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The classical liver-derived and serum-effective complement system is well appreciated as
a key mediator of host protection via instruction of innate and adaptive immunity.
However, recent studies have discovered an intracellularly active complement system,
the complosome, which has emerged as a central regulator of the core metabolic
pathways fueling human immune cell activity. Induction of expression of components of
the complosome, particularly complement component C3, during transmigration from the
circulation into peripheral tissues is a defining characteristic of monocytes and T cells in
tissues. Intracellular complement activity is required to induce metabolic reprogramming
of immune cells, including increased glycolytic flux and OXPHOS, which drive the
production of the pro-inflammatory cytokine IFN-g. Consequently, reduced
complosome activity translates into defects in normal monocyte activation, faulty Th1
and cytotoxic T lymphocyte responses and loss of protective tissue immunity. Intriguingly,
neurological research has identified an unexpected connection between the physiological
presence of innate and adaptive immune cells and certain cytokines, including IFN-g, in
and around the brain and normal brain function. In this opinion piece, we will first review
the current state of research regarding complement driven metabolic reprogramming in
the context of immune cell tissue entry and residency. We will then discuss how published
work on the role of IFN-g and T cells in the brain support a hypothesis that an evolutionarily
conserved cooperation between the complosome, cell metabolism and IFN-g regulates
organismal behavior, as well as immunity.

Keywords: complement/complosome, metabolism, T cells, IFN-g, IL-10, brain, behavior, evolution
INTRODUCTION

The complement system is broadly acknowledged as a pillar of innate immunity. Complement
belongs to the evolutionarily old group of pattern-recognition receptors (PRRs) that also include
toll-like receptors (TLRs), inflammasomes, and RIG-I like receptors (RLRs). Complement is
commonly recognized as a liver-derived and serum-effective system, composed of over 50 fluid
phase or cell-bound proteins that together form the first line of defense in the detection and removal
org February 2021 | Volume 12 | Article 6299861
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of invading pathogens. In the absence of infection, serum
complement is mostly comprised of inactive pro-enzymes.
These become rapidly activated in a cascade-like fashion when
any of the three complement activation pathways – the classical,
lectin, or alternative pathway – are triggered by the presence of
pathogens. All three activation pathways culminate in cleavage
and activation of the core complement components C3 and C5
into C3a and C3b, and C5a and C5b, respectively (1–3).
Immunoglobulins and C3b are the host’s major opsonins.
Deposition of C3b onto pathogen surfaces triggers removal of
C3b-ospinized microbes by C3b receptor-expressing scavenger
cells. Deposition of C5b onto pathogens initiates assembly of the
terminal pathway, generation of the pore-forming membrane
attack complex (MAC) and ultimately pathogen lysis. C3a and
C5a generated during C3 and C5 cleavage are anaphylatoxins.
The engagement of their respective G protein-coupled signaling
receptors (GPCRs), the C3a receptor (C3aR), C5aR1 or C5aR2,
on innate and adaptive immune cells induces immune cell
migration, induction of cell-specific effector functions and the
general inflammatory reaction (4) (Figure 1) . The
immunological importance of circulating complement is
demonstrated by the fact that deficiencies in key complement
components cause recurrent infections [e.g (6, 7), reviewed in
depth in (8, 9)]. Importantly, complement is not only vigilant in
the recognition of pathogen-associated patterns (PAMPs) and
protection against infections: similar to the other PRR systems
(10–14), complement senses danger-associated patterns
(DAMPs) displayed on stressed or apoptotic cells and injured
Abbreviations: 3-HK, 3-hydroxykynurenine; AAs, amino acids; ACTH,
adrenocorticotropic hormone; AD, Alzheimer’s disease; AP-1, activation protein
1; APCs, antigen-presenting cells; ALS, amyotrophic lateral sclerosis; ATP,
adenosine triphosphate; BBB, blood–brain barrier; BC, BDNF, brain-derived
neurotrophic factor; before Christ; C3aR, C3a receptor; C. elegans,
Caenorhabditis elegans; CFH, complement factor H; CSF, cerebrospinal fluid;
CNS, central nervous system; CTL, cytotoxic T cell; CTSL, cathepsin L; DAMPs,
danger-associated patterns; EAE, experimental autoimmune encephalomyelitis;
ER, endoplasmatic reticulum; ERV, endogenous retrovirus; FOXP, Forkhead Box
P; GABA, gamma-aminobutyric acid; GH, growth hormone; GLUT-1, glucose
transporter 1; GPCRs, G protein-coupled signaling receptors; HD, Huntington’s
disease; HPA, hypothalamic-pituitary-adrenal; ICAM-1, intercellular adhesion
molecule 1; IDO1, indolamine 2,3-dioxygenase-1; IFN, interferon; IL,
interleukin; JAK, janus kinase; LAD-1, leukocyte adhesion deficiency type 1;
LAT-1, large neutral amino acid transporter; LFA-1, lymphocyte function-
associated antigen 1; MAC, membrane attack complex; MBP, myelin basic
protein; MCP, membrane cofactor protein; MHC, major histocompatibility
complex; MMP, metalloproteinase; MS, multiple sclerosis; mTOR, mammalian
target of rapamycin; mTORC1, mTOR complex 1; NAD+, nicotinamide adenine
dinucleotide; NK cell, natural killer cell; NLRP3, NLR family pyrin domain
containing 3 protein; NMO, neuromyelitis optica; NPC, neural primary
progenitor cell; OXPHOS, oxidative phosphorylation; PAMPs, pathogen-
associated patterns; PFC, prefrontal cortex; PD, Parkinson’s disease; PKM2,
pyruvate kinase M2; PPARs, peroxisome proliferator-activated receptors; PRRs,
pattern-recognition receptors; pSMAC, peripheral supramolecular activation
cluster; QUIN, quinolinic acid; RA, rheumatoid arthritis; RLRs, RIG-I like
receptors; ROS, reactive oxygen species; SARS-CoV2, severe acute respiratory
syndrome coronavirus 2; SLE, systemic lupus erythematosus; SNPs, single
nucleotide polymorphisms; STAT, signal transducer and activator of
transcription; TGF, transforming growth factor; Th, T helper subset; TLRs, toll-
like receptors; TNF, Tumor necrosis factor; Tregs, regulatory T cells; Tr1 cells, T
regulatory 1 cells; TRM cells, Tissue-resident memory cells; VCAM-1, vascular cell
adhesion molecule 1; VLA-4, very late antigen 4.
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or infected tissues and initiates the safe removal of such noxious
entities. In consequence, perturbations in complement’s DAMP-
sensing activities underly a range of autoimmune diseases [e.g.
(15), reviewed in depth in (16–18)]. Moreover, complement also
plays an active role in tissue development and homeostasis as its
local activity is also a requirement for coordinated cell migration
during tissue development (19), tissue repair and regeneration
upon injury (including lens repair and bone healing) (20, 21). An
unexpected observation, that complement produced in the
central nervous system (22, 23) is required for normal brain
development by controlling synaptic pruning (24), has recently
initiated an entirely new and ongoing research area, namely the
physiological and pathophysiological roles of complement
in neurology.

Several additional recent discoveries further support the
growing notion that complement occupies a more prominent
position in normal cellular physiology and homeostasis than
previously thought. Firstly, complement activation and function
is not confined to the extracellular space, but occurs
intracellularly in immune cells (2). Secondly, intracellular
complement [which we have coined the complosome to set it
apart from the liver-derived complement system (25)] is an
unexpected central player in the regulation of single-cell
nutrient flux and metabolic pathways in T and other immune
cells (1, 26). Thirdly, transcriptional induction of complosome
components has emerged as a key characteristic of immune cells
occupying tissues (27).

Classically, the presence of cytokine-producing immune cells
in one of the most specialized tissues, the brain, was considered a
‘warning sign’ for ongoing brain inflammation (28). However,
recent advances suggest a clear beneficial role for presence of
innate and adaptive immune cells in and around the brain for its
normal development and function (29). Particularly, the
metabolic state and interferon-producing capacity of ‘brain-
residing’ immune cells impact heavily on brain activities
determining behavior (30–32). These unexpected observations
suggest an evolutionarily conserved, non-immunological, role
for cytokines and immune cells in the central nervous system
(CNS). In this overview article, we will first concisely summarize
what is known about the complosome with regard to single cell
metabolic reprogramming required for generation of the
prototypical pro- and anti-inflammatory cytokines IFN-g and
IL-10 by T cells – with an eye on immune cell tissue entry and
residency during infections. We will then review the newest
insights into the non-canonical roles of IFN-g, IL-10 and T cells
in the brain. Finally, we propose ways in which the complosome-
metabolism-cytokine axis may play a role beyond immunity but
impart unexpected CNS signals that control brain homeostasis
and host behavior.
THE COMPLOSOME-METABOLISM-IFN-g
AXIS

Despite liver-derived complement in serum being firmly
established as sentinel and protector against pathogens that
February 2021 | Volume 12 | Article 629986
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successfully breach host protective barriers (33, 34), functionally
important extrahepatic sources of complement have long been
observed (35). Immune cells, in particular, can generate
complement components in an intrinsic manner to support
their functional activities. For example, antigen presenting cells
(APCs) and T cells can secrete C3 and C5, which are then
activated extracellularly. The stimulation of complement
Frontiers in Immunology | www.frontiersin.org 3
receptors on APCs and T cells by such locally produced
complement activation fragments strongly support APC
antigen presentation and T cell activation during cognate
APC-T cell interactions (36–38). These elegant studies already
indicate a close functional connection between complement and
IFN-g, as mice lacking C3aR or C5aR1 on T cells and/or APCs
display a predominant defect in T helper (Th) type 1 immunity.
FIGURE 1 | The complement cascade and key canonical and non-canonical activities. Liver-derived complement circulating in blood and the lymph can be activated
through three pathways (of which two have PPR activity): the classical, lectin and alternative pathway. The initial deposition of C3b or C3b(H2O), generated by the
so-called ‘tick over’ reaction, onto an activating target also initiates a positive feedback amplification loop. The formation of C3 convertases triggered by serum
complement pathogen recognition then induces cleavage activation of C3 into C3a and C3b. Subsequent C5 convertase formation activates C5 into C5a and C5b,
with surface-bound C5b triggering the formation and insertion of the lytic MAC into pathogen or target membranes. C3b opsonizes and tags targets for removal by
scavenger cells. Receptors for complement activation fragments, such as the anaphylatoxin receptors C3a receptor (C3aR) and C5aR1/2, and the C3b receptor
CD46 mediate the induction of the general inflammatory reaction (vasodilation, neutrophil, mast cell and macrophage influx and activation, etc.) which together then
lead to pathogen removal as key canonical complement function. (Mostly) local complement activities are major contributors to generative and re-generative tissue
processes as they mediate normal tissue development, homeostasis and repair upon insult. This non-canonical role for complement emerged as a major driver of
normal central nervous system (CNS) and brain development and physiology (see text for details). The unexpected presence of a cell-intrinsic and intracellularly
activated and functioning complement system, the complosome, connects the complement system now also tightly with the control of single cell metabolism (see
text for details). To keep the schematic concise and accessible, we focused on the key complement components and functions discussed in this review and have,
thus, omitted many other complement factors (receptors, regulators, etc.) and activities as well as the proteases that can activate C3 and C5 in a C3/C5 convertase-
independent fashion (5). Ampl. loop, amplification loop; MAC, membrane attack complex; MASPs, mannose binding lectin-associated serine proteases; migr.,
migration; mTOR, mammalian target of rapamycin; OXPHOS, oxidative phosphorylation; PRR, pattern-recognition receptor; PW, pathway; synth., synthesis.
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The recent identification of the complosome as a key driver of
the metabolic pathways controlling lymphocyte survival and Th1
effector activity provide the first clues that the complement-IFN-
g relationship has metabolic roots.

Cellular metabolic pathways are fundamentally intertwined
with immune cell development, survival, homeostasis and
specialized functions. In principle, stored energy and molecular
building blocks derived from catabolic reactions sustain
housekeeping functions in most resting immune cells.
Activated and proliferating cells, on the other hand,
predominantly engage anabolic pathways to build biomass
(nucleotides, proteins, and lipids). Work on monocytes,
macrophages and T cells over the past decade have highlighted
the mechanisms by which immune cell activities are enabled and
controlled by specific cell-intrinsic adaptation of the metabolic
machinery (39). For example, non-activated T cells in circulation
or in tissues rely mostly on energy generated from oxidative
phosphorylation (OXPHOS) (40, 41). T cell receptor activation
and co-stimulation, triggered by infections, prompts rapid
upregulation of nutrient transporters allowing influx of amino
acids (AAs), fatty acids, and glucose (42–44). AA influx is sensed
by the central metabolic checkpoint kinase mammalian target of
rapamycin (mTOR), which induces increased glycolysis,
OXPHOS and lipid synthesis to support proliferation and
differentiation into effector cells (45–47). Simultaneous (micro)
environmental signals, such as from cytokines and other growth
factors, fine-tune TCR-triggered metabolic pathways to direct
differentiation into different CD4+ T helper subsets (Th1, Th2,
Th9, Th17, etc.), regulatory T (Treg) cells, and cytotoxic CD8+ T
cells (CTLs) – which are all characterized by discrete metabolic
profiles (40, 48). Importantly, key metabolic pathways are not
simple providers of energy in the form of adenosine triphosphate
(ATP), nicotinamide adenine dinucleotide (NAD+), etc. but
serve additional, ‘non-canonical’, functions. For example, the
glycolytic enzyme pyruvate kinase M2 (PKM2) interacts with the
transcription factor (TF) signal transducer and activator of
transcription (STAT)-3 in the nucleus to drive Th17 responses
(49). Certain fatty acids can directly bind to and activate the TFs
peroxisome proliferator-activated receptors (PPARs), which are
members of the nuclear hormone receptors family, and are key
orchestrators of T helper lineage differentiation (50). Clearance
of infection removes the TCR stimulus, reducing metabolic
activity and returning cells to a quiescent state. Previously
activated or memory T cells show an altered epigenetic
landscape, with a more poised or open chromatin state,
compared to naïve cells, at a number of genetic loci encoding
metabolic proteins. These epigenetic imprints allow rapid energy
delivery for cellular recall responses in the case of pathogen re-
encounter (51–53).

The complosome emerges as important conductor of
metabolic events particularly underlying Th1 and CTL
responses (1, 26, 27, 54). Specifically, human CD4+ and CD8+

T cells in circulation have stores of C3 (mostly found in the
endoplasmatic reticulum (ER) and lysosomes) which are
continuously cleaved by the protease cathepsin L (CTSL) into
C3a and C3b. In CD4+ T cells, such intracellularly generated C3a
Frontiers in Immunology | www.frontiersin.org 4
engages the lysosomal C3aR and induces tonic mTOR activation
that sustains T cell survival in the periphery (Figure 2). Upon
TCR activation, intracellularly generated C3a and C3b fragments
shuttle rapidly to the cell surface where they engage surface-
expressed C3aR and the C3b receptor CD46. CD46 (membrane
cofactor protein, MCP) is a ubiquitously expressed and
multifunctional transmembrane protein (55). CD46 prevents
unwanted complement deposition on host cells as a cofactor
for the proteolytic inactivation of C3b and C4b by the
complement protease Factor I (56). CD46 is also an entry
receptor for a range of pathogenic viruses and bacteria (57),
mediates sperm-egg fusion (58), and is an important co-
stimulator during T cell activation (59). While CD46 is
expressed on all nucleated human cells, mice and rats lack
CD46 on somatic cells and an exact functional, complement-
derived, homolog to human CD46 has so far not been identified
in rodents (60). Therefore, the signaling events and functions
controlled by CD46 are human-specific. CD46 is expressed by
most cells as four distinct isoforms that arise via differential
splicing of a single gene. The isoforms differ in the level of O-
glycosylation of the extracellular CD46 protein portion, and bear
either one of two distinct intracellular domains, termed CYT-1
and CYT-2 (giving rise to CD46CYT-1 and CD46CYT-2 isoforms)
(55, 61). Both tails can trigger specific signaling events in a broad
range of cell types (62). Resting T cells generally express
predominantly the CD46CYT-2 isoform. TCR-driven autocrine
engagement of CD46 by T cell-derived C3b sets several events
into motion: it causes the rapid upregulation of the CD46CYT-1

