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ABSTRACT

Background: The complement system is comprised of the clas-
sical, lectin and alternative pathways that result in the forma-
tion of: pro-inflammatory anaphylatoxins; opsonins that label
cells for phagocytic removal; and, a membrane attack com-
plex that directly lyses target cells. Complement-dependent cy-
totoxicity (CDC) — cell lysis triggered by complement protein
Clq binding to the Fc region of antibodies bound to target
cells — is another effector function of complement and a key
mechanism-of-action of several monoclonal antibody thera-
pies. At present, it is not well established how exercise affects
complement system proteins in humans. Methods: A systematic
search was conducted to identify studies that included original
data and investigated the association between soluble comple-
ment proteins in the blood of healthy humans, and: 1) an acute
bout of exercise; 2) exercise training interventions; or, 3) mea-
surements of habitual physical activity and fitness. Results: 77
studies were eligible for inclusion in this review, which includ-
ed a total of 10,236 participants, and 40 complement proteins
and constituent fragments. Higher levels of exercise training
and cardiorespiratory fitness were commonly associated with
reduced C3 in blood. Additionally, muscle strength was nega-
tively associated with Clq. Elevated C3a-des-Arg, C4a-des-
Arg and CSa, lower Cl-inhibitor, and unchanged C3 and C4
were reported immediately post-laboratory based exercise,
compared to baseline. Whereas, ultra-endurance running and
resistance training increased markers of the alternative (fac-
tor B and H), classical (Cls), and leptin (mannose binding
lectin) pathways, as well as C3 and C6 family proteins, up to
72-h following exercise. Heterogeneity among studies may be
due to discrepancies in blood sampling/handling procedures,
analytical techniques, exercise interventions/measurements
and fitness of included populations. Conclusions: Increased
anaphylatoxins were observed immediately following an acute
bout of exercise in a laboratory setting, whereas field-based
exercise interventions of a longer duration (e.g. ultra-endur-
ance running) or designed to elicit muscle damage (e.g. resis-
tance training) increased complement proteins for up to 72-h.
C3 in blood was mostly reduced by exercise training and asso-
ciated with increased cardiorespiratory fitness, whereas Clq
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appeared to be negatively associated to muscle strength. Thus,
both acute bouts of exercise and exercise training appear to
modulate complement system proteins. Future research is
needed to assess the clinical implications of these changes,
for example on the efficacy of monoclonal antibody therapies
dependent on CDC.

Keywords: acute exercise; aerobic fitness, exercise training;

complement proteins, physical activity.

INTRODUCTION

The complement system is a fundamental component of the
innate immune system, which constitutes more than 40 sol-
uble and membrane-bound proteins, as well as constituent
fragments (85, 86). Activation of the complement system
is initiated by a cascade of reactions described as the clas-
sical, lectin or alternative pathways — all of which result in
the cleavage of C3 (~187 kDa; Figure 1) (85). The central
complement component C3, primarily of hepatic origin with
a half-life of ~72-h in blood plasma (8, 31), is the pre-cursor
to the formation of: pro-inflammatory anaphylatoxins (C3a
and C5a; ~10 kDa) which enable the chemotaxis and activa-
tion of immune cells; opsonins (C3b, iC3b and C3d; 35-180
kDa) that label target cells for phagocytic removal; and, the
membrane attack complex (MAC; C5b-9; ~1000 kDa) to elic-
it direct lysis of target cells (86).

The alternative complement pathway is constitutive-
ly activated by the spontaneous hydrolysis of C3 to form
C3(H20). C3(H20) then binds to factor B (~86 kDa) and D
(~27 kDa), which leads to the formation of a fluid-phase C3
convertase, C3bBb (~239 kDa; Figure 1). C3bBb, which is
unstable due to spontancous dissociation and thus has a brief
half-life of ~90-s (103), facilitates the tick-over production
of C3a and C3b in blood plasma. Under normal physiologi-
cal conditions, complement activation through the alternative
pathway is limited as C3b is only capable of binding to cell
surfaces within ~60 nm of C3bBb, due to a short half-life
of 60-us and poor attachment efficiency of ~10% (73). To
augment complement activation in response to pathogenic
invasion, C3b — generated from carbohydrate-collectin and
antigen-antibody interactions of the lectin and classical path-
ways, respectively — interact with properdin-stabilised C3bBb
(37, 49), which induces anaphylatoxin-mediated recruitment
of phagocytes and amplifies opsonisation of target cells that
lack membrane-bound complement regulatory proteins (70).
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Figure 1. The classical, lectin and alternative pathways involved in the
complement cascade. A) Activation of the classical pathway commences
when C1q binds the Fc region of target cell bound antibody (either IgG
or IgM), causing the serine proteases C1r and C1s to subsequently bind
C1q, forming the C1 complex. C-reactive protein can also initiate the
classical pathway by binding directly to C1qg. C1r and C1s cleave C4 and
C2 to form the C3 convertase (C4b2a); B) in the lectin pathway, activating
recognition molecules (e.g. mannose-binding lectin [MBL], ficolins and
collectins) converge with the classical pathway upon the cleavage of C4
and C2; C) the alternative pathway is initiated by spontaneous hydrolysis
of C3 to form C3(H20), which binds to Factor B and is cleaved into Bb
and Ba by Factor D to form a different C3 convertase (C3bBb). Both C3
convertases cleave C3 into C3a and C3b. Complement C3b, is analogous
to C3(H20), and thus is capable of amplifying the alternative pathway;
it is also a powerful opsonin that facilitates phagocytosis. With the
additional binding of C3b to each of the C3 convertases, C5 convertases
are formed (C4b2a3b from the classical and lectin pathways, and
C3bBb3b from the alternative pathway). These enzymes cleave C5 into
Cbha and C5b. C5a is a pro-inflammatory anaphylatoxin along with C3a
and C4a, while C5b recruits C6, C7, C8, and C9 to form the membrane
attack complex (MAC), where the cascade ultimately results in cell lysis.
Anaphylatoxins C3a, C4a and Cb5a are rapidly converted to C3a-des-
Arg, C4a-des-Arg and Cba-des-Arg, respectively, by the cleavage of
the arginine residue at the C-terminal. C5a-des-Arg has a weaker pro-
inflammatory activity than its whole counterpart, while C3a-des-Arg has
no pro-inflammatory activity and does not bind to the C3a receptor.
However, C3a-desArg has been found to have additional functions that
render it a more stable molecule than its whole counterpart. The function
of C4a-des-Arg is not well characterised. This image was created with
BioRender.com (Toronto, Canada).

Alternative pathway — as well as classical pathway — acti-
vation is also observed during tissue injury, and complement
proteins have been implicated in the regeneration of ocular
(60), hepatic (78, 133), skeletal (15, 137) and muscular (151,
158) tissues. For instance, rodent studies have demonstrat-
ed that the alternative pathway is activated during the early
stages (<24-h) of cardiotoxin-induced muscle injury (158);
potentially due to the necrotic cell releasing damage-associat-
ed markers (e.g. heat shock proteins and high mobility group
box-1 proteins) (111, 124). Subsequently, the upregulation of
C3areceptor (C3aR)-C3a signalling induces phosphorylation
of protein kinase B and NF-kB that exacerbates the transcrip-
tion of chemokines (e.g. CCL5), which facilitate monocyte
trafficking (158). The differentiation of macrophages from
an M1-like to M2-like phenotype is responsible for resolving
such inflammation by expressing a plethora of anti-inflamma-
tory cytokines (10). M2-like macrophages in muscle tissue
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are one of the major extra-hepatic sources of complement,
which secrete Clq (410-461 kDa) that “spills over’ into cir-
culation and peaks 2- to 4-days following muscle injury (151,
158). As such, interventions that cause muscle damage and
inflammation in humans — such as resistance exercise (12), or
exposure to unaccustomed, strenuous exercise (106) — could
modulate complement activation via an extra-hepatic synthe-
sis of Clq.

Modulating C1q may have wide-ranging clinical impli-
cations. Indeed, transient increases in C1q — such as those re-
ported following muscle damage in rodent models (151, 158)
— lead to the phagocytic removal and lysis of apoptotic myo-
fibers, thus facilitating skeletal muscle regeneration through
classical complement pathway activation, in a process likely
mediated by C-Reactive Protein (CRP) and/or natural anti-
body (146). Moreover, due to its topology of six globular
recognition domains and a collagen-like region (85), Clq is
capable of binding to over 100 target molecules (61) and thus
its secretion facilitates repair and restoration in a host of tis-
sues. Importantly, Clq also binds to the Fc region of immu-
noglobulin G (IgG) during therapeutic monoclonal antibody
treatment of several haematological and solid cancers (28,
59). For instance, rituximab is a chimeric IgG1 monoclonal
antibody that targets CD20+ B cells, which is utilised during
the treatment of non-Hodgkin’s lymphoma and chronic lym-
phocytic leukaemia (110). Upon binding to CD20, the Fc
portion of IgG1 binds the globular region of Clq, whilst the
collagen-like region of Clq is bound to Clr and Cls to form
the C1 complex on the target cell surface. Following this, the
classical pathway is activated and the resultant MAC lyses the
malignant cell through complement-dependent cytotoxicity
(CDC) (141). As such, increasing the bioavailability of Clq
in blood — via interventions that elicit muscle damage and in-
flammation — could improve the effectiveness of anti-cancer
immunotherapies (62, 88).

At present, there is a lack of consensus regarding whether
soluble complement proteins are modulated by an acute bout
of exercise, exercise training, or in relation to habitual physi-
cal activity and fitness. Greater understanding of how exercise
affects complement system proteins may yield insight into
whether exercise can be harnessed to modulate complement
proteins to improve health outcomes, for example during an-
ti-cancer monoclonal antibody immunotherapy treatment. To
date, it is well documented that a host of soluble proteins are
released in response to exercise — in the presence and absence
of muscle damage — including proteins that are directly impli-
cated in complement activation, such as CRP (51, 138, 156).
Contrarily, repeated bouts of exercise (i.e. exercise training)
and greater fitness levels are associated with reduced com-
plement-activating inflammatory proteins, such as CRP (38).
However, the effects of exercise/physical activity on comple-
ment proteins themselves are not well understood; in part due
to the complexities of complement regulation, as well as the
vast number of different complement proteins and constituent
fragments involved in the complement cascade.

This situation is complexed further by the likelihood that
associations between complement proteins and exercise are
likely to be heterogenous dependent upon: timing of the bi-
ological sample collection (e.g. during, immediately-post or
days/weeks following exercise); the intensity and longevity
of exercise; the extent of muscle damage and/or inflammation
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caused by exercise; and, whether singular or repeated exer-
cise bouts have been prescribed. As such, a scoping review
was employed herein to enable a broad and more exploratory
assessment of the effects of exercise on different complement
system proteins (134), evaluated on a narrative basis. Where-
as, a systematic review specifically assessing the quality of
studies and aggregate quantitative data (e.g. meta-analysis)
was deemed less suitable (93). The present systematic scoping
review aimed to: 1) identify the soluble complement proteins
in blood that have been studied in response to an acute bout
of exercise, exercise training or in relation to measurements
of habitual physical activity and/or fitness; 2) summarise the
key findings regarding complement proteins and exercise in
healthy humans; and, 3) determine the sources of heteroge-
neity in the investigation of soluble complement proteins and
exercise (e.g. analytical techniques).

METHODS

This review adhered to the Preferred Reporting Items for Sys-
tematic reviews and Meta-Analyses extension for Scoping Re-
views (PRISMA-ScR) (136).

Eligibility criteria

Studies were included in the present review if they investigat-
ed the association between blood soluble complement proteins
and: 1) an acute bout of exercise; 2) exercise training interven-
tions; or, 3) measurements of habitual physical activity and/or
fitness. Given that many acute and chronic health conditions
affect complement proteins (20), eligible studies recruited
healthy human participants. Furthermore, clinical studies were
included if they contained a healthy control group who had not
undergone an intervention other than those related to exercise.
Studies which did not include human participants were ex-
cluded due to the substantial inter-species variation in comple-
ment function and structure (76, 85). Dissertations, conference
abstracts, case studies and review articles, as well as studies
which were not available in English or Spanish were excluded.

