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The characteristic feature of healthy living organisms is the preservation of homeostasis. Compelling evidence
highlight that the DNA damage response and repair (DDR/R) and immune response (ImmR) signaling networks
work together favoring the harmonized function of (multi)cellular organisms. DNA and RNA viruses activate the
DDR/R machinery in the host cells both directly and indirectly. Activation of DDR/R in turn favors the immuno-
genicity of the incipient cell. Hence, stimulation of DDR/R by exogenous or endogenous insults triggers innate
and adaptive ImmR. The immunogenic properties of ionizing radiation, a prototypic DDR/R inducer, serve as suit-
able examples of howDDR/R stimulation alerts host immunity. Thus, critical cellular danger signals stimulate de-
fense at the systemic level and vice versa. Disruption of DDR/R–ImmR cross talk compromises (multi)cellular
integrity, leading to cell-cycle-related and immune defects. The emerging DDR/R–ImmR concept opens up a
new avenue of therapeutic options, recalling the Hippocrates quote “everything in excess is opposed by nature.”

© 2015 Elsevier Inc. All rights reserved.
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1. The DNA damage response/repair and immune
signaling networks: Is their intertwining a teleological demand?

To perform its physiological function, the cell requires, above
all, the integrity of all of the encoded information it harbors.
Experiencing numerous genotoxic insults on a daily basis, it has de-
veloped a highly conserved and sophisticated DNA damage recog-
nition and repair network to cope with the variety of DNA lesions
that occur. The DNA damage response (Jackson & Bartek, 2009) is
a hierarchically structured signaling pathway consisting of DNA
damage sensors, mediators, transducers, and effectors (Fig. 1A).
Depending on the specific types of alterations and the cell cycle
phase they occur in, the DNA damage response/repair (DDR/R) sig-
naling cascade demonstrates variations in order to coordinate ef-
fectively recognition of the defect and “assign” the proper repair
process (Fig. 1A) (Thompson, 2012). In the event of unrepaired
lesions and depending on the extent and type of damage, the cell
either passes the mutated genome to its offspring or is neutralized
by programmed cell death (apoptosis) or senescence (Ciccia &
Elledge, 2010).

When apoptosis ensues at the multicellular level (metazoa), a
clearance process removes the apoptotic bodies, thus preserving tis-
sue homeostasis. Senescent cells must be removed as well, because
they can systemically affect neighboring cells by triggering various
pathologies, including cancer, due to their so-called senescence-
associated secretory phenotype (SASP), despite being a beneficial re-
sponse, particularly in oncogenic events (Coppe et al., 2008). In both
cases, the cells are cleared by the mononuclear phagocyte system,
the main cellular compartment of the innate immune system that
recognizes exposed ligands on apoptotic and senescent cells
(Munoz-Espin & Serrano, 2014). Within this system, p53, one of
the main downstream effectors of the DDR/R pathway, has been
shown to drive an inflammatory response contributing to tumor
clearance by eliminating tumor cells undergoing senescence (Xue
et al., 2007). Given that the triggering signal is extensive DNA dam-
age in the majority of these cases, this type of cellular recognition
is considered as a damage-associated molecular pattern (DAMP),
thus represents a link between DDR/R and immune response
(ImmR) (Chatzinikolaou et al., 2014; Ermolaeva & Schumacher,
2014).

As with the DDR/R cascade, the ImmR system is also organized in a
hierarchical manner. It relies on both innate and adaptive immune sub-
systems (Fig. 1Bi). The innate subsystem is considered a generic first-
line defense against pathogens, and it does not confer long-lasting im-
munity to the host, unlike the adaptive immune subsystem. Conversely,
the adaptive immune subsystem is highly specialized, composed of cells
that are capable of discriminating “non-self” from “self,” through the
process of antigen presentation. These cells develop responses that are
tailored to eliminate specific antigens effectively, andmost importantly
they are capable of “remembering” (immunological memory) the
“pathogen” and thus being prepared if it reappears (Fig. 1Bi).

The innate immune subsystem employs individual germ-line-
encoded pattern recognition receptors (PRRs), which recognize non-
self products from infectious agents, including foreign nucleic acids,
termed pathogen-associated molecular patterns (PAMPs), as well as
host molecules called DAMPs, as previously mentioned. Toll-like recep-
tors (TLRs) are among the best-characterized PRRs. In particular, the
TLR9 recognizes the highly immunogenic CpG motifs frequently found
in bacteria. As discussed later, this activates the transcription factors nu-
clear factor kappa B (NF-κB) and interferon-regulatory factor 7 (IRF7),
which in turn induce a number of pro-inflammatory cytokines promot-
ing an inflammatory response (Bauer et al., 2001). This is an example
demonstrating that immunosurveillance is capable of discriminating
foreign from host DNA in a sequence-independent manner, as
suggested, by recognizing physicochemical structural differences
(Kawasaki et al., 2011). However, DNA replication by-products that
are not rapidly turned over and released from the “immune-privileged”
nucleus into the cytoplasm can also act as potent immunostimulators
engaging DNA sensors, eventually setting the pathophysiological basis
for autoimmune reactions. At another level, innate immune system
adaptors have been shown to interact with DNA damage sensors in
the cytosol. A similar interaction is observed between caspase activation
and recruitment domain 9 (CARD9) and theDNA damage sensor Rad50,
a key component of theMre11–Rad50–Nbs1 (MRN)DNAdouble-strand
break (DSB) recognition complex, thus forming a module required for
NF-κΒ activation and pro-interleukin (IL)-1β induction (Roth et al.,
2014). One of the most characteristic links between innate immunity
and DDR/R is the activation of natural killer group 2, member D
(NKG2D) ligands in DNA-damaged cells by ataxia telangiectasia mutat-
ed (ATM), which alerts and recruits mainly natural killer (NK) cells at
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