isoform, subsequent metalloproteinase (MMP)-mediated
processing and release of the extracellular CD46 portion (63),
and processing of the intracellular tails of CD46 by the g-
secretase complex (61). These tails translocate to the nucleus
and function as transcriptional regulators, inducing a number of
genes, of which many are nutrient transporters, metabolic
sensors/regulators and enzymes. For example, CD46CYT-1 is
critically required for increased transcription of SLC2A1, which
encodes the glucose transporter 1 (GLUT-1), SLC7A5, which
encodes the large neutral amino acid transporter 1 (LAT-1), and
LAMTOR5 (LAMTOR5 is a scaffolding protein that supports
mTOR complex 1 (mTORC1) assembly at the lysosomes) (26)
(Figure 2). Cumulatively, these events induce the very high levels
of nutrient influx, glycolysis and mTORC1 activation that are
needed for metabolically demanding IFN-g and Th1 responses
(64). CD46CYT-1 signaling further enhances a Th1 phenotype by
increasing expression of IL-2 receptor a-chain (CD25), resulting
in assembly of the high affinity IL-2 receptor, necessary for
optimal Th1 responses (65). CD46 engagement during T cell
activation also mobilizes intracellular stores of complement C5
by inducing cleavage into C5a and C5b. Intracellular C5a
generated in human CD4+ T cells binds C5aR1 on
mitochondria and augments production of reactive oxygen
species (ROS). ROS trigger assembly of the NLR family pyrin
domain containing 3 protein (NLRP3) inflammasome, which
catalyzes processing and secretion of mature IL-1b. IL-1b
controls the duration of Th1 responses in an autocrine/
paracrine fashion by maintaining secretion of IFN-g (1).
February 2021 | Volume 12 | Article 629986
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FIGURE 2 | The complosome and human (tissue) T cell metabolism. The survival of circulating, non-activated CD4+ and CD8+ T cells is maintained by low-level
expression of C3 (or uptake of C3(H2O)) that is continuously cleaved by CTSL into intracellular C3a which supports tonic mTOR activation through the lysosomal
C3aR. In addition, CD46 surface expression prevents activating Notch-1 stimulation. Diapedesis of T cells (or interaction with APCs presenting cognate antigen, not
shown) into tissue involves engagement of LFA-1 on T cells by ICAM-1 on endothelial cells and induces high C3 gene expression in an AP-1-depenent fashion.
Timely incoming TCR signals induce rapid translocation of intracellular C3b to the cell surface, where it engages CD46. CD46 signaling triggers three key metabolic
events: the g-secretase-processed intracellular CYT-1 domain of CD46 translocates to the nucleus (not shown) where it induces expression of nutrient transporters
(GLUT1, LAT1, and CAT1) as well as LAMTOR5-driven mTORC1 assembly at the lysosomes; CD46 activation induces increased expression of metabolic enzymes,
including fatty acid synthase, GAPDH, etc.; CD46 also strongly augments activation of intracellular C5 pools with the intracellularly generated C5a stimulating
mitochondrial C5aR1 that drives ROS production and NLRP3 inflammasome activation in CD4+ T cells. Together, these events underly the high levels of glycolysis,
OXPHOS and ROS production needed specifically for the induction of IFN-g production and granzyme B expression and hence protective Th1 and CTL effector
responses in tissues. Of note, macrophages also rely on the LFA-1-mediated process for ‘C3 licensing’ to produce normal amounts of IL-1b upon TLR stimulation
(not shown). The complosome also contributes to the safe metabolic ‘shut-down’ of human T cell immunity and prevention of tissue pathology as the CD46
intracellular domain CYT-2 reduces glycolysis and OXPHOS while supporting cholesterol efflux and MAF expression, all required for immune-suppressive IL-10 co-
induction and demarcating the Th1 contraction phase. This contraction program is further supported by autocrine engagement of the repressive C5aR2 on the T cell
surface (via intrinsic C5a-desArg), which reduces C5aR1 activity. C1q, taken up by the activated T cell can reduce mitochondrial activity (in CD8+ T cells) via a C1qR-
dependent unknown mechanism. A defining feature of T cells (and macrophages, not shown) in tissues is their high steady-state expression of the complosome.
CAT1, cationic amino acid transporter; CTSL, cathepsin L; FAS, fatty acid synthase/synthesis; GLUT1; glucose transporter 1; ICAM-1, intercellular adhesion
molecule 1; LFA-1, lymphocyte function-associated antigen 1; LAT1, large neutral amino acid transporter 1; MAF, cMaf musculoaponeurotic fibrosarcoma oncogene
homolog; mTOR, mechanistic target of rapamycin; mTORC1, mechanistic target of rapamycin complex 1; NLRP3, NLR family pyrin domain containing 3; OXPHOS,
oxidative phosphorylation; ROS, reactive oxidation species; TCR, T cell receptor.
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Human CD8+ T cells also harbor a complosome and TCR-
triggered autocrine CD46 engagement drives nutrient influx, IFN-
g production, and cytotoxic activity in these cells (54).
Interestingly, in CTLs, aside from strong OXPHOS induction,
CD46 is also a potent inducer of fatty acid synthesis. Although
CD8+ T cells express NLRP3, the inflammasome is not required
for normal IFN-g secretion or cytotoxicity in CTLs (54), indicating
important but distinct contributions of complosome-
inflammasome crosstalk in CD4+ and CD8+ T cells.

The central role of CD46CYT-1 in the successful induction of
IFN-g production by human T cells is underpinned by the fact
that patients deficient in CD46 or its ligand (C3/C3b) have
impaired Th1 responses (at least early in life) and suffer from
recurrent infections (65). Of note, CD46 and C3-deficient
patients have T cells that proliferate normally and intact Th2
immunity, further supporting the notion that the complosome is
particularly key to Th1 biology (65, 66).

Complement is by no means a simple supporter of
inflammation but a key orchestrator of immunity, especially T
cell homeostasis. For example, CD46 on resting and circulating T
cells prevents T cells activation and maintains the quiescent state
by binding and sequestering the Notch-1 ligand, Jagged-1. This
prevents a productive Notch-1-Jagged-1 interaction that would
normally trigger Th1 differentiation. Conversely, when T cells
are activated by TCR triggering, MMPs are induced and mediate
shedding of CD46, which releases the “brake” on Notch-1 that
subsequently supports Th1 differentiation (65, 67).

CD46 is also key to the timely resolution of successful Th1
responses. This is a critical phase of immune responses and
central to the host’s health because it limits tissue pathologies
accompanying uncontrolled and/or prolonged T cell activation
(68). A key mediator in the restraint of Th1 responses is the anti-
inflammatory and immuno-suppressive cytokine, IL-10. The
central role for IL-10 in Th1 control is demonstrated by the
finding that Il10–/– mice clear some infections more rapidly than
wild type animals due to augmented Th1 immunity, but then
succumb to uncontrolled tissue inflammation (69, 70). CD46,
together with signals from the IL-2 receptor, induces Th1
contraction by triggering co-expression of IL-10 in expanded
human Th1 cells (71). The exact signals downstream of the IL-2R
or CD46 that drive IL-10 production are currently not fully
understood. They do, however, involve the reversion of CD46
isoforms back to a predominant CD46CYT-2 form, leading to
downregulation of GLUT-1, LAT-1 and LAMTOR5, limitation
of nutrient influx, reduced mTORC1 activity, and the general
return of the T cell to a metabolically OXPHOS-dependent and
quiescent state (26, 72, 73). In addition, CD46 simultaneously
induces the cholesterol biosynthesis pathway and cholesterol
flux, both of which are required for c-MAF-driven IL-10
expression in contracting Th1 cells (74). Not surprisingly,
perturbations in CD46 signals are connected with several
autoimmune states characterized by Th1 hyperactivity, such as
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
multiple sclerosis (MS), and scleroderma (71, 75–77).

Similar to CD46, T cell-intrinsic C5 also contributes to negative
control of Th1 cells. C5a is processed by carboxypeptidase M to
Frontiers in Immunology | www.frontiersin.org 6
C5a-desArg, the des-Arginized’ form of C5a. C5a-desArg engages
C5aR2, the inhibitory C5a receptor, in an autocrine/paracrine
fashion. C5aR2-mediated signals then reduce ROS production,
NLRP3 inflammasome activation, and IL-1b secretion (1)
(Figure 2).

Thus, the complosome and specifically CD46 are integral
components of metabolic signatures that denote Th1 homeostasis,
Th1 effector function and Th1 contraction. Further, the
complosome operates in close collaboration with other
intracellular danger sensing systems, such as the inflammasomes.
Finally, since CD46 is only present in humans, there are clear
divergent roles for complosome components between mice and
men in Th1 biology.
THE COMPLOSOME AS AN EMERGING
KEY CHARACTERISTIC OF IMMUNE
CELLS IN TISSUES

Our current knowledge about the functions of the complosome
are mostly been derived from T lymphocytes. It is clear, however,
that the complosome is present in a broad range of immune and
non-immune cells (25, 78). For example, human monocytes
lacking intrinsic C3 gene expression fail to develop into
normally functioning dendritic cells (79) and C3-deficient
macrophages produce significantly less pro-inflammatory
cytokines (27). Further, human lung epithelial cells utilize
storages of C3 to protect themselves from stress-induced cell
death (80). Understanding how the complosome is regulated will
potentially enable therapeutic modulation of this system. Our
search for upstream regulators of C3 and C5 gene transcription
has led recently to the unexpected observation that cell-intrinsic
transcription of complement genes is one of the most
significantly biological pathway distinguishing immune cell
populations in healthy human lung tissue compared to the
same cells in circulation (27). Furthermore, the induction of
C3 gene expression in immune cells (including CD4+ and CD8+

T cells and macrophages) is dependent on signals delivered by
the integrin leukocyte adhesion factor 1 (LFA-1) (Figure 2).
LFA-1 is an integrin composed of the two distinct integrin
protein chains aLb2 or CD11a/CD18 (genes ITGAL and
ITGB2) and plays major roles in immune cell migration and
activation (81). LFA-1 expressed on immune cells is engaged by
intercellular adhesion molecule 1 (ICAM-1) expressed on
endothelial cells during diapedesis or cognate antigen
presenting cell (APC)-T cells during priming. LFA-1-driven C3
gene transcription is, at least in part, dependent on the TF
activation protein 1 (AP-1) (27, 82). This ‘C3 licensing’ (which
remains stable for about 12 h) increases intracellular stores of C3
in anticipation of antigen encounter in tissues. Timely danger
sensing transducing TCR or TLR signals then induce the
increased intracellular processing of C3 into C3a and C3b
which enable nutrient flux, metabolic reprogramming, and
ultimately cell-specific effector function (see above). This
scenario elegantly allows maintenance of survival-sustaining
C3 levels in naive (and central memory) T cells upon (re)
February 2021 | Volume 12 | Article 629986
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transmigration through high endothelial venules (2) and gives
them time to scan APCs in lymph nodes for cognate antigen.
Similarly, circulating effector memory T cells are ‘pre-loaded’
with C3 protein while surveying non-inflamed peripheral tissue
and can respond rapidly when re-encountering pathogens (83).
The requirement of LFA-1 as a major inducer of immune cell C3
gene expression is underpinned by the finding that patients with
mutations in CD18, who suffer from leukocyte adhesion
deficiency type 1 (LAD-1), have defective Th1 and CTL
responses, as well as a reduction in monocyte IL-1b secretion
and are severely immune-compromised. Importantly, LAD-1
patients have low level C3 gene expression and C3a generation,
which sustain homeostatic survival, but fail to generate the
augmented C3 needed for induction of productive cellular
effector functions (27). The compromised Th1 phenotype of
LAD-1 patients was originally thought to be caused by a
combination of suboptimal TCR signaling (84–87), reduced
formation of the peripheral supramolecular activation cluster
(pSMAC) (88), and/or muted Notch-1 activity in CD4+ T cells
(89), as these events require upstream LFA-1 stimulation. Our
own work suggests that failure of autocrine CD46 engagement
via increased intrinsic C3 expression is an additional major
defect in LAD-1 cells. In fact, a dysfunctional LFA-1 – C3 –
CD46 axis may be the common perturbation upstream of the
functional changes previously observed in LAD-1 T cells: CD46
signals per se mimic key functions attributed to LFA-1 during T
cell activation, including synergy with TCR signals, modulation
of Notch-1 activity and induction of glycolysis and OXPHOS
(26, 27, 81, 90). Moreover, CD46-deficient and LAD-1 patients
both generate functional Th2 and Th17 responses, suggesting a
functional interdependence of these molecules specifically for
Th1 induction. However, this productive cooperation can also go
wrong and contribute to hyper-inflammation. We found that T
cells that transmigrated into the inflamed synovium in an LFA-1-
dependent fashion from patients with RA display increased C3
and IFNG gene expression when compared to their circulating
blood cells. Moreover, T cell C3mRNA expression distinguished
inflamed RA from uninflamed RA and performed better as a
biomarker of disease severity compared to IFNG expression (27).

The complosome is clearly an integral part of the
inflammatory functions of Th1 cells, CTLs, and macrophages.
There is accumulating evidence that intracellular complement
may also partake in T cell memory formation and/or
maintenance of immune cell tissue residency (Figure 2). For
example, LFA-1-mediated signals underlie normal central T cell
memory formation (91, 92) and sustain retention of tissue-
resident memory T cells after infections are cleared (93, 94).
These observations, together with the unexpected finding that
tissue-occupying immune cells in the healthy lung express a
virtually complete intracellular complement system, supports the
notion of a novel role for the complosome in tissue immune cell
biology. Tissue-resident T cells are characterized by a specific
and distinct metabolic program that is largely dictated by
environmental cues provided by the (specialized) tissue (95).
Intriguingly, glycolysis and OXPHOS are differently impacted by
LFA-1 and CD46-mediated signals in naive and memory T cells.
Frontiers in Immunology | www.frontiersin.org 7
This suggests that the LFA-1 – C3 axis has the capacity to
implement the discrete metabolic programs underlying diverse T
cell subpopulations, including tissue-resident T cells (96).

Importantly, the ‘tissue complosome’, which allows tissue-
resident immune cells to remain vigilant and able to respond
rapidly to stimulation (Figure 2), can clearly be further engaged
during (re)infections: by analyzing bulk RNA-seq data from lung
tissues of patients with SARS-CoV2 infection and uninfected
controls we have found that five of the 36 (14%) enriched
pathways induced by SARS-CoV2 were annotated as
complement pathways. Among the cells responding most
strongly to the virus with augmentation of complosome related
genes were airway epithelial cells and macrophages, followed by
T cells (97). A specific role for the complosome in sustaining
protective tissue immunity at barrier surfaces, such as evident for
the lung, is consistent with the acknowledged role of complement
as a pathogen sentinel. Moreover, the function(s) of the
complosome in tissue biology may, again, extend beyond
mediation of immune responses to pathogens. For example,
complosome-inflammasome crosstalk in human CD4+ T cells
restrains Th17 responses in the gut during inflammation and
reduces tissue injury (1).

Overall, recent studies point toward a central role for the
complosome in immune cell tissue activity and/or residency;
however, as intriguing as this idea is, it currently remains to be
formally explored.
A ROLE FOR THE COMPLEMENT–
METABOLISM–CYTOKINE AXIS IN
NORMAL BRAIN PHYSIOLOGY?

The brain, as one of the most complex and distinctive tissues/
organs, has always held a particularly strong fascination for
humans, and indication for interest in neuroscience dates back
to the 5th century BC (98). Neurological research in the last
decade unexpectedly identified local complement production as
a key ‘ingredient’ of a normally developed and functioning CNS.
Similarly, the ‘non-canonical’ activities of certain cytokines,
among those IFN-g and IL-10, as well as the physiological
presence of innate and adaptive immune cells in and around
the brain, have emerged as central players to normal brain
function. In the following, we will initially review what is
currently known about the roles of complement, IFNs and IL-
10, and of T cells in the healthy CNS. We will finalize this article
with a hypothetical model suggesting how these separate effector
systems may have engaged in functional co-operation during
evolution for the benefit of physiological brain activity and
host behavior.

Complement and the Brain
The brain regulates fundamental physiological functions ranging
from heart rate and blood pressure to complex higher order
cognitive functions, such as thought and behavior. The brain is
thus a central node for maintenance of body homeostasis and
function. Exciting work over the recent past have identified the
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complement system as an unexpected, but key, system integral to
normal brain functioning. There are numerous excellent and in-
depth reviews available on this subject [for example (22, 99–
101)] and we will therefore summarize here only the
key findings.

Local complement production (mostly by astrocytes and glial
cells) in the brain has been observed for many years and has
almost exclusively been viewed as inflammatory, destructive and
detrimental to brain function (102). This view was challenged by
early studies employing classic animal systems, including
zebrafish, Xenopus and rodents, which hinted at a particularly
close relationship between complement and the neuronal system.
Today, we know that complement is physiologically produced in
the brain (22, 24) and that it is required for normal brain
development and activity (103). The majority of core
complement components (for example, C3, C4, and C5), as
well as complement receptors (anaphylatoxin receptors, C1q
receptors, etc…), are expressed at particularly high levels in the
neuronal crest during development in model species, where they
support migration of neuronal crest cells and the foundation for
a normal CNS (104). Perturbations in local complement activity
causes aberrant embryonic neuronal tube formation with
different degrees of severity (105). Among the most impactful
recent observations surrounding the new roles for complement
in the CNS was the finding that complement plays a role here not
only prenatally but also postnatally. Specifically, C1q sustains
neuronal survival in mice via control of apoptosis during neural
stress (106), and is required for synaptic pruning. Synaptic
pruning eliminates unnecessary synapses and ensures optimal
brain function. The latter activity is likely mediated via regulated
C1q-directed complement activation on synapses that are then
phagocytosed by complement receptor-expressing microglia
(107). Thus, mice deficient in either C1qa or C3 display defects
in synaptic pruning and have abnormal brain development and
abnormal behavior upon stress exposure (108). Although most of
the work so far has, naturally, been performed in small animal
models, it is becoming clear that complement is also ‘at the heart’
of a healthy human brain. The number of studies describing a
strong association between complement system perturbations
and diseases such as schizophrenia and epilepsy, disorders that
are linked to altered brain development in humans, are
constantly increasing. These associations are often linked to
single nucleotide polymorphisms (SNPs) in the C3, C4 or
complement Factor H encoding CFH genes (109). In fact,
SNPs in the C4A gene are currently the strongest polygenic
associations with schizophrenia in humans. Similarly, patients
suffering from severe depression display augmented C3 gene
expression in the prefrontal cortex (PFC). Selective C3
overexpression in the PFC of mice in a chronic stress-induced
model also triggers depressive-like behavior (108). Furthermore,
aberrant complement activation is connected with the induction
and/or pathogenesis of a broad range of acute and chronic
neurological disorders, including traumatic brain and spinal
cord injuries, amyotrophic lateral sclerosis (ALS), MS,
neuromyelitis optica (NMO), stroke, Alzheimer disease (AD),
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Parkinson disease (PD), and Huntington disease (HD)
(110–117).

