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Just Autoimmunity? The Role of the Innate Immune
Response in Lupus

Martin A. Rodriguez, MD, MACR

Abstract: Systemic lupus erythematosus is considered a prototype of hu-
man autoimmune disease based on the appearance of multiple autoanti-
bodies, some of which can have a direct pathogenic effect on tissues. Most
therapeutic modalities aim to check the enhanced humoral responses by
targeting T and B cells with conventional or biologic drugs. However, in
some cases, the clinical response is limited and frequently takes a high toll
of toxicity in patients. The last 2 decades have brought up novel discoveries
showing profound disturbances of innate immune cell function in systemic
lupus erythematosus, including dysregulated NETosis, increased apopto-
sis, type 1 interferon, and granulopoiesis signatures that are grounded in
basic cell biology abnormalities, including response to excessive oxidative
stress, mitochondrial dysfunction, and upregulation of the cGAS-STING
pathway. Whether the prominent autoimmunity component of lupus pa-
tients is sufficient to drive this chronic disease or follows a breakdown of
innate immune homeostasis in response to the environmental factors trig-
gering disease is the subject of this revision.
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S ystemic lupus erythematosus (SLE) is a chronic immune-
mediated inflammatory condition with a worldwide distribution
affecting predominantly young women. SLE is somewhat a clinical
construct to group a phenotypically heterogeneous disease into an en-
tity with common genetic, immunological, and clinical features. It is
considered a prototype of human autoimmune disease, based upon
the emergence of an ample array of autoantibodies, some of them
capable of forming immune complexes (ICs) and activating the
complement cascade to promote inflammation in target organs.
The presence of some autoantibodies such as anti-double-stranded
DNA and anti-Ro antibodies can correlate with damage in specific
target organs, such as kidneys and skin, respectively.! Similarly,
adaptive immune effectors including autoreactive CD4" T cells
can be found in affected organs including renal tissue” and skin.?
Dysregulated T cell responses due to abnormalities in signal trans-
duction from the TCR-CD3 membrane complex receptor to DNA*
as well as unchecked B cell responses” are key components in the
immunopathogenesis of the disease. Decreased levels of serum
fractions of the complement system such as C3 and C4, triggered
by complement-fixing autoantibodies, are traditional markers of
the active phase of the disease. Most current remission-inducing
treatments seek amelioration of a hyperactive immune response
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by means of immunosuppressive agents such as cyclophosphamide,
azathioprine, or mycophenolate mofetil (MMF), or by biologics
including B cell-depleting monoclonal antibodies or inhibitors of
B cell-activating factors such as BAFF/BLyS or blockers of CD40
ligand.® Frequently, patients with severe clinical activity require large
doses of corticosteroids concurrent with immunosuppressive in-
duction therapy, as well as maintenance with antimalarial and sta-
ble doses of immunosuppressive drugs.

SLE is a clinically heterogenous disease displaying diverse
levels of severity, from cases with mild articular or cutaneous
manifestations to those with severe, potentially fatal, multiorgan
involvement. The clinical course may be unpredictable, with sud-
den flares after relatively long periods of remission to stable long
periods of quiescency sometimes sustained with minimal drug
treatment.” Disease flares may occur in response to viral infec-
tions, drugs, or sun exposure, among other known environmental
factors.® 12 Also, some lupus patients may evolve with subclinical
inflammation and progressive organ damage despite minimal clin-
ical manifestations.”