Literature search

Systematic searches of the PubMed, Embase and Web of Sci-
ence databases were conducted on Tuesday 20th July 2021.
Medical subject headings (MeSH) were searched for with-
in the PubMed database, as follows: (“complement activa-
tion”[MeSH] OR “complement system proteins”’[MeSH]
OR complement[All Fields]) AND (exercise[All Fields] OR
physical fitness[All Fields]). No limits on language, date or
study type were included. A ‘human’ filter was used for these
systematic searches of the PubMed and Embase databases.
Additionally, reference lists from relevant review articles and
original research studies that were included in the present re-
view were hand-searched by authors to identify any additional
studies.

Study selection

A two-stage screening process was completed independently
by two review authors (DRR and AJC). After the removal of
duplicates, all titles and abstracts were screened to identify
whether the study met the eligibility criteria of the present re-
view, with the exclusion of ineligible references. The full-text
articles of the remaining studies were subsequently retrieved
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and compared to the eligibility criteria. All eligible studies
were included in the scoping review (Tables 1-3).

Data extraction and synthesis

Data from selected papers were retrieved independently by
two review authors (DRR and AJC). A review-specific form
was used to extract information on the studies: design; aim;
participants; exercise type, exercise intervention, habitual
physical activity or fitness measures; sampling protocol and
method of analysis; complement proteins measured; and, key
findings. Findings from the systematic literature search were
reported by thematic synthesis of the three main themes: acute
bouts of exercise ( ), exercise training interventions (Table 2)
and cross-sectional studies assessing measurements of habitu-
al physical activity and/or fitness (Table 3).

RESULTS

Selection of studies

A flow diagram of the screening process is presented in Figure
2. Briefly, after removing n = 1065 duplicates and n = 5,374
citations by screening titles and abstracts, n = 157 full-texts
were retrieved to determine whether studies were eligible. Of
these, n = 66 studies were excluded and a further n = 14 were
excluded because the full-text article could not be retrieved.
Consequently, n = 77 studies were eligible, and these studies
included a total of 10,236 participants and 40 complement pro-
teins and/or constituent fragments.

Records identified through
searching reference lists of
included studies

Records identified through
database search

Relevant reviews (n = 1)
Included records (n = 2)

PubMed (n = 2,346)
Embase (n = 457)

|
2 Web of Science (n = 3,782) Other (n = 6)
O
£ Total (n = 6,585) Total (n=9)
3
Total records identified
(n=6,594)
Duplicate records removed

(n=1,065)
£
€|
Q|
; .
G Title and abstract screening Records excluded

(n=5,529) (n=5372)

Eull-text articles excluded with

reasons (n =79)
Not original article (n = 10)
No relevant biomarker (n = 32)
Participants not healthy (n = 16)
No exercise component (n = 8)

Full-text articles assessed for
eligibility
(n=157)

Eligibility

Articles included in review
(n=77)

| Included | |

Figure 2. PRISMA flow chart of the study selection process.



Characteristics of studies

A summary of the characteristics of included studies are pre-
sented in Figure 3. Briefly, all studies were published between
1981 and 2021, and data were collected from 45 centres in
Europe, 21 centres in Asia, five centres in North America, four
centres in Africa, one centre in Oceania and one centre in South
America. The majority of studies recruited adult participants
only (n = 56; 72.7%), whilst paediatric cohorts were studied
to a lesser extent (n = 20; 26.3%). Additionally, the majority
of studies collected data from only men (n = 35; 46.1%) or a
combination of men and women (n = 32; 42.1%); whereas n
= 8 (10.4%) studies collected data in women only and n = 2
(2.6%) studies did not report the sex or gender of participants.

Acute exercise (%)
Exercise training (%)

Measurements of physical activity/fitness (%)

Recruited only men (%)

Recruited only women (%)

Recruited children/adolescents (< 18-y; %)
Recruited trained individuals (%)
Recruited older adults (%)

Recruited overweight/obese individuals (%)

Sampled EDTA-plasma (%)
Reported sample handling procedures (%)
Reported sample analysis procedures (%)

Adjusted for plasma volume (%)
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(n = 10 proteins), were the topic of n = 64 (84.2%) studies.
C5 family proteins were measured in n = 11 (14.5%) studies.
Complement proteins that form the MAC (C6, C7, C8 and C9)
were the topic of n =5 (6.8%) studies, and the MAC itself was
quantified in a further n = 3 (3.9%) studies. The other soluble
proteins investigated were factor I (n = 2; 2.6% studies), factor
H (n = 4; 5.3% studies), vitronectin (n = 1; 1.3% study) and
clusterin (n = 2; 2.6% studies).

Complement proteins were most frequently measured in
serum (n = 53; 69.7%) or plasma (n = 23; 29.9%), whilst n
= 2 (2.6%) studies did not specify which blood component
was analysed. Furthermore, n = 20 (26.3%) studies correct-
ed complement concentrations for changes in plasma volume.
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Figure 3. A heat map illustrating the characteristics of included studies. The top compartment demonstrates the percentage of studies that measured
each complement protein within each exercise theme (e.g. 11% of studies that investigated the effects of acute exercise measured C1); the middle
and bottom compartments demonstrates the percentage of studies that achieved each description within each complement protein (e.g. 22% of the

studies that investigated C1 included only male participants).

Characteristics of complement proteins

A total of 40 soluble complement proteins were measured in
blood, including five proteins from the classical (Clq, Cls,
Clr, Cl-inhibitor and Clrs-Cl-inhibitor complex), two pro-
teins from the lectin (mannose-binding lectin [MBL] and
MBL-associated serine protease-2 [MASP-2]) and two pro-
teins exclusively from the alternative (factor B and properdin)
pathways. Convergence proteins of the classical and lectin
pathways, the C2 and C4 family proteins (n = 7 proteins),
were measured in n = 59 (77.6%) studies. Whereas the con-
vergence proteins of all three pathways, the C3 family proteins

Turbidimetry (n = 23; 30.2%), nephelometry (n = 20; 26.3%)
and enzyme-linked immunosorbent assays (ELISA; n = 16;
20.8%) were the most commonly used methods of comple-
ment quantification. Less frequently used techniques were ra-
dial immunodiffusion (RID; n = 4; 5.3%), radioimmunoassay
(RIA; n = 3; 3.9%), mass spectrometry (n = 2; 2.6%), electro-
immunoassay (EIA; n = 1; 1.3%) and intermediate gel rocket
electrophoresis (n = 1; 1.3%). Notably, n = 6 (7.9%) studies
did not specify the methodology for quantifying complement.
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Synthesis of results

Acute bouts of exercise

Soluble complement proteins in blood following an acute
bout of exercise were the topic of n = 46 (60.5%) studies, and
these studies included a total of 879 participants (Table 1). The
most common modes of acute exercise were running (n = 21;
45.7%) and cycling (n = 15; 32.6%). Other modes of acute
exercise were resistance exercises (n = 6; 13.0%), judo (n =
3; 6.5%) and swimming (n = 1; 2.2%). The duration of acute
exercise used in studies ranged from brief (30-s Wingate tests)
to multi-staged races (622.2-km over 6-days). The intensity
of acute exercise ranged from moderate (e.g. 50% maximal
oxygen uptake) to supramaximal (e.g. ‘all-out” Wingate tests).
Several studies also combined exercise interventions with ex-
posure to heat (n = 2; 4.3%), hypoxia (n = 1; 2.2%) or dehy-
dration (n = 1; 2.2%).

Soluble complement proteins in blood immediately fol-
lowing an acute bout of running exercise were the topic of n =
12 (26.1%) studies. C3 (66, 67, 116, 120), C3a-des-Arg (29),
C3c (41), C4 (67, 116, 120), C4a-des-Arg (29) and C5a (17)
were elevated; Clq (149), Clr (149), C3 (56, 57) and C4 (56,
57) were lower; and, Cl-inhibitor (41, 84, 125), C3 (84, 119,
122), C3d (34), C4 (41, 84, 119, 125), C6 (125) and factor
B (41) were unchanged immediately following running, com-
pared to pre-exercise. Soluble complement proteins in blood
during the recovery stage (5-mins to 10-h post-exercise) were
also the topic of n = 8 (17.4%) studies. Cl-inhibitor (125),
C2 (65), C3 (97), C3a (65), C4 (65, 97, 125), C4a-des-Arg
(29) and C5a (19) were elevated; C3 (65) and C4 (65) were
lower; and, C3 (44, 97), C3a-des-Arg (30), C4 (44, 97), C4a-
des-Arg (30), C5a (17) and C6 (125) were unchanged during
the recovery from running (5-mins to 10-h post-exercise),
compared to pre-exercise. Cl-inhibitor (125), C3 (44, 56, 57),
C4 (44, 56, 57, 125), C5a (19) and C6 (125) were unchanged
12-h to 6-days following the cessation of running, compared to
pre-exercise, in n =5 (10.9%) studies.

Soluble complement proteins in blood immediately fol-
lowing an acute bout of cycling exercise were the topic of n =
13 (28.3%) studies. C3a-des-Arg (18, 30), C4 (24), C4a-des-
Arg (30) and C5a (16) were elevated; C3 (56, 57), C4 (56,
57) and C4a (109) were lower; and, C1q (94), C1/C1-inhibitor
complex (94), C2 (94), C3 (24, 94), C3a (130), C3a-des-Arg
(144), C3c (135), C3d (135), C4 (32, 94), C4a (98, 130), C4a-
des-Arg (144), C4b binding protein (94), C4bc (94), C4d (94),
C5a (130), C5a-des-Arg (144), MBL (155), MASP-2 (155),
factor B (94), factor I (94), vitronectin (94), clusterin (94) and
MAC (94) were unchanged immediately following cycling,
compared to pre-exercise. Soluble complement proteins in
blood during the recovery stage (30-mins to 6-h post-exercise)
were the topic of n =4 (8.7%) studies. C3 (24), C3a-des-Arg
(18, 30), C4 (24), C4a-des-Arg (30) and C5a (16) were all
unchanged during the recovery from cycling (30-mins to 6-h
post-exercise), compared to pre-exercise. Furthermore, n = 2
(4.3%) studies demonstrated that C3 and C4 were unchanged
12- to 24-h following the cessation of cycling, compared to
pre-exercise (56, 57). A single study demonstrated that reduc-
tions in Cl-inhibitor in blood following cycling was only ob-
served in females who were users of oral contraception (50).
Additionally, combining cycling with severe normobaric hy-
poxia (ambient O2: 12%) increased the transient elevation
of C3a-des-Arg, C4a-des-Arg and C5a-des-Arg immediate-
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ly-post exercise, compared to pre-exercise at sea-level (ambi-
ent 02: 21%) (144).

Soluble complement proteins in blood immediately fol-
lowing ultra-endurance running were the topic of n =3 (6.5%)
studies. A 246-km running race with a mean duration of 32-h
and 8-mins, immediately increased Cls subcomponent, C3,
factor B and mannose-binding lectin (MBL), compared to
pre-exercise (12). Whereas, factor H and the C4-B precursor
were unchanged immediately following the 246-km running
race, compared to pre-exercise (12). C3 and C4 were un-
changed immediately following a 6-day run with an average
completed distance of 622.2-km (35). Cl-inhibitor, C3 and
C4 were unchanged in the days following a 90-km run (126);
whereas, Cls subcomponent (12), C3 (12), C6 (126), factor B
(12, 126), factor H (12) and MBL (12) were elevated 24- to
72-h following 90-km (126) or 246-km (12) bouts of running
exercise.

Soluble complement proteins in blood immediately fol-
lowing a single session of resistance exercise were the topic
of n =2 (4.3%) studies. C3 (101), C3b (101), C3d fragment
(101) and clusterin (101) were elevated; and, Clrs-C1-inhibi-
tor complex (114), C3b (114), C3bBbP (114), iC3b (114), C3c
(114) and MAC (114) were unchanged immediately following
resistance exercise, compared to pre-exercise. C3bc (105) and
the MAC (105) were lower, whereas C3 (89) and C5a (55)
were unchanged 1- to 96-h following resistance exercise, com-
pared to pre-exercise. Furthermore, C3 (101), C3b (101), C3d
fragment (101) and clusterin (101) were elevated 24-h follow-
ing resistance exercise, compared to pre-exercise. C3 has been
reported to increase (22), decrease (91) and remain unchanged
(140) immediately following a judo training session; where-
as, C4 was unchanged immediately following a judo train-
ing session, compared to pre-exercise (22, 91, 140). A single
study also reported that C3d remained unchanged following
swimming, compared to pre-exercise (33). Mild-to-severe de-
hydration calculated by changes in plasma volume (22) and
an exercise training intervention (not corrected for changes in
plasma volume) (91) appeared to blunt the transient post-exer-
cise elevation of C3.