While the regulation of CNS development and, in
consequence, cognitive function by local extracellular
complement is by now well appreciated, a potential role for the
complosome in the brain has not been experimentally addressed.
However, as in all other tissues, metabolic regulation of the brain
is critically important for its physiological function – both on the
molecular and cellular level. While these processes are not yet
fully understood, it is evident that neural activity and thus
cognitive function depend on high energy consumption.
Dynamic neural processes necessitate continuous metabolic
adaptation to sustain a range of vital activities. These include
providing energy for neural functions, such as plasticity,
neurotransmitter synthesis, processing and recycling and also
for the removal or buffering of toxic metabolic byproducts,
including ROS generated during these processes (118). The
complosome directs these important metabolic processes in a
broad range of myeloid and lymphoid immune cells in the
periphery and it is hence entirely feasible that it also partakes
in the control of specialized (immune) cells in the brain. Indeed,
extracellular C1q changes cholesterol metabolism in neurons and
thereby protect neurons against b-amyloid-induced neuronal cell
death (106). Importantly, C1q is also active intracellularly and
regulates mitochondrial activity and cell death in T cells and
epithelial cells (119–122). It would thus not be at all surprising if
C1q serves an additional metabolic role in the brain, as part of
the complosome. Overall, we hypothesize that the complosome
plays a role in normal development and physiology of the CNS
and/or brain – a proposal that we are actively probing in the lab.

Non-Canonical Activities of IFN-g in
Normal Brain Function and Behavior
Interestingly, and similar to complement, cytokines that have
traditionally been connected with the diseased or inflamed CNS,
are now being identified as critical mediators of physiological brain
function. The roles of cytokines associated with the innate immune
response, such as IL-1b, IL-6 and Tumor necrosis factor (TNF)-a,
in synaptic plasticity, neurogenesis and neuromodulation have been
elaborately studied [for a detailed description see (123)]. However,
current research established IFN-g and IL-10, cytokines typically
produced by T cells as equally important contributors to the
maintenance of physiological brain function (30, 124–129).
Because of the tight connection between the complosome, IFN-g
and IL-10 (see above), we will focus exclusively on the novel non-
canonical roles of these two cytokines in the brain.

Due to their ubiquitous presence IFNs have been proposed to
be the key messengers mediating communication between the
CNS, the immune- and the endocrine systems (130). IFNs are an
endogenous pleiotropic family of cytokines, which consist of the
three subtypes: type I (several homolog IFN-a types and a single
IFN-b in mice and men), type II (IFN-g), and type III (IFN-l1 to
-l4). Of these, IFN-g is the most evolutionarily conserved
between species and almost exclusively produced by T and
natural killer (NK) cells (131).
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Because of its deleterious effect on tissue integrity, IFN-g was
thought to be excluded from the brain and only present after
compromise of the blood-brain barrier (BBB) and/or secreted by
brain-infiltrating pro-inflammatory T and NK cells during neuro-
inflammation. IFN‐g clearly contributes to demyelinating
disorders, such as MS in humans and experimental autoimmune
encephalomyelitis (EAE) in mice. However, mouse strains
normally resistant to EAE are perplexingly susceptible to disease
when either the Ifng or Ifngr1 genes are mutated (132). This
suggests that the biology of IFN-g in the brain is complex and that
its effects are dictated by dose and context. Indeed, physiological
low level IFN‐g in the brain protects against several mouse models,
such as chemically-induced CNS demyelination (132, 133) and
stab wound brain injury (134). Moreover, IFN‐g enhances
neuronal differentiation in vitro when directly administered to
human adult neural primary progenitor cell (NPC) (124) and cell
lines (125, 126) or to NPCs derived from rat and mouse embryos
(127). Similarly, transgenic mice constitutively expressing low
levels of IFN‐g in the periphery display increased NPC
proliferation and differentiation, improved spatial learning and
increased memory performance (135) (Figure 3A). Intriguingly,
(T-cell-derived) IFN‐g also modulates synaptic pruning in the
context of viral infections (136), a process that might also, at least
in part, be mediated by complement since IFN‐g induces elevated
expression of C3, a factor that mediates synaptic pruning, in
human astrocytes (137, 138).

The exact mechanisms underlying these activities of IFN-g are
a current research focus, but one potential route may be via
exertion of control over hormones and/or neurotransmitters.
IFN‐g in the brain regulates expression and/or metabolism of
several hormones, such as adrenocorticotropic hormone (ACTH),
growth hormone (HGH), and prolactin (PRL, which is also a
central regulator of lipid metabolism) (130, 139), brain-derived
neurotrophic factor (BDNF) (134), and neurotransmitters such as
serotonin (140, 141) and noradrenaline (142). Consistent with
these findings, IFN-g-deficient mice mount attenuated hormonal
and dopaminergic responses when exposed to chronic stress (143).
IFN-g may also control local metabolic pathways as the
indolamine 2,3-dioxygenase-1 (IDO1) metabolism pathway in
mice overexpressing IFN-g is elevated (144, 145). Overactive
IDO1 dysregulates L-tryptophan metabolism by favoring
production of kynurenine and its neurotoxic metabolites 3-
hydroxykynurenine (3-HK) and quinolinic acid (QUIN),
thereby decreasing the bioavailability of L-tryptophan for
serotonin production. Overall, IFN-g-mediated neuroprotective
and/or neuromodulating effects deeply impact behavior: mice
overexpressing IFN-g display anhedonic and depression-like
behavior (145) and animals lacking IFN-g exhibit heightened
anxiety (143, 146). The centrality of this cytokine in brain
biology across evolution and species is further underpinned by
that fact that rodents, fish, and flies all elevate IFN-g-driven gene
signatures in specific social contexts and that mice lacking IFN-g
production exhibit social deficits in groups (30). In the latter,
direct cerebrospinal IFN-g injection or repopulation of the
meninges with IFN-g-producing T cells reverted the animals’
social behavior to normal by increasing inhibitory g-
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aminobutyric acid (GABA)-ergic currents and preventing
hyperexcitability in the prefrontal cortex (30).The murine
connection between IFN-g and behavior also extends to humans
and seems to be particularly important in the context of
depression. Thirty to 70% of patients treated with IFNs (to, for
example, treat immunodeficiency) develop depression as a major
side effect (147). Furthermore, a single nucleotide variant in the
IFNG gene was recently reported to elevate the risk of depression
in the context of clinical IFN-a treatment (148). Conversely,
several studies have reported pathologically elevated levels of
circulating IFN-g among depressed patients (149–151). One of
the fundamental questions regarding the role of IFN-g in the CNS
centers on the origin of this cytokine. The three most likely
sources, which are not mutually exclusive, include, 1) resident
CNS cells, such as microglia and astrocytes, directly producing
IFN-g in response to stimulation (152, 153); 2) peripheral IFN-g
infiltrating the brain through a compromised BBB (154, 155); and/
or, 3) resident or parenchyma-adjacent T cells producing IFN-g in
response to stimulation (31, 156) (Figure 3B). Since the
complosome, and particularly C3, is intimately connected with
IFN-g production, it is likely that intracellular C3 could play a role
in all three of these possible scenarios.

Non-Canonical Activities of IL-10 in
Normal Brain Function and Behavior
Whereas IFN-g in the brain is somewhat of a double-edged
sword, IL-10 has a more dependable, beneficial, impact (157–
161), consistent with the classic immunosuppressive and
housekeeping role of IL-10 in immunity (162, 163). Il10–/–

mice have more depression and helplessness-like behavior in
forced-swim tests; this can be normalized by injection of IL-10.
Conversely, mice overexpressing IL-10 have reduced depression
(164). The underlying mechanism is not clear but existing data
indicate that IL-10 negatively regulates the hypothalamic-
pituitary-adrenal (HPA) axis in both mice and humans. The
HPA axis regulates glucocorticoid feedback sensitivity and, as
such, is the body’s central stress response system (165). The HPA
is consistently overactive in depressed patients (166). IL-10 also
maintains neural progenitors in an undifferentiated state,
impairs neuronal differentiation and, collectively, controls
neurogenesis (128). It also promotes synaptic formation (129)
and, consequently, learning and memory formation, at least in
mice (129, 167). The sources of IL-10 in the brain have not yet
been delineated. However, the range of cells capable of producing
IL-10 is quite broad and includes B cells, macrophages, dendritic
cells, neutrophils and eosinophils (168), as well as astrocytes and
microglia (169).

Central Nervous System-Adjacent and
-Resident T Cells in the Healthy Brain
The prevailing opinion has traditionally been that the healthy CNS
and especially the brain are immune privileged spaces, sealed by a
tight BBB (170). Thus, any immune cell found within the CNS or
brain was thought to indicate neuro-inflammation. Recent
discoveries dramatically challenged this understanding, and it is
now accepted that sites adjacent to the healthy brain, in particular
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FIGURE 3 | Sources and non-canonical functions of IFN-g and IL-10 in the brain. (A) The cytokine milieu in and around the brain is tightly controlled to allow
beneficial, hemostatic low-level autoimmunity but prevent excessive inflammation. Thus, pro-inflammatory local IFN-g which promotes neural differentiation and
synaptic pruning is restrained by local presence of anti-inflammatory, stemness preserving, and synapses formation supporting IL-10. The boxes summarize further
unique and shared functions of these cytokines in metabolism, hormone regulation, and behavioral control (see text for more details). (B) The origins of IFN-g- and IL-
10 in the central nervous system (CNS) are not fully delineated. Sources include production by local tissue-resident cells such as microglia and astrocytes, influx from
the periphery via a compromised blood-brain barrier (BBB), and/or, production by T cells residing in or are adjacent to the brain parenchyma, meninges, choroid
plexus, circumventricular organs and ventricles. Brain-associated T cells enter these regions mainly via the recently discovered meningeal lymphatics, and/or
extravasation through endothelial cells lining blood vessels within the CNS, and/or crossing the BBB involving an ICAM-1- or VCAM-1-mediated mechanisms (insert).
Brain T cells can be resident or patrolling and mediate immunosurveillance and protection against infection but also the normal development and physiological
activities of the brain, including host behavior and emotions via production of effector molecules (cytokines, neuro-active metabolites, neurotransmitters, etc., see text
for more details). Moreover, CD4+ T cells have been shown to produce neurotransmitters as well as further neuromodulating agents and metabolites such as
glutamate and lactate, regulate neural synapse formation and mediate neural transduction. Of note, the effects of T cells on neural functions and emotions are
complex and strongly influenced by spatial and temporal context and micromilieu in the brain.
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the meninges, the choroid plexus, the circumventricular organs
and ventricles, the perivascular areas, and the brain parenchyma
itself, are populated with immune cells (31, 170, 171). Moreover, T
cells are the predominant cell type observed and it is, thus, likely
that they are one of the major sources of IFN-g and/or IL-10 in the
brain (31). Here, we will focus on the non-canonical roles of T cells
in support of normal brain physiology (Figure 3B). Such ‘brain-
associated’ T cells enter these regions mainly via the recently
discovered meningeal lymphatics and/or via extravasation
through endothelial cells lining blood vessels within the CNS.
Importantly, transmigration of T cells via the endothelium into
key brain adjacent tissues and spaces involves T cell expression of
LFA-1 or very late antigen (VLA)-4 and their engagement with
their cognate receptors on endothelial cells, ICAM-1 or VCAM-1,
respectively (172). As discussed above, the LFA-1 – ICAM-1 axis is
central to C3 loading of T cells. It is thus plausible that similar
events enable complosome-mediated T cell functions in brain
adjacent areas – as previously shown for the lung (27).

We are only beginning to unravel the functions of brain-
associated T cells. Indication is strong though that T cells in these
regions can be both sessile (and thus truely resident) or
patrolling; further, they seem involved in both provision of
immunity as well as physiological regulation of brain function
(171). While much effort has been put into defining the nature of
T cells in the brain parenchyma (see below), a recent study
elegantly showed that the temporal presence of CD4+ T cells in
the mouse and human brain is critically required for normal
organ development (31, 171). Failure of T cell (conventional and
regulatory T cells) migration from the blood to the brain around
birth leads to the arrest of transcriptional maturation of
microglia and defective neural pruning. In consequence, mice
in which T cell migration to the brain has been ablated or that
lack expression of major histocompatibility complex (MHC) II
(which normally fosters interactions between T cells and
microglia) are anxious and depressed (31). Interestingly, while
both naïve cells and activated T cells cross the CNS in a transient
manner, only activated, antigen-experienced T cells are retained
within the brain parenchyma for prolonged periods of time (31,
171, 173). Since complosome induction is a hallmark of activated
(Th1) T cells and generally of T cells in tissues, this may again
indicate that the complosome could be at play here (27). The
requirement for T cell activation or exposure to antigen to
establish brain residency raises several questions. For example,
are only specific T cell subsets enriched and, if so, what is the
cognate antigen of such T cells? Finding answers to these
questions is a principal focus in the field.

Both CD8+ and CD4+ T cells have been described in the brain,
expressing markers commonly associated with tissue-residency
(31, 174–177). CD8+ T cells are mostly represented by slowly-
dividing, self-replicating and neuroprotective tissue-resident
memory (TRM) CD103+ cells (174, 175, 177). They are
dependent on antigen presentation in situ and thus were initially
believed to arise locally upon brain insult and/or infection (175).
Accumulating data indicates, however, that they can migrate into
the brain from the periphery even in the absence of infection. The
neurotropic cues of peripherally activated CD8+ T cells are
Frontiers in Immunology | www.frontiersin.org 11
currently under examination (177–179). A recent in-depth study
performed using mice and human brain tissues found high
numbers of effector-like CD4+ T cells at this location, with
about 8% of T cells having a Treg phenotype (31). Moreover,
the conversion rate from a transient to a resident phenotype was
much faster in the effector-like T cells when compared to Tregs at
this location. This observation is in stark contrast to the prevalent
and intuitive assumption that only regulatory and anti-
inflammatory T cells are allowed in the brain, while
conventional, pro-inflammatory subsets should be excluded to
prevent toxic neuroinflammation. However, as detailed above,
pro-inflammatory effector cytokines, such as IFN-g, can be
beneficial to the CNS. Indeed, it has been widely reported that
conventional, IFN-g-producing and autoreactive T cells may
actually protect against detrimental neuroinflammation, a
concept coined as ‘protective autoimmunity’ (180, 181). Such
protective low-level autoimmunity may mechanistically involve
control of CNS self-antigens by local T cells (182, 183). Although
IL-17–producing Th17 cells are critical modulators of
neuroinflammation and data about a potential homeostatic role
for Th17 cells in the brain are sparse, there are few pointers
indicating that they are also not all bad. For example, gd T cells in
the meninges of mice constitutively produce IL-17, which acts on
glia to produce the nerve growth factor BDNF and thus supports
synaptic plasticity and spatial memory acquisition (184). Similarly,
sociability in mice seems to depend on, or is increased by, IL-17A
in the CNS (185).

Overall, these data indicate that presence of T cells producing
low IFN-g (and possibly IL-17) in the CNS/brain is physiological
and neuroprotective. Of course, the degree of inflammation
needs to be tightly controlled to prevent excessive, tissue-
damaging and deleterious effects (181) – a concept which
coincidently also holds true for the complement system.
Control over micro-inflammation in the brain is in large parts
achieved by engaging several mechanisms that ensure an overall
anti-inflammatory environment. These involve the presence of
anti-inflammatory and IL-4 producing Th2 cells (186) and
astrocytes actively restraining T cell proliferation and IFN-g
production (187, 188). Given that the complosome is a central
controller of the magnitude and duration of Th1 responses, by
mediating switch of Th1 cells from production of pro-
inflammatory IFN-g into anti-inflammatory IL-10 (26, 72, 73),
we posit that such complosome-instructed human Th1 cells are
uniquely equipped to promote low-levels of autoinflammation
with an integrated secure lid provided by an IL-10-driven control
program. Indeed, Tr-1 like Foxp3+ (Forkhead Box P3) cells,
which are phenotypically similar to complosome-controlled
contracting Th1 cells, play a key role in the restriction of
neuroinflammation (189). Additionally, immunization of mice
with the neural self-antigen myelin basic protein (MBP) induces
conversion of conventional CD4+ T cells into IL-10 secreting,
neuroprotective CD4+ T cells via a mechanism involving mTOR
inhibition (190), a machinery that is also engaged by the
complosome to induce Th1 to IL-10 switching (26).

In summary, both CD4+ and CD8+ T cells can have
neuroprotective properties, surprisingly mediated by their pro-
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inflammatory effector cytokines. Their beneficial homeostatic
activities in the CNS are sustained via a network of immune and
structural cells that cooperate to curb detrimental local increases
in T cell-derived inflammatory factors (183, 191, 192). We
suggest that a second important layer of such control is exerted
by the T cell intrinsic complosome.
POSTNATAL BEHAVIORAL CONTROL BY
T CELLS

As discussed above, perturbations in T cell activity during CNS
and/or brain development lead to deviations from normal
cognitive function and induce changes in behavior. However,
there is now also accumulating evidence indicating a significant
role for T cells in regulation of behavior postnatally (30, 32, 193–
196) (Figure 3). This is a relatively nascent research area and the
exact nature of the T cell subsets and the effector mechanisms
mediating observed behavioral changes have not been fully
elucidated. However, one emerging model is that of a
metabolic communication between T cells and the brain.

