on immunomodulation, particularly in the tumor microenvironment (TME).
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Introduction

Cancer is a major public health problem with an estimated
17 million new cases and 9.5 million cancer deaths in 2018
worldwide (1). Like many chronic diseases, the incidence
and prevalence of cancer increase with age (2). Lifestyle
factors, such as body weight and physical activity (PA),
significantly impact cancer risk and progression. There is
strong evidence that PA is associated with reduced risk of
breast, colorectal, and endometrial cancer (3,4). Suggestive
evidence also exists for the association between PA and
reduced risk of cancer in the esophagus, lung and liver
(3,4). In addition, PA is associated with decreased cancer
recurrence, cancer-specific and all-cause mortality in
patients with breast, colorectal and prostate cancer (5-7).

Numerous epidemiological studies demonstrate that
overweight and obesity are a strong risk factor for multiple
cancer types. The International Agency for Research
on Cancer IARC) working group reported that there is
sufficient evidence to conclude that excess body fatness
(overweight and obesity) is associated with increased
risk of 13 types of cancers including esophagus, gastric,
colorectum, liver, gallbladder, pancreas, postmenopausal
breast, uterine, ovary, kidney, meningioma, thyroid, and
multiple myeloma (8). Although the association between
obesity and cancer survival is debated (9), obesity is
associated with lower survival in patients with ovarian (10),
endometrial (11), and breast cancer (12,13).

Evidence is emerging that weight loss may reduce
obesity-associated cancer risk (14). Multiple studies
demonstrate a reduction in cancer risk in bariatric surgery
patients (15-19) that is attributed specifically to weight
loss (20). Among the obesity-associated cancers, bariatric
surgery is associated with lower risk of postmenopausal
breast, endometrial and colon cancer (21-23). Results from
the large Cancer Prevention Study II Nutrition Cohort
Study in postmenopausal women suggest that a sustained
loss of 10% of body weight may be associated with a modest
reduction in risk for breast cancer (24). However, the
minimum amount of weight loss required to reduce obesity-
associated cancer risk may differ by cancer site and the type
of weight loss intervention utilized. Thus, additional studies
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are needed to address this question.

ER in non-obese hosts has been studied extensively
in animal models and is the only known intervention to
prolong lifespan in numerous species, including non-human
primates (25,26). Furthermore, ER in non-obese hosts
can reduce tumor incidence and progression in a variety
of preclinical tumor models (27,28). In humans, two years
of total energy or calorie restriction was evaluated in the
CALERIE-2 (Comprehensive Assessment of Long-term
Effects of Reducing Intake of Energy) trial to assess the
effect of ER on biomarkers of longevity and cardiometabolic
risk among non-obese adults (29). The calorie-restricted
group achieved 11.9%+0.7% ER over two years and had lower
body weight, waist circumference and fat mass compared
to the control group at 24 months (30). Furthermore, ER
in non-obese adults reduces cardiometabolic risk factors,
including LDL-cholesterol, total cholesterol to HDL-
cholesterol ratio, systolic and diastolic blood pressure and
the inflammatory mediator, C-reactive protein (CRP) (31).
However, no data on cancer outcomes has been reported
from this trial.

Despite compelling observational and experimental data
supporting the association between changes in host energy
balance and cancer outcomes, the underlying mechanisms
are not completely understood. Previous studies suggest
that changes in metabolic, endocrine, inflammatory and
immune mediators may contribute to the cancer prevention
effect of PA and ER (32-34). The metabolic and endocrine
pathways altered by PA and ER are reviewed elsewhere
(34-36). Emerging data suggest that PA- and ER-induced
changes in inflammatory and immune mediators may also
be important mediators underlying the cancer prevention
effects of these interventions, and is the focus of this review.

The fundamental role of the immune system in tumor
development has long been recognized and involves a
complex network of pro- and anti-tumor mediators. CD8"
cytotoxic T cells (CTLs) and natural killer (NK) cells are
primarily responsible for the killing of tumor cells, while
CD4" helper T cells can enhance their cytotoxic function
by producing cytokines such as IFNy (37,38). However,
immunosuppressive cells from both the myeloid [myeloid-
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derived suppressor cells (MDSCs)] and the lymphoid
[regulatory T cells (Tregs), a subset of T cells with
immune suppressive capacity] lineages are also recruited
in response to tumor-derived signals to facilitate immune
escape (37,38). In addition, a wide variety of cytokines
and chemokines also play important roles in dictating
the immune and inflammatory milieu and the function of
immune cells (37,38).

In healthy humans or rodent models, regular, moderate
intensity PA enhances neutrophil, NK cell and T cell
function, enhances vaccine responses, reduces T cell
exhaustion, and alters inflammatory responses (39-42).
PA also ameliorates and delays immunosenescence, the
deterioration of the immune system with advanced age,
which is postulated to contribute to an increase in cancer
risk (2,43). Less is known about the effects of PA on immune
function in tumor-bearing hosts. Emerging evidence
suggest that PA may result in an increase in effector cell
number and function, a reduction in immunosuppressive
cells, and an altered cytokine profile in tumor-bearing
animals (32,44,45). However, a definitive link between PA
and improved cancer immunity is yet to be established.

The beneficial effects of ER on immune function
include a reduction in chronic inflammation and a delay in
immunosenescence. Animal studies suggest that ER reduces
pro-inflammatory cytokines produced by mononuclear
cells, as well as in the circulation (27,28,46). In addition,
ER maintains naive T cell numbers and T cell proliferation
capacity in both aged rodents and non-human primates
(27,47). How ER may be modulating host immunity in
tumor-bearing hosts is not well understood. Studies in
preclinical cancer models demonstrate that ER may result
in a reduction in tumor-infiltrating macrophages, MDSCs,
and circulating and intratumoral pro-inflammatory
mediators (34,45).