Exercise training interventions
Soluble complement proteins in blood in response to an ex-
ercise training intervention were the topic of n = 14 (18.2%)
studies, and these studies included a total of 378 participants
(Table 2). A training program comprising a combination of
steady-state exercise, interval exercise, resistance exercise
or judo training were the most studied interventions (n = 4;
28.6%). Other types of exercise interventions were resistance
training alone (n = 2; 14.3%), a cross-country skiing, speed
skating or volleyball season (n = 2; 14.3%), military training
(n =2; 14.3%), tai chi (n = 1; 7.1%), qigong (n = 1; 7.1%),
stair climbing (n = 1; 7.1%) and cycling (n = 1; 7.7%). The
duration of each exercise intervention ranged from 17-days to
20-months. Studies most frequently recruited college/universi-
ty athletes (n = 5; 35.7%) professional athletes (n = 3; 21.4%)
or military recruits (n = 2; 14.3%); whilst older adults (n = 1;
7.1%) and less active participants (n = 2; 14.3%) were also
studied.

Soluble complement proteins in blood at rest, were inves-
tigated immediately following a training program that com-
prised of more than one mode of exercise by n = 4 (28.6%)
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68 Exercise and the complement system
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Exercise and the complement system 69

“uoseas
aAnnedwos oy (aureseq ‘sa 9,z /—) Suunp
9s1010x%9-1s0d  A[ojeIpowitur  10MO[ Sem )
‘10AMOY] ‘uoseas aAnnaduwod ayy (dureseq
SA 9,/°0-) Joye 10 (QuI[seq SA 9/ 1—)
010J0q 9S1019%9-150d A[ojerpowutul JUSISNJIp
JOU Sem §)) ‘Uoseds dannadwos oy (Aureseq
'SA %1°¢—) IOYe pue (SUIASEq 'SA %6'9-)
Suump  9s1019%9-)sod  A[ojeIpowItiI  IOMO]
SeM €D ‘10AdMOY (QUI[OSBq SA %6 [—)
uoseds oAnnadwiod JY) 210Joq  OSIOIOXD
-)sod  A[ojerpowrul  JUSIJJIP JOU SBM €))

-owmnjoA ewse[d Jo sa3ueyd J0J PJOALI0d
1M D pue ¢ wnieg “Anowodydau £q
pasA[eue pue D,(08— e Udzoif d1om sojdwreg
‘sulw-0] I0] Sx 0001 e PoSnyLudd
pue aimeroduwd) wool Je sulw-(¢ 10J J0[0
0] pamo[[e sem poolg -astoroxa-jsod y-|
pue ‘-3sod Aojerpawuur “-01d pjod[[0d 910Mm
(¢ = u) sopdwes pooiq ) pue ¢ WNIAS

(T 1981 999)
UO0SeIS J1J[YJe Y} JaYe ‘pue ‘UOSLIS
ono[yIe Ayl Julmp <UOSeas JNR[Ie
oy 03 toud oureseq e :suurod
-owy SuIMO[[0} oy} JB uonsneyxo

“(S1BRA-81-91
:o3ue1 o3e ‘uow ¢ ‘uowom
T ‘s1oeys padds 4 <s1opys
A1Unoos sso1d 1) SAJ[PIe G

(26) (6661) DINZIYGION

-qurfeseq 03 paredwod
uorssas Surureny opnl o[3uis & Suimorjoy
Ajorerpowiul JUSIIP dIoM  (%ET-) +D
10 (%Z7'7-) €D IoyIau ‘ururen SAISU)UI JO
syiuow-9 SUIMof[o} ‘eroudyun, (surjaseq
SA 948°'p—) JUSISMIP Jou Sem D Inq
9S1010X0  JuIMO[[0] A[oreIpowul (Qurjoseq
"SA %7 H—) €D paonpal opnl Jo uoissas o[3uis
e ‘Ques3ord Jururern yjuow-9 9y} 0} IOLJ

Anowoaydau £q
PpasAeue pue D,(8— Je paiojs d1om sojdureg
‘surw-07 10 Sx 0007 Je  pasSnyimued
pue ormjerodwo) wIoOI je SUW-(¢ IO} JO[O
0) PIMO[[e Sem poolg "os1o1oxa opnl-jsod
AJarerpawr pue -o1d pajod[od arom (7 =
u) sordures poojq pajsej ) pue ¢ WnIog

[pun 1S9} [[IWUPEAN}  [BIUSWAIIU]
‘(z 91qe L 99s) swwer3oxd
Suuren yuow-9 QAISUJUL

ue uo po[oiud uay) syuedonred
"UMOP-[00D SUIU-G[ B ‘pue LIOpuBl
JO SUOISSas SUIU-()] XG SIWONIYIN
Jo sunw-gz ‘uoperedard  surw
-GI :Jo Sunsisuod ‘uorssas opnl v

‘(s1eak
-1°0 ¥ 0'8[ :23e ueawr) Apmys
oy 03 Joud syuow-¢ I0J
osto10x0 opnf ur pajedioned
jou  pey  ng  s1edK
-¢ 1se9[ Je 103 opnl pasnoeid
pey oym sysiopnl gewr 9¢

(16) (5007) eIIN

“(2%0°G—) aurfeseq 0} paredwod as119x2-)sod
U-96 JoMO[ SeM €D ‘TOAIMOY ‘UOIIUOAINUI
OSIOIOXd  JIMUOOOY Ay} IPe (%7 p—)
Y-2L 10 (% v—) U-8% (%0°0) U-+T (%8'0+)
(-7 OUI[dSBq WO JUAIQNIP 10U Sem ¢

‘Anowojoydou
Aq poinseowr sem ¢ ewse]d ‘powojiod
sem sIsATeue udgouriqly [pun drnjerddud)
WOOI J& PAIO}S PUB WL PISIOIdXI-UOU A}
Wwolj UMEIP Sem POO[q PajenI) "9SI0IoXd
-1s0d y-9¢ pue ‘-3sod y-z, “-1sod y-g ‘-1sod
Y-y -150d y-g ‘-a1d A[orerpawiur pajos[joo
a1m (9 = u) sojdwes poolq :¢D euwiseld

‘suru
-1 Aq pojeredas sem }9s [oBd pUE S
-01 Aq pareredas sem uonnoadar yoeg
*JOJOWOWRUAD PISLIOJOW B UO LB
JUBUIWIOP-UOU 91} JO SIOXJ[} MOq[d
rewrxew (suonnadar 9 Jo s19S 9) 9¢

"(s189K-8°¢
F ¢/ 7 105k ULOW) USWI JAT)OR
A[euonearoar  ‘Ayyedy €|

(68) (5007) serN

*951010%9-01d 03 paredwioo “Os1010%d
-1s0d aFueyd J0U PIp ) pue £ “IoNqIyuI-1 )

‘Anowoaydou £q paInsedawt 91om ) pue
€D “I0NqIUI-TD) Do(8— I8 PAI0IS pue sunu
-01 10} 8x 00T e PaSnInued ‘sul-(¢
10J 10]9 0} PAMO][B PUB SIQUIBINORA- ]SS OJUI
Pa109[[00 Sem poo[g ‘astoroxe-jsod y-g/
pue -1s0d y-84 “-1sod y-4¢ ‘-1sod y-g1 ‘-3sod
-6 “-1s0d y-9 “-3sod y-¢ ‘-3sod A[ojerpowut
‘“o1d poyoooo arom (6 = u) sojdwes
PooIq pD PuB €D “IONQIuUI-[) wWnidg

-oeydn uaSAX0 TeWIXBW %G/

e sunu-09 10y (SUIOIP %G 'ET-)
[[lupeon & uwo Sumuunl [[Iumoq

‘(s189A-7Z 01 8 :93uer)
UQW ‘paurenun jng dAnde G|

(#8) (6007) sunzpW

EIR 28 2022



70 Exercise and the complement system
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studies. C4 was elevated following a training camp in college
rugby players (83); whereas, C3 (83, 91, 139, 152) and C4
(91, 139, 152) were unchanged following training intervention
that combined more than one type of exercise, compared to
baseline. A single (7.1%) study also demonstrated that C3 was
lower, and C4 was unchanged, 7-days following the comple-
tion of an interval, resistance and judo exercise training inter-
vention (139). Soluble complement proteins in blood at rest
collected before and following a military training intervention
were the topic of n = 2 (14.3%) studies. C3 was lower follow-
ing 10-weeks of military training in n = 1 (7.1%) study (66);
whereas, opposing findings demonstrated that both C3 and C4
were unchanged following 3-months of military training (53).
A single (7.1%) study reported that weight loss during an inter-
val, resistance and judo exercise training intervention did not
affect resting C3 or C4 (139).

With training interventions that incorporated only a single
type of exercise, n = 2 (14.3%) studies reported soluble com-
plement proteins in blood at rest, following a resistance exer-
cise intervention. Cl1q was lower following 12-weeks of both
resistance exercise (145) or descending stair walking (21);
whereas, Clrs-Cl-inhibitor complex, C3b, iC3b, C3bBbP,
C3c and MAC were unchanged following 4-weeks of resis-
tance exercise (114). A strong negative correlation demon-
strated that reductions in C1q were associated with increased
muscle cross sectional area following 12-weeks of resistance
exercise (145). 21-days of cycling did not alter resting C1-in-
hibitor, C3 or C4 in professional cyclists; however C4 was el-
evated after 10-days of the intervention (127). One-month of
daily qigong training lowered C3, but not C4, in healthy young
students (77). Whereas, 12-weeks of tai chi (3 times per week)
elevated C3 precursor and factor H, but reduced Cl-inhibitor,
Clr subcomponent precursor and factor B, in university judo-
ists (153).

Soluble complement proteins in blood measured at differ-
ent stages of an athletic season were the topic of n =2 (14.3%)
studies. C3 (24, 92) and C4 (24) were unchanged throughout
the athletic season; whereas, a single study reported lower C4
during the season in cross country skiers and speed skaters
(92). The latter study also reported lower C3 and C4 one-
month following the completion of an athletic season (92).

Habitual physical activity and fitness
The association amongst soluble complement proteins in blood
and measurements of habitual physical activity/fitness were
the topic of n =29 (37.7%) studies, and these studies included
9,284 participants (Table 3). The most studied assessments of
habitual physical activity/fitness were cardiorespiratory fitness
(n = 14; 48.3%) and habitual physical activity levels (n = 13;
46.4%). Assessments of muscular strength (n = 8; 27.6%), a
case-control comparison of active and less active controls (n =
7;25.0%) and assessments of motor ability (n = 2; 7.1%) were
also studied. Overweight or obese participants were recruited
by n = 12 (41.4%) studies, and a further n =5 (17.9%) stud-
ies exclusively recruited well trained or elite athletes. Whilst
all included studies measured habitual physical activity/fit-
ness alongside soluble complement proteins in blood, n = §
(28.6%) studies did not perform statistical analyses to inform
the present review.

Soluble complement proteins in blood between cohorts
with different habitual physical activity levels were the topic
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of n =3 (10.7%) studies. C3 was lower in participants who
engaged in more habitual physical activity, compared to their
less active counterparts (108, 112). It was reported that C3 was
negatively associated with higher habitual physical activity
levels (82); whereas, n = 5 (17.9%) studies reported no cor-
relation between habitual physical activity levels and C3 (80,
81, 118, 142, 157) or C4 (80, 81, 118, 157). A single (3.6%)
study employed isotemporal modelling analysis to demon-
strate that replacing less active time with 30-mins of moderate
to vigorous physical activity would reduce resting C3 in blood
at the time of sampling (108).