Learning and Memory
The ability to learn and to memorize information is central to life
and the ability of the individual to actively integrate into society.
These critical cognitive functions are based on remodeling of
neural circuits, promotion of memory consolidation,
hippocampal long-term potentiation (LTP) and neurogenesis.
Hippocampal neurogenesis is required for spatial and non-
spatial learning and memory (197) and is abnormal in mice
without lymphocytes (severe combined immune deficiency
(SCID), nude, and Rag1–/– mice). Accordingly, these animals
all have impaired spatial learning and memory capabilities which
can be restored in all cases upon transfer of CD4+ T cells,
demonstrating an active and continuous role for T cells in
these processes (193, 196). Similarly, age-related memory
impairment in old mice can be restored by homeostatic T cell
proliferation (195). Likewise, transgenic mice with T cells specific
for a brain-confined antigen exhibit generally improved learning
and memory (196). The T cell-derived factors supporting
memory and learning are not fully defined but include IL-4
(198, 199), lactate and glutamate. These metabolites are both
central to normal hippocampus activity and spatial learning and
memory retention and are thought to be controlled by the
metabolic coupling of astrocytes and neurons (200).
Incidentally, Th1 cells also generate and specifically secrete
high levels of both lactate and glutamate, driven by
complosome-supported glycolysis and glutaminolysis (72).

Emotions and Social Behavior
Social behavior within given norms allows group living which
provides vital benefits to individuals, including shared (food)
resources and companionship. As discussed above, meningeal T
cells can control social aggregation and IFN-g emerges as a
specific molecular link between T cells and the neural circuits
underlying social behavior (30). Group living, however, also
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comes with the likelihood for conflict and anxiety. The latter is
one of the best investigated emotions in animal models and the
amygdala plays a critical role in anxiety development and control
(201). T cell deficient mice not only have learning defects but also
display attenuated anxiety behavior (202, 203), suggesting a
physiological role for T cells in the mediation of cautiousness
and, in consequence, possible pathological anxiety. However,
Rag1–/– mice (which have no T cells) have also shown to exhibit
augmented instead of reduced anxiety-like behavior, which is
rescuable by T cell transfer in distinct anxiety models (191). This
indicates that specific anxiety triggers may evoke distinct
responses in different mouse strains. A further drawback of
several of these studies is that it is not always possible to
conclusively determine whether observed effects are due to
prenatal or postnatal absence of T cells. Nonetheless, in most
settings, a clear positioning of T cells within the brain is required
for an impact on mood and behavior. This has elegantly been
demonstrated in a model of lymphocyte transfer from
chronically social-defeated mice into healthy recipient mice,
who then exhibited suppressed anxiety, contingent on T cells
entering the choroid plexus in an ICAM-1–dependent fashion
(204, 205).

As for learning and memory, the T-cell derived modulators of
mood and behavior are mostly still under investigation, but also
have a clear metabolic component: physical stress-induced
leukotriene (LT) B4 triggers mitochondrial fission in mouse
CD4+ T cells and interferon regulatory factor (IRF)-1 activation
culminating in increased purine synthesis. Consequently, glucose
is redirected toward the pentose phosphate pathway (PPP) and the
produced metabolite and oligodendrocyte growth factor xanthine
then increases anxiety-like behavior (32). Also, normal glycolysis-
derived lactate (of which Th1 cells are a major source) has long
been known to have anti-depressant activities (206). Similarly, T
cell-derived IL-10 appears to impact behavior, because protective
immunization with MBP in mice involves a T cell-mediated
reduction in nerve cell activity via IL-10, permitting injured
nerve cells to preserve energy for faster recovery and stress-
coping (181). In all, currently available data firmly place T cells
and their cytokines and metabolites as contributors to mood and
behavior modulation. One of the major activities of the
complosome in T cells centers around the induction of a series
of transporters that ensure nutrient influx needed for T cell
(effector) function as well as control of metabolic enzymes (18).
Intriguingly, the complosome also regulates the secretory
machinery in T cells which controls the export of growth factors
and metabolites (unpublished data). It is hence ideally placed to
mediate the metabolic cross-communication between T cells and
the brain parenchyma.
A NON-CANONICAL EVOLUTIONARY
VIEW ON THE COMPLOSOME-
METABOLISM-IFN-G AXIS

The close connection between complement and IFN-g has always
been viewed as a logical partnership between the most potent
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innate arm of immunity and one of the most effective cytokines in
the fight against infection. However, in light of the evolutionary
age and emerging non-canonical functions of both partners, our
laboratory now considers another, or additional, reason for the
early emergence and successful survival of the complosome/
metabolism/IFN-g axis (Figure 4). This idea is based on the
view that the CNS and our immune system are not separate
entities engaging in crosstalk during host development and/or
infection but that they are rather inter-related systems required to
drive social capability and behavior needed for higher order
organisms to survive and thrive. In the following section, we will
introduce the two concepts underlying our proposition, the
concept of anticipatory neuro-immune reactivity to
environmental threat, and the concept of evolutionary co-
dependence of behavioral and immunological activities. Both
propositions rely on the assumption that immune cells, and by
extension their cytokines, are fundamental information mediators
between the CNS and other specialized tissues.

Metazoan evolution is the progressive specialization of single
cell and tissue function from a shared and pluripotent precursor.
In the course of this process precursor cells split eventually into
two branches: parenchymal cells (cells constituting the tissues
itself) and accessory cells (mainly stromal, endothelial, and
immune cells) to ensure optimal division of labor in the host
body. Parenchymal cells constitute the framework for each
tissue, are immobile, and specialized in their characteristic
tissue function. Accessory cells, on the other hand, support
homeostasis across tissues and mediate the response to
incoming environmental signals (207). Thus, accessory cells
are dynamic, more highly plastic, and responsive to
environmental signals (207). Among accessory cells, immune
cells are the highly mobile fraction and can, upon cue, reach most
tissues rapidly via the circulatory and lymphoreticular systems.
This makes them the ideal mediators and synchronizers between
individual cells, tissues, organs and the CNS, a communication
needed to initiate and execute whole-organism responses. In the
context of infection this entails coordinating a direct anti-
microbial response in the affected tissue, directing the
metabolic adaptation which balances cell/tissue energy
consumption toward infection control, and inducing host
behavioral adaptations, such as avoidance of the infectious
source and social withdrawal to prevent spread of infection.
Upon pathogen clearance, the very same immune cells – e.g.
contracting Th1 cells (26) – are equally involved in confining
inflammation, orchestrating tissue-regeneration and promoting
behavioral normalization. This holistic view of T cell activity
aligns with their capability to generate a large range of non-
canonical, non-immunological signaling molecules, including
growth factors, hormones, neurotransmitters, neuromodulators
and neurotrophic factors involved in CNS regulation (208–210).
Moreover, T cells express receptor for all of these mediators
themselves (211, 212), indicating their nodal role in the shared
and multi-directional communication between the immune,
hormonal and neural systems. The bidirectionality of this
cooperation suggests that the neural system, which constantly
monitors the environment for potential threats, can also signal
Frontiers in Immunology | www.frontiersin.org 13
danger to the immune system to (pre-emptively) allow it to engage
in an alerted and poised state. Indeed, such an anticipatory
combined neuro–immune response likely provided a strong
evolutionary advantage during interactions with peers,
predators, and pathogens among early humans (213, 214). For
example, social conflict, aggression and social isolation rendered
our ancestors vulnerable to attacks from predators or rivals, which
in turn increased the probability of being physically wounded and
succumbing to infection (213, 214). Thus, a danger perception-
mediated heightened readiness state of the immune system would
be accompanied during true pathogen encounter by faster
induction of immunity and sickness behavior (anhedonia),
which conserves energy for pathogen removal and wound
healing. Intriguingly, this beneficial interconnection of neural
and immune responses has been established early on in
evolution as it can already be observed in the nematode
Caenorhabditis elegans. In C. elegans, the neurotransmitter
serotonin directly regulates protective immune responses at
epithelial barriers (215, 216) and also mediates neuron-induced
avoidance behavior and olfactory learning circuits that effectively
translate into decreased infection susceptibility (217, 218).
Importantly, the sensory mechanisms mediating avoidance
behavior and olfactory learning also induce expression of
immune-protective genes, some of which are not only involved
in direct immune defense but also contribute to subsequent
behavioral conditioning (219). While the role of IFN‐g has not
yet been explored, IL-17 is a key regulator of C. elegans neuro-
modulatory sensing and behavior (220).

Another evolutionary perspective was suggested recently by
Kipnis et al. Based on the evolutionarily conserved role of IFN‐g
in directly driving social behavior and group connectivity ( (30,
208), and above), this group speculates that IFN‐g initially
developed as a behavioral mediator supporting individual
sociability – and was then hijacked by pathogens to promote
inter-individual spreading (30). IFN-g subsequently gained
additional antimicrobial functions to counteract this very same
microbial abuse in a co-evolutionary “arms-race” between
pathogens and host defense. In fact, recycling or expansion of
molecular functions for additional purposes is an age-old process as
evolutionary pressures drive divergence of shared precursor gene
and proteins toward specialized functions to accommodate
increasing complexity of diversification in evolving species. The
hypothesized hijacking of the beneficial effects of IFN-g on social
behavior by pathogens is supported by the fact that up to 10% of the
human genome consists of endogenous retrovirus (ERV) DNA.
These are believed to originate from ancient viral infections that
accumulated in the host over time (221). Although ERVs cannot
replicate, they do impact host behavior. For example, aberrant
expression of the murine ERVs MMERVK10C and IAP1 alters
expression of nearby genes (and non-coding RNAs) and result in
behavioral alterations (222). In humans, long terminal repeats
(LTRs) of the MER41 family of ERVs are enriched in consensus
binding sites for IFN‐g-driven TFs, such as STAT1 and IRF1, and
can further amplify expression of IFN-g-inducible genes (223).
Intriguingly, promoter regions of intellectual disability-associated
genes contain a high abundance of MER41 sequences (224) and
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increased levels of ERV mRNA have been associated with
psychiatric disorders such as schizophrenia (223). Moreover, the
MER41-cognition pathway has also recently been linked to
induction of Forkhead Box P2 (FOXP2), a central TF involved in
human speech evolution. Pathogens are the main selective pressure
through human evolution (225) and past interactions, particularly
with IFN-g response-evoking pathogens, have elicited widespread
and coordinated genomic responses that often underly polygenic
selection (226). Thus, viruses may not only have introduced a
pathogen-fighting facet to the original developmental/behavioral
mission of IFN-g but may also have promoted changes in the DNA
landscape that ultimately helped us to evolve unique features, such
as speech and self-consciousness (224).

Interestingly, a few years ago, we put forth a similar non-
classical concept for the evolution of the complosome. While
Frontiers in Immunology | www.frontiersin.org 14
most view the complement system expressed by the liver and
operating in circulation to combat pathogens as evolutionarily
first, we suggest that complement evolved initially as an
intracellular, homeostatic system, the complosome. The main
function of the complosome was, and remains, regulation of
nutrient availability (influx/efflux) and basic cellular metabolism
in an mTOR-dependent manner. This close connection to the
mTOR machinery established the conditions that enabled the
special relationship between the complosome and the energy-
intense production of IFN-g. In theory, this connection could
thus place the complosome-metabolism-IFN-g axis as an early
evolutionary driver of CNS/brain development and behavior
(Figure 4). During evolution from single to multicellular
organisms, and under pressure from infectious agents,
complement acquired additional extracellular functions and
FIGURE 4 | Proposed involvement of the complosome in behavioral control. The direct effect on brain development by classical complement system is well
established: C1q and C3 mediate synaptic pruning, neurogenesis, cognitive functions and are important for mental health (green text). Likewise, the role of
complement and the complosome in particular in the control of local T cell responses via metabolic reprogramming has been well described (gray triangle, see text
for details). We propose that the complosome is heavily involved in most of the known effects of T cells, metabolism and cytokines (IFN-g and IL-10) on neural
functions underlying cognition and behavior.
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transformed in parts into the fluid-phase, anti-pathogenic,
system that it is mostly known for today (227).

Of course, our proposed novel role for the complosome in
general tissue biology, and the CNS in particular, is currently
purely speculative and awaits experimental validation. This will
take time because studying the complosome requires the
generation of new reagents and models. For example, T cell-
intrinsic C3 exists in different structures with distinct post-
translational modifications when compared to liver-derived C3
and, thus, does not often cross-react with commonly used anti-
C3 antibodies (2, 122). Furthermore, there are substantial
differences between the exact composition of the complosome
[for example, mice lack CD46 (60)] and its functional
engagement with other intracellular PRRs (for example,
NLRP3 in mouse T cells is not required for Th1 induction)
between species. These hurdles make studying the complosome
in vitro but specifically probing it using in vivo studies with
human correlates currently complex. Nonetheless, we suggest
that understanding the potential role of the complosome at the
neuro-immune interface could provide new avenues to first
understand and then possibly treat mental disorders.
Fronti
‘The true delight is in the finding out rather than in the
knowing’ (Issac Asimov, 1920 – 1992)
ers in Immunology | www.frontiersin.org 15
AUTHOR CONTRIBUTIONS

Conceptualization, writing—original draft, and revision: NK and
CK. All authors contributed to the article and approved the
submitted version.
FUNDING

Work in the Complement and Inflammation Research Section
(CIRS) is financed by the Division of Intramural Research,
National Heart, Lung, and Blood Institute (NHLBI), NIH
Clinical Center Work at CIRS is supported by the NIH
Intramural Research Program.
ACKNOWLEDGMENTS

The figures were partially created with BioRender.com. We
thank Dr. Ben Afzali (National Institute of Diabetes and
Digestive and Kidney Diseases, NIH) for critical reading and
editing of the manuscript. We further acknowledge the work of
the many scientists, particularly working on complement, T cells,
immunometabolism, neurology, and behavioral research that we
were unable to cite here.
1. Arbore G, West EE, Spolski R, Robertson AA, Klos A, Rheinheimer C, et al. T
REFERENCES

helper 1 immunity requires complement-driven NLRP3 inflammasome activity
in CD4(+) T cells. Science (2016) 352(6292):aad1210. doi: 10.1126/
science.aad1210

2. Liszewski MK, Kolev M, Le Friec G, Leung M, Bertram PG, Fara AF, et al.
Intracellular complement activation sustains T cell homeostasis and
mediates effector differentiation. Immunity (2013) 39(6):1143–57. doi:
10.1016/j.immuni.2013.10.018

3. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
System Part I – Molecular Mechanisms of Activation and Regulation. Front
Immunol (2015) 6:262. doi: 10.3389/fimmu.2015.00262

4. Hajishengallis G, Reis ES, Mastellos DC, Ricklin D, Lambris JD. Novel
mechanisms and functions of complement. Nat Immunol (2017) 18
(12):1288–98. doi: 10.1038/ni.3858

5. Kolev M, Le Friec G, Kemper C. Complement–tapping into new sites and
effector systems. Nat Rev Immunol (2014) 14(12):811–20. doi: 10.1038/nri3761

6. Sanal O, Loos M, Ersoy F, Kanra G, Secmeer G, Tezcan I. Complement
component deficiencies and infection: C5, C8 and C3 deficiencies in three
families. Eur J Pediatr (1992) 151(9):676–9. doi: 10.1007/BF01957572

7. Totan M. Recurrent pneumococcal meningitis in homozygous C3
deficiency. Indian J Pediatr (2002) 69(7):625–6. doi: 10.1007/BF02722692

8. Morgan BP, Kavanagh D. Introduction to complement in health and
disease: novel aspects and insights. Semin Immunopathol (2018) 40(1):1–
2. doi: 10.1007/s00281-017-0664-7

9. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system
for immune surveillance and homeostasis. Nat Immunol (2010) 11(9):785–
97. doi: 10.1038/ni.1923

10. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in
disease, and therapeutics. Nat Med (2015) 21(7):677–87. doi: 10.1038/nm.3893

11. Heesterbeek DAC, Angelier ML, Harrison RA, Rooijakkers SHM.
Complement and Bacterial Infections: From Molecular Mechanisms to
Therapeutic Applications. J Innate Immun (2018) 10(5-6):455–64. doi:
10.1159/000491439
12. Liu Y, Olagnier D, Lin R. Host and Viral Modulation of RIG-I-Mediated
Antiviral Immunity. Front Immunol (2016) 7:662. doi: 10.3389/
fimmu.2016.00662

13. Odendall C, Kagan JC. Activation and pathogenic manipulation of the
sensors of the innate immune system. Microbes Infect (2017) 19(4-5):229–
37. doi: 10.1016/j.micinf.2017.01.003

14. Vijay K. Toll-like receptors in immunity and inflammatory diseases: Past,
present, and future. Int Immunopharmacol (2018) 59:391–412. doi: 10.1016/
j.intimp.2018.03.002

15. Botto M, Dell’Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F,
et al. Homozygous C1q deficiency causes glomerulonephritis associated with
multiple apoptotic bodies. Nat Genet (1998) 19(1):56–9. doi: 10.1038/
ng0598-56

16. Holers VM, Banda NK. Complement in the Initiation and Evolution of
Rheumatoid Arthritis. Front Immunol (2018) 9:1057. doi: 10.3389/
fimmu.2018.01057

17. Toubi E, Vadasz Z. Innate immune-responses and their role in driving
autoimmunity. Autoimmun Rev (2019) 18(3):306–11. doi: 10.1016/
j.autrev.2018.10.005

18. West EE, Kolev M, Kemper C. Complement and the Regulation of T Cell
Responses. Annu Rev Immunol (2018) 36:309–38. doi: 10.1146/annurev-
immunol-042617-053245