The recent awareness of the role of innate immune mecha-
nisms in the pathogenesis of SLE has opened a new frontier in
our understanding of this complex disease. For example, the discov-
ery in 2003 of the interferon type 1 (IFN 1)!*!* and granulopoiesis
signatures in SLE'* set an important landmark. The production of
IFN T largely by plasmacytoid dendritic cells (pDCs)' can occur
after internalization of Fc receptors that have bound IC-containing
lupus antibodies.'® In addition, IC containing nucleic acids and ri-
bonucleoproteins from lupus patients can activate neutrophils in
an Fc R-dependent fashion.!” These mechanisms bridge the in-
nate and adaptive branches in their contribution to the pathogene-
sis of SLE. NETosis is a form of programmed cell death that oc-
curs as a response of neutrophils when phagocytosis and killing
of microbial agents is insufficient to control infection. It may also
occur in response to drugs and ultraviolet light. Under these cir-
cumstances, they suffer decondensation of chromatin and emit
large fibrillar structures to engulf infectious agents and to recruit
further innate immune cells to the site of inflammation.'® A sub-
population of low-density neutrophils with increased propensity
to NETosis has been described in patients with SLE.'**" In re-
sponse to signals at inflammation sites, particularly oxygen reac-
tive species, this subpopulation undergoes increased NETOsis,
fueling autoimmune responses by the exposure of potential auto-
antigens, including modified double-stranded DNA and histones,
as well as molecules newly citrullinated by the enzyme peptidyl
arginine deiminase. Also, LL37, a microbicidal protein expressed
in these nets, forms complexes with DNA that stimulate prolifer-
ation of pcDC.?® Histones derived from NETosis can promote
capillary necrosis and damage podocytes, thus contributing to in-
creased cardiovascular risk and renal disease of lupus patients.?
In addition, IFN I can increase NETosis and neutrophil apoptosis
closing a pathogenic vicious circle.! Phagocytosis of apoptotic
debris and NET structures (efferocytosis) by macrophages and
other nonprofessional phagocytic cells is a down-regulatory
mechanism necessary to curb inflammation and restore immune
homeostasis.>**> Once phagocytosis occurs resolution molecules,
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such as resolvins and lipoxin A4 are produced, and acts upon
monocyte-macrophages to induce apoptosis and a mitigating
M2 phenotype, respectively.>?> The latter subset secretes anti-
inflammatory cytokines such as interleukin-10 (IL-10) and trans-
forming growth factor (3 tuning down inflammation. In addition,
efferocytosis increases the number of T regulatory cells (Tregs),>
coupling innate and adaptive immune cells in a homeostatic loop.
This down-regulatory mechanism is overwhelmed in SLE by a
combination of increased apoptosis,>* defective clearance of ap-
optotic debris,” and unregulated NETosis.?® This new body of
evidence now places innate immune responses on the front page
of SLE immunopathogenesis.

Tolerance to autoantigens is a key protective mechanism, and
its breakdown would carry catastrophic consequences for health
preservation of the living organism. Loss of tolerance to tissue an-
tigens is definitory of various organ-specific autoimmune diseases
in which target organs are affected by the direct effect of autoanti-
bodies and autoreactive T cell clones, such is clearly the case of
autoimmune thyroiditis,?® myasthenia gravis,?” and bullous pem-
phigoid,*® among others. However, despite their clinical utility as
diagnostic biomarkers, the pathogenic contribution of most auto-
antibodies in SLE is not always that clear. Also, loss of tolerance
as expressed by the appearance and persistence of autoantibodies
can occur in the absence of autoimmune disease. In a cross-
sectional study from the National Health and Nutrition Survey
(NHANES) in the United States, 13% of the healthy population
tested positive for antinuclear antibodies (ANAs).?? In a Canadian
study, 89% of ANA-positive asymptomatic subjects remained healthy
after 2 years of follow-up.> Stable levels of autoantibodies were ob-
served in a healthy population in Sweden.*' Antithyroid antibodies®
and antiphospholipid antibodies® can be observed in individuals
remaining healthy after several years of follow-up. A proportion
of healthy donors serving the US armed forces that tested positive
for antinuclear and other autoantibodies evolved to SLE, whereas
others remained free of autoimmune disease after several years of
follow-up.** In addition, first-degree relatives of lupus patients
may test positive for autoantibodies without ever developing an
immune-mediated disease.*>* Thus, the presence of autoimmune
serological biomarkers is not necessarily followed by clinical au-
toimmune disease suggesting that loss of tolerance per se may
not be sufficient for disease occurrence. Clearly, loss of tolerance
is patent in clinically affected patients with SLE, but whether this
event triggers or accompanies the disease during its natural course
can be open to discussion.

The preclinical state identified by loss of tolerance and pre-
existing autoantibodies can switch abruptly to overt disease in
some healthy individuals or also during the typical acute flares oc-
curring after stable periods or remission in lupus patients. Known
triggers such as sun exposure, viral infections, pregnancy, or drugs
can activate innate immune cells and, through cytokine release,
secondarily involve adaptive immune cell responses and expan-
sion of dormant autoreactive clones. For example, IL-23 mainly
produced by DCs and monocyte/macrophages (MOs) promote
proliferation and expansion of Th17 cell subpopulations; IL-12
produced by DC, neutrophils, and MO contribute to the expansion
of the Th1 subset; and BlyS produced by DC stimulates prolif-
eration of B cells. Thus, as in any other inflammatory process,
innate immune cells are also primarily involved in response to
lupus-triggering environmental factors.

