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Abstract

Two environmental factors, crystalline silica (cSiO,), a toxic airborne particle encountered
occupationally, and docosahexaenoic acid (DHA), a dietary omega-3 highly unsaturated fatty acid
(HUFA), have the potential to influence the development of systemic lupus erythematosus (lupus).
Using the NZBWF1 mouse, which spontaneously develops lupus, we found that intranasal
exposure to cSiO, significantly decreases latency and promotes rapid progression of the disease.
Specifically, cSiO, induces the development of ectopic lymphoid structures (ELS) containing
germinal centers in the lungs that yield vigorous and diverse autoantibody responses locally and
systemically. Transcriptomic analysis revealed that cSiO, promotes a robust type | interferon gene
signature that likely precipitates ELS neogenesis. Intriguingly, dietary supplementation with
human-relevant doses of DHA impedes cSiO»-induced gene expression, ELS neogenesis,
autoantibody elevation, and glomerulonephritis in this lupus-prone mouse model. Together our
findings point to the feasibility of enhancing tissue omega-3 HUFAs as a personalized nutritional
intervention to impede onset and progression of environment-triggered autoimmune disease.
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Lupus results from gene-environment interactions

Systemic lupus erythematosus (lupus) is a prototypical autoimmune disease characterized by
inflammation and a loss of self-tolerance. There are an estimated 250,000 patients in the US
with lupus,! and this is likely an underestimate, as lupus is frequently misdiagnosed.? This
devastating disease disproportionately impacts women of child-bearing age and of non-
Caucasian descent. Lupus begins with benign but detectable elevations in plasma
autoantibodies and inflammatory biomarkers, but eventually develops into full-scale
systemic autoimmune disease. Rampant autoantibodies form immune complexes with their
cognate autoantigens and can deposit in the kidney, triggering glomerulonephritis and
ultimately renal failure if left untreated. While the genome is the primary predisposing factor
for autoimmunity, environmental factors such as toxicants® and diet* modulate underlying
hereditary susceptibilities, playing major roles in the development and/or exacerbation of
symptoms. To illustrate the interactive actions of such factors, we review here investigations
in a widely used preclinical mouse model of lupus demonstrating that 1) early autoimmune
disease onset can be triggered by the respiratory toxicant crystalline silica (cSiO,) and 2)
this triggering can be ameliorated by consumption of the dietary omega-3 fatty acid
docosahexaenoic acid (DHA).

cSiO, is an autoimmune trigger

SiO, is the most abundant mineral on earth® and an estimated 2.3 million Americans are
exposed to cSiO, occupationally.8 Exposure to ¢SiOy, is critical to the development of the
human disease silicosis, which presents as chronic inflammation with severe fibrosis in the
lungs and culminates in the loss of lung function.” High levels of cSiO, and other silicates
are present in the lungs of miners exposed to high levels of coal dust containing cSiO»,
indicating that the dust cannot be cleared from the lungs following chronic exposure.®
Clearance of inhaled cSiO, from the lung has also been shown to be extremely slow in
rodents,? thus repeated inhalation of cSiO, activates a persistent inflammatory response in
the lungs.10 Continued over-activation of immune cells coupled with the release of cellular
material following cSiO,-induced cell death results in production of antibodies against host
antigens, contributing to the development of systemic autoimmunity.11.12

The etiological linkage between cSiO, exposure and the development of autoimmunity is
supported by human epidemiological studies, as reviewed by Parks et al.13 The review’s
authors concluded that existing data met the Sir Bradford Hill criteria for establishing
causalityl4; specifically, there was strength and consistency in the association between cSiO,
exposure and lupus. This was observed across different study designs and populations, there
was an obvious exposure-response gradient, and epidemiological findings are consistent
with mechanistic studies in animals. More recently, a National Institute for Environmental
Health Sciences expert panel evaluated the role of environmental factors in autoimmune
disease and concluded that cSiO5 contributes to multiple autoimmune diseases, including
lupus, rheumatoid arthritis, systemic sclerosis, and ANCA vasculitis.?
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Omega-3 HUFAs counter inflammation and autoimmunity