Several reviews have summarized the effect of PA on
tumor outcomes, or the potential mechanisms underlying
the effect of PA on immune function at various stages of
cancer development (32,33,48-51). The cancer prevention
effect and potential changes in cancer immunity induced
by ER have also been discussed briefly in several reviews
(27,28,34,52). However, no studies have assessed the
evidence linking potential immune mechanisms to the
beneficial effect of PA and ER across the cancer continuum.
Therefore, the objective of the current review was to
evaluate and summarize the findings from both preclinical
and clinical studies that have examined the effect of PA and/
or ER on immune outcomes in tumor-bearing hosts.

© Translational Cancer Research. All rights reserved.

Xu and Rogers. Energy balance, immune regulation and cancer

Methods
Search strategy

A systematic literature search was conducted using
PubMed (Medline), Web of Science and CENTRAL to
identify studies that evaluate the impact of PA and ER on
tumor and immune outcomes in animal models and in
humans. The search strategy included three sets of search
terms: (I) PA, ER, and related terms; (II) immunological
parameters including cellular and molecular mediators of
immunity and inflammation, key immunological events and
immunotherapy; (III) cancer of all types (complete search
strategy provided in Table SI). Supplemental searching by
hand was also conducted to identify additional studies from
the reference lists of relevant review and primary research
articles.

Inclusion and exclusion criteria

Only primary research articles written in the English
language were included. Intervention studies conducted
in preclinical cancer models or human cancer patients
were included, while observational studies or intervention
studies conducted in non-cancer subjects were excluded.
Eligible preclinical studies must have reported the effect
of energy balance interventions on tumor outcomes
(tumor incidence, growth, metastasis or survival). Few
clinical studies investigated the effect of energy balance
interventions on tumor outcomes; therefore, this criterion
was not applied to clinical studies. We focused on studies
that evaluated the effect of chronic, aerobic activity (such
as running and swimming) as the intervention. Studies
performing resistance exercise, conditioning or stretching
exercise (e.g., Tai Chi or yoga), or a single bout of exercise
were excluded. Numerous studies combined resistance
exercise with aerobic exercise interventions to prevent
muscle wasting and cachexia in cancer patients. Therefore,
we included clinical studies that applied a combination of
aerobic and resistance exercise, and excluded studies that
solely used resistance exercise training. Because weight
loss and wasting are common phenomena in late-stage
cancer patients experiencing cancer cachexia, we excluded
studies that reported weight loss as a secondary outcome to
cancer progression, and only included studies performing
intentional weight loss intervention via PA and/or ER.
Included studies must have assessed immune outcomes,
including immune cell number and/or function, gene
expression or protein level of immune and inflammatory
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markers. Studies that included multiple interventions (such
as those investigating the effect of PA and chemotherapy
as single intervention or in combination) were included, as
long as it was possible to compare between no intervention
and energy balance intervention alone groups.

Study selection, data extraction and analysis

EndNote software was used to manage records from
the literature search. After de-duplication, the titles and
abstracts of all obtained records were first reviewed to
determine whether each record met the inclusion criteria.
Potentially eligible studies were further reviewed on the full
texts to determine the eligibility based on the inclusion and
exclusion criteria. Findings were summarized separately on
the effect of PA and ER, with each category further divided

into preclinical and clinical findings.

Results

A Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) (53) flow diagram is shown in
Figure S1. A total of 97 eligible studies were identified,
including 68 studies (31 preclinical and 37 clinical studies)
reporting PA interventions, and 30 studies (24 preclinical
and six clinical studies) reporting ER interventions. One
preclinical study (45) investigated the effects of PA and ER
separately and in combination, and was included in the
summary of both PA and ER studies.

Effects of PA on cancer immune outcomes

Preclinical findings

Thirty-one studies investigated the effect of PA
interventions on cancer immune outcomes using preclinical
(mouse or rat) cancer models (7Table ). Breast cancer was
the most studied cancer type (n=17, 55%) (45,54-69),
followed by gastrointestinal cancer (n=6, 19%) (70-75),
melanoma (n=4, 13%) (44,76-78) and several other cancer
types (n=4, 13%) (79-82). Transplantable, carcinogen-
induced and genetically-engineered (spontaneous) cancer
models were used. Among the transplantable tumor models,
subcutaneous (s.c.) inoculation was the most common
route of tumor inoculation. Orthotopic (intramammary)
inoculation was applied in four studies using breast
cancer models (45,57,58,61) to mimic the natural tissue
environment of mammary tumorigenesis. Several studies
inoculated tumor cells via intravenous (i.v.) (62,78-80)
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or intraperitoneal (i.p.) routes (81) where no primary
tumors were formed, thus lung metastasis and peritoneal
fluid were assessed as tumor outcomes, respectively. All
studies reporting intestinal cancer outcomes (70-75) used
carcinogen-induced or genetically-engineered cancer
models, and intestinal lesions (aberrant crypt foci or polyps)
were assessed as indicators of tumorigenesis.

PA modalities included voluntary wheel running,
treadmill running and swimming. The frequency, intensity,
duration of individual PA sessions, and the length of
total PA intervention period were highly heterogeneous.
Furthermore, the window of PA intervention in relation
to the cancer continuum was also variable. Despite the
heterogeneity in study designs, the majority of studies
(n=23, 74%) reported positive effects of PA on tumor
outcomes including reduced tumor incidence, tumor
growth, metastases, and improved survival. Six studies (19%)
(62,64,69,76,78,79) reported null effects, and two studies
(6%) (66,80) reported negative effects of PA on tumor
outcomes.

