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Abstract

Systemic lupus erythematosus (SLE) is a prototypic autoimmune disease characterized by
antibodies to DNA (anti-DNA) and other nuclear macromolecules. Anti-DNA antibodies are
markers for classification and disease activity and promote pathogenesis by forming immune
complexes that deposit in the tissue or stimulate cytokine production. Studies on the antibody
response to DNA have focused primarily on a conformation of DNA known as B-DNA, the
classic right-handed double helix. Among other conformations of DNA, Z-DNA is a left-handed
helix with a zigzag backbone; hence, the term Z-DNA. Z-DNA formation is favored by certain
base sequences, with the energetically unfavorable flip from B-DNA to Z-DNA dependent on
conditions. Z-DNA differs from B-DNA in its immunogenicity in animal models. Furthermore,
anti-Z-DNA antibodies, but not anti-B-DNA antibodies, can be present in otherwise healthy
individuals. In SLE, antibodies to Z-DNA can occur in association with antibodies to B-DNA as
a cross-reactive response, rising and falling together. While formed transiently in chromosomal
DNA, Z-DNA is stably present in bacterial biofilms; biofilms can provide protection against
antibiotics and other challenges including elements of host defense. The high GC content of
certain bacterial DNA also favors Z-DNA formation as do DNA-binding proteins of bacterial

or host origin. Together, these findings suggest that sources of Z-DNA can enhance the
immunogenicity of DNA and, in SLE, stimulate the production of cross-reactive antibodies that
bind both B-DNA and Z-DNA. As such, DNA can act as a molecular chameleon that, when
stabilized in the Z-DNA conformation, can drive autoimmunity.
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Introduction

Systemic lupus erythematosus (SLE) is a prototypic autoimmune disease characterized

by inflammatory disease manifestations in association with antibodies to components of
the cell nucleus (antinuclear antibodies of ANAs) 1. These antibodies can bind to DNA,
RNA as well as protein-nucleic acid complexes. ANA expression is so linked with SLE
that a positive test for these antibodies is now required for disease classification 23,
According to the current model for SLE, ANASs can bind to their cognate antigens to form
immune complexes with two main actions: deposition in the kidney to induce nephritis and
stimulation of aberrant cytokine production by interaction of the constituent DNA or RNA
with internal nucleic acid sensors 4.

Among ANAs expressed in SLE, antibodies to DNA (anti-DNA) are unique since they are
markers for both classification and disease activity >~. A large negatively charged polymer,
DNA displays a repeating structure marked by the helical twist of the phosphodiester
backbone (Figure 1). The main conformation of DNA is called B-DNA. B-DNA is

the classic Watson-Crick right-handed double helix with two chains bound together by
hydrogen bonds to form a smooth helix with a major and minor groove. Since anti-DNA
antibodies from SLE patients can bind to essentially any natural double stranded DNA, the
phosphodiester backbone appears to be the relevant antigenic structure.

Modeling anti-DNA production by immunization of animals with B-DNA has in general
been unsuccessful, even with DNA bound to protein carrier such as methylated bovine
serum albumin and administered in adjuvant; other carriers, however, may lead to more
robust responses 8 2. The poor immunogenicity of B-DNA has been a conundrum since
monoclonal anti-B-DNA from patients or mice with lupus-like disease have the hallmarks
of antigen selection by negatively charged DNA (i.e., variable region somatic mutations
leading to positively charged amino acids such as arginine) 1011, The failure to establish
an induced model of SLE has even suggested that a molecule other than DNA induces
anti-DNA production.

As now recognized, DNA can exist in conformations other than B-DNA,; in the genome,
these conformations can arise from sequences called flipons 1213, These non-B-DNA
conformations, which depend on base sequence and ambient conditions, differ in the
orientation and dimensions of the helix. This review will focus on the unique properties

of a conformation known as Z-DNA and advance the idea that DNA can act as a molecular
chameleon whose structure and immunological properties can dramatically change. A
chameleon is a small lizard that can change its color depending on the surroundings. By
considering DNA as a molecular chameleon, we believe that new insights into the immune
response to DNA can be achieved, thereby illuminating the pathogenesis of SLE.