Consumption of omega-3 highly unsaturated fatty acids (HUFAS) has been shown to
ameliorate chronic inflammatory and autoimmune diseases.1>~17 The major omega-3
HUFAs eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic
acid (DHA) are abundant in oily fish. Since the Western diet is lacking in fish and, in
general, marine fatty acids,1819 the most effective way to increase omega-3 HUFAS is
through dietary supplementation.20-21 Indeed, after multivitamins, fish oil is the second most
widely used supplement in the US.22 Crude fish oil or semi-purified mixtures of EPA, DPA,
and DHA have been utilized in clinical trials for cardiovascular disease, inflammatory
diseases, and autoimmune diseases,2? including lupus (reviewed elsewhere?4). While there
have been many positive findings, there are also inconclusive results, leaving many open
questions about the dose required to see beneficial effects as well as the mechanisms behind
omega-3 HUFAS’ protective actions.

Preclinical evidence that dietary DHA consumption prevents cSiO,-
triggered lupus

To investigate contributions of the exposome to onset and progression of lupus, we have
employed the NZBWF1 mouse, a widely used animal model that mimics human lupus.2526
As in humans, lupus development in NZBWF1 mice primarily occurs in females. These
mice develop robust autoantibody responses and lupus nephritis around 32 weeks of age and
typically will die within a year. Intriguingly, when these mice are intranasally instilled with
cSiO,, they develop lupus about 3 months earlier than vehicle-treated animals.12 Our lab has
focused on understanding the early inflammatory events that lead to cSiO,-triggered onset of
lupus in this model, as well as the potential to block cSiO,-triggered inflammation using
dietary intervention with the omega-3 HUFA DHA.1227.28 |n our most recently published
study, 6-week old female NZBWF1 mice were introduced to diets supplemented with DHA-
enriched algal oil, providing 0, 0.4 or 1% DHA per day, which are calorically equivalent to
human doses of 0, 2 or 5 grams/day, respectively.?® These mice were intranasally instilled
with 1 mg cSiO» at 8, 9, 10, and 11 weeks of age. Cohorts were then sacrificed at 1, 5, 9,
and 13 weeks after the final instillation and bronchoalveolar lavage fluid (BALF), lungs,
kidneys, and blood were collected for analysis. Mice exposed to cSiO, developed
glomerulonephritis at 13 weeks post-instillation, but this response was blocked by DHA
feeding.

DHA’s protective effects against cSiO,-induced kidney inflammation were specifically
linked to reduced pathogenesis in the lung.2° Cell counts from the BALF of c¢SiO,-treated
NZBWF1 mice revealed a robust increase in immune cells at 9 and 13 weeks post-
instillation, with the main cell types being macrophages and neutrophils; at 13 weeks,
lymphocytes were also present in the BALF. cSiOo—triggered elevations of these cells were
significantly suppressed by feeding DHA, both at the low and high doses. Relatedly,
following H&E staining, we observed perivascular and peribronchiolar lymphoid cell
infiltration in cSiO,-instilled mice, suggesting the development of ectopic lymphoid
structures (ELS).12:30.31 Thjs was confirmed by immunohistochemical staining for T cells, B
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cells, and follicular dendritic cells. The infiltrating lymphoid cells clearly adopted a germinal
center-like formation, with lymphoid cells surrounding aggregated follicular dendritic cells
and yielding IgG- producing plasma cells.32 Organized lymphoid structures in the lungs of
mice have also been termed inducible bronchus-associated lymphoid tissue, or iBALT, as
they develop only in response to environmental exposures or infections.33:34 Intriguingly,
DHA supplementation impeded formation of cSiO,-induced ectopic lymphoid structures
and germinal centers in the lung at all time points.

