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Chronic beryllium disease (CBD) is a metal hypersensitivity/autoimmune disease in which damage-
associated molecular patterns (DAMPs) promote a break in T cell tolerance and expansion of Be*/
self-peptide-reactive CD4* T cells. In this study, we investigated the mechanism of cell death
induced by beryllium particles in alveolar macrophages (AMs) and its impact on DAMP release. We
found that phagocytosis of Be led to AM cell death independent of caspase, receptor-interacting
protein kinases 1and 3, or ROS activity. Before cell death, Be-exposed AMs secreted TNF-a that
boosted intracellular stores of IL-1a followed by caspase-8-dependent fragmentation of DNA.

IL-10 and nucleosomal DNA were subsequently released from AMs upon loss of plasma membrane
integrity. In contrast, necrotic AMs released only unfragmented DNA and necroptotic AMs released
only IL-1e.. In mice exposed to Be, TNF-o promoted release of DAMPs and was required for the
mobilization of immunogenic DCs, the expansion of Be-reactive CD4" T cells, and pulmonary
inflammation in a mouse model of CBD. Thus, early autocrine effects of particle-induced TNF-a
on AMs |ed to a break in peripheral tolerance. This potentially novel mechanism may underlie the
known relationship between fine particle inhalation, TNF-a, and loss of peripheral tolerance in T
cell-mediated autoimmune disease and hypersensitivities.

Introduction

Resident alveolar macrophages (AMs) exposed to a variety of particles can initiate inflammation via
the release of damage-associated molecular patterns (DAMPs) (1, 2). Sterile particles with crystalline
morphology (e.g., metal hydroxide salts, silica) promote cell stress and in some cases cell death in mac-
rophages (1-6). These factors drive lung inflammation and promote upregulation of costimulatory mole-
cules on pulmonary conventional dendritic cells (cDCs) and thus regulate adaptive immune responses (1,
5, 7-11). The release of IL-1a from dying AMs following crystalline particle inhalation is unique because
other macrophage populations do not release IL-1a without a priming TLR signal (1, 12). Inhalation of
fine particles can drive acute pulmonary inflammation, enhance adaptive immune responses to bystander
or self-antigens, and increase the risk for developing allergy and certain types of autoimmune disease
(13-23). Chronic beryllium disease (CBD) is both a metal-induced hypersensitivity and autoimmune dis-
ease to self-peptides (24). Exposure of AMs to crystalline forms of beryllium promotes their death and
release of IL-1o. and DNA. These DAMPs drive accelerated migration of immunogenic cDCs from the
lung to the lung-draining lymph nodes (LDLNs). Here, they can present a subset of self-peptides on
Be?*-modified HLA-DP2 molecules to naive CD4* T cells in a manner that breaks peripheral tolerance (2,
12, 24, 25). Once activated, Be?*/HLA-DP2-presented self-peptide-reactive (Be?*/self-peptide—reactive)
CD4* T cells differentiate into IFN-y—secreting CD4* effector T (T ) cells that are licensed to enter the
lung tissue (2, 12, 26-28). There, they respond to Be**/self-peptides presented by antigen-presenting cells
and orchestrate chronic pulmonary inflammation and progressive fibrosis. Thus, while many types of
particles can promote pulmonary disease via the activation of the innate immune system alone, others,
such as beryllium, can also promote development of T cell-mediated autoimmunity and hypersensitivity.
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Peripheral tolerance is controlled by steady-state cDCs (29-31); however, these cells become immuno-
genic in response to DAMPs. DAMPs engage innate damage recognition receptors, leading to the increased
expression of costimulatory molecules on cDC membranes. The high expression of these molecules on
immunogenic cDCs provides survival signals to naive T cells responding to the presented antigen (32-35).
‘We have shown that AM cell death and DAMP release occur following single low-dose exposures to either
beryllium sulfate (which forms beryllium hydroxide in airway fluids) or crystalline beryllium hydroxide (Be)
particles (2). DNA and IL-1a released from Be-exposed AMs induce upregulation of CD80 on cDCs via the
MyD88-dependent receptors TLR9 and IL-1R1 (2, 12, 36). In addition, DNA released by Be-exposed AMs
promotes accelerated migration of cDCs from the lung to the LDLNs via TLR9 (2). These cDCs promote
expansion and survival of effector and memory CD4* T cells to presented bystander antigens (2, 12).

In this study, we found that Be-induced AM cell death requires phagocytosis and lysosomal destabili-
zation but is independent of ROS and of caspase, cathepsin, receptor-interacting protein kinase 1 (RIP1K),
or RIP3K activity. However, before cell death, TNF-a was released by AMs that had engulfed Be, lead-
ing to a caspase-independent increase in stores of intracellular IL-1a. This was followed by activation
of caspase-8 and caspase-3 and fragmentation of DNA into nucleosomes. These immunogenic DAMPs
were subsequently released by AMs upon loss of plasma membrane integrity. Systemic blockade of TNF-a
or TNF-a deficiency in Be-exposed mice prevented the release of IL-la. and DNA into the airways and
impaired the previously reported effects of these DAMPs on inflammation and accumulation of CD80™
¢DCs in the LDLNSs (2, 12). We tested the role that these early innate pathways play in a mouse model of
CBD using HLA-DP2-transgenic mice (DP2 mice) (26). These mice express both chains of the human
HLA-DP2 molecule under control of the MHCII promoter, leading to surface expression of HLA-DP2
on DCs, B cells, macrophages, and thymic epithelial cells. In contrast to nontransgenic mice, DP2 mice
exposed to Be generate a Be?*/self-peptide-reactive CD4" T . cell response (26). Similar to CBD, these
Be?*/self-peptide—reactive CD4* T cells (and thus HLA-DP2) are required for mice to develop pulmonary
immunopathology following low-dose exposure to Be. Using the DP2 model, we confirmed that cDCs and
MyD88-dependent signaling were required for Be**/self-peptide-specific CD4* T cell responses in Be-
exposed DP2 mice. Finally, we found that TNF-a blockade in Be-exposed DP2 mice maintained peripheral
T cell tolerance to Be?*/self-peptide and prevented the development of immunopathology in the lung. This
study is the first to our knowledge to show that particle-induced TNF-a secretion by AMs primes them to
release high levels of immunogenic DAMPs into the airways upon particle-induced cell death and, thus,
promotes a break in peripheral tolerance by mobilizing immunogenic cDCs to the LDLNs. This is a novel
mechanism that may underlie known associations between TNF-a, particle inhalation, and the develop-
ment of T cell-mediated autoimmunity and hypersensitivity.