Commonly reported immune outcomes included
immune cell phenotype and function, cytokines and
other immune and inflammatory markers. Tumor, spleen
and blood were the most frequently assessed tissue
compartments. In the spleen, the percentage and/or number
of NK cells was increased in two studies (77,80) and
unchanged in one study (79), while NK cell cytotoxicity was
increased in three studies (62,79,80) and unchanged in one
study (44). One study reported no change in the number
of splenic T cells (77), and two studies reported mixed
findings on T cell functional markers (57,77). Increased
CD4" T cell proliferation (by PA+ER) (45) and macrophage
phagocytic activity (81) were each reported in one study.
Circulating immune cell populations were assessed in three
studies, with two null findings (66,75) and one reporting an
increase in total leukocytes, neutrophils, and monocytes (61).
Among the serum inflammatory markers evaluated, TNFa
was reduced in three studies (68,70,72) and increased in one
study (55), IL-6 was reduced in three studies (65,72,74) and
unchanged in one study (59), MCP-1 was reduced in one
study (65) and unchanged in two studies (58,78), and CRP
was unchanged in two studies (59,68). A few studies also
assessed immune outcomes in other tissue compartments.
One study reported an increase in the percentage of CD8"/
IFNY" cells in the tumor-draining lymph node (T DLN) (77),
and three other studies reported an increase in lymphocyte
proliferation from the non-TDLN (55,56,76).

Among the tumor immune infiltrates, the percentage
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and/or number of T cells was increased in three studies
(44,45,73) and unchanged in three studies (57,58,61). The
percentage of NK cells was increased in one study (44),
Tregs was reduced in two studies (61,73) and unchanged
in one study (58). The percentage of MDSCs was reduced
in one study by the combination of PA+ER (45). The
percentage and/or number of macrophages was reduced in
three studies (54,73,82) and unchanged in one study (57);
and the phagocytic activity of tumor-infiltrating
macrophages was increased in one study (69). The
percentage of dendritic cells (DCs) was increased (44) or
reduced (57), respectively, in one study, and the percentage
of neutrophils was reduced in two studies (54,82). In
addition to the infiltrating immune cells, several studies
reported mixed findings on immune and inflammatory
markers within the tumor. TNFa was increased in one
study (44), reduced in one study (70), and unchanged in
two studies (64,71). IL-6 was increased in one study (44),
reduced in two studies (63,67), and unchanged in one
study (64). IFNy was increased in one study (44), reduced
in one study (45), and unchanged in two studies (64,71).
Two studies assessed the gene expression profile within
the tumor microenvironment (TME) in a melanoma (44)
or breast cancer (45) model, respectively, and both found
global changes in an array of immune and inflammatory
mediators including cytokines, chemokines and receptors,
and multiple immune inhibitory molecules.

Clinical findings

Thirty-seven clinical studies investigated the effect of PA
interventions on cancer immune outcomes (7able 2). The
majority of studies were conducted in patients with breast
cancer (n=22, 59%) (83-104). Other studies involved
patients with gastrointestinal cancer (n=5, 14%) (105-109),
prostate cancer (n=2, 5%) (110,111), esophageal cancer
(n=1, 3%) (112), lung cancer (n=1, 3%) (113), leukemia
(n=1, 3%) (114) or mixed cancer types (n=5, 14%)
(115-119). Twenty-two studies used solely aerobic exercise
interventions and fifteen studies used a combination of
aerobic and resistance exercise interventions. Treadmill and
cycle ergometer were most frequently used in the aerobic
exercise sessions. Similar to preclinical PA studies, much
heterogeneity existed in all aspects of PA prescription
(frequency, duration, intensity, and length of intervention
period). Several clinical studies used a single-group design
where all participants performed the PA intervention.
As a result, no comparison can be made between the PA
intervention and sedentary control. Instead, immune

© Translational Cancer Research. All rights reserved.
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outcomes pre- and post-PA intervention were compared.

The timing of the PA intervention in relation to cancer
treatment may significantly affect cancer immune outcomes.
Therefore, we classified the included studies into three
categories: PA interventions given before, during, and after
treatment. The existing evidence base only includes two
pre-treatment (pre-surgical) (94,113) and eight during-
treatment (93,95,101,110,114,115,117,119) PA studies,
while the majority of studies (n=27) assessed the effect of PA
interventions post-cancer treatment.

Most included studies assessed the effect of PA
intervention on serum immune and inflammatory
cytokines, the majority of which reported null results
(83,85,87-92,94,99,100,102,103,105,108,110,115-117,119).
Several studies also compared post-PA intervention to
pre-PA intervention serum cytokine levels, with mixed
results showing either a reduction (84,104,107,112,114)
or no change in serum cytokines after the PA intervention
(84,104,106,107,111-114,118).

Circulating immune cell phenotype and function
were also commonly evaluated. When comparing the PA
intervention group to the sedentary control, the percentage
and/or number of T cells was increased in one study (116)
and unchanged in four studies (90,96,101,115), while
no change was found by any study in circulating B cells,
NK cells, monocytes or neutrophils. Regarding immune
cell function, NK cell cytotoxicity was increased in two
studies (86,109) and unchanged in two studies (96,115),
lymphocyte proliferation was increased in two studies
(86,90), and lymphocyte cytokine production was reported
in four studies with mostly no change (83,86,90,105). When
comparing post-PA intervention to pre-intervention, one
study reported a reduction in the percentage of lymphocytes
and monocytes and an increase in granulocytes (98), while
two other studies reported no change in the percentage of
T cells or NK cells (93,97). One study reported increased
NK cell cytotoxicity post PA intervention (97).

Due to limited access to tumor tissue biopsies, most
clinical studies evaluated immune outcomes only in the
blood, with only one exception where tumor samples
were analyzed after a pre-surgical PA intervention (94).
In this study, a pre-surgical exercise intervention lasting
approximately a month resulted in global changes in
the gene expression profile within the TME, with an
upregulation of pathways involved in immune cell function
and inflammatory signaling reported in the exercise
compared to the sedentary control group. A trend toward
a decrease in the percentage of tumor-infiltrating Tregs
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was also found, while no change was observed in tumor-

infiltrating CD4" or CD8" T  cells or macrophages.