19. Carmona-Fontaine C, Theveneau E, Tzekou A, Tada M, Woods M, Page
KM, et al. Complement fragment C3a controls mutual cell attraction during
collective cell migration. Dev Cell (2011) 21(6):1026–37. doi: 10.1016/
j.devcel.2011.10.012

20. Kimura Y, Madhavan M, Call MK, SantiagoW, Tsonis PA, Lambris JD, et al.
Expression of complement 3 and complement 5 in newt limb and lens
regeneration. J Immunol (2003) 170(5):2331–9. doi: 10.4049/
jimmunol.170.5.2331

21. Modinger Y, Loffler B, Huber-Lang M, Ignatius A. Complement
involvement in bone homeostasis and bone disorders. Semin Immunol
(2018) 37:53–65. doi: 10.1016/j.smim.2018.01.001

22. Veerhuis R, Nielsen HM, Tenner AJ. Complement in the brain. Mol
Immunol (2011) 48(14):1592–603. doi: 10.1016/j.molimm.2011.04.003
February 2021 | Volume 12 | Article 629986

https://doi.org/10.1126/science.aad1210
https://doi.org/10.1126/science.aad1210
https://doi.org/10.1016/j.immuni.2013.10.018
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.1038/ni.3858
https://doi.org/10.1038/nri3761
https://doi.org/10.1007/BF01957572
https://doi.org/10.1007/BF02722692
https://doi.org/10.1007/s00281-017-0664-7
https://doi.org/10.1038/ni.1923
https://doi.org/10.1038/nm.3893
https://doi.org/10.1159/000491439
https://doi.org/10.3389/fimmu.2016.00662
https://doi.org/10.3389/fimmu.2016.00662
https://doi.org/10.1016/j.micinf.2017.01.003
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1038/ng0598-56
https://doi.org/10.1038/ng0598-56
https://doi.org/10.3389/fimmu.2018.01057
https://doi.org/10.3389/fimmu.2018.01057
https://doi.org/10.1016/j.autrev.2018.10.005
https://doi.org/10.1016/j.autrev.2018.10.005
https://doi.org/10.1146/annurev-immunol-042617-053245
https://doi.org/10.1146/annurev-immunol-042617-053245
https://doi.org/10.1016/j.devcel.2011.10.012
https://doi.org/10.1016/j.devcel.2011.10.012
https://doi.org/10.4049/jimmunol.170.5.2331
https://doi.org/10.4049/jimmunol.170.5.2331
https://doi.org/10.1016/j.smim.2018.01.001
https://doi.org/10.1016/j.molimm.2011.04.003
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kunz and Kemper The Complosome as Behavioral Modulator?
23. Rozovsky I, Morgan TE, Willoughby DA, Dugich-Djordjevich MM, Pasinetti
GM, Johnson SA, et al. Selective expression of clusterin (SGP-2) and complement
C1qB and C4 during responses to neurotoxinsin vivo andin vitro. Neuroscience
(1994) 62(3):741–58. doi: 10.1016/0306-4522(94)90473-1

24. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N,
et al. The classical complement cascade mediates CNS synapse elimination.
Cell (2007) 131(6):1164–78. doi: 10.1016/j.cell.2007.10.036

25. Kolev M, Friec GL, Kemper C. Complement - tapping into new sites and
effector systems. Nat Rev Immunol (2014) 14(12):811–20. doi: 10.1038/
nri3761

26. Kolev M, Dimeloe S, Le Friec G, Navarini A, Arbore G, Povoleri GA, et al.
Complement Regulates Nutrient Influx and Metabolic Reprogramming
during Th1 Cell Responses. Immunity (2015) 42(6):1033–47. doi: 10.1016/
j.immuni.2015.05.024

27. Kolev M, West EE, Kunz N, Chauss D, Moseman EA, Rahman J, et al.
Diapedesis-Induced Integrin Signaling via LFA-1 Facilitates Tissue
Immunity by Inducing Intrinsic Complement C3 Expression in Immune
Cells. Immunity (2020) 52(3):513–27 e8. doi: 10.1016/j.immuni.2020.02.006

28. Forrester JV, McMenamin PG, Dando SJ. CNS infection and immune
privilege. Nat Rev Neurosci (2018) 19(11):655–71. doi: 10.1038/s41583-
018-0070-8

29. Morimoto K, Nakajima K. Role of the Immune System in the Development
of the Central Nervous System. Front Neurosci (2019) 13:916. doi: 10.3389/
fnins.2019.00916

30. Filiano AJ, Xu Y, Tustison NJ, Marsh RL, Baker W, Smirnov I, et al. Unexpected
role of interferon-gamma in regulating neuronal connectivity and social
behaviour. Nature (2016) 535(7612):425–9. doi: 10.1038/nature18626

31. Pasciuto E, Burton OT, Roca CP, Lagou V, Rajan WD, Theys T, et al.
Microglia Require CD4 T Cells to Complete the Fetal-to-Adult Transition.
Cell (2020) 182(3):625–40 e24. doi: 10.1016/j.cell.2020.06.026

32. Fan KQ, Li YY, Wang HL, Mao XT, Guo JX, Wang F, et al. Stress-Induced
Metabolic Disorder in Peripheral CD4(+) T Cells Leads to Anxiety-like
Behavior. Cell (2019) 179(4):864–79.e19. doi: 10.1016/j.cell.2019.10.001

33. Gadjeva M. The complement system. Overview. Methods Mol Biol (2014)
1100:1–9. doi: 10.1007/978-1-62703-724-2_1

34. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
System Part I - Molecular Mechanisms of Activation and Regulation. Front
Immunol (2015) 6:262. doi: 10.3389/fimmu.2015.00262

35. Lubbers R, van Essen MF, van Kooten C, Trouw LA. Production of
complement components by cells of the immune system. Clin Exp
Immunol (2017) 188(2):183–94. doi: 10.1111/cei.12952

36. Lalli PN, Strainic MG, Yang M, Lin F, Medof ME, Heeger PS. Locally
produced C5a binds to T cell-expressed C5aR to enhance effector T-cell
expansion by limiting antigen-induced apoptosis. Blood (2008) 112(5):1759–
66. doi: 10.1182/blood-2008-04-151068

37. Liu J, Miwa T, Hilliard B, Chen Y, Lambris JD, Wells AD, et al. The
complement inhibitory protein DAF (CD55) suppresses T cell immunity in
vivo. J Exp Med (2005) 201(4):567–77. doi: 10.1084/jem.20040863

38. Strainic MG, Liu J, Huang D, An F, Lalli PN, Muqim N, et al. Locally
produced complement fragments C5a and C3a provide both costimulatory
and survival signals to naive CD4+ T cells. Immunity (2008) 28(3):425–35.
doi: 10.1016/j.immuni.2008.02.001

39. Buck MD, O’Sullivan D, Pearce EL. T cell metabolism drives immunity. J
Exp Med (2015) 212(9):1345–60. doi: 10.1084/jem.20151159

40. MacIver NJ, Michalek RD, Rathmell JC. Metabolic regulation of T
lymphocytes. Annu Rev Immunol (2013) 31:259–83. doi: 10.1146/
annurev-immunol-032712-095956

41. van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al.
Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell
memory development. Immunity (2012) 36(1):68–78. doi: 10.1016/
j.immuni.2011.12.007

42. Sinclair LV, Rolf J, Emslie E, Shi YB, Taylor PM, Cantrell DA. Control of
amino-acid transport by antigen receptors coordinates the metabolic
reprogramming essential for T cell differentiation. Nat Immunol (2013) 14
(5):500–8. doi: 10.1038/ni.2556

43. Palmer CS, Ostrowski M, Balderson B, Christian N, Crowe SM. Glucose
metabolism regulates T cell activation, differentiation, and functions. Front
Immunol (2015) 6:1. doi: 10.3389/fimmu.2015.00001
Frontiers in Immunology | www.frontiersin.org 16
44. Angela M, Endo Y, Asou HK, Yamamoto T, Tumes DJ, Tokuyama H, et al.
Fatty acid metabolic reprogramming via mTOR-mediated inductions of
PPARgamma directs early activation of T cells. Nat Commun (2016)
7:13683. doi: 10.1038/ncomms13683

45. Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, Puigserver
P. mTOR controls mitochondrial oxidative function through a YY1-PGC-
1alpha transcriptional complex. Nature (2007) 450(7170):736–40. doi:
10.1038/nature06322

46. Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, Xiao B, et al. The
mTOR kinase differentially regulates effector and regulatory T cell lineage
commitment. Immunity (2009) 30(6):832–44. doi: 10.1016/j.immuni.2009.04.014

47. Zheng Y, Collins SL, Lutz MA, Allen AN, Kole TP, Zarek PE, et al. A role for
mammalian target of rapamycin in regulating T cell activation versus anergy.
J Immunol (2007) 178(4):2163–70. doi: 10.4049/jimmunol.178.4.2163

48. Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell lineage differentiation.
Immunity (2009) 30(5):646–55. doi: 10.1016/j.immuni.2009.05.001

49. Damasceno LEA, Prado DS, Veras FP, Fonseca MM, Toller-Kawahisa JE,
Rosa MH, et al. PKM2 promotes Th17 cell differentiation and autoimmune
inflammation by fine-tuning STAT3 activation. J Exp Med (2020) 217(10):
e20190613. doi: 10.1084/jem.20190613

50. Choi JM, Bothwell AL. The nuclear receptor PPARs as important regulators
of T-cell functions and autoimmune diseases.Mol Cells (2012) 33(3):217–22.
doi: 10.1007/s10059-012-2297-y

51. Geltink RIK, Kyle RL, Pearce EL. Unraveling the Complex Interplay Between
T Cell Metabolism and Function. Annu Rev Immunol (2018) 36:461–88. doi:
10.1146/annurev-immunol-042617-053019

52. Raud B, McGuire PJ, Jones RG, Sparwasser T, Berod L. Fatty acid
metabolism in CD8(+) T cell memory: Challenging current concepts.
Immunol Rev (2018) 283(1):213–31. doi: 10.1111/imr.12655

53. Araki Y, Wang Z, Zang C, Wood WH,3, Schones D, Cui K, et al. Genome-
wide analysis of histone methylation reveals chromatin state-based
regulation of gene transcription and function of memory CD8+ T cells.
Immunity (2009) 30(6):912–25. doi: 10.1016/j.immuni.2009.05.006

54. Arbore G, West EE, Rahman J, Le Friec G, Niyonzima N, Pirooznia M, et al.
Complement receptor CD46 co-stimulates optimal human CD8(+) T cell
effector function via fatty acid metabolism. Nat Commun (2018) 9(1):4186.
doi: 10.1038/s41467-018-06706-z

55. Riley-Vargas RC, Gill DB, Kemper C, Liszewski MK, Atkinson JP. CD46:
expanding beyond complement regulation. Trends Immunol (2004) 25
(9):496–503. doi: 10.1016/j.it.2004.07.004

56. Barilla-LaBarca ML, Liszewski MK, Lambris JD, Hourcade D, Atkinson JP.
Role of membrane cofactor protein (CD46) in regulation of C4b and C3b
deposited on cells. J Immunol (2002) 168(12):6298–304. doi: 10.4049/
jimmunol.168.12.6298

57. Cattaneo R. Four viruses, two bacteria, and one receptor: membrane cofactor
protein (CD46) as pathogens’ magnet. J Virol (2004) 78(9):4385–8. doi:
10.1128/JVI.78.9.4385-4388.2004

58. Riley RC, Tannenbaum PL, Abbott DH, Atkinson JP. Cutting edge:
inhibiting measles virus infection but promoting reproduction: an
explanation for splicing and tissue-specific expression of CD46. J Immunol
(2002) 169(10):5405–9. doi: 10.4049/jimmunol.169.10.5405

59. Zaffran Y, Destaing O, Roux A, Ory S, Nheu T, Jurdic P, et al. CD46/CD3
costimulation induces morphological changes of human T cells and
activation of Vav, Rac, and extracellular signal-regulated kinase mitogen-
activated protein kinase. J Immunol (2001) 167(12):6780–5. doi: 10.4049/
jimmunol.167.12.6780

60. Liszewski MK, Kemper C. Complement in Motion: The Evolution of CD46
from a Complement Regulator to an Orchestrator of Normal Cell
Physiology. J Immunol (2019) 203(1):3–5. doi: 10.4049/jimmunol.1900527

61. Weyand NJ, Calton CM, Higashi DL, Kanack KJ, So M. Presenilin/gamma-
secretase cleaves CD46 in response to Neisseria infection. J Immunol (2010)
184(2):694–701. doi: 10.4049/jimmunol.0900522

62. Yamamoto H, Fara AF, Dasgupta P, Kemper C. CD46: the ‘multitasker’ of
complement proteins. Int J Biochem Cell Biol (2013) 45(12):2808–20. doi:
10.1016/j.biocel.2013.09.016

63. Hakulinen J, Junnikkala S, Sorsa T, Meri S. Complement inhibitor
membrane cofactor protein (MCP; CD46) is constitutively shed from
cancer cell membranes in vesicles and converted by a metalloproteinase to
February 2021 | Volume 12 | Article 629986

https://doi.org/10.1016/0306-4522(94)90473-1
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1038/nri3761
https://doi.org/10.1038/nri3761
https://doi.org/10.1016/j.immuni.2015.05.024
https://doi.org/10.1016/j.immuni.2015.05.024
https://doi.org/10.1016/j.immuni.2020.02.006
https://doi.org/10.1038/s41583-018-0070-8
https://doi.org/10.1038/s41583-018-0070-8
https://doi.org/10.3389/fnins.2019.00916
https://doi.org/10.3389/fnins.2019.00916
https://doi.org/10.1038/nature18626
https://doi.org/10.1016/j.cell.2020.06.026
https://doi.org/10.1016/j.cell.2019.10.001
https://doi.org/10.1007/978-1-62703-724-2_1
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.1111/cei.12952
https://doi.org/10.1182/blood-2008-04-151068
https://doi.org/10.1084/jem.20040863
https://doi.org/10.1016/j.immuni.2008.02.001
https://doi.org/10.1084/jem.20151159
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1038/ni.2556
https://doi.org/10.3389/fimmu.2015.00001
https://doi.org/10.1038/ncomms13683
https://doi.org/10.1038/nature06322
https://doi.org/10.1016/j.immuni.2009.04.014
https://doi.org/10.4049/jimmunol.178.4.2163
https://doi.org/10.1016/j.immuni.2009.05.001
https://doi.org/10.1084/jem.20190613
https://doi.org/10.1007/s10059-012-2297-y
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1111/imr.12655
https://doi.org/10.1016/j.immuni.2009.05.006
https://doi.org/10.1038/s41467-018-06706-z
https://doi.org/10.1016/j.it.2004.07.004
https://doi.org/10.4049/jimmunol.168.12.6298
https://doi.org/10.4049/jimmunol.168.12.6298
https://doi.org/10.1128/JVI.78.9.4385-4388.2004
https://doi.org/10.4049/jimmunol.169.10.5405
https://doi.org/10.4049/jimmunol.167.12.6780
https://doi.org/10.4049/jimmunol.167.12.6780
https://doi.org/10.4049/jimmunol.1900527
https://doi.org/10.4049/jimmunol.0900522
https://doi.org/10.1016/j.biocel.2013.09.016
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kunz and Kemper The Complosome as Behavioral Modulator?
a functionally active soluble form. Eur J Immunol (2004) 34(9):2620–9. doi:
10.1002/eji.200424969

64. Chang CH, Curtis JD, Maggi LB, Jr., Faubert B, Villarino AV, O’Sullivan D,
et al. Posttranscriptional control of T cell effector function by aerobic
glycolysis. Cell (2013) 153(6):1239–51. doi: 10.1016/j.cell.2013.05.016

65. Le Friec G, Sheppard D, Whiteman P, Karsten CM, Shamoun SA, Laing A,
et al. The CD46-Jagged1 interaction is critical for human TH1 immunity.
Nat Immunol (2012) 13(12):1213–21. doi: 10.1038/ni.2454

66. Ghannam A, Fauquert JL, Thomas C, Kemper C, Drouet C. Human
complement C3 deficiency: Th1 induction requires T cell-derived
complement C3a and CD46 activation. Mol Immunol (2014) 58(1):98–
107. doi: 10.1016/j.molimm.2013.11.010

67. Vijayaraghavan J, Osborne BA. Notch and T Cell Function - A Complex Tale.
Adv Exp Med Biol (2018) 1066:339–54. doi: 10.1007/978-3-319-89512-3_17

68. Dardalhon V, Korn T, Kuchroo VK, Anderson AC. Role of Th1 and Th17
cells in organ-specific autoimmunity. J Autoimmun (2008) 31(3):252–6. doi:
10.1016/j.jaut.2008.04.017

69. Bosshardt SC, Freeman GL, Jr., Secor WE, Colley DG. IL-10 deficit correlates
with chronic, hypersplenomegaly syndrome in male CBA/J mice infected
with Schistosoma mansoni. Parasit Immunol (1997) 19(8):347–53. doi:
10.1046/j.1365-3024.1997.d01-224.x

70. Sher A, Fiorentino D, Caspar P, Pearce E, Mosmann T. Production of IL-10
by CD4+ T lymphocytes correlates with down-regulation of Th1 cytokine
synthesis in helminth infection. J Immunol (1991) 147(8):2713–6.