Results

Be particle—exposed AMs release both IL-1a. and DNA, in contrast to AMs undergoing apoptosis, necroptosis, or prima-
ry necrosis. AMs exposed to crystalline Be particles undergo cell death and release of IL-1a. and DNA within
18 hours of exposure. DNA and IL-1a released from these cells act as DAMPs that promote recruitment of
neutrophils and mobilization of immunogenic ¢cDCs (2, 12). Different types of programmed cell death can
result in differing profiles of DAMP release (1, 37). To define whether different types of programmed cell
death in AMs led to release of IL-1a, DNA, or both, we quantified IL-1a and DNA released from apop-
totic, necroptotic, or necrotic AMs compared with Be-exposed AMs. Exposure of AMs to dexamethasone
(DX) for 24 hours in culture induced early apoptosis (EA) and late apoptosis (LA) compared with those
cultured with a vehicle (V) control (Figure 1, A and B). TLR ligands, such as LPS, have been shown to
induce necroptosis in bone marrow—derived macrophages in the presence of caspase inhibitors (38). Simi-
larly, we found that AMs exposed to LPS with Z-VAD-FMK for 24 hours underwent necrosis (Figure 1, A
and B). Death of LZ-exposed cells was impaired in the presence of the RIP1K inhibitor necrostatin-1 (NS)
or in the presence of the RIP3K inhibitor GSK'872 (GSK) (Figure 1C), showing that LZ induces necropto-
sis in AMs. Similar to necroptotic AMs, those exposed to Be particles were necrotic after 24 hours (Figure
1, A and B). Primary necrosis was induced by heat-killing or freeze-thawing AMs (Figure 1B). Analysis of
cell-free culture supernatants (SNs) showed that neither DNA nor IL-10 was released from apoptotic AMs,
necroptotic cells released only IL-1a, and cells that died by primary necrosis released only DNA, even in
the presence of protease inhibitors (FT+) (Figure 1D). In contrast, Be-exposed AMs released both DNA
and IL-10 upon cell death (Figure 1D).
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Figure 1. Release of DAMPs from Be-exposed AMs compared with apoptotic, necroptotic, or necrotic AMs. (A-D) AMs from B6 mice were cultured +
vehicle (V), 100 uM dexamethasone (DX), 50 pg/mL Be (Be), or 10 pg LPS + 40 uM Z-VAD-FMK (LZ) for 24 hours. (A) Gating of early apoptotic (EA), late
apoptotic (LA), or necrotic (Nec) cells is shown. Numbers indicate the percentage of AMs in each gate for the sample shown. (B) The percentage of AMs
that were EA, LA, or Nec is shown for each treatment group compared with heat-killed (HK) or freeze-thawed (FT) necrotic cells. (C) Percentage of AMs
that were Nec following pretreatment with V, 10 uM necrostatin-1(NS), or 0.5 uM GSK’872 (GSK) and stimulated with LZ are shown. (D) Concentrations

of extracellular DNA and IL-1a in cell-free supernatants (SNs) are shown for each treatment group. (FT+ indicates protease inhibitors were present). (E and
F) B6 AMs were pretreated with V (<), NS, or GSK (as described above) and stimulated + V, 40 uM Z-VAD-FMK (Z) alone or together with 10 uM CUDC-427
Smac mimetic (SZ) for 24 hours. (E) The percentage of AMs that were EA, LA, or Nec are shown for each group. (F) Concentrations of DNA and IL-1a.in

SNs are shown. (G) Mean concentrations of nuclear DNA (nuDNA) and mitochondrial DNA (mtDNA) in bronchoalveolar lavage fluid (BALF) are shown. (H)
Intracellular IL-1a was quantified in lysates of AMs from B6 mice exposed i.t. for either 0 or 2 hours to 50 pg Be. Data in A and C are representative data
from 1 of 3 independent experiments, symbols on C are triplicate values, and bars indicate means + SD. Data in B and D-H are combined from 3 indepen-
dent experiments and performed in triplicate/experiment (B and D-F) or n = 5 mice/experiment (G and H). Symbols on graphs are mean experimental
values, and bars indicate the mean of means + SEM. One-way ANOVA (B-G) or an unpaired 2-tailed t test (H) was used to determine statistical differences
between groups. Asterisks/ns symbols in G with no bar were compared with nuDNA or mtDNA quantified from the BALF of PBS-treated control mice.
Statistical P values are indicated as ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 for select comparisons.
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LPS can directly enhance expression of IL-1a via TLR4, and therefore DAMP release could differ fol-
lowing TLR-independent necroptosis. Second mitochondria-derived activator of caspase (Smac) is a mito-
chondrial protein that inhibits cellular inhibitors of apoptotic proteins if released into the cytosol, leading to
activation of apoptotic caspases, activation of RIP1K, and initiation of apoptosis (39). When caspase activ-
ity is inhibited, as occurs in certain infections or tumor cells, Smac and Smac mimetics promote necroptosis
(40-42). We tested whether the Smac mimetic CUDC-427 induced necroptosis of AMs in the presence
of the pancaspase inhibitor Z-VAD-FMK (SZ). SZ induced necroptosis that was inhibited by NS or GSK
(Figure 1E). Similar to LZ-induced necroptosis, SZ-induced necroptosis did not induce the release of DNA
(Figure 1F, left) but did promote IL-1a release that was RIP1K and RIP3K dependent (Figure 1F, right).

To define the nature of the DNA released by Be-exposed AMs, we used quantitative PCR to deter-
mine the copy number and quantity of mitochondrial (mt) or nuclear (nu) DNA (43). This analysis
confirmed that the DNA released was nuDNA (Figure 1G). Together, these data suggest that exposure
to Be enhances release of both IL-1a and nuDNA. This profile is similar to that released from AMs in
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response to other crystalline particles (1) and differs from that released by AMs that have undergone
apoptosis, necroptosis, or primary necrosis.