Effects of ER on cancer immune outcomes

Preclinical findings

Twenty-two studies investigated the effect of ER
interventions on cancer immune outcomes using preclinical
cancer models (Table 3). Two additional studies (120,121)
investigating the effects of caloric restriction mimetics
(CRMs) on cancer immune outcomes were also included
in Table 3. Compared to preclinical studies using PA
interventions, the ER studies comprised a more diverse group
of cancer types, including breast (n=5, 23%) (45,122-125),
gastrointestinal (n=5, 23%) (126-130), lung (n=2, 9%)
(131,132), liver (n=2, 9%) (133,134), pancreatic (n=2,
9%) (135,136) and several other cancer types (n=6, 27%)
(137-142). ER regimens used can be divided into two
broad categories: continuous ER and intermittent fasting.
Continuous ER was mostly given as a 30-40% reduction
in caloric intake, except for two studies where a 5% (131)
or 10% (45) reduction in caloric intake was applied,
respectively. Intermittent fasting was commonly applied
as periodic fasting and refeeding, with the fasting interval
ranging from several hours per day to several days per week
[different types of ER regimens are reviewed in (143)].
Notably, four studies investigated the effect of ER in
comparison to ad libitum fed control and obese mice on
cancer immune outcomes (128,136-138). In four additional
studies, mice were fed a high fat diet to induce obesity, and
an ER regimen was implemented to evaluate the effect of
ER-induced weight loss in obesity on tumor and immune
outcomes (125,130-132). Despite the heterogeneity in study
designs, 21 of 22 studies reported positive effects of ER on
tumor outcomes including reduced tumor incidence, tumor
growth, metastases, and improved survival independent of
starting body weight.

Similar to preclinical PA studies, immune outcomes in
the preclinical ER studies were commonly assessed in the
tumor, spleen and blood. In the spleen, the percentage of
T cells was increased in three studies (130,136,139), and
T cell proliferation and CTL activity were increased in
two studies (45,139) and one study (139), respectively. The
percentage of NK cells was unchanged in one study (124),
while NK cell cytotoxicity was increased in two studies
(124,140) and reduced in one study (139). The percentage
and/or number of MDSCs was also reduced in two studies
(45,136). The number of total circulating leukocytes and

© Translational Cancer Research. All rights reserved.
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lymphocytes was reduced in two studies (133,140), while
increased lymphocyte proliferation was found in another
study (141). Among the serum cytokines evaluated, TNFa
was reduced in one study (128) and increased in another
study (140). IL-6 was reduced in two studies (128,137) and
unchanged in one study (127). MCP-1 was reduced in five
studies (125,131,132,135,137). IFNy was increased in one
study (140) and unchanged in two studies (127,128). A few
studies also assessed immune outcomes in other tissue
compartments. One study found an increased percentage
of T cells and a reduced percentage of MDSCs in the
TDLN (136), and another study reported an increase in
the percentage of T cells and macrophages in the non-
TDLN (130).

Among the tumor immune infiltrates, the percentage
and/or number of T cells was increased in two studies
(45,136), reduced in two studies (134,138), and unchanged
in one study (122). The percentage and/or number of
MDSCs was reduced in two studies (45,136), macrophages
was reduced in three studies (129,138,142), and Tregs was
unchanged in one study (122). Among the inflammatory
cytokines within the tumor, TNFa was increased in one
study (126) and reduced in another study (138), IL-6 was
reduced in two studies (126,138) and unchanged in one
study (123), and IL-1p (126,138) and MCP-1 (126,135)
were each reduced in two studies. In addition, two studies
reported changes in multiple immune and inflammatory
pathways within the TME (45,134).

Apart from the aforementioned studies using dietary ER
interventions, two studies investigating the effects of CRMs
on cancer immune outcomes were also identified. In one
study using an experimental metastasis model (120), CRM
administration resulted in a reduction in lung metastasis,
concurrently with favorable changes in the immune cell
populations and cytotoxic activity in the lung. In the other
study (121), CRM had no effect on tumor growth or tumor-
infiltrating Tregs when used alone, while it improved
the efficacy of chemotherapy with enhanced anti-cancer
immunosurveillance.