The structure of DNA

The double helix has been called a beautiful molecule because its structure can account
so elegantly for its role in heredity. From the time that the original Watson-Crick model
was first proposed, structural studies indicated that DNA can adopt conformations other
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than right-handed B-DNA, each just as beautiful. Indeed, the first crystal structure of
double-stranded DNA showed a helical twist to the left rather than to the right 14. Instead of
being smooth as in B-DNA, the backbone in this structure had a zig-zag configuration that
gave rise to the name of Z-DNA (Figure 1).

The structure of Z-DNA shows a two base pair repeat, alternating between a nucleotide in
the syn conformation (with its base pointing back over the sugar) and the ant/ conformation
(with the base pointing away from the sugar as found in B-DNA) 15-17_ Also, in Z-DNA, the
base pairs are flipped over relative to that of B-DNA, with the flip in conformation occurring
without breaks in the DNA backbone 1618 19, The transition is dynamic and rapid, with
Z-DNA formation requiring an input of energy, mostly to initiate the formation of the two
junctions between B- and Z-DNA (BZj). The likelihood of a flip to Z-DNA depends on base
sequence, with alternating GC sequences converting to Z-DNA most readily. Like DNA,
RNA can form a Z structure that depends on sequence; Z-DNA and Z-RNA can be bound by
the same proteins, including antibodies, and both are designated as Z nucleic acids.

In model studies /n vitro, the flip from B-DNA to Z-DNA is influenced by a variety of
factors that include the salt concentration, with 4 M NaCl or 1 M MgCl, needed to induce
the Z-DNA conformation in Z-prone polymers. Chemical modifications of DNA bases
can also promote the B-DNA to Z-DNA transition under more physiological conditions
by stabilizing the Z-DNA syn conformation. These modifications include bromination,
methylation, and oxidation 20 212223 Many biochemical and immunochemical studies to
elucidate Z-DNA-dependent outcomes have used the compound brominated poly(dGdC)
[Br-poly(dGdC)] as a model substrate since the polymer is locked in the Z-DNA
conformation under ordinary salt conditions as shown by analysis of circular dichroism
and the ratio of 260 to 295 nm UV absorbances 22.

The structure of Z-DNA and the conditions needed for its induction differ so greatly from
those of B-DNA that its biological role (and even its existence inside cells) was long
debated. Increasing data, however, support the relevance of Z-DNA to /n vivo cell function.
As discussed in recent reviews, the transition to non-B-DNA conformations such as Z-DNA
can occur under physiological conditions to regulate gene transcription 15 24, Supercoiling
induced by the action of RNA polymerases can promote the B to Z transition during
transcription; in this setting, the flip can be modulated by methylation and other base
modifications. Enzymes like topoisomerases can also affect the transition 24 25,

The antibody response to Z-DNA

Unlike B-DNA, Z-DNA is an effective immunogen and can potently induce antibodies by
immunization of normal animals under conditions in which B-DNA is inactive 20 26-28,
Anti-Z-DNA antibodies induced by immunization with compounds such as Br-poly(dGdC)
are highly specific for Z-DNA and bind by non-ionic interactions since binding occurs in
high salt conditions. At least some of antibodies to Z-DNA induced by immunization appear
to recognize sequences, likely binding to base residues ordinarily buried in the major groove
of B-DNA but exposed on the convex surface of Z-DNA 28,
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The immunogenicity of Z-DNA as revealed in immunization models has suggested that
Z-DNA may not induce canonical B cell tolerance through deletion or anergy because of

its transience or low concentrations. In contrast, B-DNA is both ubiquitous and abundant
and may therefore involve different mechanisms of central and peripheral B cell tolerance
than Z-DNA. While tolerance to DNA is a topic of ongoing investigations, nevertheless, the
differences between the antibody induction by B-DNA and Z-DNA are nevertheless striking.