To prevent the expansion of autoreactive clones, several
mechanisms must be in order, including central deletion in thymus
and bone marrow, peripheral deletion, anergy, and inhibition by
Tregs. Mutations of the FoxP3 gene, affecting the function of
the transcription factor driving the phenotype and competence
of these cells, cause immune dysregulation, polyendocrinopathy,
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enteropathy, X-linked syndrome,*” and autoimmune disease quite
distinct from the typical lupus clinical phenotype. The role of Treg
cells in lupus is at least controversial, with contradictory results in
studies assessing both their number and function.*® So, a main regu-
latory mechanism preventing autoreactivity by potentially down-
regulating autoreactive cell clones can be severely impaired without
causing an SLE clinical phenotype. Furthermore, some patients
with severe combined immunodeficiency and combined immuno-
deficiency disorders can present clinical manifestations mimick-
ing systemic autoimmune diseases, including lupus, despite a
severe malfunction of the adaptive immune system.>®

Given the above arguments, several questions may be posed.

—

. Is loss of tolerance the event initially triggering the disease?

2. Is autoimmunity the main mechanism leading to disease
perpetuation?

3. Is it possible that autoimmune responses result from the expan-
sion of autoreactive cell clones prompted by unregulated innate
immune responses triggered by environmental factors?

4. Isitpossible that a disrupted immune homeostasis and not autoim-

munity be the defining pathogenic mechanism underlying lupus?

We have already discussed the appearance of autoantibodies
in healthy people.?* ¢ ANA-positive healthy individuals can also
display B and T cell and cytokine alterations similar to those seen
in lupus patients without developing a clinical disease.**** Re-
garding the second question, it is evident that a continuous or re-
current inflammatory process in lupus is characterized by innate
immune cell abnormalities, such as accelerated NETosis,'*2° in-
creased apoptosis of MO,?* saturation of scavenger cells by an ex-
cess of apoptotic debris, > plasmacytoid DC expansion,' and IFN
I signature.'*'* Also, the environmental factors triggering lupus,
typically viral infections,®'? noninfectious environmental factors, '
and dysbiosis,*’ do so by inducing activation of innate immune
cells in the first place.

CLUES FROM THE IMMUNOBIOLOGY OF LUPUS

The processes underlying a chronic inflammatory condition
can ultimately be traced to abnormalities in the regulation of cell
biology. In SLE, oxidative stress,* mitochondrial dysﬁmction,46’47
accelerated apoptosis,®* and altered autophagy, including defec-
tive autophagy of oxidized mitochondrial DNA in neutrophils
from lupus patients,*® have been observed (Fig. 1). These abnor-
malities combined lead to enhanced activation of the cyclic gua-
nosine monophosphate-adenosine synthase (cGAS) stimulator
of IFN genes (STING) pathway, the canonical biochemical signal-
ing mechanism of innate immune cells in response to aberrant lo-
cation of exogenous or endogenous nucleic acids in the cytosol
(Fig. 2).*° In response to oxidative stress mitochondria release
DNA that leaks to the cytosol triggering, the cGAS-STING path-
way leads to IFN I and proinflammatory gene activation.”® The
mechanism checking this pathway is degradation of c-GAS-STING
by inflammophagy, the autophagy mechanism down-regulating in-
flammation, by which cGAS is ubiquitinated and STING disposed
by autophagy after being coupled to p62 protein.>>! Interestingly,
defects of mitochondrial autophagy in red blood cells related to en-
hanced clinical activity have been described in children with SLE.>
The fact that ubiquitous viruses such as Epstein-Barr, cytomega-
lovirus, parvoviruses, and human endogenous retroviruses’ are
known triggers of SLE opens the unexplored possibility of a dys-
regulation of the c-GAS-STING pathway in response to exoge-
nous nucleic acids entering the cytosol as a potential mechanism
underlying the immunopathology of lupus at a more basic cell biol-
ogy level. This may be further expanded by the effect of endogenous
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FIGURE 1. Environmental factors trigger a loop of oxidative stress and mitochondrial dysfunction affecting the critical regulatory mechanism
of autophagy in innate immune cells, leading to unregulated NETosis, increased apoptosis, and IFN | and proinflammatory cytokine
responses. Through enhanced production of IL-12 and IL-23 by innate immune cells, a humoral response ensues with expansion of dormant

autoreactive T and B cell clones and production of autoantibodies.