71. Cardone J, Le Friec G, Vantourout P, Roberts A, Fuchs A, Jackson I, et al.
Complement regulator CD46 temporally regulates cytokine production by
conventional and unconventional T cells. Nat Immunol (2010) 11(9):862–
71. doi: 10.1038/ni.1917

72. Hess C, Kemper C. Complement-Mediated Regulation of Metabolism and
Basic Cellular Processes. Immunity (2016) 45(2):240–54. doi: 10.1016/
j.immuni.2016.08.003

73. West EE, Kunz N, Kemper C. Complement and human T cell metabolism:
Location, location, location. Immunol Rev (2020) 295(1):68–81. doi:
10.1111/imr.12852

74. Perucha E, Melchiotti R, Bibby JA, WuW, Frederiksen KS, Roberts CA, et al.
The cholesterol biosynthesis pathway regulates IL-10 expression in human
Th1 cells. Nat Commun (2019) 10(1):498. doi: 10.1038/s41467-019-08332-9

75. Astier AL, Meiffren G, Freeman S, Hafler DA. Alterations in CD46-mediated
Tr1 regulatory T cells in patients with multiple sclerosis. J Clin Invest (2006)
116(12):3252–7. doi: 10.1172/JCI29251

76. Ellinghaus U, Cortini A, Pinder CL, Le Friec G, Kemper C, Vyse TJ. Dysregulated
CD46 shedding interferes with Th1-contraction in systemic lupus erythematosus.
Eur J Immunol (2017) 47(7):1200–10. doi: 10.1002/eji.201646822

77. Arbore G, Ong VH, Costantini B, Denton CP, Abraham D, Placais L, et al.
Deep phenotyping detects a pathological CD4(+) T-cell complosome
signature in systemic sclerosis. Cell Mol Immunol (2020) 17(9):1010–3.
doi: 10.1038/s41423-019-0360-8

78. Arbore G, Kemper C, Kolev M. Intracellular complement - the complosome
- in immune cell regulation. Mol Immunol (2017) 89:2–9. doi: 10.1016/
j.molimm.2017.05.012

79. Ghannam A, Pernollet M, Fauquert JL, Monnier N, Ponard D, Villiers MB,
et al. Human C3 deficiency associated with impairments in dendritic cell
differentiation, memory B cells, and regulatory T cells. J Immunol (2008) 181
(7):5158–66. doi: 10.4049/jimmunol.181.7.5158

80. Kulkarni HS, Elvington ML, Perng YC, Liszewski MK, Byers DE, Farkouh C,
et al. Intracellular C3 Protects Human Airway Epithelial Cells from Stress-
associated Cell Death. Am J Respir Cell Mol Biol (2019) 60(2):144–57. doi:
10.1165/rcmb.2017-0405OC

81. Walling BL, Kim M. LFA-1 in T Cell Migration and Differentiation. Front
Immunol (2018) 9:952. doi: 10.3389/fimmu.2018.00952

82. Merle NS, Singh P, Rahman J, Kemper C. Integrins meet complement: The
evolutionary tip of an iceberg orchestrating metabolism and immunity. Br J
Pharmacol (2020). 1–17. doi: 10.1111/bph.15168

83. Jameson SC, Masopust D. Understanding Subset Diversity in T Cell Memory.
Immunity (2018) 48(2):214–26. doi: 10.1016/j.immuni.2018.02.010
Frontiers in Immunology | www.frontiersin.org 17
84. Abraham C, Griffith J, Miller J. The dependence for leukocyte function-
associated antigen-1/ICAM-1 interactions in T cell activation cannot be
overcome by expression of high density TCR ligand. J Immunol (1999) 162
(8):4399–405.

85. Chirathaworn C, Kohlmeier JE, Tibbetts SA, Rumsey LM, Chan MA,
Benedict SH. Stimulation through intercellular adhesion molecule-1
provides a second signal for T cell activation. J Immunol (2002) 168
(11):5530–7. doi: 10.4049/jimmunol.168.11.5530

86. Varga G, Nippe N, Balkow S, Peters T, Wild MK, Seeliger S, et al. LFA-1
contributes to signal I of T-cell activation and to the production of T(h)1
cytokines. J Invest Dermatol (2010) 130(4):1005–12. doi: 10.1038/jid.2009.398

87. Hogg N, Patzak I, Willenbrock F. The insider’s guide to leukocyte integrin
signalling and function. Nat Rev Immunol (2011) 11(6):416–26. doi:
10.1038/nri2986

88. Monks CR, Freiberg BA, Kupfer H, Sciaky N, Kupfer A. Three-dimensional
segregation of supramolecular activation clusters in T cells. Nature (1998)
395(6697):82–6. doi: 10.1038/25764

89. Verma NK, Fazil MH, Ong ST, Chalasani ML, Low JH, Kottaiswamy A, et al.
LFA-1/ICAM-1 Ligation in Human T Cells Promotes Th1 Polarization
through a GSK3b Signaling-Dependent Notch Pathway. J Immunol (2016)
197(1):108–18. doi: 10.4049/jimmunol.1501264

90. Ata R, Antonescu CN. Integrins and Cell Metabolism: An Intimate
Relationship Impacting Cancer. Int J Mol Sci (2017) 18(1):189. doi:
10.3390/ijms18010189

91. Parameswaran N, Suresh R, Bal V, Rath S, George A. Lack of ICAM-1 on
APCs during T cell priming leads to poor generation of central memory cells.
J Immunol (2005) 175(4):2201–11. doi: 10.4049/jimmunol.175.4.2201

92. Badell IR, Russell MC, Thompson PW, Turner AP, Weaver TA, Robertson
JM, et al. LFA-1-specific therapy prolongs allograft survival in rhesus
macaques. J Clin Invest (2010) 120(12):4520–31. doi: 10.1172/JCI43895

93. Thatte J, Dabak V, Williams MB, Braciale TJ, Ley K. LFA-1 is required for
retention of effector CD8 T cells in mouse lungs. Blood (2003) 101(12):4916–
22. doi: 10.1182/blood-2002-10-3159

94. McNamara HA, Cai Y, Wagle MV, Sontani Y, Roots CM, Miosge LA, et al.
Up-regulation of LFA-1 allows liver-resident memory T cells to patrol and
remain in the hepatic sinusoids. Sci Immunol (2017) 2(9):eaaj1996. doi:
10.1126/sciimmunol.aaj1996

95. Konjar S, Veldhoen M. Dynamic Metabolic State of Tissue Resident CD8 T
Cells. Front Immunol (2019) 10:1683. doi: 10.3389/fimmu.2019.01683

96. Buck MD, Sowell RT, Kaech SM, Pearce EL. Metabolic Instruction of
Immunity. Cell (2017) 169(4):570–86. doi: 10.1016/j.cell.2017.04.004

97. Yan B, Freiwald T, Chauss D, Wang L, West E, Bibby J, et al. SARS-CoV2
drives JAK1/2-dependent local and systemic complement hyper-activation.
Res Sq (2020). doi: 10.21203/rs.3.rs-33390/v1

98. Brown RE. Why Study the History of Neuroscience? Front Behav Neurosci
(2019) 13:82. doi: 10.3389/fnbeh.2019.00082

99. Stephan AH, Barres BA, Stevens B. The complement system: an unexpected
role in synaptic pruning during development and disease. Annu Rev
Neurosci (2012) 35:369–89. doi: 10.1146/annurev-neuro-061010-113810

100. Presumey J, Bialas AR, Carroll MC. Complement System in Neural Synapse
Elimination in Development and Disease. Adv Immunol (2017) 135:53–79.
doi: 10.1016/bs.ai.2017.06.004

101. Tenner AJ, Stevens B, Woodruff TM. New tricks for an ancient system:
Physiological and pathological roles of complement in the CNS. Mol
Immunol (2018) 102:3–13. doi: 10.1016/j.molimm.2018.06.264

102. Lee JD, Coulthard LG, Woodruff TM. Complement dysregulation in the
central nervous system during development and disease. Semin Immunol
(2019) 45:101340. doi: 10.1016/j.smim.2019.101340

103. Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR,
Yamasaki R, et al. Microglia sculpt postnatal neural circuits in an activity
and complement-dependent manner. Neuron (2012) 74(4):691–705. doi:
10.1016/j.neuron.2012.03.026

104. McLin VA, Hu CH, Shah R, Jamrich M. Expression of complement components
coincides with early patterning and organogenesis in Xenopus laevis. Int J Dev
Biol (2008) 52(8):1123–33. doi: 10.1387/ijdb.072465v
February 2021 | Volume 12 | Article 629986

https://doi.org/10.1002/eji.200424969
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1038/ni.2454
https://doi.org/10.1016/j.molimm.2013.11.010
https://doi.org/10.1007/978-3-319-89512-3_17
https://doi.org/10.1016/j.jaut.2008.04.017
https://doi.org/10.1046/j.1365-3024.1997.d01-224.x
https://doi.org/10.1038/ni.1917
https://doi.org/10.1016/j.immuni.2016.08.003
https://doi.org/10.1016/j.immuni.2016.08.003
https://doi.org/10.1111/imr.12852
https://doi.org/10.1038/s41467-019-08332-9
https://doi.org/10.1172/JCI29251
https://doi.org/10.1002/eji.201646822
https://doi.org/10.1038/s41423-019-0360-8
https://doi.org/10.1016/j.molimm.2017.05.012
https://doi.org/10.1016/j.molimm.2017.05.012
https://doi.org/10.4049/jimmunol.181.7.5158
https://doi.org/10.1165/rcmb.2017-0405OC
https://doi.org/10.3389/fimmu.2018.00952
https://doi.org/10.1111/bph.15168
https://doi.org/10.1016/j.immuni.2018.02.010
https://doi.org/10.4049/jimmunol.168.11.5530
https://doi.org/10.1038/jid.2009.398
https://doi.org/10.1038/nri2986
https://doi.org/10.1038/25764
https://doi.org/10.4049/jimmunol.1501264
https://doi.org/10.3390/ijms18010189
https://doi.org/10.4049/jimmunol.175.4.2201
https://doi.org/10.1172/JCI43895
https://doi.org/10.1182/blood-2002-10-3159
https://doi.org/10.1126/sciimmunol.aaj1996
https://doi.org/10.3389/fimmu.2019.01683
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.21203/rs.3.rs-33390/v1
https://doi.org/10.3389/fnbeh.2019.00082
https://doi.org/10.1146/annurev-neuro-061010-113810
https://doi.org/10.1016/bs.ai.2017.06.004
https://doi.org/10.1016/j.molimm.2018.06.264
https://doi.org/10.1016/j.smim.2019.101340
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1387/ijdb.072465v
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kunz and Kemper The Complosome as Behavioral Modulator?
105. Denny KJ, Coulthard LG, Jeanes A, Lisgo S, Simmons DG, Callaway LK, et al.
C5a receptor signaling prevents folate deficiency-induced neural tube defects
in mice. J Immunol (2013) 190(7):3493–9. doi: 10.4049/jimmunol.1203072

106. Benoit ME, Tenner AJ. Complement protein C1q-mediated neuroprotection
is correlated with regulation of neuronal gene and microRNA expression. J
Neurosci (2011) 31(9):3459–69. doi: 10.1523/JNEUROSCI.3932-10.2011

107. Schafer DP, Stevens B. Synapse elimination during development and disease:
immune molecules take centre stage. Biochem Soc Trans (2010) 38(2):476–
81. doi: 10.1042/BST0380476

108. Crider A, Feng T, Pandya CD, Davis T, Nair A, Ahmed AO, et al.
Complement component 3a receptor deficiency attenuates chronic stress-
induced monocyte infiltration and depressive-like behavior. Brain Behav
Immun (2018) 70:246–56. doi: 10.1016/j.bbi.2018.03.004

109. Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kamitaki N, et al.
Schizophrenia risk from complex variation of complement component 4.
Nature (2016) 530(7589):177–83. doi: 10.1038/nature16549

110. Hawksworth OA, Coulthard LG, Mantovani S, Woodruff TM. Complement
in stem cells and development. Semin Immunol (2018) 37:74–84. doi:
10.1016/j.smim.2018.02.009

111. Carpanini SM, Torvell M, Morgan BP. Therapeutic Inhibition of the
Complement System in Diseases of the Central Nervous System. Front
Immunol (2019) 10:362. doi: 10.3389/fimmu.2019.00362

112. Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, et al.
Genome-wide association study identifies variants at CLU and CR1
associated with Alzheimer’s disease. Nat Genet (2009) 41(10):1094–9. doi:
10.1038/ng.439

113. Donnenfeld H, Kascsak RJ, Bartfeld H. Deposits of IgG and C3 in the spinal
cord and motor cortex of ALS patients. J Neuroimmunol (1984) 6(1):51–7.
doi: 10.1016/0165-5728(84)90042-0

114. Singhrao SK, Neal JW, Morgan BP, Gasque P. Increased complement
biosynthesis by microglia and complement activation on neurons in
Huntington’s disease. Exp Neurol (1999) 159(2):362–76. doi: 10.1006/
exnr.1999.7170

115. Loeffler DA, Camp DM, Conant SB. Complement activation in the
Parkinson’s disease substantia nigra: an immunocytochemical study. J
Neuroinflammation (2006) 3:29. doi: 10.1186/1742-2094-3-29

116. Compston DA, Morgan BP, Campbell AK, Wilkins P, Cole G, Thomas ND,
et al. Immunocytochemical localization of the terminal complement complex
in multiple sclerosis. Neuropathol Appl Neurobiol (1989) 15(4):307–16. doi:
10.1111/j.1365-2990.1989.tb01231.x

117. Nytrova P, Potlukova E, Kemlink D, Woodhall M, Horakova D, Waters P,
et al. Complement activation in patients with neuromyelitis optica. J
Neuroimmunol (2014) 274(1-2):185–91. doi: 10.1016/j.jneuroim.2014.07.001

118. Watts ME, Pocock R, Claudianos C. Brain Energy and Oxygen Metabolism:
Emerging Role in Normal Function and Disease. Front Mol Neurosci (2018)
11:216. doi: 10.3389/fnmol.2018.00216

119. Ghebrehiwet B, Hosszu KH, Peerschke EI. C1q as an autocrine and paracrine
regulator of cellular functions. Mol Immunol (2017) 84:26–33. doi: 10.1016/
j.molimm.2016.11.003

120. Ling GS, Crawford G, Buang N, Bartok I, Tian K, Thielens NM, et al. C1q
restrains autoimmunity and viral infection by regulating CD8(+) T cell
metabolism. Science (2018) 360(6388):558–63. doi: 10.1126/science.aao4555

121. Chen ZL, Su YJ, Zhang HL, Gu PQ, Gao LJ. The role of the globular heads of
the C1q receptor in HPV-16 E2-induced human cervical squamous
carcinoma cell apoptosis via a mitochondria-dependent pathway. J Transl
Med (2014) 12:286. doi: 10.1186/s12967-014-0286-y

122. Rahman J, Singh P, Merle NS, Niyonzima N, Kemper C. Complement’s
favourite organelle-Mitochondria? Br J Pharmacol (2020). 1–16. doi:
10.1111/bph.15238

123. McAfoose J, Baune BT. Evidence for a cytokine model of cognitive function.
Neurosci Biobehav Rev (2009) 33(3):355–66. doi: 10.1016/j.neubiorev.2008.10.005

124. Wong G, Goldshmit Y, Turnley AM. Interferon-gamma but not TNF alpha
promotes neuronal differentiation and neurite outgrowth of murine adult
neural stem cells. Exp Neurol (2004) 187(1):171–7. doi: 10.1016/
j.expneurol.2004.01.009

125. Song JH, Wang CX, Song DK, Wang P, Shuaib A, Hao C. Interferon gamma
induces neurite outgrowth by up-regulation of p35 neuron-specific cyclin-
Frontiers in Immunology | www.frontiersin.org 18
dependent kinase 5 activator via activation of ERK1/2 pathway. J Biol Chem
(2005) 280(13):12896–901. doi: 10.1074/jbc.M412139200

126. Kim SJ, Son TG, Kim K, Park HR, Mattson MP, Lee J. Interferon-gamma
promotes differentiation of neural progenitor cells via the JNK pathway.
Neurochem Res (2007) 32(8):1399–406. doi: 10.1007/s11064-007-9323-z

127. Barish ME, Mansdorf NB, Raissdana SS. g-Interferon promotes
differentiation of cultured cortical and hippocampal neurons. Dev Biol
(1991) 144(2):412–23. doi: 10.1016/0012-1606(91)90433-4

128. Perez-Asensio FJ, Perpina U, Planas AM, Pozas E. Interleukin-10 regulates
progenitor differentiation and modulates neurogenesis in adult brain. J Cell
Sci (2013) 126(Pt 18):4208–19. doi: 10.1242/jcs.127803

129. Lim SH, Park E, You B, Jung Y, Park AR, Park SG, et al. Neuronal synapse
formation induced by microglia and interleukin 10. PloS One (2013) 8(11):
e81218. doi: 10.1371/journal.pone.0081218

130. Reyes-Vazquez C, Prieto-Gomez B, Dafny N. Interferon modulates central
nervous system function. Brain Res (2012) 1442:76–89. doi: 10.1016/
j.brainres.2011.09.061

131. Schoenborn JR, Wilson CB. Regulation of interferon-gamma during innate
and adaptive immune responses. Adv Immunol (2007) 96:41–101. doi:
10.1016/S0065-2776(07)96002-2

132. Gao X, Gillig TA, Ye P, D’Ercole AJ, Matsushima GK, Popko B. Interferon-
gamma protects against cuprizone-induced demyelination.Mol Cell Neurosci
(2000) 16(4):338–49. doi: 10.1006/mcne.2000.0883