In addition to immunization of animals, the expression of anti-Z-DNA occurs in SLE 29~

33, Sera of patients with SLE display levels of anti-Z-DNA antibodies that are similar to
those to B-DNA when measured using synthetic Z-DNA antigens [e.g., Br-poly(dGdC)].
Furthermore, antibodies to both B-DNA and Z-DNA conformations can rise and fall
together, suggesting common induction or cross-reactivity (Figure 2) 29 32, Affinity
adsorption experiments indicate that certain anti-DNA antibodies in SLE can bind both
B-DNA and Z-DNA, while others are specific for Z-DNA 2932, While antibodies to Z-DNA
were initially described almost 40 years ago, it was not clear until recently how to interpret
this discovery.

Like SLE antibodies to B-DNA, antibodies to Z-DNA from patients depend on ionic
interactions suggesting that the phosphodiester backbone is the main antigenic determinant
3233 Given the differences in the structure of the phosphodiester backbone in B-DNA and
Z-DNA (smooth vs zig-zag, right-handed vs left-handed), cross-reactive binding is perhaps
surprising. Cross-reactivity can extend to other charged antigens such as phospholipids,
however, suggesting epitope spreading 33. The presence of a broad array of anti-DNA
specificities in SLE supports this mechanism in the setting of autoimmunity 34.

Unlike the antibodies to B-DNA which are specific for SLE, antibodies to Z-DNA can

occur in other inflammatory diseases such as rheumatoid arthritis, inflammatory bowel
disease and drug-induced lupus; in these conditions, antibodies to B-DNA are not present
313536 1mportantly, some studies have detected antibodies to Z-DNA in otherwise healthy
humans (NHS) 32 33, Together, these findings suggest that antibodies in SLE that bind

to both Z-DNA and B-DNA are indicative of a more generalized breakdown of immune
tolerance. The predominance of ionic interactions in the binding of both B-DNA and Z-DNA
by SLE anti-DNA could suggest a relatively “non-specific” interaction based on charge;
nevertheless, specificity is possible since the anti-Z-DNA antibodies in clinical settings other
than SLE do not bind to B-DNA.

In their pattern of expression and binding interactions, antibodies to Z-DNA resemble
antibodies that are specific for certain bacterial DNA and viral DNA antigens 3739, These
antibodies occur in NHS as well as in patients with SLE, lack reactivity to B-DNA and

are primarily the 1gG2 isotype; in contrast, anti-B-DNA antibodies from patients with SLE
primarily display 1gG1, an isotype characteristic of T cell dependent responses 3’. Because
of the specificity of these antibodies for sites on DNA from only certain bacteria or viruses,
these antibodies are not detected in the standard assays used to screen for anti-DNA in
patients.

Ann Rheum Dis. Author manuscript; available in PMC 2024 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pisetsky and Herbert

Page 5

The role of extracellular bacterial DNA in immunity

Recent research on biofilms has dramatically revealed the chameleon-like nature of DNA

in the extracellular space and provides intriguing clues about the potential origin of
anti-Z-DNA antibodies in both normal and aberrant immunity.#9-42, Biofilms represent
communities of bacteria that are embedded in a multicomponent matrix to facilitate bacterial
growth; biofilms provide nutritional support and protection from environmental influences,
including antibiotics. Encounters with biofilms are almost inevitable in life since about

80% of infections involve biofilms formation; furthermore, bacteria in the microbiome grow
as biofilms. Among components in the matrix, high molecular weight DNA can create
extended arrays through its interaction with other macromolecules. The DNA present in
biofilms can also promote immune responses through the activation of TLR9 (Toll-ike
receptor 9) by the unmethylated CpG motifs common in bacterial genomes 43.

In a fascinating study on biofilm structure, Buzzo et al showed that DNA in a biofilm

can undergo a B-DNA to Z-DNA transition that may explain the protective effects of the
biofilm#4. This transition can result from the interaction of DNA with HU (histone like
protein) and IHF (integration host factor), two bacterial DNABII proteins incorporating
HMG boxes that promote the B-DNA to Z-DNA transition. Both proteins bend DNA and
most likely promote Z-DNA formation by stabilizing BZj 4°; this stabilization overcomes
the major energetic barrier to Z-DNA formation.