Soluble complement proteins in blood between cohorts
with different fitness and training statuses were the topic of n
=9 (32.1%) studies. C3 and C4 were lower in ‘fit’ (predicted
maximal oxygen uptake >42 or 35 mLekgemin-1 for boys and
girls, respectively) compared to their “unfit’ (predicted maxi-
mal oxygen uptake <42 or 35 mLekgemin-1 for boys and girls,
respectively) counterparts (4, 27). Whereas, both C3 and C4
were not different between physically dependent and physical-
ly independent older adults (157). C2 (149), C3 (97, 123, 149)
and C4 (97, 123) were lower in athletes compared to non-ath-
letic controls; whereas, C1q (149), C1s (149), C3 (56, 57),C3d
(33),C4 (56,57, 149), C5 (149), C6 (149), C7 (149), C8 (149),
C9 (149), factor B (149) and properdin (149) were not differ-
ent between athletes and non-athletic controls. C3 (11, 81, 82,
118) and C4 (11, 81, 82) were negatively associated with car-
diorespiratory fitness; whereas, Clq (145), C3 (11, 117) and
C4 (11) were negatively associated with muscle strength. Both
C3 (3) and C4 (3, 118) were not associated with fitness in n =
2 (7.1%) studies, and a single (3.6%) study reported that C4
was not associated with muscular strength (117). The associ-
ation between fitness and C4 appears to be weakened by the
progression from childhood to adolescence (27).

DISCUSSION

The purpose of this scoping review was to comprehensive-
ly explore the relationship between complement proteins in
blood and acute bouts of exercise, exercise training, or mea-
surements of habitual physical activity/fitness (Figure 4). n =
77 eligible studies were identified, and these studies includ-
ed a total of 10,236 participants and 40 complement proteins.
Firstly, the C3 and C4 family proteins were the most studied,
yet studies investigating proteins that are upstream of these
proteins — and therefore exclusive to the classical, lectin or
alternative pathways — were less common. Secondly, it ap-
peared that complement was transiently activated immediately
following an acute bout of exercise, and complement proteins
were also upregulated up to 72-h following resistance exercise
and ultra-endurance running, perhaps reflecting muscle-dam-
age induced activation of the classical and alternative com-
plement pathways. On the other hand, exercise training and
cardiorespiratory fitness were more commonly associated with
a downregulation of C3 family proteins. Lastly, diversity in
the sampling procedures, analytical methodologies, exercise
intervention and measurements of habitual physical activity/
fitness likely contributed to heterogeneity in the findings ob-
served between different studies.

It is well established that an acute bout of strenuous or
unaccustomed exercise causes a profound alteration in various
plasma proteins (51, 71, 102, 131, 132, 138, 156), yet inconsis-
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Exercise training interventions and
measurements of physical activity
and fitness

Acute bout of exercise

= t 4 — , , H
5 Training with an intensity and C1 q
E N N et duration to T muscle mass
i" (% acummulation due to
o 5 AP & CP activation AP & CP activation in the
g _— days floH(‘)wmg muscle Untrained and older
muscle damaging N
@) exerciseonly _.-" adults
. [ G =
baseline J % D
1C1g? 4C1-inh? S 5
LC1-inh = =
) (/) 0
— . . o =
= O
N\ v oh P71 o 48h 72h = 2]
£ - s
Time after exercise E

Blood C3 Blood C1q

bout

Figure 4. A theoretical graphical summary of the findings of the present systematic scoping review which evaluated the relationship between
complement proteins in blood and acute bouts of exercise, exercise training, or measurement of physical activity/fitness among 76 eligible studies,
which including 10,206 participants. Firstly (left panel), a consistent finding was that anaphylatoxins (e.g. C3a-des-Arg, C4a-des-Arg and C5a) were
increased immediately following an acute bout of exercise in a laboratory setting — potentially due to a transient reduction in the C1-inhibitor (C1-
inh), which prevents the formation of both fluid-phase and membrane bound C3 convertases. Whereas ultra-endurance running and resistance
exercise — but not exercise which fails to induce muscle damage - increased complement proteins specific to- or downstream- of the classical and
alternative pathways (e.g. C1s, factor b, and the C3 and C6 family proteins) for up to 72-h, which may be a result of muscle damage and coincided
with a concurrent elevation in the complement activator, CRP. It remains unclear in humans whether other complement proteins specific to the
alternative and classical pathways (e.g., C1q) are secreted in excess after muscle-damage, as reported in animal studies (151, 158). Separately (right),
C3 in blood was reduced by exercise training and associated with increased fitness, whereas C1q appeared to be negatively associated to muscle
strength. This image was created with BioRender.com (Toronto, Canada).

tencies between studies means it remains unclear whether exer-
cise modulates soluble complement proteins in humans (Table
1). One such inconsistency between studies, was the observa-
tion that proteins of the classical (C1q and C1-inhibitor), lectin
(MBL) and alternative (factor B) pathways were reported to
be elevated, lower and unchanged immediately-following an
acute bout of exercise (12, 41, 50, 84, 94, 114, 125, 126, 149,
155). More consistent results were reported by studies that em-
ployed an acute bout of exercise in a laboratory setting and
corrected soluble complement proteins for changes in plasma
volume; whereby, the 6 studies which satisified these criterion
reported that C3a-des-Arg, C4a-des-Arg and C5a were elevat-
ed (16, 18, 30), whereas C3 and C4 were unchanged (32, 92),
and Cl-inhibitor were lower (50) immediately-post exercise.
Reductions in the Cl-inhibitor — which prevents the forma-
tion of both the membrane-bound (C4b2a) and fluid-phase
(C3bBb) C3 convertase (54, 85) and thus is considered a
pan-complement inhibitor — could be a mechanism contribut-
ing to anaphylatoxin accumulation immediately following an
acute bout of exercise in a laboratory setting. Anaphylatoxin
accumulation may be further explained by a pH-dependent
modulation of the alternative pathway C3 convertase, C3bBb,
which is upregulated by lactic acidosis (39, 45, 129). It may
alternatively be the case that increased C3a-des-Arg, C4a-
des-Arg, and C5a-des-Arg immediately post-exercise reflects
muscle-damage induced activation of the classical pathway,
albeit at a modest level as many of these laboratory studies
did not explicitly seek to induce muscle damage per se (16,
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18, 30). Lastly, elevated C4a-des-Arg may arise due to lectin
pathway activation (30) — which is in keeping with the obser-
vation of increased MBL following ultra-endurance running
(12) — though the mechanisms of this process are less clear but
could involve changes to gut homeostasis (40). Taken togeth-
er, it may be that all three pathways can be activated during/
immediately after exercise, and further research is needed to
elucidate the stimuli for such activation.

While activation of all three complement pathways may
occur during or immediately following an acute bout of ex-
ercise, release and ‘spill over’ of Clq from inflammatory/re-
pair responses in muscle (e.g., by macrophages) is likely re-
sponsible for the activation of complement — via the classical
pathway — for up to 2- to 4-days post-exercise in a muscle
damage-dependent manner (151, 158). Indeed, it was consis-
tently demonstrated that an acute bout of cycling or running
(duration range: 30-s to 60-mins) did not result in complement
secretion or activation — as indicated by unchanged C1-inhib-
itor, C3, C4, C5a and C6 — 12-h to 6-days following exercise
cessation (19, 44, 56, 57, 125). Whereas exercise of a longer
duration (e.g. ultra-endurance running) or designed to elicit
muscle damage (e.g. resistance training) increased markers of
the classical (Cls), as well as C3 and C6 family proteins, up to
72-hours following exercise cessation (12, 101, 126). Notably,
no studies included in the present review have investigated the
association between complement activation following mus-
cle-damaging exercise and complement activatory proteins,
such as CRP (51, 138, 156). However, a single study observed



a similar time-course between increases in the classical com-
plement protein Cls and CRP following a 246-km run (12).
Additionally, it was shown that alternative pathway factor B
was also increased in the days after ultra-endurance exercise
(12, 126). Given that proteins of both the classical and alterna-
tive pathways were modulated following ultra-endurance and
resistance exercise (12, 101, 126), which coincided with ele-
vated CRP (12), it is plausible that both pathways are involved
in skeletal muscle regeneration. This would be in keeping with
rodent models which show that regeneration is facilitated by
classical complement pathway activation in a factor-B depen-
dent manner (151, 158). Separately, it was observed that a
marker of the leptin pathway (MBL) is elevated in the days
following ultra-endurance running, and as outlined earlier, the
mechanisms underpinning this response are unclear, but could
reflect changes to gut homeostasis (40).

In contrast to an acute bout of exercise, exercise training
is known to reduce both complement-activating inflammatory
proteins (e.g. CRP) and cells capable of secreting complement
system proteins (e.g. monocytes) (38, 100). Whilst the major-
ity of studies reported that circulating C3 and C4 were un-
changed (24, 53, 77, 83, 91, 92, 127, 139, 152), several studies
also reported that C3 or C4 were lower or elevated following
exercise training (66, 77, 83, 92, 139). A source of heteroge-
neity resulted from the duration of exercise intervention. For
instance, a 4-week resistance exercise intervention in well-
trained young men did not change resting C1 or C3 family
proteins in blood (114). Whereas a progressive intervention
of resistance training over 12-weeks in older adults lowered
Clq, which is a precursor of the classical pathway; an effect
that was associated with greater muscle cross-sectional area
(145). A reduction of Clq in blood following resistance exer-
cise training is, at first glance, somewhat surprising, as previ-
ous research demonstrated that 12-weeks of endurance cycling
training increased the intramuscular presence of C1q-secreting
M2-like macrophages after an acute bout of resistance exer-
cise (143). However, observations of reduced Clq in blood
following resistance exercise could support the notion that
Clq is utilised during muscle regeneration — in the presence
of the classical complement pathway activator, CRP — through
promoting the lysis and removal of damaged myofibers (151,
158), as opposed to being released into circulation. Nonethe-
less, this emphasises the need for further research to determine
whether an acute bout of muscle damaging exercise or a re-
sistance training intervention result in an excessive secretion
of Clq by tissue-resident M2-like macrophages, sufficient to
increase serum bioavailability — this could have clinical impli-
cations, particularly regarding the effectiveness of immuno-
therapy induced CDC.

A possible further source of heterogeneity amongst includ-
ed studies that investigated the effects of exercise training on
complement system proteins was the fitness of participants at
study entry. For instance, complement proteins in blood were
unchanged following an exercise intervention in 7/8 (87.5%)
studies who recruited participants who were well-trained at
baseline (24, 83, 91, 92, 114, 127, 139, 152). Whereas, ex-
ercise training interventions modulated soluble complement
proteins in 4/4 (100%) studies that recruited untrained or older
adult participants (66, 77, 145, 153). As such, exercise training
interventions, incorporating sufficient intensity and duration to
improve muscle mass, have the potential to modulate comple-
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ment proteins that are implicated in inflammation or muscle
regeneration in untrained or older adult participants.

This notion is supported further by the findings from stud-
ies assessing the relationship between complement proteins
and measurements of habitual physical activity. The present
review found that 5/6 (83.3%) studies found no correlation
between habitual physical activity and complement proteins
(80, 81, 118, 142, 157); whereas, 3/5 (60%) studies reported
that athletes, who were likely to undertake intensive physical
activity regularly, were reported to have lower C3 in blood
compared to their non-athletic counterparts (97, 123, 149).
However, two studies which reported comparable C3 in ath-
letes and controls provided incomplete blood handing/analysis
procedures (56, 57). We also found that 5/6 (83.3%) studies re-
ported a negative association between circulating C3 and mea-
sures of cardiorespiratory fitness or muscle strength in healthy
humans (11, 81, 82, 117, 118). Whereas the majority of studies
reported no association between physical activity/fitness and
C4 in blood (3, 56, 57, 80, 81, 117, 118, 149, 157). Further-
more, only two studies reported the association between physi-
cal activity/fitness and soluble complement proteins other than
C3 or C4 (145, 149). As such, future research is required to
investigate the association between habitual physical activity,
fitness and complement proteins exclusive to specific path-
ways and/or the MAC.