Clinical findings

Only six clinical studies were identified that investigated the
effect of ER on tumor immune outcomes (Table 4). All six
studies were conducted in cancer patients with overweight
or obesity, and weight loss interventions included the
combination of PA and ER. Five out of the six studies
(144-148) were conducted in breast cancer patients, and
one study (149) recruited patients of a mix of cancer types.
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Table 4 Clinical findings on the effects of weight loss (by PA+ER) on cancer immune outcomes
Weight loss intervention protocol Immune outcomes
Reference Participants Interverlﬂion./ Intervention
tumor timeline groups .PA . ER intervention Length PA + ER effect PA + ER no
intervention effect
Demark- Breast cancer  Before surgery Intervention Supervised Dietary counseling 30 days tSerum TNFa;  Serum IL-6
Wahnefried et patients (BMI (n=17); (1-2 sessions/  on ER to achieve on 1TNFa nuclear
al., 2019 =25 kg/m?) control wk) and an energy deficit of average staining,
(n=15) home-based 750-1,000 kcal/day tgene
aerobic expression of
exercise IL-1B, CX3CL1
and CXCL1 in
the tumor
Pakiz et al., Breast cancer  After the Pre-post PA guidance Dietary guidance 12 1Serum IL-6 Serum TNFa,
2011 patients (BMI completion intervention to achieve on ER to achieve months IL-8
=25 kg/m?) of surgery, (n=44) >1 h/day of an energy deficit of
radiotherapy, moderate- 500-1,000 kcal/day
and/or intensity
chemotherapy aerobic
exercise
Saxton et al., Breast cancer  Within Intervention 30 min Individualized 24 wks TPrevent in Circulating
2014 patients (BMI 3-18 months (n=44); aerobic (65— hypocaloric healthy circulating monocytes,
>25 kg/m?) after the control 85% HRmax) eating program to leukocytes, NK cells;
completion (n=41) +10-15 min achieve an energy neutrophils, serum IL-6,
of surgery, resistance deficit of 600 kcal/ lymphocytes, TNFo; NKCC,
radiotherapy, exercise/ day CD4" and mitogen-
and/or session, 3 CD8" T cells stimulated
chemotherapy sessions/wk lymphocyte
proliferation
Campbell Breast cancer =3 months after ~ Pre-post Supervised Dietary sessions 24 wks - Serum CRP
etal., 2012 patients (BMI the completion intervention and home- and individually
25-35 kg/m?) of adjuvant (n=14) based prescribed ER to
treatment aerobic achieve a 7% loss of
exercise to baseline body weight
achieve 150
min/wk of
moderate-
vigorous PA
Swisheretal, Breast cancer >3 months after  Intervention Aerobic Dietary counseling 16 wks - Serum CRP,
2015 patients (BMI the completion (n=13); exercise (30 to achieve 200 kcal/ IL-6, TNFa
>25 kg/m?) of active control min/session wk reduction in fat
treatment (n=10) at 60-75% calories
HRmax, 5
sessions/wk)
Brown et al.,  Patients of >1 month after Intervention Supervised Dietary 15 wks - Serum CRP,
2018 hematologic the completion (n=30); aerobic recommendations to IL-6
malignancies of surgery, control exercise to achieve an energy
and solid radiotherapy, (n=30) achieve 150- deficit of 500-1,000
tumors (BMI and/or 200 min/wk kcal/day
>25 kg/m?) chemotherapy of moderate-
intensity PA

1, increase (compared to control group or pre-intervention level); |, decrease (compared to control group or pre-intervention level). BMI,
body mass index; HRmax, maximum heart rate; IL, interleukin; TNF, tumor necrosis factor; CXCL, CXC chemokine ligand; CX3CL, CX3C
chemokine ligand; CRP, C-reactive protein; NKCC, natural killer cell cytotoxicity.

© Translational Cancer Research. All rights reserved.
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One study (145) assessed the effect of a pre-surgical weight
loss intervention on serum and intratumoral immune and
inflammatory markers. The remaining five studies applied
the weight loss interventions post-cancer treatment and
only blood samples were analyzed.

When comparing the serum cytokine levels in the weight
loss intervention group to the control, TNFa (145,147,148),
IL-6 (145,147-149), and CRP (148,149) were mainly
unchanged. When comparing post-intervention to pre-
intervention, TNFa (146) and CRP (144) were unchanged
in one study, while IL-6 was reduced in one study (146).
Circulating immune cells were compared between the
intervention group and the control in one study (147). The
weight loss intervention prevented an increase in the number
of circulating lymphocytes and neutrophils over time, while
no effect on monocytes, NK cell number or cytotoxicity, or
lymphocyte proliferation was found after weight loss.

Immune outcomes within the tumor were assessed in
one study (145). A weight loss intervention conducted prior
to surgery resulted in an altered gene expression profile in
the tumor, including an upregulation of multiple pathways
associated with immune function, notably genes encoding
IL-1B, and the chemokines CX3CL1 and CXCLI1. In
addition, genes associated with cytolytic CD56"™ NK cells
were also positively correlated with weight loss.

Discussion

In the current study, we evaluated preclinical and clinical
studies investigating the effects of PA and ER on cancer
immune outcomes. To our knowledge, this is the first review
to assess the existing evidence on the effects of energy
balance-related interventions on host immune responses
across the cancer continuum.

PA preclinical findings

Abundant evidence from epidemiological studies suggest
that PA is associated with reduced cancer risk, mortality and
recurrence, with the strongest evidence found in breast and
colon cancer (3-7). As a result, much attention has been paid
to these two cancer types in both preclinical and clinical
studies investigating the effect of PA interventions on cancer
immune outcomes. Consistent with the findings reported in
epidemiological studies, the majority of preclinical studies
included in this review reported a beneficial effect of PA
on tumor incidence, progression, metastasis and survival.
However, existing evidence on the effect of PA on cancer

© Translational Cancer Research. All rights reserved.
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immune outcomes is highly heterogeneous. A wide range of
immunological parameters has been assessed from multiple
tissue compartments, yet each parameter is usually assessed
by a small number of studies with mixed findings.

Because PA is a systemic intervention involving multiple
organ systems, changes in systemic immune responses may
underlie the beneficial effects of PA on cancer. Studies
evaluating splenic immunity mostly focused on NK cells,
with two (77,80) and three (62,79,80) reports on increased
NK cell percentage/number and cytotoxicity, respectively.
In the circulation, a reduction in inflammatory cytokines
TNFa, IL-6 and MCP-1 was observed in a few studies
(65,68,70,72,74), while several other studies (58,59,68,78)
reported no change in serum inflammatory cytokines.

The TME harbors immune cells and molecules directly
interacting with the tumor cells. Alterations in these factors
may have a significant impact on tumor progression.
Existing evidence suggests that PA may result in an increase
in anti-tumor effector cells (T cells and NK cells) (44,45,73)
and a reduction in pro-tumor immunosuppressive cells
(Tregs and MDSCs) (45,61,73) within the TME. However,
two studies also reported null results for these cell types
(57,58). In addition, several studies found an increase in
the percentage of CD8/IFNY" cells in the TDLN (77) and
enhanced lymphocyte proliferation from the non-TDLN in
physically active hosts (55,56,76), suggesting a PA-induced
enhancement in effector cells against the tumor.