The data of Buzzo et al also suggest that biofilms formed by various organisms all express
Z-DNA,; the base composition of each genome, however, could perhaps reflect the rate

at which B-DNA flips to Z-DNA. Over time, Z-DNA will accumulate in biofilms since
the left-handed DNA, unlike B-DNA, is resistant to digestion by mammalian DNases 22.
Indeed, a seminal study of Whitchurch et al 46 showed that DNase 1 can inhibit biofilms
in vitro during its early stage of formation but cannot degrade mature films. Of note

is the susceptibility of Z-DNA in biofilms to the S1 bacterial nuclease, contrasting with
the resistance to mammalian DNases 2247, Importantly, Buzzo et al were able to use a
monoclonal antibody to promote the formation of biofilms /n vitro by using a monoclonal
antibody to bind and stabilize DNA in the Z-DNA conformation; a similar effect occurs
with bacterial HU and HIS proteins 44 In contrast to the anti-Z-DNA antibodies in SLE and
NHS, the, binding of the anti-Z-DNA monoclonal antibody in these experiments does not
involve electrostatic interactions 32,

In addition to DNA of prokaryotic origin, eukaryotic DNA from neutrophils undergoing
NETosis can also contribute to the biofilm structure. As neutrophils undergo NETosis, they
release DNA which interacts with neutrophil granule proteins to form NETSs or neutrophil
extracellular traps 8. NETs have anti-bacterial action and can ensnare and kill bacteria
(Figure 3A). Like DNA from the bacteria in the biofilm, DNA from NETSs can undergo a
B-DNA to Z-DNA transition under the influence of DNABII proteins. DNA in NETs may
also undergo Z-DNA formation because host proteins such as HMGB1 can bend DNA to
potentially stabilize BZj (Figure 3B). Interestingly, the association of HMGB1 with DNA is
increased by neutrophil elastase that removes the C-terminal acidic tail 4°.
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The immunogenicity of biofilm components has already received experimental support.
Anti-DNA can be induced by immunization with a complex of DNA and curli, an amyloid
forming protein found in biofilms 5951, Sera of patients with SLE or otherwise healthy
individuals have antibodies to DNA-curli, consistent with exposure to biofilm 52. In another
setting, experimental infection of mice with Salmonella Typhimurium can induce anti-DNA
autoantibody production 53, Together, these findings suggest that infection can provide a
source of Z-DNA to drive antibody responses that have tell-tale serological evidence of
encounters with immunogenic bacterial DNA.

While the biochemical basis of the transition to Z-DNA still requires further investigation,
the results are very important for thinking about lupus. Thus, Z-DNA resists nuclease
digestion by enzymes such as DNase 1 and, thus far, a mammalian enzyme specific for
Z-DNA has not been described. Once Z-DNA forms in the biofilm, it can provide a
persistent and high concentration of antigen to induce antibody production; in this sense,
the biofilm can act as a depot to supply antigen to the system. The persistence of a local
source of Z-DNA in the tissue contrasts with the fate of B-DNA in the blood which is
rapidly degraded within minutes %4,

Another finding that highlights the possible immunogenic role of Z-DNA relates to the
propensity of bacterial genomic DNA to display Z-DNA. The GC content of bacterial DNA
varies widely, with content as low as 20% and as high as 80% °. As shown recently, a
monoclonal anti-Z-DNA antibody from a mouse and polyclonal anti-Z-DNA preparations
can bind at high titers to DNA from Micrococcus luteus (MC) and Mycobacterium
tuberculosis (MTb) under the ordinary conditions of an ELISA 32. The GC content of MC
DNA is 73-74% and 65-66% for MTh DNA compared to 40-41% for human genomic and
44-45% for mitochondrial DNA 56 5758 |n these experiments, the anti-Z-DNA antibodies
showed limited if any binding to other sources of DNA such as calf thymus DNA,; in
contrast, a monoclonal anti-Z-DNA bound E. coli DNA (50-51% GC) 32,

Since biofilms represent arrays of Z-DNA antigen, these structures could act as thymus-
independent antigens, with the activation of naive B-cells may be driven by multiple low-
affinity interactions with a Z-DNA array. Consistent with this idea, antibodies to Z-DNA in
NHS are predominantly of the 1gG2 isotype, rather than the 1gG1 or IgG3 that are typical of
T cell dependent responses 3.