Areas for further research

Research to date has demonstrated that exercise may enhance
anti-cancer immunotherapy through the mobilisation of im-
mune cells (72, 79, 147), modulation of immune checkpoints
(13) and vascularisation of the tumour (14). Given that numer-
ous therapeutic monoclonal antibodies used for the treatment
of cancers exert cell killing via CDC in a C1q-dependent man-
ner (28, 59), it is promising that an acute bout of exercise may
be a means of increasing complement proteins downstream of
Clq, which may indicate that exercise can be harnessed to in-
crease the bioavailability of Clq in blood (63). Although com-
plement activation during or immediately following an acute
bout of exercise is likely a result of alternative and classical
pathway activation (16, 18, 30), complement proteins down-
stream of Clq are upregulated 12- to 72-hours following re-
sistance and ultra-endurance exercise, perhaps reflecting a de-
pendence on muscle damage and CRP (12, 101, 126), which
can be more feasibly achieved in clinical populations using ec-
centric and/or resistance exercise. These findings are in keep-
ing with rodent models, which have recently demonstrated that
Clq is secreted by M2-like macrophages during the resolution
of muscle injury, with peak serum C1q occurring 2- to 4-days
post-injury (151, 158). However, future research is required
to confirm whether the observed complement activation 12-
to 72-hours following exercise cessation in healthy humans is
the result of increased Clq in blood, which may have clinical
implications — for example by augmenting the efficacy of im-
munotherapy-induced CDC against cancer cells.

The dysregulation of soluble complement proteins is also
the feature of numerous chronic health conditions, including
diabetes mellitus (5), cardiovascular disease (148), Rheuma-
toid arthritis (48) and cancer (113). For example, the prolif-
eration of skin and breast cancer cell lines were exacerbated
in the presence of pro-inflammatory anaphylatoxins, C3a and
C5a, due to upregulated Wnt-3 catenin-Sox2 mediated vascu-
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lar endothelial growth factor (VEGF) secretion and Akt me-
diated response gene to complement (RGC)-32 expression,
respectively (36, 75). As such, strategies to prevent long-term
exposure to anaphylatoxins, such as the C5 targeting mono-
clonal antibody eculizumab (150), have shown promise and
the potential for long-term exercise training to modulate solu-
ble complement proteins is of clinical interest. Whilst studies
included in the present review suggested that higher levels of
habitual physical activity and cardiorespiratory fitness were
associated with reduced C3 in blood (11, 81, 82, 117, 118),
no studies determined whether there was an association with
fragments of complement (e.g. C3a-des-Arg or C5a-des-Arg),
which are indicative of inflammation and complement activa-
tion (99). Therefore, future research is warranted to determine
whether exercise training elicits an anti-inflammatory effect
through the modulation of complement activation, which may
have important implications for the prevention and manage-
ment of chronic diseases associated with complement dysreg-
ulation. Nonetheless, it is unknown whether the complement
system responds in a similar manner between healthy people
and those who have been diagnosed with chronic diseases and/
or undergoing treatment that affect complement system pro-
teins (e.g. anti-coagulative therapy; 9). Therefore, future re-
search that investigates the response of soluble complement
proteins to exercise training in the context of chronic health
conditions is warranted.

Technological advances have also allowed improved bio-
chemical profiling of plasma proteins, which have been suc-
cessfully used to identify distinct plasma proteomes in states
of health and disease in both humans (23, 25, 26, 52, 101)
and animal models (90). Global proteomic analyses involve
reliable techniques that can produce a large-scale characteri-
sation of the plasma proteome profile whereby protein-protein
interactions can be predicted, and therefore serve to provide
a broader view of human physiology (47, 107). A proteomics
approach could therefore help undercover the mechanisms be-
hind complement changes in response to exercise as this most
likely involves several pathways and protein interactions,
which are harder to observe in single-targeted protein studies.
Recent studies have applied these global proteomic techniques
in the context of exercise training and further support the pro-
found alterations that exercise has on the plasma proteome
profile (12, 64, 68, 87, 95, 96, 104, 115, 153). Indeed, several
studies have demonstrated that the volume of exercise con-
ducted is positively associated with the magnitude of change
to the plasma proteome profile and, in turn, the accumulation
of complement system proteins (87, 95, 96). While the authors
conclude that these changes to complement system proteins
are indicative of ‘overreaching’, for reasons highlighted earli-
er in this review, it may rather reflect ongoing muscle damage/
repair and the associated inflammation.

Limitations

Several sources of heterogeneity were identified amongst in-
cluded studies, which may contribute to the conflicting evi-
dence that currently exists regarding soluble complement pro-
teins in blood and exercise in healthy humans. It was concluded
that the primary sources of heterogeneity were discrepancies
in blood sampling, handling and analytical procedures. For
instance, ethylenediaminetetraacetic acid (EDTA), but not ci-
trate or heparin, is the only anticoagulant to completely inhibit
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complement activation ex vivo and, therefore, EDTA-plasma
is the preferable biological specimen to measure complement
concentrations or activation fragments (99, 154). However,
52 of 76 (68.4%) studies measured complement levels and/or
activation products in serum. Furthermore, polymer surfaces,
including plastics, are established activators of complement
ex vivo (46, 128). Despite this, only 1 of 76 (1.3%) studies
reportedly used glass laboratory equipment. Lastly, it is well
established that exercise expands plasma volume in a modal-
ity- and intensity-dependant manner and, therefore, interpret-
ing complement within blood pre- and post-exercise without
correction for such expansion could lead to erroneous results
(58). For instance, an increased concentration of complement
proteins in blood in the presence of an expansion of plasma
volume immediately post-exercise could be reported as the
complement protein being unchanged from baseline. Nonethe-
less, only 20 of 76 (26.3%) studies corrected soluble comple-
ment proteins for changes in plasma volume pre-, during- or
post-exercise (Figure 3). Therefore, it is important that future
studies consider these limitations in blood sampling, handling
and analytical procedures.

Conclusions

This review demonstrated that C3 and C4 family proteins were
the most commonly studied soluble complement proteins in
prior research which has investigated the effects of an acute
bout of exercise, exercise training or habitual physical activity
levels and/or fitness on complement system proteins. There is
consistent evidence indicating that long-term exercise train-
ing, and the concomitant augmentation of muscle mass and
fitness, seems to downregulate C3 family proteins in blood of
healthy humans, which is in keeping with the notion that reg-
ular exercise exerts anti-inflammatory effects and may have
implications for the prevention and treatment of diseases as-
sociated with inflammation and complement dysregulation. In
addition, it was reported that anaphylatoxins were transient-
ly increased immediately following an acute bout of exercise
in healthy humans, likely a result of alternative and classical
pathway activation. Whereas soluble complement proteins
downstream of the classical complement pathway precursor,
Clq, were elevated 12- to 72-hours following resistance and
ultra-endurance exercise. Therefore, it may be the case that
exercise-induced muscle damage in humans results in elevated
Clq secretion from muscle by immune cells. Future studies
should explore whether this process can be harnessed to im-
prove the efficacy of cancer immunotherapies that are reliant
on CDC as a primary mechanism-of-action.

Acknowledgements:
We thank Florence Betts for her assistance in conducting a
preliminary literature search.

Funding:
This study was funded by the University of Bath and Cancer
Research UK (Grant number: C60293/A28497).



10.

11.

12.

13.

REFERENCES

Agostinis-Sobrinho C, Ramirez-Vélez R, Norkiene S, Damaso
A, de Piano Ganen A, Masquio DCL, Rauckiené-Michaelsson A,
Mota J, Santos R. Association of Adipocytokines and Inflammatory
Biomarkers with Blood Pressure in Adolescents: A Longitudinal
Analysis. Nutr Metab Cardiovasc Dis 30: 22962302, 2020.
Agostinis-Sobrinho C, Ruiz JR, Moreira C, Abreu S, Lopes L,
Oliveira-Santos J, Mota J, Santos R. Ability of Nontraditional
Risk Factors and Inflammatory Biomarkers for Cardiovascular
Disease to Identify High Cardiometabolic Risk in Adolescents:
Results From the LabMed Physical Activity Study. J Adolesc
Heal 62: 320-326, 2018.

Agostinis-Sobrinho CA, Ramirez-Vélez R, Garcia-Hermoso
A, Moreira C, Lopes L, Oliveira-Santos J, Abreu S, Mota
J, Santos R. Low-grade inflammation and muscular fitness
on insulin resistance in adolescents: Results from LabMed
Physical Activity Study. Pediatr Diabetes 19: 429435, 2018.
Agostinis-Sobrinho CA, Ruiz JR, Moreira C, Abreu S, Luis
L, Oliveira-Santos J, Mota J, Santos R. Cardiorespiratory
fitness and inflammatory profile on cardiometabolic risk in
adolescents from the LabMed Physical Activity Study. Eur J
Appl Physiol 117: 2271-2279, 2017.

Ajjan RA, Schroeder V. Role of complement in diabetes. Mol
Immunol 114: 270-277, 2019.

Almeida-De-Souza J, Santos R, Barros R, Abreu S, Moreira
C, Lopes L, Mota J, Moreira P. Dietary inflammatory index
and inflammatory biomarkers in adolescents from LabMed
physical activity study. Eur J Clin Nutr 72: 710-719, 2018.
Almeida-de-Souza J, Santos R, Lopes L, Abreu S, Moreira C,
Padrao P, Mota J, Moreira P. Associations between fruit and
vegetable variety and low-grade inflammation in Portuguese
adolescents from LabMed Physical Activity Study. Eur J Nutr
57:2055-2068, 2018.

Alper CA, Johnson AM, Birtch AG, Moore FD. Human
C’3: Evidence for the Liver as the Primary Site of Synthesis.
Science (80-) 163: 286-288, 1969.

Arachchillage DRJ, Mackie 1J, Efthymiou M, Chitolie A,
Hunt BJ, Isenberg DA, Khamashta M, Machin SJ, Cohen H.
Rivaroxaban limits complement activation compared with
warfarin in antiphospholipid syndrome patients with venous
thromboembolism. J Thromb Haemost 14: 2177-2186, 2016.
Arnold L, Henry A, Poron F, Baba-Amer Y, Van Rooijen
N, Plonquet A, Gherardi RK, Chazaud B. Inflammatory
monocytes recruited after skeletal muscle injury switch into
antiinflammatory macrophages to support myogenesis. J Exp
Med 204: 1057-1069, 2007.

Artero EG, Espafia-Romero V, Jiménez-Pavon D, Martinez-
Gomez D, Warnberg J, Gomez-Martinez S, Gonzalez-Gross M,
Vanhelst J, Kafatos A, Molnar D, De Henauw S, Moreno LA,
Marcos A, Castillo MJ. Muscular fitness, fatness and inflammatory
biomarkers in adolescents. Pediatr Obes 9: 391-400, 2014.
Balfoussia E, Skenderi K, Tsironi M, Anagnostopoulos
AK, Parthimos N, Vougas K, Papassotiriou I, Tsangaris GT,
Chrousos GP. A proteomic study of plasma protein changes
under extreme physical stress. J Proteomics 98: 1-14, 2014.
Bay ML, Unterrainer N, Stagaard R, Pedersen KS, Schauer T,
Staffeldt MM, Christensen JF, Hojman P, Pedersen BK, Gehl
J. Voluntary wheel running can lead to modulation of immune
checkpoint molecule expression. Acta Oncol. (Madr). (2020).
doi: 10.1080/0284186X.2020.1817550.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Exercise and the complement system 87

Betof AS, Lascola CD, Weitzel D, Landon C, Scarbrough
PM, Devi GR, Palmer G, Jones LW, Dewhirst MW.
Modulation of murine breast tumor vascularity, hypoxia, and
chemotherapeutic response by exercise. J Natl Cancer Inst
107: 1-5, 2015.

Bloom AC, Collins FL, van’t Hof RJ, Ryan ES, Jones E,
Hughes TR, Morgan BP, Erlandsson M, Bokarewa M,
Aeschlimann D, Evans BAJ, Williams AS. Deletion of the
membrane complement inhibitor CD59a drives age and
gender-dependent alterations to bone phenotype in mice. Bone
84:253-261, 2016.

Camus G, Duchateau J, Deby-Dupont G, Pincemail J, Deby
C, Juchmes-Ferir A, Feron F, Lamy M. Anaphylatoxin C5a
production during short-term submaximal dynamic exercise
in man. Int J Sports Med 15: 32-35, 1994.