133. Fantetti KN, Gray EL, Ganesan P, Kulkarni A, O’Donnell LA. Interferon
gamma protects neonatal neural stem/progenitor cells during measles virus
infection of the brain. J Neuroinflammation (2016) 13(1):107. doi: 10.1186/
s12974-016-0571-1

134. Abd-El-Basset EM, Rao MS, Alsaqobi A. Interferon-Gamma and Interleukin-
1Beta Enhance the Secretion of Brain-Derived Neurotrophic Factor and
Promotes the Survival of Cortical Neurons in Brain Injury. Neurosci Insights
(2020) 15:2633105520947081. doi: 10.1177/2633105520947081

135. Baron R, Nemirovsky A, Harpaz I, Cohen H, Owens T, Monsonego A. IFN-
gamma enhances neurogenesis in wild-type mice and in a mouse model of
Alzheimer’s disease. FASEB J (2008) 22(8):2843–52. doi: 10.1096/fj.08-
105866

136. Garber C, Soung A, Vollmer LL, Kanmogne M, Last A, Brown J, et al. T cells
promote microglia-mediated synaptic elimination and cognitive dysfunction
during recovery from neuropathogenic flaviviruses. Nat Neurosci (2019) 22
(8):1276–88. doi: 10.1038/s41593-019-0427-y

137. Barnum SR, Jones JL, Benveniste EN. Interferon-gamma regulation of C3
gene expression in human astroglioma cells. J Neuroimmunol (1992) 38
(3):275–82. doi: 10.1016/0165-5728(92)90020-L

138. Monteiro S, Roque S, Marques F, Correia-Neves M, Cerqueira JJ. Brain
interference: Revisiting the role of IFNgamma in the central nervous system.
Prog Neurobiol (2017) 156:149–63. doi: 10.1016/j.pneurobio.2017.05.003

139. Cano P, Cardinali DP, Jimenez V, Alvarez MP, Cutrera RA, Esquifino AI.
Effect of interferon-gamma treatment on 24-hour variations in plasma
ACTH, growth hormone, prolactin, luteinizing hormone and follicle-
stimulating hormone of male rats. Neuroimmunomodulation (2005) 12
(3):146–51. doi: 10.1159/000084846

140. Morikawa O, Sakai N, Obara H, Saito N. Effects of interferon-a, interferon-g
and cAMP on the transcriptional regulation of the serotonin transporter. Eur
J Pharmacol (1998) 349(2-3):317–24. doi: 10.1016/S0014-2999(98)00187-3

141. Janach GMS, Reetz O, Dohne N, Stadler K, Grosser S, Byvaltcev E, et al.
Interferon-gamma acutely augments inhibition of neocortical layer 5 pyramidal
neurons. J Neuroinflamm (2020) 17(1):69. doi: 10.1186/s12974-020-1722-y

142. Litteljohn D, Nelson E, Hayley S. IFN-gamma differentially modulates
memory-related processes under basal and chronic stressor conditions.
Front Cell Neurosci (2014) 8:391. doi: 10.3389/fncel.2014.00391

143. Litteljohn D, Cummings A, Brennan A, Gill A, Chunduri S, Anisman H, et al.
Interferon-gamma deficiency modifies the effects of a chronic stressor in
mice: Implications for psychological pathology. Brain Behav Immun (2010)
24(3):462–73. doi: 10.1016/j.bbi.2009.12.001

144. Kwant A, Sakic B. Behavioral effects of infection with interferon-gamma
adenovector. Behav Brain Res (2004) 151(1-2):73–82. doi: 10.1016/j.bbr.2003.08.008

145. Murakami Y, Ishibashi T, Tomita E, Imamura Y, Tashiro T, Watcharanurak
K, et al. Depressive symptoms as a side effect of Interferon-alpha therapy
February 2021 | Volume 12 | Article 629986

https://doi.org/10.4049/jimmunol.1203072
https://doi.org/10.1523/JNEUROSCI.3932-10.2011
https://doi.org/10.1042/BST0380476
https://doi.org/10.1016/j.bbi.2018.03.004
https://doi.org/10.1038/nature16549
https://doi.org/10.1016/j.smim.2018.02.009
https://doi.org/10.3389/fimmu.2019.00362
https://doi.org/10.1038/ng.439
https://doi.org/10.1016/0165-5728(84)90042-0
https://doi.org/10.1006/exnr.1999.7170
https://doi.org/10.1006/exnr.1999.7170
https://doi.org/10.1186/1742-2094-3-29
https://doi.org/10.1111/j.1365-2990.1989.tb01231.x
https://doi.org/10.1016/j.jneuroim.2014.07.001
https://doi.org/10.3389/fnmol.2018.00216
https://doi.org/10.1016/j.molimm.2016.11.003
https://doi.org/10.1016/j.molimm.2016.11.003
https://doi.org/10.1126/science.aao4555
https://doi.org/10.1186/s12967-014-0286-y
https://doi.org/10.1111/bph.15238
https://doi.org/10.1016/j.neubiorev.2008.10.005
https://doi.org/10.1016/j.expneurol.2004.01.009
https://doi.org/10.1016/j.expneurol.2004.01.009
https://doi.org/10.1074/jbc.M412139200
https://doi.org/10.1007/s11064-007-9323-z
https://doi.org/10.1016/0012-1606(91)90433-4
https://doi.org/10.1242/jcs.127803
https://doi.org/10.1371/journal.pone.0081218
https://doi.org/10.1016/j.brainres.2011.09.061
https://doi.org/10.1016/j.brainres.2011.09.061
https://doi.org/10.1016/S0065-2776(07)96002-2
https://doi.org/10.1006/mcne.2000.0883
https://doi.org/10.1186/s12974-016-0571-1
https://doi.org/10.1186/s12974-016-0571-1
https://doi.org/10.1177/2633105520947081
https://doi.org/10.1096/fj.08-105866
https://doi.org/10.1096/fj.08-105866
https://doi.org/10.1038/s41593-019-0427-y
https://doi.org/10.1016/0165-5728(92)90020-L
https://doi.org/10.1016/j.pneurobio.2017.05.003
https://doi.org/10.1159/000084846
https://doi.org/10.1016/S0014-2999(98)00187-3
https://doi.org/10.1186/s12974-020-1722-y
https://doi.org/10.3389/fncel.2014.00391
https://doi.org/10.1016/j.bbi.2009.12.001
https://doi.org/10.1016/j.bbr.2003.08.008
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kunz and Kemper The Complosome as Behavioral Modulator?
induced by induction of indoleamine 2,3-dioxygenase 1. Sci Rep (2016)
6:29920. doi: 10.1038/srep29920

146. Kustova Y, Sei Y, Morse HC Jr., Basile AS. The influence of a targeted
deletion of the IFNgamma gene on emotional behaviors. Brain Behav Immun
(1998) 12(4):308–24. doi: 10.1006/brbi.1998.0546

147. Pinto EF, Andrade C. Interferon-Related Depression: A Primer on Mechanisms,
Treatment, and Prevention of a Common Clinical Problem. Curr
Neuropharmacol (2016) 14(7):743–8. doi: 10.2174/1570159X14666160106155129

148. Oxenkrug G, Perianayagam M, Mikolich D, Requintina P, Shick L, Ruthazer
R, et al. Interferon-gamma (+874) T/A genotypes and risk of IFN-alpha-
induced depression. J Neural Transm (Vienna) (2011) 118(2):271–4. doi:
10.1007/s00702-010-0525-1

149. Dahl J, Ormstad H, Aass HC, Malt UF, Bendz LT, Sandvik L, et al. The
plasma levels of various cytokines are increased during ongoing depression
and are reduced to normal levels after recovery. Psychoneuroendocrinology
(2014) 45:77–86. doi: 10.1016/j.psyneuen.2014.03.019

150. Gabbay V, Klein RG, Alonso CM, Babb JS, Nishawala M, De Jesus G, et al.
Immune system dysregulation in adolescent major depressive disorder. J
Affect Disord (2009) 115(1-2):177–82. doi: 10.1016/j.jad.2008.07.022

151. Simon NM, McNamara K, Chow CW, Maser RS, Papakostas GI, Pollack
MH, et al. A detailed examination of cytokine abnormalities in Major
Depressive Disorder. Eur Neuropsychopharmacol (2008) 18(3):230–3. doi:
10.1016/j.euroneuro.2007.06.004

152. Kawanokuchi J, Mizuno T, Takeuchi H, Kato H, Wang J, Mitsuma N, et al.
Production of interferon-gamma by microglia. Mult Scler (2006) 12(5):558–
64. doi: 10.1177/1352458506070763

153. Lau LT, Yu AC. Astrocytes produce and release interleukin-1, interleukin-6, tumor
necrosis factor alpha and interferon-gamma following traumatic and metabolic
injury. J Neurotrauma (2001) 18(3):351–9. doi: 10.1089/08977150151071035

154. BanksWA, Kastin AJ, Broadwell RD. Passage of cytokines across the blood-brain
barrier. Neuroimmunomodulation (1995) 2(4):241–8. doi: 10.1159/000097202

155. Rustenhoven J, Kipnis J. Bypassing the blood-brain barrier. Science (2019)
366(6472):1448–9. doi: 10.1126/science.aay0479

156. Kipnis J. Multifaceted interactions between adaptive immunity and the
central nervous system. Science (2016) 353(6301):766–71. doi: 10.1126/
science.aag2638

157. Maes M. Negative Immunoregulatory Effects of Antidepressants Inhibition of
Interferon-g and Stimulation of Interleukin-10 Secretion.Neuropsychopharmacology
(1999) 20(4):370–9. doi: 10.1016/S0893-133X(98)00088-8

158. Kubera M, Lin AH, Kenis G, Bosmans E, van Bockstaele D, Maes M. Anti-
Inflammatory effects of antidepressants through suppression of the
interferon-gamma/interleukin-10 production ratio. J Clin Psychopharmacol
(2001) 21(2):199–206. doi: 10.1097/00004714-200104000-00012

159. Baumeister D, Ciufolini S, Mondelli V. Effects of psychotropic drugs on
inflammation: consequence or mediator of therapeutic effects in psychiatric
treatment? Psychopharmacology (2015) 233(9):1575–89. doi: 10.1007/
s00213-015-4044-5

160. Xia Z, Depierre JW, Nässberger L. Tricyclic antidepressants inhibit IL-6, IL-
1b and TNF-a release in human blood monocytes and IL-2 and interferon-g
in T cells. Immunopharmacology (1996) 34(1):27–37. doi: 10.1016/0162-
3109(96)00111-7

161. Xia Z, DePierre JW, Nassberger L. Modulation of apoptosis induced by
tricyclic antidepressants in human peripheral lymphocytes. J Biochem Mol
Toxicol (1998) 12(2):115–23. doi: 10.1002/(SICI)1099-0461(1998)12:2<115::
AID-JBT6>3.0.CO;2-O

162. Laffer B, Bauer D, Wasmuth S, Busch M, Jalilvand TV, Thanos S, et al. Loss
of IL-10 Promotes Differentiation of Microglia to a M1 Phenotype. Front Cell
Neurosci (2019) 13:430. doi: 10.3389/fncel.2019.00430

163. Strle K, Zhou JH, Shen WH, Broussard SR, Johnson RW, Freund GG, et al.
Interleukin-10 in the brain. Crit Rev Immunol (2001) 21(5):427–49. doi:
10.1615/CritRevImmunol.v21.i5.20

164. Mesquita AR, Correia-Neves M, Roque S, Castro AG, Vieira P, Pedrosa J,
et al. IL-10 modulates depressive-like behavior. J Psychiatr Res (2008) 43
(2):89–97. doi: 10.1016/j.jpsychires.2008.02.004

165. Smith SM, Vale WW. The role of the hypothalamic-pituitary-adrenal axis in
neuroendocrine responses to stress.Dialogues Clin Neurosci (2006) 8(4):383–
95. doi: 10.31887/DCNS.2006.8.4/ssmith
Frontiers in Immunology | www.frontiersin.org 19
166. Varghese FP, Brown ES. The Hypothalamic-Pituitary-Adrenal Axis in Major
Depressive Disorder: A Brief Primer for Primary Care Physicians. Prim Care
Companion J Clin Psychiatry (2001) 3(4):151–5. doi: 10.4088/PCC.v03n0401

167. Worthen RJ, Garzon Zighelboim SS, Torres Jaramillo CS, Beurel E. Anti-
inflammatory IL-10 administration rescues depression-associated learning
and memory deficits in mice. J Neuroinflammation (2020) 17(1):246. doi:
10.1186/s12974-020-01922-1

168. Lobo-Silva D, Carriche GM, Castro AG, Roque S, Saraiva M. Balancing the
immune response in the brain: IL-10 and its regulation. J Neuroinflammation
(2016) 13(1):297. doi: 10.1186/s12974-016-0763-8

169. Chabot S, Williams G, Hamilton M, Sutherland G, Yong VW. Mechanisms
of IL-10 production in human microglia-T cell interaction. J Immunol (1999)
162(11):6819–28.

170. Galea I, Bechmann I, Perry VH. What is immune privilege (not)? Trends
Immunol (2007) 28(1):12–8. doi: 10.1016/j.it.2006.11.004

171. Mundt S, Greter M, Flugel A, Becher B. The CNS Immune Landscape from
the Viewpoint of a T Cell. Trends Neurosci (2019) 42(10):667–79. doi:
10.1016/j.tins.2019.07.008

172. Schlager C, Korner H, Krueger M, Vidoli S, Haberl M, Mielke D, et al.
Effector T-cell trafficking between the leptomeninges and the cerebrospinal
fluid. Nature (2016) 530(7590):349–+. doi: 10.1038/nature16939

173. Hickey WF, Hsu BL, Kimura H. T-lymphocyte entry into the central nervous
system. J Neurosci Res (1991) 28(2):254–60. doi: 10.1002/jnr.490280213

174. Steinbach K, Vincenti I, Kreutzfeldt M, Page N, Muschaweckh A, Wagner I,
et al. Brain-resident memory T cells represent an autonomous cytotoxic
barrier to viral infection. J Exp Med (2016) 213(8):1571–87. doi: 10.1084/
jem.20151916

175. Wakim LM, Woodward-Davis A, Bevan MJ. Memory T cells persisting
within the brain after local infection show functional adaptations to their
tissue of residence. Proc Natl Acad Sci United States America (2010) 107
(42):17872–9. doi: 10.1073/pnas.1010201107

176. Wakim LM,Woodward-Davis A, Liu R, Hu Y, Villadangos J, Smyth G, et al. The
molecular signature of tissue resident memory CD8 T cells isolated from the
brain. J Immunol (2012) 189(7):3462–71. doi: 10.4049/jimmunol.1201305

177. Urban SL, Jensen IJ, Shan Q, Pewe LL, Xue HH, Badovinac VP, et al.
Peripherally induced brain tissue-resident memory CD8(+) T cells mediate
protection against CNS infection. Nat Immunol (2020) 21(8):938–49. doi:
10.1038/s41590-020-0711-8

178. Ritzel RM, Crapser J, Patel AR, Verma R, Grenier JM, Chauhan A, et al. Age-
Associated Resident Memory CD8 T Cells in the Central Nervous System
Are Primed To Potentiate Inflammation after Ischemic Brain Injury. J
Immunol (2016) 196(8):3318–30. doi: 10.4049/jimmunol.1502021

179. Dulken BW, Buckley MT, Navarro Negredo P, Saligrama N, Cayrol R, Leeman
DS, et al. Single-cell analysis reveals T cell infiltration in old neurogenic niches.
Nature (2019) 571(7764):205–10. doi: 10.1038/s41586-019-1362-5

180. Butovsky O, Ziv Y, Schwartz A, Landa G, Talpalar AE, Pluchino S, et al.
Microglia activated by IL-4 or IFN-gamma differentially induce neurogenesis
and oligodendrogenesis from adult stem/progenitor cells. Mol Cell Neurosci
(2006) 31(1):149–60. doi: 10.1016/j.mcn.2005.10.006

181. Moalem G, Leibowitz-Amit R, Yoles E, Mor F, Cohen IR, Schwartz M.
Autoimmune T cells protect neurons from secondary degeneration after
central nervous system axotomy. Nat Med (1999) 5(1):49–55. doi: 10.1038/4734

182. Kipnis J, Cardon M, Avidan H, Lewitus GM, Mordechay S, Rolls A, et al.
Dopamine, through the extracellular signal-regulated kinase pathway,
downregulates CD4+CD25+ regulatory T-cell activity: implications for
neurodegeneration. J Neurosci (2004) 24(27):6133–43. doi: 10.1523/
JNEUROSCI.0600-04.2004

183. Radjavi A, Smirnov I, Kipnis J. Brain antigen-reactive CD4+ T cells are
sufficient to support learning behavior in mice with limited T cell repertoire.
Brain Behav Immun (2014) 35:58–63. doi: 10.1016/j.bbi.2013.08.013

184. Ribeiro M, Brigas HC, Temido-Ferreira M, Pousinha PA, Regen T, Santa C,
et al. Meningeal gammadelta T cell-derived IL-17 controls synaptic plasticity
and short-term memory. Sci Immunol (2019) 4(40):eay5199. doi: 10.1126/
sciimmunol.aay5199