In lupus and other autoimmune diseases, ELS can serve as a platform for the development of
autoantibodies.313% Using an autoantigen microarray, we identified numerous
autoantibodies in the BALF and plasma that were upregulated in response to cSiO»,
beginning at 5 weeks post-instillation and becoming highly robust at 9 and 13 weeks.36
These included 1gG, IgM, and IgA isotypes. In mice that consumed diets supplemented with
DHA, cSiO,-induced autoantibody production was suppressed. Importantly, known human
lupus markers, namely anti-DNA, anti-RNP, anti-SM, anti- histone, anti-dsDNA, anti-Ro/
SSA, anti-La/SSB, and anti-complement autoantibodies,3” were suppressed by feeding
DHA.

Type 1 interferon response is induced by cSiO, but suppressed by DHA

supplementation.

Recently, we analyzed gene expression in the lungs and the kidneys using a platform
targeting 770 immune-related genes to assess the effects cSiO, exposure and DHA
consumption on mRNA signatures over time in female NZBWF1 mice (publication in
press).38 These analyses were performed on samples from the experiment detailed above, as
well as in animals sacrificed either one day following a single cSiO, exposure or one day
after the fourth exposure. Just 1 day after the last of four weekly cSiO, doses, genes related
to inflammation as well as innate and adaptive immunity were dramatically increased in
lungs of animals fed the control diet but were significantly reduced in mice fed DHA diets.
Importantly, mRNA signatures in lungs of cSiO,-treated mice fed the control diet over 13
weeks reflected progressive amplification of type 1 interferon (IFN)- and chemokine-related
gene pathways, in addition to other immune-related pathways. At all timepoints, these lung
signatures were suppressed in mice fed DHA.

IFN signaling is strongly implicated in the development of autoimmune diseases, with type 1
IFN — and more specifically IFNa — being associated with the development of lupus.3?
Early studies using the lupus-prone NZBWF1 mouse model showed that induction of type |
IFN using polyinosinic:polycytidylic acid accelerated the disease onset.40 In 1979, it was
reported that patients with autoimmune disease had increased levels of circulating IFN, and
in lupus patients both type 1 and type Il IFN were observed.*! In the late 1990s and early
2000s, there were multiple reports that patients administered IFNa to treat certain
malignancies and hepatitis C developed lupus-like symptoms, further strengthening the
connection between type | IFN and the development of lupus. 424344 In 2003, Baechler et
al. showed that expression of IFN target genes was closely correlated with disease activity
and severity.#> Of high relevance to our model, it was recently reported that cSiO-induced
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cell death and self-dsDNA release could induce a type | IFN response in mice via the
cytosolic receptor STING (stimulator of interferon genes).46:47 These findings were
extended to humans, showing that patients with silicosis had an increase in circulating
dsDNA as well as activation of the pathway sensing DNA and inducing a type | IFN
response in the lung tissue.*6

Proposed role for type 1 IFN in cSiO,-induced autoimmunity

When ¢SiO5 is inhaled it can induce cell death (e.g. apoptosis, pyroptosis, and necroptosis)
in multiple cell types in the lung, including alveolar macrophages and neutrophils (Figure 1).
If dead cells are not properly cleared, cellular debris accrues. Of note, impaired efferocytosis
(i.e. phagocytosis of dead/dying cells) is implicated in lupus and other autoimmune diseases,
resulting in insufficient clearance of cellular debris, including host nucleic acids.*8 In
addition, cSiO5 has been shown to induce formation of neutrophil extracellular traps via a
mechanism known as NETosis, leading to the extrusion of nuclear contents that further
contribute to extracellular DNA accumulation.#® While it is well established that viral
nucleic acids can trigger an IFN response, endogenous nucleic acids released by dying and
NETosing cells can as well.5%:51 Many cell types can recognize double stranded and single
stranded nucleic acids through various receptors, including toll like receptors and cytosolic
nucleic acid sensors such as STING,*’ ultimately leading to the release of type I interferons.
In lupus, one of the key cell types implicated in this response is the plasmacytoid dendritic
cell (pDC), which primarily releases IFNa.3°

