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Occupational exposure to crystalline silica (cSiO») is etiologically associated with
systemic lupus erythematosus (lupus) and other autoimmune diseases. cSiO»’s
autoimmune effects in humans can be mimicked chronically in female lupus-prone
NZBWF1 mice following repeated exposure to the particle. However, the immediate
and short-term effects of ¢cSiO» in this widely used model of autoimmune disease are
not well-understood. In the present study, we tested the hypothesis that a single acute
cSiO» dose triggers early presentation of cellular, histopathological, transcriptomic, and
protein biomarkers of inflammation and autoimmunity in lupus-prone mice. Eight-week
old female NZBWF1 mice were intranasally instilled once with 2.5mg cSiO, or saline
vehicle and necropsied at 1, 7, 14, 21, and 28 d post-instillation (Pl). Analyses of
bronchoalveolar lavage fluid (BALF) and lung tissue revealed that by 7 d PI, acute cSiO»
exposure persistently provoked: (i) robust recruitment of macrophages, neutrophils,
and lymphocytes into the alveoli, (i) cell death as reflected by increased protein,
double-stranded DNA, and lactate dehydrogenase activity, (iii) elevated secretion of the
cytokines IL-1a, IL-1B, IL-18, TNF-a, IL-6, MCP-1, and B cell activation factor (BAFF),
and (iv) upregulation of genes associated with chemokines, proinflammatory cytokines,
lymphocyte activation, and type | interferon signaling. The appearance of these endpoints
was subsequently followed by the emergence in the lung of organized CD3™ T cells
(14 d PIl) and CD45R* B cells (21 d PI) that were indicative of ectopic lymphoid
structure (ELS) development. Taken together, acute cSiO» exposure triggered a rapid
onset of autoimmune disease pathogenesis that was heralded in the lung by unresolved
inflammation and cell death, proinflammatory cytokine production, chemokine-driven
recruitment of leukocytes, an interferon response signature, B and T cell activation,
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FIGURE 7 | Intranasal exposure to 2.5 mg cSiO, induces rapid and vigorous chemokine mRNA responses in the lungs of NZBWF1 mice. Selected upregulated CC
and CXC DEGs were verified by quantitative RT-PCR. Panels show fold change expression of (A) Cc/2, (B) Ccl7, (C) Ccl8, (D) Cxcl1, (E) Cxcl5, (F) Cxcl9, and (G)
Cxcl10 between Veh- and cSiO»-treated mice. Data are mean + SEM (n = 8). Asterisk indicates significantly different from time-matched Veh control (p < 0.05).
Values at timepoints within a treatment group without the same letter differ (p < 0.05).

mice. Neutrophils act as the first responders of the innate
immune system and are recruited to the injury site, where they
become activated. After their activation, they (i) participate in
phagocytosis, (ii) undergo degranulation leading to discharge
of enzymes, proinflammatory mediators, and reactive oxygen

species, (iii) secrete extracellular traps; and finally die by
apoptosis or necrosis—all of which contribute to robust
inflammation and tissue injury (46-49). Thus, the observation
that the high cSiO; dose increased neutrophil numbers beginning
at 1 d PI that persisted through 28 d PI is important from
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FIGURE 8 | Intranasal instillation with 2.5 mg cSiO, evokes persistent interferon-related gene (IRG) mRNA expression in the lungs of NZBWF1 mice. Selected
upregulated IRG DEGs were verified by quantitative RT-PCR. Panels show fold change expression of (A) Mx1, (B) Oas2, (C) Irf7, (D) Isg15, (E) Oasl1, (F) Zbp1, (G)
Ifit1, (H) Rsad2, (1) Siglec1, (J) Psmb8, (K) /fi44, and (L) Oas7a. Data are presented as mean + SEM (n = 8). Asterisk indicates significantly different from
time-matched Veh control (o < 0.05). Values at timepoints within a treatment group without the same letter differ (o < 0.05).

the perspective of inflammation and cell death. This persistent
presence of neutrophils likely led to further recruitment of
monocytes and lymphocytes.

Phagocytosis of ¢SiO, by macrophages triggers lysosomal
membrane permeabilization, inflammasome activation, release
of IL-1 family cytokines, and cell death by apoptosis, pyroptosis,
or necrosis (50, 51). It was thus noteworthy that there was a

reduction of macrophage counts at 1 d PI in the BALF from
mice treated with 2.5 mg cSiO;, which corresponded to elevated
protein, dsDNA, and LDH release. By 7 d PI, macrophage
numbers rebounded due to recruitment, exceeding control values
at this and all subsequent time points. Macrophage death
can further lead to release of free cSiO, particles and cell
debris to the surrounding milieu. This continual presence of

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 635138


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Chauhan et al.