Two studies reported global changes in the gene
expression profile of immune and inflammatory mediators
within the TME (44,45). In the B16 melanoma model,
voluntary wheel running increased gene expression of both
pro- and anti-inflammatory cytokines as well as NK cell
markers, potentially promoting an inflammatory TME and
activation of subsequent anti-tumor immune response (44).
In the 4T1.2 mammary tumor model, voluntary wheel
running, when combined with mild (10%) ER, reduced
the expression of chemokines important in MDSC and
Treg recruitment, as well as other immune inhibitory
molecules (45), including programmed death protein 1
(PD-1) and indoleamine 2,3-dioxygenase (IDO) (150,151).
Furthermore, both studies observed an increase in T cell
infiltration into tumors in physically active animals. Despite
the differences in these cancer models, findings from these
two studies suggest that PA may be reshaping the TME
to allow greater anti-tumor immune response with less
immunosuppression.

It is worth noting that the interpretation of existing
evidence may be confounded by the heterogeneity in

Transl Cancer Res 2020;9(9):5700-5731 | http://dx.doi.org/10.21037/tcr.2020.03.38
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the study design of the PA interventions, including the
modality, frequency, intensity and duration of each PA
session, as well as the total length of the intervention
period and the window of PA intervention in relation to
cancer treatment. Several studies examined the effect of PA
modality, intensity or length of intervention on cancer and
immune outcomes, but overall there was insufficient data
to determine what intervention protocols may be the most
effective in improving cancer and immune outcomes.

PA clinical findings

Despite the heterogeneity in the design of PA interventions,
most clinical studies reported no effect of PA on serum
inflammatory cytokines and circulating immune cells.
This is the case regardless of when the PA intervention
occurred with respect to cancer treatment. In contrary to
our findings, a recent meta-analysis by Khosravi ez a/. (49)
reported that exercise training decreases circulating pro-
inflammatory markers, notably CRP and TNE, in cancer
survivors. However, this meta-analysis included studies
performing all types of structured exercise intervention
(aerobic, resistance or combined training or Tai Chi/yoga),
while we focused on the effect of chronic, aerobic PA in
the current study. Additionally, Khosravi et a/. assessed the
effects of exercise training only post-treatment in adult
cancer survivors, while we included studies with cancer
patients during all stages of treatment. It may be that the
type of activity intervention and time since cancer treatment
are important variables influencing the relationship between
activity and circulating cytokines.

In humans, the effect of PA on immune outcomes within
the tumor has not been explored in many studies. Only one
study evaluated a pre-surgical PA intervention in breast cancer
patients and demonstrated that PA resulted in an upregulation
in multiple pathways involved in immune cell function and
inflammatory signaling within the TME (94). These results
are consistent with preclinical findings and suggest that
PA may have a significant impact on the immune response
within the tumor. However, additional studies are needed to
confirm these findings.

ER preclinical findings

The effect of ER on cancer outcomes has mostly
been studied in preclinical cancer models. Despite the
heterogeneity in study designs, the preclinical studies
included in this review consistently reported beneficial

© Translational Cancer Research. All rights reserved.
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effects of ER on tumor incidence, progression, metastasis
and survival in normal weight hosts. Four studies
investigated the effect of ER, a control diet fed ad libitum
and feeding a high fat diet to induce obesity in different
cancer models (128,136-138). All demonstrated that tumor
outcomes are improved by ER and exacerbated by obesity.
An additional four studies (125,130-132) evaluated the effect
of ER in obese mice. In three of these studies (125,131,132),
ER reduced tumor progression or lung metastasis in obese
mice to the level observed in normal weight mice. These
results suggest that ER may have a beneficial effect on
cancer outcomes in both normal weight and obese hosts.

Similar to the PA intervention studies, preclinical ER
intervention studies have also assessed a wide variety of
immunological parameters, while each parameter is usually
assessed by a small number of studies with mixed findings.
ER increases the percentage of splenic T cells (130,136,139)
and their function (proliferation and CTL activity) (45,139).
Splenic MDSC accumulation was also reduced in two
studies (45,136). In addition, serum MCP-1 was reduced in
five studies (125,131,132,135,137), while other circulating
inflammatory cytokines were reported with mixed results.

Existing evidence suggests that ER may reduce
inflammation and immunosuppression within the TME.
The inflammatory cytokines IL-1B, IL-6 and MCP-1 in the
tumor were reduced by ER in several studies (126,135,138).
The percentage of tumor-infiltrating MDSCs was also
reduced in two studies (45,136), suggesting that ER may
reduce immune suppression both systemically and within
the TME. ER in combination with PA resulted in global
changes in the gene expression profile within the 4T1.2
mammary tumor, notably a downregulation of an array of
genes involved in immune suppression (45). Similar findings
were reported in a carcinogen-induced liver cancer model,
where a 30% ER prevented hepatic tumor formation
while downregulating multiple pathways involved in
inflammation (134). Overall, preclinical studies evaluating
the effects of ER on cancer immune outcomes also present
a mix of positive and null findings. Some evidences
suggest that ER may prevent an immunosuppressive
TME and induce favorable changes in splenic effector vs.
immunosuppressive cells.

ER clinical findings

To date, all clinical studies applying ER interventions
have been conducted in cancer patients with overweight
or obesity with the purpose of weight loss. The weight
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loss intervention in all six included studies combined PA
with ER, thus precluding the ability to make conclusions
regarding the efficacy of each intervention alone on
immune outcomes. Despite the limited number of studies,
evaluation of serum inflammatory cytokines mostly
resulted in null findings. This suggests that, similar to PA
interventions, weight loss by the combination of PA+ER
may not have a significant impact on cancer immune
response in the circulation. In the study by Demark-
Wahnefried er 4. (145), a weight loss intervention prior
to surgery altered the gene expression profile within the
TME, represented by an upregulation of multiple pathways
associated with immune function. These results support
the hypothesis that PA and ER interventions may be
modulating the immune response within the TME, but
additional studies are needed to examine this issue.