nucleic acids leaked from mitochondria release DNA to the cyto-
sol, as a result of mitochondrial exhaustion and damage due to ox-
idative stress (Fig. 2). Despite lack of experimental evidence, it
would be tempting to speculate that an increased sensitivity of im-
mune cells to trigger this cascade in response to environmental
stimuli or lack of a compensatory down-regulatory control could
lead to the unchecked c-GAS-STING pathway seen in SLE.**->3
In one study, strong IFN I signature predicted disease severity in
lupus after 5-year follow-up.”* Defects in DNA degradation re-
lated to DNAse enzyme deficiencies have been described in SLE
patients.”>® This deficit in DNA disposal may increase the pool
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of nucleic acids in the cytosol and further contribute to sustained ac-
tivation of the c-GAS-STING pathway enhancing IFN I and cyto-
kine production. Gain-of-function mutation of STING in humans
causes STING-associated vasculopathy with onset in infancy, an in-
flammatory condition with interstitial lung disease and vasculopa-
thy mimicking some manifestations observed in SLE.>” The rele-
vance of this metabolic pathway in the pathogenesis of the disease
is illustrated by cases of lupus due to a gain-of-function mutation of
the stimulator of interferon (TMEM173) gene leading to unchecked
activation of STING.>® Further, one case of human lupus has been
described in a patient carrying a gain-of-function mutation of the
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FIGURE 2. The cGAS-STING pathway is triggered by the presence of nucleic acids in the cytosol coming from viruses, extracellular DNA from
nonapoptotic dead cells, and from exhausted mitochondria (mit-DNA). IFN | can contribute to expand plasmacytoid dendritic cells (in turn,
the main source of IFN I), thus closing a self-sustaining loop. IFN | also contributes to enhance autoantibody (auto Ab) production by B cells.
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toll-like receptor 7 (TLR7) gene, causing increased sensing to 2’3’
¢GMBP, the sensor of cytosolic nucleic acids.>® The increasing num-
ber of gene mutations causing inflammatory conditions reminiscent
of lupus underscores the relevance of these mechanisms as potential
drivers of disease in SLE.

Lupus patients show a myriad of autoantibodies, circulating
IC, and enhanced complement activation promoting inflammation
in target organs. Whether these events happen primarily, together
with, or because of the above-mentioned innate immune mecha-
nisms can be open to discussion. As discussed above, autoanti-
bodies may emerge in individuals that remain healthy, and, on
the other hand, autoimmune diseases can be observed in patients
with severe deficiency of the adaptive immune function. Nonethe-
less, abnormal humoral responses are a distinctive feature in SLE,
suggesting an important participation of the adaptive immune re-
sponse. Both branches of the immune system may be bridged
once the disease commences. For example, IC containing immu-
noglobulin G from sera of lupus patients, but not from healthy in-
dividuals, can couple to Fc receptors in pDC and the complex in-
ternalized to stimulate 7LR-7, further driving the IFN I response.'®
IFN I can both induce the transformation of MO into pDC and en-
hance immunoglobulin G production by B cells, setting up an am-
plifying loop of innate and adaptive immune responses (Fig. 2).
The need for events involving primarily innate immune cells can
explain the important role of viruses, noninfectious environmental
factors, and other environmental factors in the triggering and in-
duction of flares of the disease (Fig. 1).

INFLAMMATION AND IMMUNE HOMEOSTASIS
IN LUPUS

Inflammation is the core pathological process occurring in SLE.
Immune homeostasis can be defined as a balance of an alerted state
to fight a foreign invader through a self-regulated inflammatory re-
sponse and a repressed state to avoid targeting host antigens. In auto-
immune and autoinflammatory diseases, this balance is broken. A
homeostatic immune status dictates that inflammation must be com-
mensurate with the needs for defense of the host. One of them is
phagocytosis of apoptotlc bodies by neutroj 3phlls and neutrophil
NETS by MO restoring immune homeostasis.>* In autoinflammatory
diseases, several mutations hamper this down-regulatory control, as it
has been observed in certain forms of monogenic lupus.*®' It is pos-
sible that in polygenic SLE, less conspicuous abnormalities affecting
the delicate control of proinflammatory and anti-inflammatory re-
sponses by innate immune cells may also be playing a role.

Thus, we could propose the following sequence of events. En-
vironmental factors may initially trigger the disease by involving

Innate

EnV"'O"ment—’ Immune cells

activation

@ Immune homeostasis
@ Loss of immune homeostasis

innate immune cells and promoting inflammation. Consequently,
adaptive immune responses follow, and autoimmune features may
emerge in those individuals with genetic susceptibility for autoim-
munity. If the response to the environmental agent is balanced in
the axis inflammation versus repair (immune homeostasis), no
chronic inflammation ensues, although autoantibodies may ap-
pear in those individuals with susceptibility genes for autoimmu-
nity (Fig. 3). If immune homeostasis is disrupted, disease pro-
ceeds until immune homeostasis is reestablished, as may occur
in rare cases spontaneously or in response to treatment (Fig. 3).
Neutrophils further support the restoration of immune homeosta-
sis by clearing potentially proinflammatory debris through effero-
cytosis.*>? Also, to the purpose of restoring immune homeosta-
sis, low-dose IL-2 has been used in various clinical trials aiming to
enhance Treg activity,®* based on the known regulatory effect of
this T cell subpopulation on both innate and adaptive immune cells.®*
However, the study of Treg numbers and function in SLE patients
have yielded contradictory results. This has been confirmed in a
recent meta-analysis that only showed a negative correlation with
disease activity.®*

WHAT TREATMENT OPTIONS INFORM US ABOUT
THE PATHOGENESIS OF THE DISEASE?