Acute Silica-Triggered Murine Autoimmunity

Veh

Days post-instillation

B
87 - Veh

= €l

X *b .

Py 6 & cSiO,
T *ab

>

[7]

2 *a

E=]

o 47

(=

=

+ 24

8 Main effect p-value

O *— 5 ® Interaction  0.0338

Time 0.1810
0- . . — Treatment  <0.0001
14 21 28

Days post instillation

FIGURE 9 | Instillation with 2.5 mg cSiO, causes T cell infiltration into lung tissue of NZBWF1 mice. (A) Representative light photomicrographs of lung tissues from
mice intranasally instilled with Veh and 2.5 mg cSiO» and sacrificed after 14, 21, and 28 d PI. Lung tissue were stained with anti-CD3 antibody to identify
T-lymphocytes and counterstained with H&E. Presence of CD3+ cell infiltration in perivascular interstitium (arrow) induced by cSiO, by 14, 21, and 28 d PI. (B)
Morphometric quantitation of T cell cellular infiltration in lung parenchyma in mice instilled Veh and ¢SiO». Data are mean + SEM (n = 8). Asterisk indicates significantly
different from time-matched Veh control (p < 0.05). Values at timepoints within a treatment group without the same letter differ (p < 0.05).

cSiO, particles elicits repeated cycles of phagocytosis of free
¢SiOy, inflammasome activation, and cell death in macrophages,
reemergence of free cSiO,, and accumulation of cell debris.
cSiO;-exposed alveolar macrophages release a large array of
cytokines and chemokines (52-55). These signaling molecules
can activate other alveolar macrophages in an autocrine fashion
and nearby cells (e.g., macrophages, lung epithelial cells) in
a paracrine manner to release additional mediators, thereby
facilitating further recruitment of inflammatory cells (56).
Particularly notable here were the rapid elevations in IL-1
family cytokines IL-1a, IL-18, and IL-18. IL-1a is constitutively
expressed at high concentrations in alveolar macrophages but
is also found in non-hematopoietic cells (57). Considered to be
an alarmin, IL-1a is released during lytic cell death and has
been deemed to be a master regulator of cSiO,-induced acute
lung inflammation (55). The observation that cSiO;-induced
increases in BALF IL-1a protein concentrations were between

6- to 11-fold during the study period, whereas significant IL-
la. mRNA elevation (3-fold) was observed only at 28 d PI, is
consistent with the possibility that most IL-1a is constitutively
produced. Rider et al. (58) demonstrated in vitro that IL-
la promotes neutrophil recruitment, whereas mature IL-1f
recruits macrophages. In support of this possibility, the authors
demonstrated that when C57Bl/6 mice were exposed to 2.5mg
cSiO,, robust IL-1a responses were detectable in BALF within
1 h, well before the appearance of neutrophils and elevated IL-1f
at 6 h. Alveolar macrophages were the primary source of IL-1a
in that study and, furthermore, neutrophil infiltration and IL-1p
release were suppressed in IL-1a knockout mice and mice treated
with anti-IL-1a antibody.

It is plausible that cSiO;-induced IL-1a protein activates the
IL-1 receptor 1 on macrophages in an autocrine and paracrine
fashion and induces expression of inflammasome components,
thereby facilitating cSiO,-triggered inflammasome activation
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FIGURE 10 | Exposure to 2.5mg cSiO, stimulates B cell infiltration into lungs of NZBWF1 mice. (A) Representative light photomicrographs of lung tissue from mice
intranasally instilled with Veh or 2.5 mg cSiO» and sacrificed after 14, 21, and 28 d PI. Lung tissues were stained with anti-CD45 antibody to identify B-lymphocytes
and counterstained with H&E. Presence of CD45R+ cell infiltration in perivascular interstitium (arrow) induced by ¢SiO, by 21 and 28 d. (B,C) Morphometric
quantitation of B cells. B cells started to accumulate in perivascular region by day 21 and 28 in cSiO, exposed mice. Data are presented as mean + SEM (n = 8).
Asterisk indicates significantly different from time-matched Veh control (p < 0.05). Values at timepoints within a treatment group without the same letter differ (o <
0.05).