ER regimens may not be tolerated or feasible for
cancer patients. Thus, CRMs have been explored. CRMs
mimic the biochemical effects of nutrient deprivation
without drastic changes in the calorie content of the
diets, and have anti-tumor effects in several preclinical
studies (152). While most studies attribute their beneficial
effects to the induction of autophagy, emerging evidence
also suggests that CRMs may improve anti-cancer immune
surveillance when used alone or in combination with
chemotherapy (120,121). In the current preclinical evidence
base, intermittent fasting is as effective as chronic ER in
improving tumor and immune outcomes, and may prove to
be another alternative to prolonged dietary ER in cancer
patients. Using a preclinical cancer model, we have shown
that the combination of PA and 10% ER is as effective
as a single 30-40% ER intervention in reducing tumor
progression and improving survival. Furthermore, the
combination of PA and mild ER induces beneficial changes
in multiple immune mechanisms to a greater extent than
either intervention alone (45). Thus, by combining lifestyle
interventions such as PA with ER, we may be able to use a
less severe ER regimen to improve cancer outcomes.

One limitation of the current review is that the included
studies are highly heterogeneous in terms of cancer type,
animal model or human participant characteristics, and the
PA or ER protocol. There are also limitations inherent to
the included human studies. A number of the human studies
are exploratory trials with small sample size, and some are
not powered for immune outcome measures. In addition,
patient adherence to the PA and/or ER interventions
varied from 66-98% in the included studies. Thus, limited
conclusions can be made as to the role of PA and ER on
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cancer-related immune outcomes.

Conclusions and future directions

There is mounting interest in the effect of energy balance-
related lifestyle interventions on cancer immune responses.
Preclinical studies clearly suggest a beneficial effect of PA
and ER on tumor outcomes. However, little is known about
which immune mechanisms may be the most important
contributor to the improved tumor outcomes observed
in response to either PA or ER interventions. Further
mechanistic studies are warranted to better understand the
relationship between energy balance-related interventions,
improved cancer outcomes, and host immune responses. To
this end, we recommend the use of more clinically relevant
cancer models, including orthotopic tumor transplantation
and spontaneous tumor development in genetically-
engineered animals. The impact of different PA and ER
protocols should also be carefully evaluated to inform
clinical application. As such, standardized reporting of the
intervention protocols [such as those proposed by Ashcraft
et al. (32)] is encouraged.

Existing clinical evidence suggest against a significant
impact of PA or ER on circulating inflammatory cytokines,
while emerging evidence from both preclinical and clinical
studies suggest that PA and ER may significantly alter the
immune and inflammatory milieu within the TME. Future
studies that examine the immunological changes within the
TME in response to PA and/or ER may provide valuable
insight into the relevant immune pathways that may be
altered. In addition, previous clinical studies have primarily
assessed the effect of PA and ER interventions post-cancer
treatment. Additional studies are needed to evaluate the
effect of PA and ER performed prior to, or concurrently
with cancer treatment to determine if a critical window
exists where energy balance-related interventions may
result in maximal benefit. Because PA and ER target the
two components of the energy balance equation (energy
expenditure and energy intake, respectively), it would also
be interesting to assess if any additive or synergistic effects
exist between PA and ER on cancer immune regulation.
Finally, several studies demonstrate that PA and ER may
enhance the efficacy of chemotherapy (121,122,153), while
no studies, to our knowledge, have assessed the effect of PA
and/or ER on immunotherapy outcomes. Future studies
are needed to determine if ER and/or PA could be used in
combination with standard or experimental therapies to
improve clinical outcomes.
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Supplementary

Table S1 Search strategy

(I) PubMed

(“exercise”[mesh] OR “exercise”[tiab] OR “exercises”[tiab] OR “physical activity”[tiab] OR “physical activities”[tiab] OR “physical
fitness”[mesh] OR “physical fitness”[tiab] OR “aerobic activity”[tiab] OR “aerobic activities”[tiab] OR “aerobic training”[tiab] OR
“endurance training”[tiab] OR “physical endurance”[tiab] OR “physical conditioning”[tiab] OR “walk”[tiab] OR “walking”[tiab]
OR “swim”[tiab] OR “swimming”[tiab] OR “running”[tiab] OR “jog”[tiab] OR “jogging”[tiab] OR “cardiovascular activity”[tiab] OR
“cardiovascular activities”[tiab] OR “cardiometabolic”[tiab]

OR

“caloric restriction”[mesh] OR “caloric restriction”[tiab] OR “calorie restriction”[tiab] OR “low calorie diet”[tiab] OR “low-calorie
diet”[tiab] OR “low calorie diets”[tiab] OR “low-calorie diets”[tiab] OR “diet restriction”[tiab] OR “dietary restriction”[tiab] OR “energy
restriction”[tiab] OR “weight loss”[mesh] OR “weight loss”[tiab] OR “weight losses”[tiab] OR “weight-loss”[tiab] OR “weight-losses”[tiab]
OR “weight reduction”[tiab] OR “weight reductions”[tiab] OR “fasting”’[mesh] OR “fasting”[tiab] OR “intermittent fasting”[tiab] OR
“intermittent fastings”[tiab] OR “time restricted feeding”[tiab] OR “time restricted feedings”[tiab] OR “time-restricted feeding”[tiab] OR
“time-restricted feedings”[tiab])