Based on published studies and our findings, we propose that the type | IFN response plays a
central role in cSiO,-triggered autoimmunity. IFNa can act on multiple cell types and many
of its actions promote a feed-forward loop to drive the type I IFN response. For example,
IFNa can induce additional NETosis52 and can also act on macrophages, leading to the
release of proinflammatory chemokines and cytokines that stimulate antigen presentation
and T and B cell activation. Additionally, IFNa can act directly on myeloid dendritic cells to
promote antigen presentation. In the case of cSiO,-triggered autoimmunity, host antigens are
likely be presented due to the impaired clearance of cellular debris. IFNa can further
promote B cell maturation into plasma cells. In lupus, these may be autoreactive plasma
cells producing autoantibodies against host antigens, including host DNA. These DNA-
containing immune complexes can be recognized by pDCs, leading to additional release of
IFNa.%3

Of high relevance to human autoimmunity, IFNa elicits the release of B-cell activating
factor (BAFF) from multiple cell types.>*5 The main role of BAFF is to promote B-cell
maturation, increasing the release of autoantibodies and driving this feed-forward cycle.
BAFF is the target of the drug Belimumab (Benlysta™), which was approved by the FDA in
2011, making it the first drug in 52 years approved to treat lupus in adults.%8 In April 2019,
Benlysta was also approved for treatment of pediatric lupus.®’ We have found that cSiO5
induces elevated BAFF in the BALF and plasma of NZBWF1 mice and that elevation of this
critical B-cell maturation factor is dose-dependently suppressed by DHA supplementation.28
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Can omega-3 HUFA supplementation be used as a personalized nutrition

tool against lupus?

cSiO, treatment markedly increases expression of several cytokines and receptors that are
pathogenic in the progression of lupus. Importantly, dietary DHA reversed this effect (Table
1).28.29 Relevant to the treatment of lupus, several of the cytokines identified in our
preliminary and published studies are pharmacological targets for drugs already approved or
currently in clinical trials for the treatment of lupus and other autoimmune diseases.
53,56,58-62 Notably, IFNa is a target of ongoing lupus clinical trials using multiple strategies
to impede different steps of the IFN pathway, as reviewed previously.>3 Many of the
therapies in development are monoclonal antibodies, which are extremely expensive.53 For
example, a Belimumab dosing regimen costs approximately $35,000 per year, placing a
substantial financial burden on uninsured patients and their families.56:64 While omega-3
HUFA supplementation might not eliminate the need for these drugs, it has the potential to
interfere with many of these targets simultaneously for less than few dollars a day, reducing
the need for high doses of a drug over prolonged periods of time.