Camus G, Poortmans J, Nys M, Deby-Dupont G, Duchateau
J, Deby C, Lamy M. Mild endotoxaemia and the inflammatory
response induced by a marathon race. Clin Sci 92: 415-422, 1997.
Cannon JG, Fiatarone MA, Fielding RA, Evans WJ. Aging
and stress-induced changes in complement activation and
neutrophil mobilization. J Appl Physiol 76: 2616-2620, 1994.
Castell LM, Poortmans JR, Leclercq R, Brasseur M,
Duchateau J, Newsholme EA. Some aspects of the acute phase
response after a marathon race, and the effects of glutamine
supplementation. Eur J Appl Physiol Occup Physiol 75: 47—
53, 1996.

Chen M, Daha MR, Kallenberg CGM. The complement
system in systemic autoimmune disease. J Autoimmun 34:
J276-J286, 2010.

Chen TC, Huang TH, Tseng WC, Tseng KW, Hsieh CC, Chen
MY, Chou TY, Huang YC, Chen HL, Nosaka K. Changes in
plasma Clgq, apelin and adropin concentrations in older adults
after descending and ascending stair walking intervention. Sci
Rep 11: 1-11, 2021.

Chishaki T, Umeda T, Takahashi I, Matsuzaka M, Iwane K, Matsumoto
H, Ishibashi G, Ueno Y, Kashiwa N, Nakaji S. Effects of dehydration
on immune functions after a judo practice session [Online].
Luminescence 28: 114-120, 2013. http://www.embase.com/search/
results?subaction=viewrecord&from=export&id=L563001366.
Corbett BA, Kantor AB, Schulman H, Walker WL, Lit L,
Ashwood P, Rocke DM, Sharp FR. A proteomic study of serum
from children with autism showing differential expression of
apolipoproteins and complement proteins. Mol Psychiatry 12:
292-306, 2007.

Cérdova A, Sureda A, Tur JA, Pons A. Immune response to
exercise in elite sportsmen during the competitive season. J
Physiol Biochem 66: 1-6, 2010.

Cubedo J, Padré T, Badimon L. Coordinated proteomic signature
changes in immune response and complement proteins in acute
myocardial infarction: The implication of serum amyloid
P-component. Int J Cardiol 168: 5196-5204, 2013.

Curran AM, Fogarty Draper C, Scott-Boyer M-P, Valsesia
A, Roche HM, Ryan MF, Gibney MJ, Kutmon M, Evelo CT,
Coort SL, Astrup A, Saris WH, Brennan L, Kaput J. Sexual
Dimorphism, Age, and Fat Mass Are Key Phenotypic Drivers
of Proteomic Signatures. J Proteome Res 16: 4122-4133,2017.
Delgado-Alfonso A, Pérez-Bey A, Conde-Caveda J, Izquierdo-
Gomez R, Esteban-Cornejo I, Gdmez-Martinez S, Marcos A,
Castro-Pifiero J. Independent and combined associations of
physical fitness components with inflammatory biomarkers in
children and adolescents. Pediatr Res 84: 704-712, 2018.

EIR 28 2022



88 Exercise and the complement system

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Di Gaetano N, Cittera E, Nota R, Vecchi A, Grieco V, Scanziani
E, Botto M, Introna M, Golay J. Complement Activation
Determines the Therapeutic Activity of Rituximab In Vivo. J
Immunol 171: 1581-1587, 2003.

Dufaux B, Order U. Complement activation after prolonged
exercise. Clin Chim Acta 179: 45-49, 1989.

Dufaux B, Order U, Liesen H. Effect of a short maximal
physical exercise on coagulation, fibrinolysis, and complement
system. Int J Sport Med 12 Suppl 1: S38-42, 1991.

Ekdahl KN, Mohlin C, Adler A, Ahman A, Anan Manivel V,
Sandholm K, Huber-Lang M, Fromell K, Nilsson B. Is generation
of C3(H20) necessary for activation of the alternative pathway in
real life? Mol Immunol 114: 353-361, 2019.

Ernst E, Saradeth T, Achhammer G. n-3 fatty acids and acute-
phase proteins. Eur J Clin Invest 21: 77-82, 1991.

Espersen GT, Elback A, Schmidt-Olsen S, Ejlersen E, Varming
K, Grunnet N. Short-term changes in the immune system
of elite swimmers under competition conditions. Different
immunomodulation induced by various types of sport. Scand
J Med Sci Sport 6: 156-163, 1996.

Espersen GT, Toft E, Emst E, Kaalund S, Grunnet N.
Changes of polymorphonuclear granulocyte migration
and lymphocyte proliferative responses in elite runners
undergoing intense exercise [Online]. Scand J Med Sci
Sport 1: 158-162, 1991. http://www.embase.com/search/
results?subaction=viewrecord&from=export&id=L22005762.
Fallon KE. The acute phase response and exercise: the ultramarathon
as prototype exercise. Clin J Sport Med 11: 38-43, 2001.

Fan Z, Qin J, Wang D, Geng S. Complement C3a promotes
proliferation, migration and stemness in cutaneous squamous
cell carcinoma. J Cell Mol Med 23: 3097-3107, 2019.
Fearon DT, Austen KF. Properdin: binding to C3b and
stabilization of the C3b dependent C3 convertase. J Exp Med
142: 856-863, 1975.

Fedewa M V., Hathaway ED, Ward-Ritacco CL. Effect of
exercise training on C reactive protein: A systematic review
and meta-Analysis of randomised and non-randomised
controlled trials. Br J Sports Med 51: 670676, 2017.
Fishelson Z, Horstmann RD, Miiller-Eberhard HJ. Regulation
of the alternative pathway of complement by pH. [Online].
J Immunol 138: 3392-5, 1987. http://www.ncbi.nlm.nih.gov/
pubmed/2952717.

Gill SK, Teixeira A, Rama L, Prestes J, Rosado F, Hankey
J, Scheer V, Hemmings K, Ansley-Robson P, Costa RJS.
Circulatory endotoxin concentration and cytokine profile in
response to exertional-heat stress during a multi-stage ultra-
marathon competition. [Online]. Exerc Immunol Rev 21: 114—
28, 2015. http://www.ncbi.nlm.nih.gov/pubmed/25830597.
Gmiinder FK, Joller PW, Joller-Jemelka HI, Bechler B, Cogoli
M, Ziegler WH, Miiller J, Aeppli RE, Cogoli A. Effect of a
herbal yeast food supplement and long-distance running on
immunological parameters. Br J Sport Med 24: 103—112, 1990.
Gonzalez-Gil EM, Cadenas-Sanchez C, Santabarbara J, Bueno-
Lozano G, Iglesia I, Gonzalez-Gross M, Molnar D, Gottrand
F, ... Navarro P. Inflammation in metabolically healthy and
metabolically abnormal adolescents: The HELENA study.
Nutr Metab Cardiovasc Dis 28: 77-83, 2018.

Gonzalez-Gil EM, Santabarbara J, RuizJR, Bel-Serrat S, Huybrechts
1, Pedrero-Chamizo R, ... Navarro P. Ideal cardiovascular health
and inflammation in European adolescents: The HELENA study.
Nutr Metab Cardiovasc Dis 27: 447-455, 2017.

EIR 28 2022

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hanson PG, Flaherty DK. Immunological responses to
training in conditioned runners. Clin Sci 60: 225-228, 1981.
Hecke F, Hoehn T, Strauss E, Obladen M, Sonntag J. In-vitro
activation of complement system by lactic acidosis in newborn
and adults. Mediators Inflamm 10: 27-31, 2001.

Hed J, Johansson M, Lindroth M. Complement activation
according to the alternate pathway by glass and plastic
surfaces and its role in neutrophil adhesion. Immunol Lett 8:
295-299, 1984.

Hesketh SJ, Stansfield BN, Stead CA, Burniston JG. The
application of proteomics in muscle exercise physiology.
Expert Rev Proteomics 17: 813-825, 2020.

Holers VM, Banda NK. Complement in the initiation and
evolution of rheumatoid arthritis. Front Immunol 9, 2018.
Hourcade DE. The role of properdin in the assembly of the
alternative pathway C3 convertases of complement. J Biol
Chem 281: 2128-2132, 2006.

Huisveld 1A, Hospers JE, Bernink MJ, Erich WB, Bouma BN.
The effect of oral contraceptives and exercise on hemostatic
and fibrinolytic mechanisms in trained women. Int J Sport
Med 4: 97-103, 1983.

Isaacs AW, Macaluso F, Smith C, Myburgh KH. C-reactive
protein is elevated only in high creatine kinase responders to
muscle damaging exercise. Front Physiol 10: 1-9, 2019.
Ishida Y, Yamashita K, Sasaki H, Takajou I, Kubuki Y,
Morishita K, Tsubouchi H, Okayama A. Activation of
complement system in adult T-cell leukemia (ATL) occurs
mainly through lectin pathway: A serum proteomic approach
using mass spectrometry. Cancer Lett 271: 167-177, 2008.
Jia K, An L, Wang F, Shi L, Ran X, Wang X, He Z, Chen
J. Aggravation of Helicobacter pylori stomach infections in
stressed military recruits. J Int Med Res 44: 367-376, 2016.
Jiang H, Wagner E, Zhang H, Frank MM. Complement 1
inhibitor is a regulator of the alternative complement pathway.
J Exp Med 194: 1609-1616, 2001.

Kanda K, Sugama K, Hayashida H, Sakuma J, Kawakami Y,
Miura S, Yoshioka H, Mori Y, Suzuki K. Eccentric exercise-
induced delayed-onset muscle soreness and changes in
markers of muscle damage and inflammation. Exerc Immunol
Rev 19: 72-85, 2013.

Karacabey K, Peker I, Saygi O, Ciloglu F, Ozmerdivenli R,
Bulut V. Effects of Acute Aerobic and Anaerobic Exercise
on Humoral Immune Factors in Elite Athletes. Biotechnol
Biotechnol Equip 19: 175-180, 2005.

Karacabey K, Saygin O, Ozmerdivenli R, Zorba E,
Godekmerdan A, Bulut V. The effects of exercise on the
immune system and stress hormones in sportswomen. Neuro
Endocrinol Lett 26: 361-366, 2005.

Kargotich S, Goodman C, Keast D, Morton AR. The
Influence of Exercise-Induced Plasma Volume Changes on the
Interpretation of Biochemical Parameters Used for Monitoring
Exercise, Training and Sport. Sport Med 26: 101-117, 1998.
Kennedy AD, Beum P V., Solga MD, DiLillo DJ, Lindorfer
MA, Hess CE, Densmore JJ, Williams ME, Taylor RP.
Rituximab Infusion Promotes Rapid Complement Depletion
and Acute CD20 Loss in Chronic Lymphocytic Leukemia. J
Immunol 172: 3280-3288, 2004.

Kimura Y, Madhavan M, Call MK, Santiago W, Tsonis PA,
Lambris JD, Del Rio-Tsonis K. Expression of Complement 3
and Complement 5 in Newt Limb and Lens Regeneration. J
Immunol 170: 2331-2339, 2003.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kishore U, Ghai R, Greenhough TJ, Shrive AK, Bonifati DM,
Gadjeva MG, Waters P, Kojouharova MS, Chakraborty T,
Agrawal A. Structural and functional anatomy of the globular
domain of complement protein Clq. Immunol Lett 95: 113—
128, 2004.

Klepfish A, Gilles L, loannis K, Eliezer R, Ami S. Enhancing
the Action of Rituximab in Chronic Lymphocytic Leukemia
by Adding Fresh Frozen Plasma. Ann N 'Y Acad Sci 1173:
865-873, 20009.

Klepfish A, Schattner A, Ghoti H, Rachmilewitz EA. Addition
of fresh frozen plasma as a source of complement to rituximab
in advanced chronic lymphocytic leukaemia. Lancet Oncol 8:
361-362, 2007.

Knab AM, Nieman DC, Zingaretti LM, Groen AJ, Pugachev A.
Proteomic Profiling and Monitoring of Training Distress and
Illness in University Swimmers During a 25-Week Competitive
Season  [Online]. Front. Physiol. 11: 373, 2020. https://
www.frontiersin.org/article/10.3389/fphys.2020.00373.
Kostrzewa-Nowak D, Kubaszewska J, Nowakowska A,
Nowak R. Effect of Aerobic and Anaerobic Exercise on the
Complement System of Proteins in Healthy Young Males. J
Clin Med 9: 2357, 2020.