with attendant release of active IL-1f and IL-18 (55). IL-1  the present study induced upregulated expression of chemokines
family cytokines might also drive the increased expression of  of both the C-C and the C-X-C motifs. Two types of mRNA
other proinflammatory cytokines. Relatedly, IL-6 and TNF-a  responses were apparent. The first response was characterized
protein levels were elevated in the BALF and the corresponding by robust expression at 1 d PI of genes for CCL2 and CCL7
mRNAs were upregulated in the lungs of cSiO;-treated mice  which promote recruitment of monocytes and for CXCL1
within 24h. Interestingly, while TNF-a mRNA and protein  which recruits neutrophils. The second group of genes had
remained elevated for 28 d, IL-6 mRNA and protein returned  prominent responses at >7 d PI. These included mRNAs
to control levels by 7 d, suggesting that the latter is under tight  for CCL8 (monocyte chemoattraction), CXCL5 (neutrophil
transcriptional control (59). Collectively, IL-1 family cytokines, =~ chemoattraction and activation), and CXCL9,10 (activated T
IL-6, and TNF-a could be expected to contribute to the induction  cell chemoattraction). Accordingly, prolonged and increased
of inflammation seen following acute exposure to cSiO; (58, 60—  expression of these chemokine genes likely leads to increased
65). Further studies are needed to characterize the centrality =~ migration of neutrophils, macrophages, and lymphocytes that
of IL-1 family responses of NZBWF1 mice to downstream  were observed here in the BALF and lungs. Consistent with this
cytokine responses. premise, we observed early appearance of the MCP-1 (i.e., CCL2

Chemokines play an essential role in selective recruitment  protein) in the BALF of ¢SiO,-treated mice which continued
of cells during inflammation (66-68). Chronic exposure to  to rise throughout the remainder of the experiment. MCP-
cSiO; has been shown to induce expression of a wide range of 1 is released predominately by monocytes/macrophages and
chemokine genes (21, 43). Likewise, acute cSiO; instillation in  mediates recruitment of monocytes from systemic circulation to
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local sites of inflammation after tissue injury (69). Therefore,
MCP-1 might be in part responsible for this increase in
macrophages observed during d 7 through 28 PI.

IFN signatures are frequently associated with lupus and
other autoimmune diseases (70). As observed in chronic studies
with NZBWF1 mice (21), IFN-related genes were found to be
upregulated in our acute cSiO, model at 1 week PIL. Cellular
debris released during pyroptosis and necrosis can potentially
activate cytosolic receptors that promote an IFN-related gene
response. DNA released by lung damage induces a type I IEN
response after experimental ¢SiO; exposure (51). Expression of
type IIEN is mediated by dsDNA-driven stimulation of TLR4/7/9
and activation of MyD88 (71-73). Thus, it was interesting in the
present study that cSiO; rapidly and persistently induced dsDNA
release in BALF that may be responsible for the IFN response.

Sustained inflammatory responses along with impaired
clearance of cell debris from neutrophils and macrophages
have been associated with the onset of autoimmunity (74).
Development of ELS is an established hallmark of autoimmune
disease characterized by organized aggregations of B cells, T
cells, and follicular dendritic cells (75). ELS behave as tertiary
lymphoid organs that act as centers of autoantigen presentation,
B cell proliferation and differentiation, and production of
autoantibodies (76). Here, we observed that lymphocyte numbers
were significantly increased in the BALF from 7 to 28 d PI
after ¢SiO;, exposure. Corresponding with increased numbers
of BALF lymphocytes, we observed significant accumulation
CD3% and CD45R™ cells around the perivascular region of
the lung reflecting initiated ELS development. These findings
are consistent with our previous studies showing that repeated
exposures to 1 mg cSiO; triggered inflammation, ELS formation,
and AAD production in female NZBWF1 mice (19, 20). Recently,
our laboratory has applied high-throughput AAb microarray
profiling of 122 autoantigens to ascertain in female NZBWF1
mice how 4 weekly 1 mg cSiO; instillations influence the BALF
and plasma AAb repertoire relative to specificity at 1, 5, 9,
or 13 week PI of the last dose (24). Marked IgG and IgM
AAD responses against lupus-associated autoantigens including
ribonucleoprotein, Smith antigen, DNA, histones, Ro/SSA, SSB,
and complement by 1 week PI in BALF and 5 week PI in
plasma, peaking at 9 and 13 weeks PI, respectively. Furthermore,
cSiO, remarkably triggered AAbs linked with ANCA vasculitis,
systemic sclerosis, Sjogren’s syndrome, rheumatoid arthritis,
autoimmune hepatitis, and Hashimoto’s thyroiditis. Significantly,
cSiO;-induced AADb production correlated with accumulation
of dead cells in the lung, inflammatory/autoimmune gene
expression, and ELS development. Therefore, in the future, it will
be important to assess AAb responses in the acute cSiO; model
described here.