Pulmonary exposure to Be particles boosts intracellular stores of IL-1a. in resident AMs. The lack of detectable
IL-1o release by necrotic cells suggested that Be exposure may upregulate intracellular stores of IL-1a in
AMs. Unlike IL-1B, IL-1a is constitutively expressed as a biologically active precursor in many cells and
requires enzymatic processing (by caspase-1, for example) to be secreted from living cells (44, 45). Many
particles induce activation of the cytosolic Nod-like protein NALP3, which triggers assembly of the inflam-
masome and activation of caspase 1. We have shown that IL-1a is necessary and sufficient for IL-1R1—
dependent neutrophil recruitment that follows pulmonary exposure to Be, and its release into the airways
is independent of NALP3 and caspase-1 (12). In addition, IL-1a levels rise after a drop in AM numbers in
Be-exposed mice and is not accompanied by a rise in IL-1p (2). These observations suggest IL-1a is released
as a DAMP from dying AMs and not actively secreted. In monocytic cells, intracellular stores of IL-1a are
low but can be boosted by a variety of TLR ligands, inflammatory cytokines (including TNF-ay), or particles
(7, 44, 45). To test whether Be exposure could have a similar effect on intracellular IL-1a protein levels in
AMs, we harvested AMs from mice exposed intratracheally (i.t.) to Be for 2 hours, a time that precedes the
drop in AM numbers in Be-exposed mice, the detection of extracellular IL-1a in airway fluids, and the onset
of neutrophil recruitment (2). AMs were lysed and IL-1a in cell lysates was quantified by an ELISA. Intra-
cellular IL-1a was detected at low levels in the lysates of steady-state AMs as predicted by transcriptome data
(46) but was increased in the lysates of AMs from Be-exposed mice (Figure 1H).

Be-induced AM cell death is dependent upon phagocytosis. AMs die after exposure to Be crystals in vitro
and in vivo (2). A possible cause could be that Be directly affects cell viability by disrupting the plas-
ma membrane. To rule this out, we pretreated purified murine AMs with cytochalasin D (Cyto D) to
inhibit actin-mediated phagocytosis and cultured the cells in the presence or absence of Be for 18 hours.
Cyto D treatment rescued AMs from Be-induced cell death and prevented their release of extracellular
DNA and IL-1a in SNs (Figure 2A). Thus, Be must be internalized by AMs to trigger death and release
immunogenic DAMPs. Phagocytosis can induce ROS production; however, AM cell death, release of
DNA and IL-1a, and initiation of airway inflammation were similar in Be-exposed WT and Nadph
477~ (p47-KO) mice (Supplemental Figure 1, A-D; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.134356DS1). Similarly, antioxidant treatment had no effect
on Be-induced AM cell death or DAMP release in vitro (Supplemental Figure 1E). Therefore, we have
thus far found no evidence of the involvement of ROS or ROS-dependent pathways (such as ferroptosis;
ref. 47) in Be-induced AM cell death or DAMP release.

Caspase and cathepsin enzyme activities promote DNA release from Be-exposed AMs but are dispensable for Be-in-
duced cell death in AMs. A role for apoptotic caspases in the release of fragmented DNA from dying cells has
previously been established (37). To ascertain whether caspase activity, known to be required for pyroptosis
and apoptosis/secondary necrosis, plays a role in Be-induced AM cell death or DAMP release, we pretreat-
ed AMs with the pancaspase inhibitor Z-VAD-FMK or vehicle control and cultured cells for 18 hours in
media with or without Be. Be-induced AM cell death occurred independent of caspase activity (Figure 2B,
left). However, caspase activity promoted release of DNA from Be-exposed AMs (Figure 2B, middle). In
contrast, release of IL-1a from Be-stimulated AMs was caspase independent (Figure 2B, right).

Be-induced AM cell death and DAMP release did not require the enzymatic activity of RIPIK or RIP3K. Inhibi-
tion of necroptosis with either a RIP1K inhibitor (NS) or RIP3K inhibitor (GSK) had no significant impact
on Be-induced cell death or DAMP release but prevented LZ-induced necroptosis and associated release of
IL-1a (Figure 2C). To confirm that apoptosis and necroptosis did not have redundant roles in Be-induced
AM cell death or DAMP release, we inhibited both pathways in the same cells using combined treatment
with Z-VAD-FMK and GSK. This treatment had no impact on Be-induced AM cell death and impaired
DNA release, similar to the effects of caspase inhibition alone (Supplemental Figure 2A). Thus, Be-induced
caspase activity promotes release of DNA, and necroptotic pathways did not account for Be-induced death
or DAMP release in the presence or absence of caspase activity.

Lysosomal destabilization is required for cell death in Be-exposed AMs. Crystalline particles induce leakage of
cathepsins B and L into the cytosol, which, in addition to caspases, can promote apoptosis and fragmenta-
tion of nuDNA (48). To test whether cathepsins play a role in the release of DNA from Be-exposed AMs,
we pretreated AMs with the cathepsin B/L inhibitor Z-FF-FMK, the caspase inhibitor Z-VAD-FMK, or
both inhibitors together. Neither inhibitor impaired cell death or IL-1a release (Supplemental Figure 2B).
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Figure 2. AM cell death and DAMP release are regulated by separate pathways. (A-C) B6 AMs were pretreated with vehicle (Veh) or the indicated inhib-
itors for 15 minutes and then stimulated + 50 ug/mL Be for 18 hours. AM necrosis and DAMP release were assessed as described in Figure 1. Percentage
of AMs that were necrotic (left) and concentrations of DNA (middle) or IL-1a (right) in culture SNs are shown for each treatment group. (A) AMs were
pretreated with Veh or 10 uM cytochalasin D (Cyto D). (B) AMs were pretreated with Veh or 20 uM Z-VAD-FMK (Z-VAD). (C) AMs were pretreated with Veh,
10 uM necrostatin-1(NS), or 0.5 uM GSK'872 (GSK). Some samples were stimulated with 10 ug/mL LPS + 40 uM Z-VAD-FMK (LZ) as a positive control for
necroptosis. (D) AMs were pretreated with vehicle (Veh), 20 uM Z-VAD-FMK (Z-VAD), 10 uM Z-FF-FMK, or Z-VAD + Z-FF-FMK. Concentrations of DNA in
SNs are shown for each treatment group. (E) MH-S cells were pretreated with indicated concentrations of chloroquine (CQ) for 1 hour and then exposed to
Be for 18 hours. The percentage of MH-S cells that underwent necrosis is shown. Data are combined from 3 independent experiments and performed in
duplicate/experiment with separate cohorts of mice or passages of MH-S cells as a source of cells in each experiment. Symbols on graphs are mean values
from each experiment + SEM. A 1-way ANOVA was used to test for statistical differences between groups. Statistical P values for select comparisons are
indicated as *P < 0.05; **P < 0.01; ***P < 0.001.