Kumae T, Kurakake S, Machida K, Sugawara K. Effect of
training on physical exercise-induced changes in non-specific
humoral immunity. Japanese J Phys Fit Sport Med 43: 75-83,
1994.

Kumae T, Sugawara K, Machida K, Shimaoka A. Changes in
Serum Immunoglobulin Levels and Neutrophilic Phagocytosis
After Exercise. Japanese J Phys Fit Sport Med 36: 61-71,
1987.

Kurgan N, Noaman N, Pergande MR, Cologna SM, Coorssen
JR, Klentrou P. Changes to the Human Serum Proteome in
Response to High Intensity Interval Exercise: A Sequential
Top-Down Proteomic Analysis [Online]. Front. Physiol.
10: 362, 2019. https://www.frontiersin.org/article/10.3389/
fphys.2019.00362.

Labayen I, Ortega FB, Sjostrom M, Ruiz JR. Early Life
Origins of Low-Grade Inflammation and Atherosclerosis Risk
in Children and Adolescents. J Pediatr 155: 673-677, 2009.
Lachmann PJ. The Amplification Loop of the Complement
Pathways. In: Advances in Immunology. Elsevier, p. 115-149.
Landers-Ramos RQ, Jenkins NT, Spangenburg EE, Hagberg
JM, Prior SJ. Circulating angiogenic and inflammatory
cytokine responses to acute aerobic exercise in trained and
sedentary young men. Eur J Appl Physiol 114: 1377-1384,
2014.

Lavoy ECP, Bollard CM, Hanley PJ, Blaney JW, O’Connor
DP, Bosch JA, Simpson RJ. A single bout of dynamic exercise
enhances the expansion of MAGE-A4 and PRAME-specific
cytotoxic T-cells from healthy adults. Exerc Immunol Rev 21:
144-153, 2015.

Law SKA, Dodds AW. The internal thioester and the covalent
binding properties of the complement proteins C3 and C4.
Protein Sci 6: 263-274, 1997.

Lin CH, Liao CC, Huang CH, Tung YT, Chang HC, Hsu MC,
Huang CC. Proteomics analysis to identify and characterize
the biomarkers and physical activities of non-frail and frail
older adults. Int J Med Sci 14: 231-239, 2017.

LuY, Hu XB. C5a stimulates the proliferation of breast cancer
cells via Akt-dependent RGC-32 gene activation. Oncol Rep
32:2817-2823,2014.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Exercise and the complement system 89

Lubbers R, van Essen MF, van Kooten C, Trouw LA.
Production of complement components by cells of the immune
system. Clin Exp Immunol 188: 183-194, 2017.

Manzaneque JM, Vera FM, Maldonado EF, Carranque
G, Cubero VM, Morell M, Blanca MJ. Assessment of
immunological parameters following a qigong training
program. Med Sci Monit 10: 264-271, 2004.

Marshall KM, He S, Zhong Z, Atkinson C, Tomlinson S.
Dissecting the complement pathway in hepatic injury and
regeneration with a novel protective strategy. J Exp Med 211:
1793-1805, 2014.

Martin-Ruiz A, Fiuza-Luces C, Rincén-Castanedo C,
Fernandez-Moreno D, Galvez BG, Martinez-Martinez E,
Martin-Acosta P, Coronado MJ, Franco-Luzon L, Gonzalez-
Murillo A, Ramirez M, Provencio M, Lucia A. Benefits of
exercise and immunotherapy in a murine model of human
non-small-cell lung carcinoma [Online]. Exerc Immunol
Rev 26: 100-115,
pubmed/32139351.
Martinez-Gomez D, Eisenmann JC, Healy GN, Gomez-
Martinez S, Diaz LE, Dunstan DW, Veiga OL, Marcos
A. Sedentary behaviors and emerging cardiometabolic
biomarkers in adolescents. J Pediatr 160: 104-110.e2, 2012.
Martinez-Gomez D, Eisenmann JC, Wérnberg J, Gomez-
Martinez S, Veses A, Veiga OL, Marcos A. Associations of
physical activity, cardiorespiratory fitness and fatness with
low-grade inflammation in adolescents: the AFINOS Study.
Int J Obes 34: 1501-1507, 2010.

Martinez-Gomez D, Gomez-Martinez S, Ruiz JR, Diaz LE,
Ortega FB, Widhalm K, Cuenca-Garcia M, Manios Y, De
Vriendt T, Molnar D, Huybrechts I, Breidenassel C, Gottrand
F, Plada M, Moreno S, Ferrari M, Moreno LA, Sjostréom M,
Marcos A. Objectively-measured and self-reported physical

2020. http://www.ncbi.nlm.nih.gov/

activity and fitness in relation to inflammatory markers in
European adolescents: The HELENA Study. Atherosclerosis
221:260-267,2012.

Mashiko T, Umeda T, Nakaji S, Sugawara K. Effects of
exercise on the physical condition of college rugby players
during summer training camp. Br J Sports Med 38: 186-190,
2004.

McKune A. Complement, immunoglobulin and creatine kinase
response in black and white males after muscle-damaging
exercise. South African J Sport Med 21: 1-2, 2009.

Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina
LT. Complement system part I - molecular mechanisms
of activation and regulation. Front. Immunol. 6 Frontiers
Research Foundation: 2015.

Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi
V, Roumenina LT. Complement system part II: Role in
immunity. Front. Immunol. 6 Frontiers Media S.A.: 2015.
Merritt EK, Nieman DC, Toone BR, Groen A, Pugachev A. Proteomic
Markers of Non-functional Overreaching During the Race Across
America (RAAM): A Case Study. Front Physiol 10, 2019.
Middleton O, Cosimo E, Dobbin E, McCaig AM, Clarke C,
Brant AM, Leach MT, Michie AM, Wheadon H. Complement
deficiencies limit CD20 monoclonal antibody treatment
efficacy in CLL. Leukemia 29: 107-114, 2015.

Milias GA, Nomikos T, Fragopoulou E, Athanasopoulos S,
Antonopoulou S. Effects of eccentric exercise-induced muscle
injury on blood levels of platelet activating factor (PAF) and other
inflammatory markers. Eur J Appl Physiol 95: 504-513, 2005.

EIR 28 2022



90 Exercise and the complement system

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Min L, Cheng J, Zhao S, Tian H, Zhang Y, Li S, Yang H,
Zheng N, Wang J. Plasma-based proteomics reveals immune
response, complement and coagulation cascades pathway
shifts in heat-stressed lactating dairy cows. J Proteomics 146:
99-108, 2016.

Miura M, Umeda T, Nakaji S, Liu Q, Tanabe M, Kojima A,
Yamamoto Y, Sugawara K. Effect of 6 months’ training on the
reactive oxygen species production capacity of neutrophils and
serum opsonic activity in judoists. Luminescence 20: 1-7, 2005.
Mochizuki M, Suzuki K, Nakaji S, Sugawara K, Totsuka M,
Sato K. Effects of maximal exercise on nonspecific immunity
in athletes under trained and detrained conditions. Japanese J
Phys Fit Sport Med 48: 147-159, 1999.

Munn Z, Peters MDJ, Stern C, Tufanaru C, McArthur A,
Aromataris E. Systematic review or scoping review? Guidance
for authors when choosing between a systematic or scoping
review approach. BMC Med Res Methodol 18: 143, 2018.
Nielsen EW, Johansen HT, Gaudesen O, Osterud B, Olsen
JO, Hogasen K, Hack CE, Mollnes TE. C3 is activated in
hereditary angioedema, and C1/Cl-inhibitor complexes rise
during physical stress in untreated patients. Scand J Immunol
42: 679-685, 1995.

Nieman DC, Groen AJ, Pugachev A, Simonson AJ, Polley K,
James K, El-Khodor BF, Varadharaj S, Hernandez-Armenta
C. Proteomics-Based Detection of Immune Dysfunction in
an Elite Adventure Athlete Trekking Across the Antarctica.
PROTEOMES 8, 2020.

Nieman DC, Groen AJ, Pugachev A, Vacca G. Detection
of Functional Overreaching in Endurance Athletes Using
Proteomics. PROTEOMES 6, 2018.

Nieman DC, Tan SA, Lee JW, Berk LS. Complement and
immunoglobulin levels in athletes and sedentary controls. Int
J Sport Med 10: 124128, 1989.

Nijs J, Van Oosterwijck J, Meeus M, Lambrecht L,
Metzger K, Frémont M, Paul L. Unravelling the nature of
postexertional malaise in myalgic encephalomyelitis/chronic
fatigue syndrome: The role of elastase, complement C4a and
interleukin-1p. J Intern Med 267: 418-435, 2010.

Nilsson B, Ekdahl KN. Complement Diagnostics: Concepts,
Indications, and Practical Guidelines. Clin Dev Immunol
2012: 962702, 2012.

Node K, Michishita R, Tsuruta T, Shono N, Inoue T. Effect
of Exercise Therapy on Monocyte and Neutrophil Counts in
Overweight Women. Am J Med Sci 339: 152-156, 2010.
Oberbach A, Blither M, Wirth H, Till H, Kovacs P, Kullnick
Y, Schlichting N, Tomm JM, Rolle-Kampczyk U, Murugaiyan
J, Binder H, Dietrich A, Bergen M V. Combined proteomic
and metabolomic profiling of serum reveals association of the
complement system with obesity and identifies novel markers of
body fat mass changes. J Proteome Res 10: 47694788, 2011.
Ostrowski K, Rohde T, Asp S, Schjerling P, Pedersen BK. Pro-
and anti-inflammatory cytokine balance in strenuous exercise
in humans. J Physiol 515: 287-291, 1999.

Pangburn MK, Miiller-Eberhard HJ. The C3 convertase of the
alternative pathway of human complement. Enzymic properties
of the bimolecular proteinase. Biochem J 235: 723-730, 1986.
Parker BL, Burchfield JG, Clayton D, Geddes TA, Payne
RJ, Kiens B, Wojtaszewski JFP, Richter EA, James DE.
Multiplexed Temporal Quantification of the Exercise-
regulated Plasma Peptidome. Mol Cell Proteomics 16: 2055—
2068, 2017.

EIR 28 2022

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Paulsen G, Benestad HB, Strem-Gundersen I, Merkrid L,
Lappegard KT, Raastad T. Delayed leukocytosis and cytokine
response to high-force eccentric exercise. Med Sci Sport
Exerc 37: 1877-1883, 2005.

Peake JM, Neubauer O, Gatta PAD, Nosaka K. Muscle
damage and inflammation during recovery from exercise. J
Appl Physiol 122: 559-570, 2017.

Petriz BA, Gomes CP, Rocha LAO, Rezende TMB, Franco
OL. Proteomics applied to exercise physiology: a cutting-edge
technology. J Cell Physiol 227: 885-898, 2012.

Phillips CM, Dillon CB, Perry 1J. Does replacing sedentary
behaviour with light or moderate to vigorous physical activity
modulate inflammatory status in adults? Int J Behav Nutr Phys
Act 14: 138, 2017.

Polli A, Van Oosterwijck J, Meeus M, Lambrecht L, Nijs
J, Ickmans K. Exercise-induce hyperalgesia, complement
system and elastase activation in Myalgic Encephalomyelitis/
Chronic Fatigue Syndrome - a secondary analysis of
experimental comparative studies. Scand J Pain 19: 183—
192, 2019.

Prica A, Baldassarre F, Hicks LK, Imrie K, Kouroukis
T, Cheung M. Rituximab in Lymphoma and Chronic
Lymphocytic Leukaemia: A Practice Guideline. Clin Oncol
29: e13—¢28, 2017.

Prohaszka Z, Singh M, Nagy K, Kiss E, Lakos G, Duba J, Fiist
G. Heat shock protein 70 is a potent activator of the human
complement system. Cell Stress Chaperones 7: 17-22, 2002.
Puchau B, Zulet MA, Gonzalez de Echavarri A, Navarro-
Blasco I, Martinez JA. Selenium intake reduces serum C3,
an early marker of metabolic syndrome manifestations, in
healthy young adults. Eur J Clin Nutr 63: 858—864, 2009.
Reis ES, Mastellos DC, Ricklin D, Mantovani A, Lambris JD.
Complement in cancer: Untangling an intricate relationship.
Nat Rev Immunol 18: 5-18, 2018.