Recently, a population study conducted under the aegis of the Michigan Lupus
Epidemiology & Surveillance (MILES) Program reported that higher dietary intake of
omega-3 fatty acids, and lower dietary omega-6:0mega-3 ratios, were favorably associated
with patient-reported outcomes, particularly self-reported lupus activity and sleep quality.
To harness the protective effects of DHA and other omega-3 HUFAs, it is important to
understand how they act. When consumed, fatty acids are incorporated into the cell
membrane,2! and the resulting levels of omega-3 and omega-6 HUFAs in the membrane can
have a direct effect on inflammatory pathways in the cell. One way that membrane HUFAS
can influence inflammatory responses is by impacting lipid raft formation. It has been
reported that DHA and EPA can impede lipid raft formation and prevent the aggregation and
activation of transmembrane receptors involved in inflammatory signaling pathways.%°
HUFASs can also be cleaved from the membrane, both extracellularly and intracellularly by
phospholipases to generate free HUFAs.56:67 Free EPA and DHA have been shown to
activate transmembrane receptors involved in blocking pro-inflammatory signaling
pathways68:69 and are also reported to be ligands for PPARy, which can inhibit NF-kB
dependent transcription.”%71 Additionally, both EPA and DHA can be metabolized to
downstream specialized pro-resolving mediators, known as SPMs, which include resolvins,
protectins, maresins, and anti-inflammatory epoxide metabolites.”273 These have also been
shown to inhibit inflammatory signaling pathways’4 7> and promote both phagocytosis of
bacteria and efferocytosis of dead cells.”®77 Finally, EPA and DHA can directly compete
with omega-6 HUFAs for incorporation into the cell membrane and for metabolism to
downstream eicosanoids. This is of biological importance, as downstream metabolites of the
omega-6 HUFA arachidonic acid (i.e. prostaglandins, thromboxanes, and leukotrienes) are
well known to promote an inflammatory response.’® Accordingly, altering the HUFA
balance of the membrane to favor omega-3 HUFAs can have a direct impact on promoting
resolution over inflammation.
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Because the levels of omega-6 and omega-3 HUFAs may have profound and counteracting
effects on inflammation, resolution, and disease status, it is critical to gauge their content in
the phospholipid membrane. Assessing the phospholipid content of one’s red blood cells as
a biomarker of HUFA status in tissues is now quite simple with several companies providing
relatively inexpensive, at-home finger prick tests.”® From just one drop of blood collected
and stabilized on filter paper, dozens of major fatty acids, including omega-3 and —6
HUFASs, can be quantified. We favor using the omega-3 HUFA score over other alternative
approaches to reflect the omega-3 content in the red blood cells (RBCs) of our mice. The
HUFA score represents the major omega-3 HUFAs as a percent of total HUFAs,8% while
other widely used indices present EPA and DHA as a percent of total fatty acids. There are a
few advantages to presenting the omega-3 content using the HUFA score. First, HUFAs have
similar chemical properties and will be modified — or degraded — at similar rates. Therefore,
the HUFA score should remain relatively constant despite methodological differences.8?
Second, the major omega-6 and omega-3 HUFAs are the primary substrates for known
proinflammatory and anti-inflammatory lipid mediators.21-81 Limiting analysis to the HUFA
pool allows the clinician to better estimate potential competition between omega-6- and
omega-3-derived metabolites. Finally, the HUFA score is predictable from dietary fat intake,
which would be important for developing a personalized nutritional intervention.82

In a preliminary investigation,83 using data from a previously published study that assessed
dose response of DHA on cSiO,-triggered lupus in NZBWF1 mice,28 we showed that an
increased omega-3 HUFA score in RBCs was associated with decreased autoimmune
biomarkers, such as anti-dSDNA IgG antibodies and BAFF. The HUFA score was also
negatively correlated with B and T cell infiltration in the lungs and levels of pro-
inflammatory cytokines and chemokines, such as TNF-a and MCP-1, respectively. Similar
associations were found between these endpoints and HUFA scores in the lung, spleen, and
kidney. The high omega-3 HUFA scores (~70%) associated with reduced autoimmune
disease in mice are similar to those reported for humans living in communities
predominately consuming fish and other marine fats.84 This is substantially higher than
HUFA scores observed in individuals consuming a Western diet (~30%),82 which consists of
foods rich in omega-6 fatty acids, such as vegetable oils, poultry, and beef.8% These findings
suggest that the omega-3 content of the RBCs, which is decidedly influenced by diet, may
be leveraged to ameliorate the inflammatory status of patients with lupus and other
autoimmune diseases. These personalized interventions are in step with the goals of the
NIH’s Precision Medicine Initiative, which defines precision medicine as “an innovative
approach to disease prevention and treatment that takes into account individual differences
in people’s genes, environments, and lifestyles”.86