However, Z-FF-FMK and Z-VAD-FMK each reduced DNA release from Be-exposed AMs, and DNA release
was completely impaired from the dying cells when Z-FF-FMK and Z-VAD-FMK were used together (Figure
2D). This suggested that Be induced lysosomal leakage. To examine lysosomal leakage using time-lapse micros-
copy, we used the murine AM-derived MH-S cell line. These cells underwent cell death with similar kinetics as
resident AMs and released DNA upon cell death (Supplemental Figure 3A). MH-S cell endosomes and pha-
gosomes were preloaded with FITC-dextran, nuclei were stained with Hoechst, and the cells were imaged by
2-photon microscopy before and after addition of media, Be, or SiO, as a positive control (49). We observed a
modest increase in FITC fluorescence in the nuclear regions of MH-S cells following addition of Be (Supple-
mental Figure 3, B and C). This effect was reduced and delayed as compared with SiO,-exposed MH-S cells
and was not apparent in the cells exposed to media alone (Supplemental Figure 3B). Furthermore, stabiliza-
tion of lysosomes by treating MH-S cells with chloroquine (CQ) prevented Be-induced cell death (Figure 2E).

insight.jci.org  https://doi.org/10.1172/jci.insight.134356 5


https://doi.org/10.1172/jci.insight.134356
https://insight.jci.org/articles/view/134356#sd
https://insight.jci.org/articles/view/134356#sd
https://insight.jci.org/articles/view/134356#sd
https://insight.jci.org/articles/view/134356#sd

. RESEARCH ARTICLE

A . B . 15
IE 60 -~ . g
E 0 —i'[— ,¥9 50 09 Z
— __F > 0.6 =
£ 5 . . £ 25 5
=3 £ 03 2
e - > =
ol—=& T T 2 0 0.0
Med Be Al 02 6 12 18
Hours
(o] D E *%
2|6 [12[18 26|12 (18 _ 1004
B TNF o %%k | *kk Rk | xkx B EA ns|**|ns |ns % 754 -!_
B IL-1ot ns | ns [*%k]|%xx B LA  ns |*x| *%x | %% 2 50
ODNA ns| ns | *% [*%xx O Nec ns|ns|%%%|*xx §§ 25
o 50 0.9 7 S i‘é
£ :
S 065 &= 5 = -257 g
< 30 = S
: : = S I
2 035, o 2 R o
> 10 3 & ° 754
< o 0.0 ~100d——0p—
02 6 12 18 02 6 12 18 Iso anti-
Hours Hours TNFo

Figure 3. Be particles stimulate rapid secretion of TNF-o. from AMs that affects their intracellular levels of IL-1a. (A) AMs from B6 mice were cultured

for 18 hours + 50 ug/mL Be (Be) or aluminum hydroxide (Al) for 18 hours. TNF-o concentrations in SNs are shown. (B) TNF-a, IL-1a, and DNA in BALF from
B6 mice exposed i.t. to Be (normalized to timed PBS-exposed controls) for each time point are shown. Key indicates each parameter and the P value for
comparisons between Be- or PBS-exposed mice for the indicated time point. (C and D) B6 AMs were cultured for indicated times in media (Med) + Be. Keys
indicate each parameter and the P value for comparisons between Be- or Med-exposed AMs for the indicated time point. (C) Concentrations of extra-
cellular TNF-q, IL-10, and DNA in SNs (normalized to timed media controls) are shown for each time point. (D) The percentage of Be-exposed AMs that
were early apoptotic (EA), late apoptotic (LA), or necrotic (Nec) (normalized to timed media controls) are shown. (E) B6 mice were treated i.p. with 200

ug isotype control (Iso) or anti-TNF-a antibodies. Cohorts from each group were left untreated or exposed i.t. to 50 pg Be/mouse for 2 hours. Intracellular
IL-10. was quantified as described in Figure 1H. Data are expressed as percentage change in IL-10/AM due to Be exposure (vs. unexposed controls). Graphs
contain data combined from 3 independent experiments. Symbols on dot plot graphs (A and E) are experimental mean values, and bars indicate the mean
+ SEM. Symbols on time course graphs (B-D) indicate the mean of 3 experimental means + SEM for each time point. Treatments for vitro AM assays (A-D)
were performed in duplicate/experiment using separate cohorts of mice as sources of AMs. Symbols in E are combined from 3 independent experiments (n
=5 mice/group in each experiment). One-way ANOVA (A-D) or an unpaired 2-tailed t test (E) was used to test for differences between groups. P values for
selected comparisons are indicated as *P < 0.05; **P < 0.07; ***P < 0.001.

Thus, internalization of Be particles by AMs leads to lysosomal leakage and cell death in the absence of func-
tional apoptosis/necroptosis/ferroptosis programmed cell death pathways.

Be particles induce rapid secretion of TNF-o. by AMs that boosts AM intracellular stores of IL-1a. Other crystal-
line particles, such as aluminum hydroxide (Al), induce lysosome leakage and death of AMs that results
in the release of both DNA and IL-1a (1, 3). We observed that both of these particles enhanced release of
TNF-a by AMs in vitro (Figure 3A). Furthermore, mice exposed i.t. to Be for 2 hours had elevated levels
of TNF-a in the airways, a time point that preceded detection of extracellular IL-1a or DNA in the BALF
(Figure 3B). Similarly, AMs exposed to Be in vitro secreted elevated levels of TNF-a 2 hours later, as com-
pared with their release of extracellular IL-1a and DNA into culture SN that occurred 12 to 18 hours after
Be exposure (Figure 3C). Analysis of cell death in these Be-exposed AMs by flow cytometry (gating shown
in Supplemental Figure 4A) indicated that no cell death had occurred 2 hours after exposure, apoptosis was
initiated in the cells 6 hours after exposure, and accumulation of necrotic cells occurred 12 to 18 hours after
exposure (Figure 3D). The kinetics of necrosis coincided with the accumulation of extracellular IL-1a and
DNA in culture SNs (Figure 3, C and D). Thus, TNF-a is secreted before cell death or release of DAMPs
(IL-1o0. and DNA). The kinetics of Be-induced TNF-a secretion coincided with increased quantities of
intracellular stores of IL-la in Be-exposed AMs (Figure 1H). To determine whether elevated levels of
intracellular IL-1a in the AMs from Be-exposed mice were TNF-o—dependent, we quantified intracellular
IL-1o in AMs from mice treated systemically with isotype control antibody or TNF-a-blocking antibody
and exposed i.t. to nothing (0 hours) or Be for 2 hours. Intracellular levels of IL-1o in AMs of isotype con-
trol-treated, Be-exposed mice were increased compared with isotype control-treated, unexposed controls,
and this effect was TNF-o dependent (Figure 3E). Together, these data suggest that Be and perhaps other
particles that induce rapid secretion of TNF-o from AMs can boost intracellular stores of IL-1a in an auto-
crine manner that are later released from the cells upon death.
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Figure 4. TNF-o. promotes release of DNA from Be-exposed AMs by activating caspase-8. (A) Gel electrophoresis of DNA extracted from HK AMs or AMs
exposed to Be for 5 hours is shown. Numbers indicate bp as determined by the DNA ladder. Data are from 1 representative of 3 independent experiments.
(B) AMs from B6 mice were cultured for 10 hours in media + 50 pg/mL Be or 100 uM etoposide (Etop). Ten hours was chosen because we could detect
caspase-8 activation with both stimuli at this time. The percentage of AMs positive for caspase-8 or caspase-9 activity is shown. (C) B6 AMs were incubat-
ed with 10 ug/mL isotype control or blocking antibodies for TNFR1 (anti-TR1) or TNFR2 (anti-TR2) in media with Vehicle (Veh) or 20 uM Z-VAD-FMK (Z-VAD)
for 30 minutes. The cells were then stimulated + 50 pg/mL Be for 10 hours. Data are expressed as percentage inhibition of Be-induced caspase activity. (D)
B6 AMs were pretreated with vehicle (V), 10 uM caspase-1, 10 uM caspase-3, 20 uM caspase-8, or 10 uM caspase-J inhibitors followed by stimulation + 50
ng/mL Be for 18 hours. Concentrations of DNA in SNs are shown for each treatment group. Graphs contain data combined from 3 independent experi-
ments. Symbols on dot plot graphs are experimental mean values; bars indicate the mean + SEM. Treatments for vitro AM assays (B-D) were performed