The role of nucleases

Despite its origin in the cell nucleus, DNA occurs prominently in the extracellular space

as a result of cell death and NETosis 8. While much of the DNA initially generated from
these processes is high molecular weight, DNA in the circulation is generally of much
lower molecular mass, with a mean size of 166 bases pairs %9 0. The marked reduction

in size results from degradation by intracellular nucleases during phagocytosis of dead and
dying cells as well as by extracellular nucleases in the tissue or blood 1. The two main
extracellular DNase enzymes are DNase 1 and DNase 1 like 3 (DNase 1L.3) 2. While these
enzymes have structural similarity, DNase 1 prefers free or naked DNA as the substrate
while DNase 1L 3 targets nucleosomal DNA. DNase 1 and DNase 1L.3 both play a role in
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clearing and degrading DNA in the extracellular space, with deficiencies of these enzymes
associated with diseases with features of SLE in both humans and mice 83 6465 while
enzyme deficiencies can be genetic in origin, autoantibodies expressed by patients can
inhibit enzyme activities to increase levels of extracellular DNA 66,

The role of DNases in degrading exogenous DNA in host defense is important. As shown
by Lacey et al., deficiency of DNase 1 and DNase 1L3 increases the formation of biofilms
during experimental infection of mice, consistent with prior studies showing the prevention
of biofilm formation by DNase | /n vitro®7. These results suggest that DNase 1 and DNase
1L.3, in addition to targeting DNA from dead and dying cells, can target non-self-DNA,
whether arising from infection, colonization, or the microbiome. With enzyme deficiency,
persistence of the biofilm would favor Z-DNA formation, increasing the amount of Z-DNA
incorporated.

While Z-DNA is not susceptible to nuclease digestion by DNase 1 or DNase 1L3,
proteolytic digestion of proteins such as HU, IHF and HMGBL that stabilize Z-DNA could
allow the flip back to B-DNA; this digestion can occur intra- or extra-cellularly, where
enzymes like DNase 1 and DNase 1L.3 can mediate NET destruction. In this clearance
process, the classical pathway of complement may also play a role since C1q deficiency

is one cause of monogenic lupus 58 69, In other cases, antibodies binding to NETs may
functionally produce C1q deficiency 70. If unresolved, the NETs stabilized by anti-Z-DNA
antibodies may be long-lived because of Z-DNA'’s resistance to DNase, forming a positive
feedback loop for inflammation.

Interestingly, current therapy may impact on these processes. An antimalarial agents such

as hydroxychloroquine can shift the conformational equilibrium of DNA to favor B-DNA
and retard the development of biofilms 1. In another action, hydroxychloroquine can
increase the sensitivity of B-DNA to DNase digestion 72 and thereby reduce the formation
of immunostimulatory Z-DNA in the biofilm, whether of bacterial or host origin. Finally,
hydroxychloroquine can inhibit PAD4 (peptidyl arginine deiminase 4) /n vitroto prevent the
release of DNA from neutrophils during NETosis 73.

The role of nucleic acid sensors

Incorporating bacterial Z-DNA model into a model for lupus thus requires consideration
of the intricacies of sensing of the Z conformation although most of the studies on this
issue have focused on the recognition of RNA from viral infection or transcription of host
retroelements. Figure 3c presents an overall schema for the sensing of Z nucleic acids and
the many interactions and downstream consequences. Since the issue of Z-nucleic acid
sensing is beyond the scope of this article, the reader is referred to reviews which describe
sensing to Z nucleic acids 747576 77,

Key to signaling by Z-nucleic acids 78 74 79 are two proteins: ZBP1 (Z binding protein 1)
and ADAR1 (adenosine deaminase acting on RNA 1). ZBP1 was originally discovered as a
cytoplasmic DNA sensor called DAI (DNA-dependent activator of IFN-regulatory factors)
with subsequent studies demonstrating Z- nucleic acids as the ligand 89. The other player in
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this system is ADARL (adenosine deaminase of RNA 1). ADAR1 has two major isoforms,
p110 and p150, which catalyze the conversion of adenosine to inosine in double stranded
RNA,; this process is known as RNA editing. Both ADAR1 isoforms can sequester right-
handed dsRNA molecules through three dsRNA binding domains; sequestration prevents the
activation of other RNA sensing systems such as myeloma differentiation-associated gene 5
(MDADS) and Protein Kinase RNA specific (PKR) to limit immune responses.