185. Reed MD, Yim YS, Wimmer RD, Kim H, Ryu C, Welch GM, et al. IL-17a
promotes sociability in mouse models of neurodevelopmental disorders.
Nature (2020) 577(7789):249–53. doi: 10.1038/s41586-019-1843-6
February 2021 | Volume 12 | Article 629986

https://doi.org/10.1038/srep29920
https://doi.org/10.1006/brbi.1998.0546
https://doi.org/10.2174/1570159X14666160106155129
https://doi.org/10.1007/s00702-010-0525-1
https://doi.org/10.1016/j.psyneuen.2014.03.019
https://doi.org/10.1016/j.jad.2008.07.022
https://doi.org/10.1016/j.euroneuro.2007.06.004
https://doi.org/10.1177/1352458506070763
https://doi.org/10.1089/08977150151071035
https://doi.org/10.1159/000097202
https://doi.org/10.1126/science.aay0479
https://doi.org/10.1126/science.aag2638
https://doi.org/10.1126/science.aag2638
https://doi.org/10.1016/S0893-133X(98)00088-8
https://doi.org/10.1097/00004714-200104000-00012
https://doi.org/10.1007/s00213-015-4044-5
https://doi.org/10.1007/s00213-015-4044-5
https://doi.org/10.1016/0162-3109(96)00111-7
https://doi.org/10.1016/0162-3109(96)00111-7
https://doi.org/10.1002/(SICI)1099-0461(1998)12:23.0.CO;2-O
https://doi.org/10.1002/(SICI)1099-0461(1998)12:23.0.CO;2-O
https://doi.org/10.3389/fncel.2019.00430
https://doi.org/10.1615/CritRevImmunol.v21.i5.20
https://doi.org/10.1016/j.jpsychires.2008.02.004
https://doi.org/10.31887/DCNS.2006.8.4/ssmith
https://doi.org/10.4088/PCC.v03n0401
https://doi.org/10.1186/s12974-020-01922-1
https://doi.org/10.1186/s12974-016-0763-8
https://doi.org/10.1016/j.it.2006.11.004
https://doi.org/10.1016/j.tins.2019.07.008
https://doi.org/10.1038/nature16939
https://doi.org/10.1002/jnr.490280213
https://doi.org/10.1084/jem.20151916
https://doi.org/10.1084/jem.20151916
https://doi.org/10.1073/pnas.1010201107
https://doi.org/10.4049/jimmunol.1201305
https://doi.org/10.1038/s41590-020-0711-8
https://doi.org/10.4049/jimmunol.1502021
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1016/j.mcn.2005.10.006
https://doi.org/10.1038/4734
https://doi.org/10.1523/JNEUROSCI.0600-04.2004
https://doi.org/10.1523/JNEUROSCI.0600-04.2004
https://doi.org/10.1016/j.bbi.2013.08.013
https://doi.org/10.1126/sciimmunol.aay5199
https://doi.org/10.1126/sciimmunol.aay5199
https://doi.org/10.1038/s41586-019-1843-6
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kunz and Kemper The Complosome as Behavioral Modulator?
186. Walsh JT, Hendrix S, Boato F, Smirnov I, Zheng JJ, Lukens JR, et al. MHCII-
independent CD4(+) T cells protect injured CNS neurons via IL-4. J Clin
Invest (2015) 125(2):699–714. doi: 10.1172/JCI76210

187. Trajkovic V, Vuckovic O, Stosic-Grujicic S, Miljkovic D, Popadic D,
Markovic M, et al. Astrocyte-induced regulatory T cells mitigate CNS
autoimmunity. Glia (2004) 47(2):168–79. doi: 10.1002/glia.20046

188. Filipello F, Pozzi D, Proietti M, Romagnani A, Mazzitelli S, Matteoli M, et al.
Ectonucleotidase activity and immunosuppression in astrocyte-CD4 T cell
bidirectional signaling. Oncotarget (2016) 7(5):5143–56. doi: 10.18632/
oncotarget.6914

189. Dominguez-Villar M, Baecher-Allan CM, Hafler DA. Identification of T
helper type 1-like, Foxp3+ regulatory T cells in human autoimmune disease.
Nat Med (2011) 17(6):673–5. doi: 10.1038/nm.2389

190. Chen G, Tang L, Wei W, Li Z, Li Y, Duan X, et al. mTOR regulates
neuroprotective effect of immunized CD4+Foxp3+ T cells in optic nerve
ischemia. Sci Rep (2016) 6:37805. doi: 10.1038/srep37805

191. Rattazzi L, Piras G, Ono M, Deacon R, Pariante CM, D’Acquisto F. CD4(+)
but not CD8(+) T cells revert the impaired emotional behavior of
immunocompromised RAG-1-deficient mice. Transl Psychiatry (2013) 3:
e280. doi: 10.1038/tp.2013.54

192. Zarif H, Hosseiny S, Paquet A, Lebrigand K, Arguel MJ, Cazareth J, et al.
CD4(+) T Cells Have a Permissive Effect on Enriched Environment-Induced
Hippocampus Synaptic Plasticity. Front Synaptic Neurosci (2018) 10:14. doi:
10.3389/fnsyn.2018.00014

193. Wolf SA, Steiner B, Akpinarli A, Kammertoens T, Nassenstein C, Braun A,
et al. CD4-positive T lymphocytes provide a neuroimmunological link in the
control of adult hippocampal neurogenesis. J Immunol (2009) 182(7):3979–
84. doi: 10.4049/jimmunol.0801218

194. Kipnis J, Cohen H, Cardon M, Ziv Y, Schwartz M. T cell deficiency leads to
cognitive dysfunction: implications for therapeutic vaccination for
schizophrenia and other psychiatric conditions. Proc Natl Acad Sci U S A
(2004) 101(21):8180–5. doi: 10.1073/pnas.0402268101

195. Ron-Harel N, Segev Y, Lewitus GM, CardonM, Ziv Y, Netanely D, et al. Age-
dependent spatial memory loss can be partially restored by immune
activation. Rejuvenation Res (2008) 11(5):903–13. doi: 10.1089/rej.2008.0755

196. Ziv Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, et al. Immune
cells contribute to the maintenance of neurogenesis and spatial learning
abilities in adulthood. Nat Neurosci (2006) 9(2):268–75. doi: 10.1038/nn1629

197. Yau SY, Li A, So KF. Involvement of Adult Hippocampal Neurogenesis in
Learning and Forgetting. Neural Plast (2015) 2015:717958. doi: 10.1155/
2015/717958

198. Wolf SA, Steiner B, Wengner A, Lipp M, Kammertoens T, Kempermann G.
Adaptive peripheral immune response increases proliferation of neural
precursor cells in the adult hippocampus. FASEB J (2009) 23(9):3121–8.
doi: 10.1096/fj.08-113944

199. Derecki NC, Cardani AN, Yang CH, Quinnies KM, Crihfield A, Lynch KR,
et al. Regulation of learning and memory by meningeal immunity: a key role
for IL-4. J Exp Med (2010) 207(5):1067–80. doi: 10.1084/jem.20091419

200. Alberini CM, Cruz E, Descalzi G, Bessieres B, Gao V. Astrocyte glycogen and
lactate: New insights into learning and memory mechanisms. Glia (2018) 66
(6):1244–62. doi: 10.1002/glia.23250

201. Ressler KJ. Amygdala activity, fear, and anxiety: modulation by stress. Biol
Psychiatry (2010) 67(12):1117–9. doi: 10.1016/j.biopsych.2010.04.027

202. Rilett KC, Friedel M, Ellegood J, MacKenzie RN, Lerch JP, Foster JA. Loss of
T cells influences sex differences in behavior and brain structure. Brain Behav
Immun (2015) 46:249–60. doi: 10.1016/j.bbi.2015.02.016

203. Cushman J, Lo J, Huang Z, Wasserfall C, Petitto JM. Neurobehavioral
changes resulting from recombinase activation gene 1 deletion. Clin Diagn
Lab Immunol (2003) 10(1):13–8. doi: 10.1128/CDLI.10.1.13-18.2003

204. Brachman RA, Lehmann ML, Maric D, Herkenham M. Lymphocytes from
chronically stressed mice confer antidepressant-like effects to naive mice. J
Neurosci (2015) 35(4):1530–8. doi: 10.1523/JNEUROSCI.2278-14.2015

205. Lewitus GM, Wilf-Yarkoni A, Ziv Y, Shabat-Simon M, Gersner R, Zangen A,
et al. Vaccination as a Novel Approach for Treating Depressive Behavior.
Biol Psychiatry (2009) 65(4):283–8. doi: 10.1016/j.biopsych.2008.07.014
Frontiers in Immunology | www.frontiersin.org 20
206. Karnib N, El-Ghandour R, El Hayek L, Nasrallah P, Khalifeh M, Barmo N, et al.
Lactate is an antidepressant that mediates resilience to stress by modulating the
hippocampal levels and activity of histone deacetylases. Neuropsychopharmacology
(2019) 44(6):1152–62. doi: 10.1038/s41386-019-0313-z

207. Man K, Kutyavin VI, Chawla A. Tissue Immunometabolism: Development,
Physiology, and Pathobiology. Cell Metab (2017) 25(1):11–26. doi: 10.1016/
j.cmet.2016.08.016

208. Filiano AJ, Gadani SP, Kipnis J. How and why do T cells and their derived
cytokines affect the injured and healthy brain? Nat Rev Neurosci (2017) 18
(6):375–84. doi: 10.1038/nrn.2017.39

209. Kerschensteiner M, Gallmeier E, Behrens L, Leal VV, Misgeld T, Klinkert
WE, et al. Activated human T cells, B cells, and monocytes produce brain-
derived neurotrophic factor in vitro and in inflammatory brain lesions: a
neuroprotective role of inflammation? J Exp Med (1999) 189(5):865–70. doi:
10.1084/jem.189.5.865

210. Pallinger E, Csaba G. A hormone map of human immune cells showing the
presence of adrenocorticotropic hormone, triiodothyronine and endorphin
in immunophenotyped white blood cells. Immunology (2008) 123(4):584–9.
doi: 10.1111/j.1365-2567.2007.02731.x

211. Levite M. Neurotransmitters activate T-cells and elicit crucial functions via
neurotransmitter receptors. Curr Opin Pharmacol (2008) 8(4):460–71. doi:
10.1016/j.coph.2008.05.001

212. Kerage D, Sloan EK, Mattarollo SR, McCombe PA. Interaction of
neurotransmitters and neurochemicals with lymphocytes. J Neuroimmunol
(2019) 332:99–111. doi: 10.1016/j.jneuroim.2019.04.006

213. Slavich GM. Social Safety Theory: A Biologically Based Evolutionary
Perspective on Life Stress, Health, and Behavior. Annu Rev Clin Psychol
(2020) 16:265–95. doi: 10.1146/annurev-clinpsy-032816-045159

214. Miller AH, Raison CL. The role of inflammation in depression: from
evolutionary imperative to modern treatment target. Nat Rev Immunol
(2016) 16(1):22–34. doi: 10.1038/nri.2015.5

215. Anderson A, McMullan R. From head to tail it’s a 2 way street for neuro-
immune communication. Worm (2014) 3(3):e959425. doi: 10.4161/
21624046.2014.959425

216. Anderson A, Laurenson-Schafer H, Partridge FA, Hodgkin J, McMullan R.
Serotonergic chemosensory neurons modify the C. elegans immune response
by regulating G-protein signaling in epithelial cells. PloS Pathog (2013) 9(12):
e1003787. doi: 10.1371/journal.ppat.1003787

217. Reddy KC, Andersen EC, Kruglyak L, Kim DH. A polymorphism in npr-1 is
a behavioral determinant of pathogen susceptibility in C. elegans. Science
(2009) 323(5912):382–4. doi: 10.1126/science.1166527

218. Zhang Y, Lu H, Bargmann CI. Pathogenic bacteria induce aversive olfactory
learning in Caenorhabditis elegans. Nature (2005) 438(7065):179–84. doi:
10.1038/nature04216

219. Anyanful A, Easley KA, Benian GM, Kalman D. Conditioning protects C.
elegans from lethal effects of enteropathogenic E. coli by activating genes that
regulate lifespan and innate immunity. Cell Host Microbe (2009) 5(5):450–
62. doi: 10.1016/j.chom.2009.04.012

220. Chen C, Itakura E, Nelson GM, Sheng M, Laurent P, Fenk LA, et al. IL-17 is a
neuromodulator of Caenorhabditis elegans sensory responses. Nature (2017)
542(7639):43–8. doi: 10.1038/nature20818

221. Michieletto D, Lusic M, Marenduzzo D, Orlandini E. Physical principles of
retroviral integration in the human genome. Nat Commun (2019) 10(1):575.
doi: 10.1038/s41467-019-08333-8

222. Fasching L, Kapopoulou A, Sachdeva R, Petri R, Jonsson ME, Manne C, et al.
TRIM28 represses transcription of endogenous retroviruses in neural progenitor
cells. Cell Rep (2015) 10(1):20–8. doi: 10.1016/j.celrep.2014.12.004

223. Chuong EB, Elde NC, Feschotte C. Regulatory evolution of innate immunity
through co-option of endogenous retroviruses. Science (2016) 351
(6277):1083–7. doi: 10.1126/science.aad5497

224. Nataf S, Uriagereka J, Benitez-Burraco A. The Promoter Regions of
Intellectual Disability-Associated Genes Are Uniquely Enriched in LTR
Sequences of the MER41 Primate-Specific Endogenous Retrovirus: An
Evolutionary Connection Between Immunity and Cognition. Front Genet
(2019) 10:321. doi: 10.3389/fgene.2019.00321
February 2021 | Volume 12 | Article 629986

https://doi.org/10.1172/JCI76210
https://doi.org/10.1002/glia.20046
https://doi.org/10.18632/oncotarget.6914
https://doi.org/10.18632/oncotarget.6914
https://doi.org/10.1038/nm.2389
https://doi.org/10.1038/srep37805
https://doi.org/10.1038/tp.2013.54
https://doi.org/10.3389/fnsyn.2018.00014
https://doi.org/10.4049/jimmunol.0801218
https://doi.org/10.1073/pnas.0402268101
https://doi.org/10.1089/rej.2008.0755
https://doi.org/10.1038/nn1629
https://doi.org/10.1155/2015/717958
https://doi.org/10.1155/2015/717958
https://doi.org/10.1096/fj.08-113944
https://doi.org/10.1084/jem.20091419
https://doi.org/10.1002/glia.23250
https://doi.org/10.1016/j.biopsych.2010.04.027
https://doi.org/10.1016/j.bbi.2015.02.016
https://doi.org/10.1128/CDLI.10.1.13-18.2003
https://doi.org/10.1523/JNEUROSCI.2278-14.2015
https://doi.org/10.1016/j.biopsych.2008.07.014
https://doi.org/10.1038/s41386-019-0313-z
https://doi.org/10.1016/j.cmet.2016.08.016
https://doi.org/10.1016/j.cmet.2016.08.016
https://doi.org/10.1038/nrn.2017.39
https://doi.org/10.1084/jem.189.5.865
https://doi.org/10.1111/j.1365-2567.2007.02731.x
https://doi.org/10.1016/j.coph.2008.05.001
https://doi.org/10.1016/j.jneuroim.2019.04.006
https://doi.org/10.1146/annurev-clinpsy-032816-045159
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.4161/21624046.2014.959425
https://doi.org/10.4161/21624046.2014.959425
https://doi.org/10.1371/journal.ppat.1003787
https://doi.org/10.1126/science.1166527
https://doi.org/10.1038/nature04216
https://doi.org/10.1016/j.chom.2009.04.012
https://doi.org/10.1038/nature20818
https://doi.org/10.1038/s41467-019-08333-8
https://doi.org/10.1016/j.celrep.2014.12.004
https://doi.org/10.1126/science.aad5497
https://doi.org/10.3389/fgene.2019.00321
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kunz and Kemper The Complosome as Behavioral Modulator?
225. Fumagalli M, Sironi M, Pozzoli U, Ferrer-Admettla A, Pattini L, Nielsen
R. Signatures of Environmental Genetic Adaptation Pinpoint Pathogens as
the Main Selective Pressure through Human Evolution. PloS Genet (2011)
7(11):e1002355. doi: 10.1371/annotation/ca428083-dbcb-476a-956c-
d7bb6e317cf7

226. Daub JT, Hofer T, Cutivet E, Dupanloup I, Quintana-Murci L, Robinson-Rechavi
M, et al. Evidence for polygenic adaptation to pathogens in the human genome.
Mol Biol Evol (2013) 30(7):1544–58. doi: 10.1093/molbev/mst080

227. Kolev M, Kemper C. Keeping It All Going-Complement Meets Metabolism.
Front Immunol (2017) 8:1. doi: 10.3389/fimmu.2017.00001
Frontiers in Immunology | www.frontiersin.org 21
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kunz and Kemper. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2021 | Volume 12 | Article 629986

https://doi.org/10.1371/annotation/ca428083-dbcb-476a-956c-d7bb6e317cf7
https://doi.org/10.1371/annotation/ca428083-dbcb-476a-956c-d7bb6e317cf7
https://doi.org/10.1093/molbev/mst080
https://doi.org/10.3389/fimmu.2017.00001
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Complement Has Brains—Do Intracellular Complement and Immunometabolism Cooperate in Tissue Homeostasis and Behavior?
	Introduction
	The Complosome-Metabolism-IFN-&gamma; Axis
	The Complosome as an Emerging Key Characteristic of Immune Cells in Tissues
	A Role for the Complement–Metabolism–Cytokine Axis in Normal Brain Physiology?
	Complement and the Brain
	Non-Canonical Activities of IFN-&gamma; in Normal Brain Function and Behavior
	Non-Canonical Activities of IL-10 in Normal Brain Function and Behavior
	Central Nervous System-Adjacent and -Resident T Cells in the Healthy Brain

	Postnatal Behavioral Control by T Cells
	Learning and Memory
	Emotions and Social Behavior

	A Non-Canonical Evolutionary View on the Complosome-Metabolism-IFN-&gamma; Axis
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