in duplicate/experiment using separate cohorts of mice as sources of AMs. One-way ANOVAs (B-D) were used to test for differences between groups. P
values for selected comparisons are indicated as *P < 0.05; **P < 0.01; ***P < 0.001.
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TNF-o. amplifies release of fragmented DNA from Be-exposed AMs by promoting activation of caspase-8. BeSO,
has previously been reported to initiate apoptosis in macrophages (50, 51), and our data show evidence that
uptake of Be by AMs initiates an apoptotic program after secretion of TNF-a (Figure 3, C and D). Our data
also show that caspase activity is paradoxically not required for cell death but does promote the release of
DNA from the cells upon their loss of membrane integrity. Initiation of the apoptotic program in Be-exposed
AMs may fragment the chromatin into nucleosomes that are smaller and thus more easily released from the
cells upon their demise. DNA isolated from AMs exposed to Be particles for 5 hours had a distinct 200-bp
DNA ladder profile consistent with nucleosomal fragments, in contrast with unfragmented DNA isolated
from HK AMs (Figure 4A). Be-exposed AMs had increased caspase-8 activity but not caspase-9 activity
(Supplemental Figure 4B and Figure 4B), implicating extrinsic apoptosis. Furthermore, incubation of AMs
with blocking antibodies against TNF receptors 1 and 2 (TNFR1 and TNFR2) inhibited caspase-3 and -8
activity in Be-exposed AMs, and this inhibition was similar to that observed with Z-VAD-FMK (Figure 4C).

To confirm that the release of DNA was dependent upon caspase-8 and the downstream activation of
caspase-3 in Be-exposed AMs, we pretreated the cells with specific inhibitors for caspase-1, -3, -8, or -9 and
cultured the cells with or without Be particles for 18 hours. As predicted by our Z-VAD-FMK data (Figure
2B), none of the caspase inhibitors affected cell death (Supplemental Figure 6), but inhibition of either
caspase-3 or caspase-8 activity impaired DNA release from Be-exposed AMs upon loss of membrane integ-
rity (Figure 4D). Together, these data suggest that after 2 hours of Be exposure, TNF-a initiates apoptosis
via activation of caspase-8 and caspase-3, leading to fragmentation of the chromatin into nucleosomes. The
data suggest that if the apoptotic program is inhibited, DNA is less efficiently released from the dying cells.
Prosurvival and proinflammatory signaling via TNFRs shift toward proapoptotic signaling when NF-«B
activity drops (52, 53). In accordance with this, TNF-a—induced NF-kB activity in a reporter macrophage
cell line was reduced if cells were pretreated with Be for 2 hours (Supplemental Figure 5). Together these
data suggest that TNF-a enhances release of DNA by promoting fragmentation of the chromatin into
nucleosomes before Be-induced loss of plasma membrane integrity.

Treatment of mice with neutralizing anti—TNF-o. antibodies impairs release of nucleosomal DNA and IL-1a
after pulmonary exposure to Be. AMs may respond differently in the close proximity of tissue culture com-
pared with their natural environment in the alveoli of the lung. To determine if TNF-a affects AM death
and/or DAMP release in vivo, we treated mice systemically with isotype control or anti-TNF-a antibod-
ies and then exposed them i.t. to PBS with or without Be for 18 hours. Resident AM necrosis was assessed
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Figure 5. Treatment of mice with anti-TNF-a before pulmonary Be exposure attenuates the release of both DNA and IL-1a into the airways. B6 mice
were injected i.p. with 200 pg isotype control or TNF-a-blocking antibody. The next day mice were exposed i.t. to PBS 50 pg Be. Eighteen hours later mice
were sacrificed, BAL cells were harvested, and cells were separated from BALF as described in Methods. (A) Gating strategy for analysis of AM necrosis is
shown for representative samples in each group. Numbers on plots indicate the percentage of each gated population (indicated at the top of each column)
that fall into the indicated gates. Data are representative samples from 1 of 4 independent experiments. (B) The percentage of AMs that were necrotic

in each group is shown. (C) Concentrations of extracellular IL-1o. detected in the BALF are shown for each treatment group. (D) Concentrations of dsDNA
detected in the BALF are shown (left). Relative levels of histone-associated (nucleosomal) DNA in the BALF are shown for each treatment group (right).
Data in B-D are combined from 4 independent experiments (n = 15 mice per treatment group). Symbols on dot plot graphs indicate values from individual
mice; bars indicate means + SEM. A 1-way ANOVA was used to test for statistical differences between indicated groups. Statistical P values for selected
comparisons are indicated as *P < 0.05; **P < 0.01; ***P < 0.001.
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in bronchoalveolar lavage (BAL) cells by flow cytometry (Figure 5A). As predicted by our in vitro exper-
iments, inhibition of TNF-a in vivo had no impact on Be-induced AM cell death (Figure 5, A and B) but
did impair the release of both IL-1a (Figure 5C) and nucleosomal DNA (Figure 5D) into the airway fluids.