Since autoimmunity has been the defining mechanism of
SLE, most treatment modalities have been focused on checking
adaptive immune responses by immunosuppressive therapy. Con-
ventional immunosuppressive drugs or biologics have been the
mainstay of treatment with significant but often variable degrees
of success and unfortunately with a toll of sometimes serious ad-
verse effects. Specific adaptive immune targeting modalities such
as anti-CD20 and anti-BAFF (BlyS) monoclonal antibodies amelio-
rate disease activity but have not always been effective in control-
ling visceral disease.*%> The recent still experimental alternative,
CAR-T cells targeting the CD19+ B cells, has shown impressive re-
sults after at least 1 year,% but the intense lymphodepletion regimes
required previously to CAR-T cell infusion can have effects on
other bone marrow cell lineages including myeloid lineage progen-
itor cells, as shown by prolonged neutropenia in some cases, mak-
ing the relevant mechanism of action less clear. Unquestionably, cy-
clophosphamide and MMF are effective treatments of renal and
other affected organs in lupus. Both drugs have an effect in funda-
mental cell biology processes. Cyclophosphamide is an alkylating
agent inducing cell DNA damage and is used in cancer, prevention
of transplant rejection, and autoimmune diseases. It is an approved
treatment for severe visceral lupus, but its high potential for nonim-
mune cell damage limits its utility. MMF inhibits de novo purine

Autoimmune Y= Autoantibodies » N le) -S LE

Autoimmune
genes

Autoantibodies S LE

Increased NETosis
Increased apoptoms
IFNI signature

Pro-i mflammatory
cytokines

FIGURE 3. The integrity of immune homeostasis is necessary to avert the progression to disease in individuals exposed to environmental

factors.
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synthesis predominantly in proliferating T and B cells but also in
monocytes,®”” DC,%"% and renal podocytes,”° thus targeting a com-
bined cell population. Hydroxychloroquine (HCQ) is a key drug in
the treatment of lupus patients. This drug acts by increasing lyso-
somal pH and inhibiting lysosomal enzyme activity, thus diminishing
autophagy of internalized molecules, internal traffic of cytosol mole-
cules, and blocking activation of intracellular toll-like receptors.”"
HCQ binds to cytosolic nucleic acids and prevents activation of
the c-GAS-STING cascade, the main pathway responsible for
IFN I and proinflammatory cytokine production. It needs to be
proven that these cell biology effects are the basis for the therapeu-
tic efficacy of this drug. The long-term benefit of continuous treat-
ment with HCQ in the prevention of flares,”® prolonging survival’®
and even curtailing the progress of disease in patients with incom-
plete lupus,’® with a drug lacking a potent immunosuppressive or
anti-inflammatory effect, makes this hypothesis worth to consider.

CONCLUDING REMARKS

The basic tenet in SLE of autoimmunity as the main pathoge-
netic mechanism has driven the development drugs focused on
ameliorating humoral responses to the detriment of developing al-
ternative target options. Most current treatment modalities are of
limited efficacy to curtail severe visceral disease and also add a
high toxicity toll. The recent understanding of the critical role of
abnormalities in key cell biology processes involving innate im-
mune cell mechanisms opens a gate for the future development
of new therapeutic modalities acting at earlier and perhaps more
fundamental stages of the disease. For example, the blockade of
the STING pathway increased survival”® and ameliorated renal
and lung disease’® in Three-prime Repair EXonuclease 1 (TREX-
1) TREX-mutant lupus mice models. Several small molecule com-
pounds interfering at specific steps of the cGAS-STING are under
rapid development.” The experience with HCQ, an old but concep-
tually rejuvenated drug, is an incentive for intervention at key cell
biological processes that precede the breakdown of immune homeo-
stasis. Clearly, this requires redirecting the focus from the classical
view of SLE as solely an autoimmune disease to SLE as a chronic
inflammatory disease with a significant autoimmune component.
Future research should also provide biomarkers that allow the pre-
diction for future disease in those individuals with preclinical sero-
logical markers of autoimmunity.
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