This study provides valuable new clues into the initial
mechanisms that drive c¢SiO;-induced ELS neogenesis.
Specifically, cSiO;-triggered cytokine, chemokine, and type
I IEN expression likely promote leukocyte recruitment and
differentiation, which are essential for the development and
maintenance of these structures in the lung. Of particular
importance here was the continuous increase in the B cell
survival factor BAFF in lung alveolar fluid. BAFE a TNF

family member, is expressed by neutrophils, monocytes,
macrophages, dendritic cells, and activated T cell subsets (77).
BAFF stimulates B cell proliferation and survival in a normal
immune response; however, excessive BAFF concentrations
can facilitate development of ELS and autoimmunity (78-81).
Though we observed continuously increasing BAFF protein
concentrations in BALF of cSiO;-treated mice, it is interesting
to note that NanoString and RT-PCR analyses failed to reveal an
analogous effect of cSiO; instillation on BAFF mRNA expression
in the lung (data not shown). BAFF is produced as a membrane-
bound protein that can be cleaved to a soluble form by furin
and other proteases of the pro-protein convertase family (82).
It is tempting to speculate that cSiO; treatment induces soluble
BAFF concentrations in the lung alveolar fluid by increasing
pro-protein convertase expression, but future experiments will
be required to investigate this possibility.

A potential limitation of this study was the use of
intranasal instillation. This approach was selected because of
its use by us and others for triggering autoimmunity in prior
chronic studies with lupus-prone NZBWF1 mice (19-21) and
NZM2410 mice (18, 83-85). We do however recognize that
alternative routes of cSiO, exposure are possible, including
intratracheal instillation, oropharyngeal aspiration, and ambient
inhalation. When BALB/c mice were subjected to intratracheal,
oropharyngeal, and intranasal instillation with ¢SiO; at 1 mg in
a comparative study, all three approaches elicited comparable
pulmonary inflammation (86). Regarding ambient inhalation,
there is one reported study employing NZBWF1 mice (17)
in which animals were exposed to the particle at 70 mg/m?
cSiO; for 5 h/d for 12 consecutive days then euthanized 16
week later. Assuming a mouse inhalation rate of 0.03 I/min,
this would equate to a maximum lung load of 8 mg. Exposed
mice showed intense accumulation of neutrophils, macrophages,
and lymphocytes in the BALF as well as peribronchial and
perivascular lymphocytic infiltrates and bronchial-associated ELS
remarkably like our findings here. Given the similar responses
across methods, we believe intranasal exposure as employed here
is suitable for recapitulating and elucidating early events during
cSiO;-triggering autoimmunity in lupus-prone mice.

Another possible limitation of this study was not including
normal mice without predilection for autoimmunity for
comparative purposes. We chose to do this because prior
studies suggest that normal mice do not develop the cSiO,-
triggered autoimmune responses seen in lupus-prone NZBWF1
mice. For example, when the NZW/Lac] strain, a parental
strain for hybrid NZBWF1 that does not spontaneously develop
glomerulonephritis (87), was intranasally instilled with 4 weekly
1 mg doses of ¢SiO; to mimic chronic exposure, it did not exhibit
the robust ELS development or nephritis seen in NZBWFI1 mice.
C57BL/6 mice similarly do not exhibit ELS development when
exposed to an identical cSiO; regimen (19). Concordantly, cSiO,
inhalation studies suggest that, while NZBWF1 mice exhibit
ectopic lymphoid neogenesis, both C3H/He and BALB/c mice
are recalcitrant to this response (17). Nevertheless, it should be
noted that when C57BL/6 mice are instilled with ¢SiO; and their
lungs assessed 60 d later, similar mRNA signatures to those seen
here including upregulated chemokine and interferon-regulated
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genes are observed (43). Since it is necessary to discriminate
magnitude and specificity of aberrant responses in autoimmune
mice from those found in normal mice, future studies should
include comparison of short-term biomarker responses to cSiO;
concurrently in both genotypes.

In conclusion, the present study links cSiO, triggering
of unresolved inflammation with early changes in the
transcriptome, and, ultimately, autoimmune disease in the
female NZBWF1 mouse. Particularly intriguing were the early
and persistent effects of ¢SiO, on IL-1a, chemokines, and BAFF
in the lung. This short-term murine model provides valuable
new understanding into early mechanisms of cSiO;-induced
lupus flaring and furthermore, offers a rapid venue for evaluating
interventions against particle triggered inflammation and
autoimmunity. In the future, it will be critical to distinguish
the cells that are responsible for these early mRNA transcript
signatures and release of cytokines/chemokines.
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