Treatment of Be-exposed mice with neutralizing anti—TNF-a antibodies impairs IL-1o—dependent recruitment
of neutrophils into the airways and mobilization of immunogenic pulmonary cDCs from the lung to the LDLNs.
Neutrophil recruitment in Be-exposed mice is driven by IL-1a in Be-exposed mice with no evidence of
a role for caspase-1, NALP3, or IL-1B (2, 36). Therefore, we predicted that neutrophil entry into the
airways of Be-exposed mice would be attenuated by anti-TNF-a treatment. Treatment of mice with
anti-TNF-o resulted in a reduction in the percentage and total number of neutrophils in the BAL after
pulmonary exposure to Be particles (Figure 6, A and B). DNA released from Be-exposed AMs promotes
activation and migration of cDCs from the lung to the LDLNs via TLR9, and IL-1a contributes to the
upregulation of costimulatory molecules on ¢DCs (2). Disruption of both pathways by treating T/r9~/~
(TLR9-KO) mice with neutralizing antibodies against IL-1a or by genetic deficiency of the MyD88
adapter protein ablates these effects (2, 12). Therefore, we predicted that treating mice with anti-TNF-a,
which inhibits both IL-1a and DNA release, would have similar effects and impair the accumulation
of activated (CD80™) pulmonary cDCs in the LDLNSs after pulmonary exposure to Be. We analyzed
¢DCs in the LDLNSs of mice that had been treated with an isotype control or anti-TNF-o antibody and
exposed them i.t. to PBS or Be particles. The percentage of migratory MHCII™ ¢cDCs was increased
following Be exposure in isotype-treated but not anti-TNF-a—treated mice (Figure 6C, top). CD80 was
increased on the surface of ¢cDCs from Be-exposed isotype control-treated mice, and this was impaired
in Be-exposed mice treated with anti-TNF-a (Figure 6C, bottom). The accumulation of total cDCs
and immunogenic CD80" c¢DCs in the LDLNs was impaired by the anti-TNF-a antibody treatment in
Be-exposed mice (Figure 6D). Anti-TNF-a treatment impaired the recruitment of both pulmonary cDC
subsets in Be-exposed mice (Supplemental Figure 7).
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Figure 6. TNF-a is required for neutrophil recruitment to the airways and for mobilization of activated pulmonary cDCs to the LDLNs of Be-exposed mice.
B6 mice were injected i.p. with 200 pg isotype control or TNF-a blocking antibody. The next day mice were exposed i.t. to PBS + 50 pg Be. Eighteen hours later
mice were sacrificed. (A and B) BAL cells were analyzed for neutrophil infiltration, and (€ and D) LDLNs were analyzed for CD80" cDCs. (A) Live CD45* BAL

cells were analyzed by flow cytometry for expression of Ly6G and CD11b; gating of Ly6G"CD11b" neutrophils is shown on representative samples from each
treatment group. Numbers on plots indicate the percentage of (live) CD45* BAL cells that fall in the neutrophil gate for the samples shown. (B) Total number
of neutrophils/BAL is shown. (C) Percentage of live LDLN CD45* cells that are migratory cDCs (MHCII"CD11c*) (upper row) and percentage of migratory cDCs
that are CD80" (lower row) are shown for representative samples in each treatment group. Numbers are the percentage of the gated population that fall into
indicated gates for the samples shown. (D) Total migratory cDCs (top) and CD80" cDCs (bottom) are shown. Data in A and C are from 1 representative of 4 inde-
pendent experiments. Data in B and D are combined from 4 independent experiments (n = 15 mice/group). Symbols on graphs indicate values from individual
mice. Bars indicate means + SEM in B and medians in D. A 1-way ANOVA was used to test for statistical differences between groups in B. A Kruskal-Wallis test
was used to test for statistical differences in D. Statistical P values for select comparisons are indicated as *P < 0.05; **P < 0.01; ***P < 0.001.
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Be-induced release of DAMPs, and their effects on neutrophils and cDCs, are impaired in TNF-a—deficient mice.
To confirm the role of TNF-o in AM DAMP release, we exposed B6 WT and Tnf’- (TNF-0~KO) mice
i.t. to Be and assessed DAMP release and neutrophil accumulation in the airways 24 and 48 hours later
compared with unexposed mice. The levels of extracellular DNA and IL-1a were impaired in the airways
of Be-exposed TNF-a—KO mice compared with similarly exposed WT mice (Figure 7A). Accordingly,
Be-induced recruitment of neutrophils to the airways of TNF-0—KO mice was impaired compared with
Be-exposed WT mice (Figure 7B). Analysis of the LDLNs revealed that TNF-a was required for the mobi-
lization of activated pulmonary cDCs from the lung to the LDLNSs (Figure 7, C and D).

¢DCs and MyD88-dependent signaling are required for expansion of Be**/self-peptide—specific CD4* T w cells and
for development of pulmonary inflammation in a mouse model of CBD. Engagement of TLR9 and IL-1R1 by
DNA and IL-1a, respectively, induces MyD88-dependent mobilization of CD80" ¢DCs to the draining
lymph nodes in Be-exposed B6 mice, an event associated with enhanced CD4* T cell responses to bystander
foreign antigens (2, 12). To confirm that cDCs and their mobilization via DAMP/MyD88 signaling path-
ways were required for the expansion of Be?*/self-peptide-reactive CD4* T cells, we used a mouse model
of CBD. Mice that express both the o and § chains of the human HLA-DP2 molecule under control of the
mouse MHCII promoter (DP2 mice) develop Be**/self-peptide-reactive CD4" T cell responses and pulmo-
nary inflammation characteristic of CBD (26). First, we tested whether depletion of cDCs affected expan-
sion of Be?*/self-peptide—reactive CD4* T cells. We generated chimeric mice in which all hematopoietic
cells (HCs) and stromal cells (SCs) expressed DP2 and in which only ¢cDCs expressed the human diphtheria
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Figure 7. Be-induced DAMP release, pulmonary inflammation, and mobilization of immunogenic cDCs from the lung to the LDLNs are impaired in
TNF-0-KO mice. (A and B) B6 WT and TNF-a-KO mice were exposed i.t. to nothing (0 hours exposed) or to 50 pg Be i.t. At the indicated times after expo-
sure, BAL cells were analyzed as described in Figure 6A. (A) Concentrations of DNA and IL-1a detected in the BALF are shown. (B) Total number of neutro-
phils/BAL are shown for each time point. (C and D) B6 WT and TNF-a-KO mice were exposed i.t. to PBS + 50 ug Be i.t. for 48 hours. LDLNs were analyzed
as described in Figure 6C. (C) Total migratory cDCs per lymph node (LN) and total number of CD11b" and CD103" DCs/LN are shown. (D) Total CD80" c¢DCs/
LN are shown for each treatment group. Data are combined from 2 independent experiments (n = 8 mice group in A and B; n = 9 mice/group in C and D).
Symbols on graphs indicate values from individual mice; bars indicate means + SEM. A 1-way ANOVA was used to test for statistical differences between
indicated groups. Statistical P values for selected comparisons are indicated as *P < 0.05; **P < 0.01; ***P < 0.001.