Risoy BA, Raastad T, Hallén J, Lappegard KT, Baverfjord K,
Kravdal A, Siebke EM, Benestad HB. Delayed leukocytosis
after hard strength and endurance exercise: Aspects of
regulatory mechanisms. BMC Physiol 3: 1-12, 2003.
Robbins JM, Peterson B, Schranner D, Tahir UA, Rienmiiller
T, Deng S, Keyes MJ, Katz DH, Beltran PMJ, Barber JL,
Baumgartner C, Carr SA, Ghosh S, Shen C, Jennings LL, Ross
R, Sarzynski MA, Bouchard C, Gerszten RE. Human plasma
proteomic profiles indicative of cardiorespiratory fitness. Nat
Metab 3: 786-797, 2021.

Romeo J, Jiménez-Pavon D, Cervantes-Borunda M, Wirnberg
J, Gémez-Martinez S, Castillo MJ, Marcos A. Immunological
changes after a single bout of moderate-intensity exercise in a
hot environment. J Physiol Biochem 64: 197-204, 2008.

Ruiz JR, Ortega FB, Warnberg J, Moreno LA, Carrero JJ,
Gonzalez-Gross M, Marcos A, Gutierrez A, Sjostrom M.
Inflammatory proteins and muscle strength in adolescents:
the Avena study. Arch Pediatr Adolesc Med 162: 462-468,
2008.

Ruiz JR, Ortega FB, Warnberg J, Sjostrom M. Associations
of low-grade inflammation with physical activity, fitness and
fatness in prepubertal children; the European Youth Heart
Study. Int J Obes 31: 1545-1551, 2007.

Saito D, Nakaji S, Umeda T, Kurakake S, Danjo K,
Shimoyama T, Sugawara K. Effects of long-distance running
on serum opsonic activity measured by chemiluminescence.
Luminescence 18: 122124, 2003.



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Sanz AN, Francioni JEB, Sanchez LG, De Linares AN,
Galeas-Lopez JL, Rodriguez AR, Ortega JFF. Effect of
exhaustive exercise on the immune system, measured through
complement activation and C-reactive protein. Arch Med del
Deport 30: 348-353,2013.

Sarichter S, Koller A, Hold C, Wicke K, Judmaier W, Werner P,
Raas E. Light concentric exercise and heavy eccentric muscle
loading: Effects on CK, MRI and markers of inflammation. Int
J Sports Med 16: 288-292, 1995.

Sawka MN, Young AJ, Dennis RC, Gonzalez RR, Pandolf KB,
Valeri CR. Human intravascular immunoglobulin responses to
exercise-heat and hypohydration. Aviat Sp Env Med 60: 634—
638, 1989.

Saygin O, Karacabey K, Ozmerdivenli R, Zorba E, Ilhan
F, Bulut V. Effect of chronic exercise on immunoglobin,
complement and leukocyte types in volleyball players and
athletes. Neuro Endocrinol Lett 27: 271-276, 2006.

Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein
HMGBI1 by necrotic cells triggers inflammation. Nature 418:
191-195, 2002.

Semple S, McKune A, Smith L, Mokgethwa B, Wadee A.
Complement proteins (Clest, C4, C6), circulating immune
complexes and the repeated bout effect. Hum Mov 12: 95-99,
2011.

Semple S, Smith L, McKune A, Neveling N, Wadee A.
Alterations in acute-phase reactants (CRP, rheumatoid
factor, complement, Factor B, and immune complexes)
following an ultramarathon. South African J Sport Med 16:
17,2004.

Semple SJ, Smith LL, McKune AJ, Hoyos J, Mokgethwa B,
San Juan AF, Lucia A, Wadee AA. Serum concentrations of C
reactive protein, al antitrypsin, and complement (C3, C4, C1
esterase inhibitor) before and during the Vuelta a Espana. Br J
Sports Med 40: 124-127, 2006.

Sevast’ianov VI, Tseytlina EA. The activation of the
complement system by polymer materials and their blood
compatibility. J] Biomed Mater Res 18: 969-978, 1984.
Sonntag J, Emeis M, Strauss E, Obladen M. In vitro activation
of complement and contact system by lactic acidosis.
Mediators Inflamm 7: 49-51, 1998.

Sorensen B, Streib JE, Strand M, Make B, Giclas PC, Fleshner
M, Jones JF. Complement activation in a model of chronic
fatigue syndrome. J Allergy Clin Immunol 112: 397403,
2003.

Starkie RL, Arkinstall MJ, Koukoulas I, Hawley JA,
Febbraio MA. Carbohydrate ingestion attenuates the
increase in plasma interleukin-6, but not skeletal muscle
interleukin-6 mRNA, during exercise in humans. J Physiol
533: 585-591, 2001.

Steensberg A, Febbraio MA, Osada T, Schjerling P, Van
Hall G, Saltin B, Pedersen BK. Interleukin-6 production
in contracting human skeletal muscle is influenced by pre-
exercise muscle glycogen content. J Physiol 537: 633-639,
2001.

Strey CW, Markiewski M, Mastellos D, Tudoran R, Spruce
LA, Greenbaum LE, Lambris JD. The proinflammatory
mediators C3a and C5a are essential for liver regeneration. J
Exp Med 198: 913-923, 2003.

Sucharew H, Macaluso M. Methods for research evidence
synthesis: The scoping review approach. J Hosp Med 14:
416418, 2019.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Exercise and the complement system 91

Thomsen BS, Rodgaard A, Tvede N, Hansen FR, Steensberg J,
Kristensen JH, Pedersen BK. Levels of complement receptor
type one (CR1, CD35) on erythrocytes, circulating immune
complexes and complement C3 split products C3d and C3c
are not changed by short-term physical exercise or training. Int
J Sports Med 13: 172175, 1992.

Tricco AC, Lillie E, Zarin W, O’Brien KK, Colquhoun H,
Levac D, Moher D, Peters MDJ, Horsley T, Weeks L, Hempel
S, Akl EA, Chang C, McGowan J, Stewart L, Hartling L,
Aldcroft A, Wilson MG, Garritty C, Lewin S, Godfrey CM,
Macdonald MT, Langlois E V, Soares-Weiser K, Moriarty
J, Clifford T, Tungalp O, Straus SE. PRISMA Extension for
Scoping Reviews (PRISMA-ScR): Checklist and Explanation.
Ann Intern Med 169: 467-473, 2018.

Tu Z, Bu H, Dennis JE, Lin F. Efficient osteoclast differentiation
requires local complement activation. Blood 116: 4456-4463, 2010.
Turner JE, Bennett SJ, Campbell JP, Bosch JA, Aldred S,
Griffiths HR. The antioxidant enzyme peroxiredoxin-2 is
depleted in lymphocytes seven days after ultra-endurance
exercise. Free Radic Res 47: 821-828, 2013.

Umeda T, Nakaji S, Shimoyama T, Kojima A, Yamamoto
Y, Sugawara K. Adverse effects of energy restriction on
changes in immunoglobulins and complements during weight
reduction in judoists. J Sport Med Phys Fit 44: 328-334, 2004.
Umeda T, Yamai K, Takahashi I, Kojima A, Yamamoto Y,
Tanabe M, Totsuka M, Nakaji S, Sugawara N, Matsuzaka M.
The effects of a two-hour judo training session on the neutrophil
immune functions in university judoists. Luminescence 23:
49-53, 2008.

Van Meerten T, Van Rijn RS, Hol S, Hagenbeek A, Ebeling
SB. Complement-induced cell death by rituximab depends on
CD20 expression level and acts complementary to antibody-
dependent cellular cytotoxicity. Clin Cancer Res 12: 4027—
4035, 2006.

Volp ACP, Barbosa KBF, Bressan J. Triacylglycerols and body
fat mass are possible independent predictors of C3 in apparently
healthy young Brazilian adults. Nutrition 28: 544-550, 2012.
Walton RG, Kosmac K, Mula J, Fry CS, Peck BD, Groshong
JS, Finlin BS, Zhu B, Kern PA, Peterson CA. Human skeletal
muscle macrophages increase following cycle training and
are associated with adaptations that may facilitate growth. Sci
Rep 9: 969, 2019.

Wang JS, Chiu YT. Systemic hypoxia enhances exercise-
mediated bactericidal and subsequent apoptotic responses in
human neutrophils. J Appl Physiol 107: 1213-1222, 2009.
Watanabe S, Sato K, Hasegawa N, Kurihara T, Matsutani K,
Sanada K, Hamaoka T, Fujita S, Iemitsu M. Serum Clq as a
novel biomarker of sarcopenia in older adults. FASEB J 29:
1003-1010, 2015.

Weiser MR, Williams JP, Moore FD, Kobzik L, Ma M,
Hechtman HB, Carroll MC. Reperfusion injury of ischemic
skeletal muscle is mediated by natural antibody and
complement. J Exp Med 183: 2343-2348, 1996.

Wennerberg E, Lhuillier C, Rybstein MD, Dannenberg K,
Rudqvist N, Koelwyn GJ, Jones LW, Demaria S. Exercise
reduces immune suppression and breast cancer progression in
a preclinical model. Oncotarget 11: 452-461, 2020.

Wenzel UO, Bode M, Ko6hl J, Ehmke H. Pathogenic role of
complement in arterial hypertension and hypertensive end
organ damage. Am J Physiol - Hear Circ Physiol 312: H349—
H354,2017.

EIR 28 2022



92 Exercise and the complement system

149.

150.

151.

152.

153.

Wolach B, Eliakim A, Gavrieli R, Kodesh E, Yarom Y,
Schlesinger M, Falk B. Aspects of leukocyte function and
the complement system following aerobic exercise in young
female gymnasts. Scand J Med Sci Sport 8: 91-97, 1998.
Woodruff TM, Nandakumar KS, Tedesco F. Inhibiting the C5-
C5a receptor axis. Mol Immunol 48: 1631-1642, 2011.
Yabumoto C, Akazawa H, Yamamoto R, Yano M, Kudo-
Sakamoto Y, Sumida T, Kamo T, Yagi H, Shimizu Y, Saga-
Kamo A, Naito AT, Oka T, Lee JK, Suzuki JI, Sakata Y, Uejima
E, Komuro I. Angiotensin II receptor blockade promotes
repair of skeletal muscle through down-regulation of aging-
promoting C1q expression. Sci Rep 5, 2015.

Yaegaki M, Umeda T, Takahashi I, Matsuzaka M, Sugawara
N, Shimaya S, Tanabe M, Kojima A, Mochida N, Yamamoto
Y, Nakaji S. Change in the capability of reactive oxygen
species production by neutrophils following weight reduction
in female judoists. Br J Sport Med 41: 322-327, 2007.

Yang KD, Chang WC, Chuang H, Wang PW, Liu RT, Yeh
SH. Increased complement factor H with decreased factor B
determined by proteomic differential displays as a biomarker
of tai chi chuan exercise. Clin Chem 56: 127-131, 2010.

EIR 28 2022

154.

155.

156.

157.

158.

Yang S, McGookey M, Wang Y, Cataland SR, Wu HM.
Effect of Blood Sampling, Processing, and Storage on the
Measurement of Complement Activation Biomarkers. Am J
Clin Pathol 143: 558-565, 2015.

Ytting H, Christensen 1J, Thiel S, Jensenius JC, Svendsen MN,
Nielsen L, Lottenburger T, Nielsen HJ. Biological variation in
circulating levels of mannan-binding lectin (MBL) and MBL-
associated serine protease-2 and the influence of age, gender
and physical exercise. Scand J Immunol 66: 458—-464, 2007.
Zebrowska A, Waskiewicz Z, Nikolaidis PT, Mikotajczyk R,
Kawecki D, Rosemann T, Knechtle B. Acute Responses of
Novel Cardiac Biomarkers to a 24-h Ultra-Marathon. J Clin
Med 8: 57, 2019.

Zhang C, Fu S, Zhao M, Liu D, Zhao Y, Yao Y. Associations
Between Complement Components and Vitamin D and the
Physical Activities of Daily Living Among a Longevous
Population in Hainan, China. Front Immunol 11: 1-11, 2020.
Zhang C, Wang C, Li Y, Miwa T, Liu C, Cui W, Song WC,
Du J. Complement C3a signaling facilitates skeletal muscle
regeneration by regulating monocyte function and trafficking.
Nat Commun &, 2017.