Conclusion

Taken together, intranasal exposure of lupus-prone mice to cSiO, induces a type | IFN gene
signature that precedes ELS induction in the lung, with lymphoid cell infiltration occurring
as early as 1 week post-instillation and worsening over the course of the disease. ELS
neogenesis evokes vigorous elevations of diverse autoantibodies in the BALF and plasma
that form immune complexes with their cognate antigens and deposit in the kidneys,
ultimately resulting in glomerulonephritis. When animals are fed DHA, the IFN-related
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genes are suppressed, ELS development is suppressed, autoantibodies are reduced, and
animals present much less severe glomerulonephritis (Figure 2). Because DHA consumption
results in an enrichment of omega-3 HUFAs in the phospholipids, measuring the HUFA
score of patients could be ideal for developing strategies to effectively combat inflammatory
and autoimmune diseases. While it is critical to validate these preclinical findings in
humans, our assessment provides insight into the range of omega-3 HUFA scores that might
be required in humans to achieve protective effects. Ultimately, a precision health strategy
for an individual would require at least two tactics to potentiate the omega-3 HUFA score: 1)
increasing omega-3 HUFA intake by dietary supplementation and 2) reducing consumption
of foods that containing high amounts of omega-6 HUFAs. This strategy may protect and
benefit patients with lupus or other autoimmune diseases, individuals genetically
predisposed to these diseases, or individuals environmentally exposed to cSiO, and other
autoimmune disease triggers.
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Figure 1: Putativerolefor type 1 IFN in cSiO2-induced lupus.
When inhaled, cSiO» induces cell death in multiple cell types present in the lung (e.g.

neutrophils and macrophages) leading to the extracellular release of host nucleic acids.
cSiO, also stimulates release of neutrophil extracellular traps (NETs) which contribute to the
accumulation of extracellular DNA. Extracellular nucleic acids, either viral or innate, induce
the release of type | IFN from many immune cell types. In lupus, plasmacytoid dendritic
cells (pDCs) are recognized as a primary producer of IFNa, the major type | IFN.
Extracellular DNA along with other uncleared cellular debris can be presented by antigen
presenting cells, promoting the development of autoreactive B and T cells. This process is
enhanced directly by IFNa and by other cytokines and chemokines, such as B-cell activating
factor (BAFF), released from immune cells in response to IFNa. Autoreactive plasma cells
will produce autoantibodies against host antigens, forming DNA-containing immune
complexes that can be recognized by pDCs to further drive this cycle. Adapted from Chasset
F & Amaud L, 20180
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Figure 2: cSiO2-induced autoimmune pathogenesisis correlated with the omega-3 HUFA score.
The ¢SiOo-induced type | IFN gene signature promotes ectopic lymphoid structure

neogenesis in the lungs, and production of pathogenic autoantibodies which form immune
complexes (IC) with host antigens. This culminates in systemic autoimmunity and
glomerulonephritis. When mice are fed diets rich in DHA, autoimmune pathogenesis is
suppressed. Improved disease status and decreased inflammatory endpoints are associated
with an increase in omega-3 HUFAs in the cell phospholipid membrane. Biomarkers that
evaluate membrane fatty acids, such as the HUFA score, are crucial to developing omega-3
supplementation strategies to prevent or ameliorate inflammatory and autoimmune disease.
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Silica enhances (1) and DHA suppresses (V) many inflammatory endpoints targeted by drugs either approved
or in clinical trials for treatment of autoimmune disease.

Target Silica DHA  Treatment

Drug

IFNa mAb Rontalizumab, Sifalimumab®®
IFNa 1 IFNAR1 mAb Anifrolumab®°
IFNa vaccine Interferon-a-kinoid (IFN-K)%0
BAFF 1 BAFF mAb Belimumab (Benlysta™)33
IL-6R mAb Tocilizumab®®
IL-6 0
IL-6 mAb Sirukumab®6
TNF-a 0 TNF-a mAb Infliximab®?
MCP-1 0 Neutralize MCP-1  Emapticap®®
CD3 0 CD3 mAb Muromonab-CD3%°

Toxicol Pathol. Author manuscript; available in PMC 2020 December 01.



	Abstract
	Lupus results from gene-environment interactions
	cSiO2 is an autoimmune trigger
	Omega-3 HUFAs counter inflammation and autoimmunity
	Preclinical evidence that dietary DHA consumption prevents cSiO2-triggered lupus
	Type 1 interferon response is induced by cSiO2 but suppressed by DHA supplementation.
	Proposed role for type 1 IFN in cSiO2-induced autoimmunity
	Can omega-3 HUFA supplementation be used as a personalized nutrition tool against lupus?
	Conclusion
	References
	Figure 1:
	Figure 2:
	Table 1.