toxin receptor (DTR). This was achieved by reconstituting irradiated DP2 mice with bone marrow from
mice that express the DTR under control of the Zbtb46 promoter (zDC-DTR mice). In such mice, cDCs
can be specifically depleted upon injection of diphtheria toxin (DT) without toxic effects on cardiac cells or
depletion of other monocytic cells (54, 55). Offspring from an F| cross of DP2 and zDC-DTR strains (54,
55) were used as bone marrow donors for lethally irradiated DP2 mice (Supplemental Figure 8A). Success-
ful immune reconstitution and chimerism were validated in these mice by analyzing the blood cells 8 weeks
after reconstitution (Supplemental Figure 8, B and C). Cohorts of chimeric mice were injected i.p. with
PBS + DT on day 0 and every 3 days for the duration of the experiment to maintain cDC depletion. Mice
were then exposed i.t. to PBS or Be on day 0 and sacrificed 12 days later. Depletion of cDCs was successful
in the chimeric mice injected with DT (Figure 8A), and expansion of Be?*/self-peptide-reactive CD4* T
cells was eliminated in DC-depleted mice (Figure 8B).

MyD88 signaling (downstream of both TLR9 and IL-1R1) is required for mobilization of CD80"
DCs from the lung to the LDLNSs after Be-induced DAMP release (2, 12). Using bone marrow chi-
meras in which either SCs or HCs lacked the ability to signal through MyD88, we determined that
MyD88-dependent receptor signaling in HCs was required for Be-induced mobilization of cDCs from
the lung to the LDLNs (Figure 8C).

We then generated MyD88-deficient DP2 mice to confirm the role of ¢cDC mobilization in the
expansion of Be?*/self-peptide—specific CD4" T cells (Supplemental Figure 9). Because HC MyD88-
dependent signaling is required for the mobilization of activated cDCs in Be-exposed mice, we gener-
ated bone marrow chimeras with Myd88+*'* DP2 (WT DP2) or Myd88~- DP2 (MyD88-KO DP2) HCs
and WT DP2 SCs. Mice were exposed i.t. to either PBS or Be particles on day 0 to promote expan-
sion of Be?*/self-peptide—specific CD4* T cells. To elicit infiltration of effector T cells and pulmonary
inflammation, all mice were challenged i.t. with 50 ug BeO on days 14 and 16. Mice were sacrificed on
day 21 to analyze the presence of Be**/self-peptide-reactive CD4* T cells in the lung by ELISPOT and
the presence of pulmonary inflammation by histology. Be-exposed mice lacking the ability to signal
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Figure 8. cDCs and MyD88-dependent signaling are required for expansion of Be**/self-peptide-specific CD4* T cell responses in a mouse model of CBD.
(A and B) cDCs in zDC-DTR DP2 bone marrow chimeras were depleted in some mice by i.p. injection of diphtheria toxin (DT) every 3 days. Control and

cDC-depleted mice were exposed i.t. to PBS or 50 pg Be and LDLNs were analyzed 12 days later. (A) Total cDCs/LDLN and (B) IL-2 spot-forming units (SFU) per
5 x 10° LDLN cells are shown. (C) Lethally irradiated B6 (WT or MyD88-KO) mice were reconstituted with B6 (WT or MyD88-K0) bone marrow. Chimeric mice
were exposed i.t. to PBS or 50 pg Be and accumulation of cDCs in the LDLNs determined 48 hours later as described in Figure 6. Chimeras with indicated WT or
MyD88-KO hematopoietic cells (HCs) and stromal cell (SCs) are indicated. (D and E) FVB/N (WT) DP2 recipients were lethally irradiated and reconstituted with
bone marrow from FVB/N DP2 Myd88*/* (WT DP2) or Myd88~- (MyD88-KO DP2) littermates. Chimeric mice were exposed i.t. to PBS or 50 pg Be on day 0, chal-
lenged on day 14 with BeO, and sacrificed on day 21. (D) Total numbers of Be?*/self-peptide-specific IFN-y* CD4 cells detected by ELISPOT in the LDLNs and
lungs are shown. (E) H&E-stained lung sections (original magnification, x4, top) and indicated areas of lymphocyte infiltration (original magnification, x40,
bottom) are shown. (F) The percentage of bronchioles in each lung with 1 or more peribronchovascular infiltrates is shown. (G) The diameter/infiltrate calculat-
ed as described in Supplemental Methods is shown. Data in A-D are combined from 2 independent experiments (n = 12 mice per group), symbols on graphs are
values from individual mice, and bars indicate means + SEM (cDC graphs) or medians (ELISPOT data). Data in E and G are representative data of 2 independent
experiments. Data in F are combined from 2 independent experiments (n = 3 mice/group); bars indicate mean + SEM. One-way ANOVA or Kruskal-Wallis tests

were used to test for differences between multiple groups of data with a normal (DC data) or skewed (ELISPOT data) distribution, respectively. An unpaired
2-tailed t test was used in F and G. Statistical P values for selected comparisons are indicated as *P < 0.05; **P < 0.01; ***P < 0.001.