ADAR1 p150 is the only isoform that can recognize Z-DNA and, like ZBP1, it can interact
with Z-RNA through a Za domain; this domain is lacking in ADAR1 p110, accounting for
the difference in action. In this pathway, ADAR1 can bind to Z-RNA through its Za. domain
to prevent activation of ZBP1. Interestingly, loss of function Za domain variants of ADAR1
can produce Aicardi-Goutiéres syndrome, a type | interferonopathy that has some features
of SLE 8. Under normal cellular conditions, Z-RNA binding by ADAR1 prevents immune
responses induced by self-transcripts from retroelements that have embedded Z-forming
elements 75,

Interferon can induce the expression of both ADAR1 p150 and ZBP1, with differing
consequences. Whereas ADAR1 can act as a negative regulator of the interferon response,
ZBP1 can produce inflammatory cell death 82, (Figure 3C). Furthermore, with activation,
ZBP1 can interact with RIPK3 to cause phosphorylation of MLKL (mixed lineage domain
like protein); phosphorylated MLKL can self-assemble to form membrane pores, regardless
of whether ZBP1 is triggered by Z-DNA or Z-RNA. These pores allow the release of DNA
from various cell compartments, with DNA from mitochondria combining with ZBP1 to
activate STING to induce interferon production 83. Induction of high levels of Z-RNA from
retroelements, which can occur during viral infections can amplify activation 7. NLRP3
inflammasome activation to produce IL-1 and IL-18 can also occur with the flux of ions
through the MLKL pores.84 8586 The role Z nucleic acids play in host defense may be
reflected in the complex evolution of ZBP1 and ADAR1, with viruses such as smallpox and
measles driving the selection of these molecules 87 88,

As these considerations suggest, sensing of Z nucleic acids can impact other systems (e.g.,
STING, NLRP3 inflammasome) that can exert adjuvant activity for induction of antibodies
to Z-DNA. In this regard, DNA from bacteria may trigger TLR9 (via CpG motifs), cGAS-
STING (presence in the cytoplasm) and ZBP1 (either through Z-forming sequences in the
genome or conformational changes in the biofilm). Thus, even though sensing of Z nucleic
acids frequently involves RNA, this system could significantly boost antibody responses to
DNA in health and autoimmunity.

DNA as a Chameleon

To highlight a novel mechanism of host defense, we would like to apply the term chameleon
to bacterial and host DNA as it transitions from B-DNA to Z-DNA in the setting of the
biofilm. The term also applies to DNA from NETs which, under the influence of DNA
binding proteins with an HMG domain, can form Z-DNA. These binding proteins may
stabilize BZj by bending DNA to a lower the energy barrier to flip from B-DNA to Z-DNA.
The formation of Z-DNA may also be promoted by the presence of oxidized bases, such as
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8-0x0dG (8-0x0-2’-deoxguanosine), through the release of NADPH oxidase during NETosis
and by H,0, production catalyzed by DNA 899091 Furthermore, adjuvant effects could
result from interferon-induced expression of Z-RNA, internalization of antibody-bound Z-
DNA or the occurrence of cell death triggered by ZBP1.

The serological studies on anti-Z-DNA in humans suggest that, in normal individuals,
induced antibodies obey the rules and are specific for the Z-DNA structure. In SLE, antibody
cross-reactivity between B-DNA and Z-DNA may occur because of the disturbances in the B
cell repertoire. In addition, disturbances in developmental checkpoints may allow retention
of precursors that are polyreactive and bind broadly to DNA 9293, |n the setting of a biofilm
where Z-DNA concentrations are high, T-cell independent activation of autoreactive B cells
may occur, accounting for the expression of antibodies to nuclear molecules (including those
from NETS) in individuals genetically prone to autoimmunity 94 95.