AND

(“immune”[tiab] OR “immunity”[mesh] OR “immunity”[tiab] OR “immune system”[mesh] OR “immune system phenomena”[mesh]
OR “immunotherapy”’[mesh] OR “immunotherapy”[tiab] OR “immunotherapies”[tiab] OR “leukocyte”[tiab] OR “leukocytes”[tiab] OR
“lymphocyte”[tiab] OR “lymphocytes”[tiab] OR “T cell”[tiab] OR “T cells”[tiab] OR “B cell”[tiab] OR “B cells”[tiab] OR “natural killer”[tiab]
OR “NK cell”[tiab] OR “NK cells”[tiab] OR “monocyte”[tiab] OR “monocytes”[tiab] OR “macrophage”[tiab] OR “macrophages”[tiab] OR
“dendritic cell”[tiab] OR “dendritic cells”[tiab] OR “neutrophil”[tiab] OR “neutrophils”[tiab] OR “myeloid-derived suppressor cells”[mesh]
OR “myeloid-derived suppressor cell”[tiab] OR “myeloid-derived suppressor cells”[tiab] OR “myeloid derived suppressor cell”[tiab]
OR “myeloid derived suppressor cells”[tiab] OR “regulatory T cell”[tiab] OR “regulatory T cells”[tiab] OR “Treg”[tiab] OR “Tregs”[tiab]
OR “immunosuppression”[tiab] OR “antigen presentation”[tiab] OR “cytokine”[tiab] OR “cytokines”[tiab] OR “chemokine”[tiab]
OR “chemokines”[tiab] OR “antibodies”[mesh] OR “antibody”[tiab] OR “antibodies”[tiab] OR “immunoglobulins’[mesh] OR
“immunoglobulin”[tiab] OR “immunoglobulins”[tiab] OR “inflammation”[mesh] OR “inflammation”[tiab] OR “inflammations”[tiab] OR
“inflammatory”[tiab])

AND

(“neoplasms”[mesh] OR “neoplasms”[tiab] OR “neoplasm”[tiab] OR “neoplasia”[tiab] OR “neoplasias”[tiab] OR “cancer”[tiab] OR
“cancers”[tiab] OR “tumor”[tiab] OR “tumors”[tiab] OR “tumour”[tiab] OR “tumours”[tiab] OR “malignancy”[tiab] OR “malignancies”[tiab])

NOT review[pt]
AND English[lang]
(I) Web of Science

TOPIC: (“exercise” OR “exercises” OR “physical activity” OR “physical activities” OR “physical fithess” OR “aerobic activity” OR
“aerobic activities” OR “aerobic training” OR “endurance training” OR “physical endurance” OR “physical conditioning” OR “walk” OR
“walking” OR “swim” OR “swimming” OR “running” OR “jog” OR “jogging” OR “cardiovascular activity” OR “cardiovascular activities”
OR “cardiometabolic”

OR

“caloric restriction” OR “calorie restriction” OR “low calorie diet” OR “low-calorie diet” OR “low calorie diets” OR “low-calorie diets” OR
“diet restriction” OR “dietary restriction” OR “energy restriction” OR “weight loss” OR “weight losses” OR “weight-loss” OR “weight-
losses” OR “weight reduction” OR “weight reductions” OR “fasting” OR “intermittent fasting” OR “intermittent fastings” OR “time
restricted feeding” OR “time restricted feedings” OR “time-restricted feeding” OR “time-restricted feedings”)

AND

TOPIC: (“immune” OR “immunity” OR “immunotherapy” OR “immunotherapies” OR “leukocyte” OR “leukocytes” OR “lymphocyte”
OR “lymphocytes” OR “T cell” OR “T cells” OR “B cell” OR “B cells” OR “natural killer” OR “NK cell” OR “NK cells” OR “monocyte”
OR “monocytes” OR “macrophage” OR “macrophages” OR “dendritic cell” OR “dendritic cells” OR “neutrophil” OR “neutrophils”
OR “myeloid-derived suppressor cell” OR “myeloid-derived suppressor cells” OR “myeloid derived suppressor cell” OR “myeloid
derived suppressor cells” OR “regulatory T cell” OR “regulatory T cells” OR “Treg” OR “Tregs” OR “immunosuppression” OR “antigen
presentation” OR “cytokine” OR “cytokines” OR “chemokine” OR “chemokines” OR “antibody” OR “antibodies” OR “immunoglobulin”
OR “immunoglobulins” OR “inflammation” OR “inflammations” OR “inflammatory”)

AND

TOPIC: (“neoplasm” OR “neoplasms” OR “neoplasia” OR “neoplasias” OR “cancer” OR “cancers” OR “tumor” OR “tumors” OR
“tumour” OR “tumours” OR “malignancy” OR “malignancies”)

AND

LANGUAGE: English

NOT

DOCUMENT TYPES: Review
(Il CENTRAL

ti.ab.kw.: (“exercise” OR “physical activity” OR “aerobic activity” OR “aerobic training” OR “endurance training” OR “caloric restriction”
OR “calorie restriction” OR “dietary restriction” OR “energy restriction” OR “weight loss” OR “weight reduction”)

AND

ti.ab.kw.: (“immune” OR “immunity” OR “immunotherapy” OR “leukocyte” OR “lymphocyte” OR “T cell” OR “B cell” OR “natural killer”
OR “NK cell” OR “monocyte” OR “macrophage” OR “dendritic cell” OR “neutrophil” OR “myeloid-derived suppressor cell” OR “cytokine”
OR “chemokine” OR “antibody” OR “immunoglobulin” OR “inflammation” OR “inflammations” OR “inflammatory”)

AND

ti.ab.kw.: (“neoplasm” OR “neoplasia” OR “cancer” OR “tumor” OR “malignancy”)
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Figure S1 PRISMA flow diagram of the study selection process.

Records excluded (n=288)
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Not primary research articles
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