This model does not necessitate a role of self DNA in the induction of the anti-DNA
response since foreign DNA (i.e., bacterial, or viral) has regions of both B-DNA and Z-DNA
depending on the stage of the infection, the stage of biofilm or the sequence of the DNA.
While not excluding a role of self or B-DNA in inducing anti-DNA autoantibody production,
a model of anti-DNA based on the changing immunological properties of DNA focuses
attention on the potential roles of infection, NETosis and stress in pathogenesis; this model
also incorporates the role of host DNase enzymes which, while effective in clearing B-DNA,
may be stymied by a Z-DNA.

Conclusion

Every analogy has its limitations but the term chameleon appears apt to describe the
structural transformations that DNA can undergo. For lizards, the color change is defensive
and protective, and hides the lizard from predators. In a related way, the transition from
B-DNA to Z-DNA may protect the bacteria from elements of the immune system. Future
studies will explore approaches to block the B-DNA to Z-DNA transition and determine

the impact of anti-DNA antibodies on the course of lupus as well as the role of any

ongoing infections or microbiome blooms provoking disease flares. Finally, new approaches
to treating biofilms may also change the color of the immune system in both autoimmune
and infectious disease.
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Figure 1.
DNA chameleon colors. Left-handed Z-DNA has a zig-zag backbone resulting from the

dinucleotide repeat with alternating sy~ and anti-bases. In contrast, the backbone of
right-handed B-DNA is smooth as all the bases have an anti~conformation. The phosphate
oxygens are red, the phosphorous atom orange and the gray spheres represent deoxyribose
carbons. The small blue circles are base nitrogens while the small red circles base oxygens.
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Figure 2.
Longitudinal expression of antibodies to B-DNA and Z-DNA.. The figure shows levels of

IgG antibodies to different DNA antigens in longitudinal sera from a patient with SLE.

The DNA antigens were from calf thymus (CT), Micrococcus luteus (MC), Br-poly(dGdC)
and unbrominated poly(dGdC). Br-poly(dGdC) represents Z-DNA. CT and MC DNA both
represent B-DNA although MC DNA has Z-DNA content. Antibody levels were determined
by an ELISA with results reported in terms of the OD450 values of the assay. Reproduced
with permission from reference 32,
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Figure 3.

NETSs, Z-DNA and Pathways. A. Extrusion of DNA from neutrophils along with other
nuclear molecules leads to the formation of NETs and can be recognized by anti-B-DNA
and anti-Z-DNA antibodies. The various proteases, anti-microbial proteins (AMP) and
enzymes contribute to the antibacterial activity. Complement can opsonize bacterial DNA
to promote clearance. B. HMG box containing proteins like HU and IHF from bacteria

and HMGBL1 from the host promote the formation of B-DNA/Z-DNA junctions (BZj) that
stabilize Z-DNA formation by NETSs. C. Different signaling pathways that regulate the
proliferation of autoimmune B cells and interferon responses during inflammation. DNA
can be delivered inside of cells following uptake by anti-DNA antibodies by the B cell
receptor to deliver DNA into endosomes or through other pathways that deliver DNA to

the cytoplasm. Once inside cells, DNA can interact with internal sensors and lead to signal
transduction. These pathways complement those delivering DNA through Fc receptors (FCR)
as immune complexes and through toll-like receptors to promote B cell proliferation and
interferon responses. Intracellular activation of the Z-DNA binding protein 1 (ZBP1) sensor
by Z-DNA or Z-RNA can activate RIPK3 (receptor interacting kinase to phosphorylate
MLKL to induce pore formation that results in necroptosis, a form of inflammatory cell
death, and activation of inflammasomes. GADM is gasdermin which can create pores to
release cytokines or promote apoptosis. FAS and TLR signaling systems can have roles in
B cell activation and apoptosis. Gasdermin (GSDM) pores can lead to release of IL-1p and

IL-18 or apoptosis.
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