through MyD88 in HCs did not mount a CD4* T cell response to Be?*/self-peptides (Figure 8D), and
T cell-mediated lung inflammation was reduced in these mice compared with Be-exposed mice with
MyD88-sufficient HCs (Figure 8, E-G). Together, these data confirm that the MyD88-dependent effects
on cDCs are mediated by receptors on cells in the HC compartment and that MyD88-dependent effects
on cDCs are required to break peripheral tolerance to Be**/self-peptides in a mouse model of CBD.
TNF-a blockade prevents expansion of Be**/self-peptide—reactive CD4* T, cells and prevents T cell-dependent pulmo-
nary inflammation in a mouse model of CBD. The requirement for TNF-a to promote migration of immunogenic
(CD80") DCs from the lung to the LDLNSs in Be-exposed mice (Figures 6 and 7) suggested that neutralization
of TNF-a would prevent Be?*/self-peptide-reactive T cell responses in a mouse model of CBD. To test this, DP2
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Figure 9. TNF-o is required to break peripheral tolerance and promote lung disease in a mouse model of CBD. FVB/N DP2 mice were injected i.p. with
50 ug isotype control antibody, anti-TNF-a, or nothing on days -1, 2, 5, and 8. On day 0 mice were exposed i.t. to PBS or 50 ug Be, followed by i.t. challenge
with BeO in all groups 2 weeks later, and mice were sacrificed on day 21. (A) The presence of Be**/self-peptide-reactive CD4* T cells in the lungs of mice

as detected by IL-2 ELISPOT is shown. The data are expressed as the number of IL-2 spot-forming units (SFU)/5 x 10° lung cells per well. (B) Represen-
tative lung scans (top, scale bar: 2 mm) and magnified images of the indicated regions, shown in the bottom (scale bars: 200 um), of H&E-stained lung
sections showing peribronchovascular lymphocyte infiltration (boxes, top) in Be-exposed mice treated with isotype control or anti-TNF-a antibodies. (C)
The percentage of bronchioles/section with at least 1 peribronchovascular infiltrate is shown. (D) The diameter of each infiltrate calculated as described

in Supplemental Methods is shown. Data in A are combined from 2 independent experiments (n = 6 mice per group); bars indicate medians. Data in B are
representative of 2 independent experiments, and data in C are combined from 2 independent experiments (n = 3 mice per group); bars indicate means +
SEM. A Kruskal-Wallis test was used to test for statistical differences between groups in A, and an unpaired 2-tailed t test was used to test for differences
between groups in C and D. Statistical P values for selected comparisons are indicated as *P < 0.05; **P < 0.01; ***P < 0.001.
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mice were treated 1.p. with 50 pg of either an isotype control antibody or anti-TNF-a on days—1 and 1, 2, 5, and
8. Mice were exposed i.t. to either PBS or Be particles on day 0 to promote expansion of Be?*/self-peptide—spe-
cific CD4" T cells. Mice were then challenged by BeO on days 14 and 16 as described above. Expansion of CD4*
T cells reactive to Be?*/self-peptide was evident in the LDLNs and lungs of Be-exposed DP2 mice treated with
the isotype control antibody but not in Be-exposed DP2 mice that received the TNF-o—blocking antibody (Fig-
ure 9A). Analysis of the lungs by H&E staining showed that the number and size of peribronchovascular lym-
phocyte infiltrates were reduced in Be-exposed DP2 mice treated with anti-TNF-a compared with Be-exposed,
isotype-treated DP2 mice (Figure 9, B-D). These data show that blocking TNF-o during the initial exposure to
Be prevents expansion of Be?**/self-peptide—reactive CD4" T cells upon secondary exposure to beryllium.

Together, the data in this study show that phagocytosis of sterile crystalline particles by resident AMs
induces early secretion of TNF-a that regulates the release of the immunogenic DAMPs IL-1a and nucle-
osomal DNA. The data indicate a novel early mechanism for the association of pulmonary environmental
exposures and TNF-o in CBD, T cell-mediated hypersensitivities, and autoimmune diseases.

Discussion

Amorphous crystalline particles induce lysosomal leakage, cellular stress, and/or cell toxicity, and the
outcome is cell type dependent and can lead to cell death (1, 5, 7, 48, 56-67). We found that Be particle
entry into and destabilization of phagolysosomes was required for Be-induced cell death of AMs. This
lysosome-associated necrosis occurred with delayed kinetics and was apparent between 12 and 24 hours
of Be exposure. This observation may in part explain why Be and other metal crystalline particles are
toxic to macrophages but are not toxic to lymphocytes or other nonphagocytic cells (68). The delayed
kinetics of Be-induced AM death and requirement for phagocytosis suggested that active processes
inside the cell may contribute to cell death. ROS have been implicated in BeSO,-induced AM apoptosis
(69) and are required for execution of ferroptosis. Be?* ions are released inside the low-pH environment
of lysosomes (70) and can interact with ferritin (71), suggesting the possibility that ferroptosis could play
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arole in Be-induced cell death. However, we have thus far found no evidence that Be particles induced or
required ROS for Be-induced cell death or IL-1a release from AMs. It has been postulated that necropto-
sis and/or apoptosis may be involved in the death of AMs exposed to crystalline particles (1); however,
our analysis of the role of caspases, cathepsin B/L, RIP1K, and RIP3K revealed that they were not
required for Be-induced loss of plasma membrane integrity in AMs but did regulate DAMP release as
discussed below. Thus, our data suggest that Be-induced cell death in AMs was independent of pyropto-
sis, apoptosis/secondary necrosis, necroptosis, and ferroptosis.

Other studies have shown that primary necrosis can result in different types of DAMPs being released
from cells as compared with programmed necrosis (37). Our data show the presence of constitutive levels
of IL-1a in steady-state AMs; however, in Be-exposed mice TNF-o amplified intracellular stores of this
cytokine before death of the cells. AMs treated with a caspase inhibitor underwent necroptosis in response
to the TLR ligand LPS or a Smac mimetic, and both necroptotic stimuli induced release of IL-1a but did
not release significant levels of DNA. It is possible that the small channels formed by MLKL octamers
in necroptotic cells are not large enough for certain molecules, such as unfragmented chromatin, to be
efficiently released as compared with HK or FT cells. Analysis of the role of caspases and cathepsins indi-
cated their activity promoted release of fragmented nucleosomal DNA from Be-exposed AMs. Another
study showed an essential role for caspase activity in promoting DNA release in response to staurosporine,
despite the cells undergoing morphological necrosis (37). Similar to our study, caspases were not required
for death but promoted the release of DNA in the form of nucleosomes via a mechanism that may involve
chloride ion channels. Studies with radioactive ["Be]beryllium sulfate suggest that Be?* ions escape lyso-
somes and are present in both the cytosol and the nucleus (72), raising the possibility that the ions could
affect multiple processes or ion channels inside the cells once they destabilize the lysosomal membranes.
Further study is needed to understand the mechanism by which lysosomal leakage leads to loss in mem-
brane integrity of Be-exposed AMs.

We found that Be-induced release of IL-la and DNA into the extracellular space was amplified by
TNF-a but that only release of DNA was caspase/cathepsin dependent. Be phagocytosis enhanced TNF-a
secretion within 2 hours of exposure. TNF-a is known to enhance intracellular levels of IL-1a in macro-
phages and other cells via activation of NF-kB by membrane-bound TNFR (complex I) (73, 74). Our kinetic
data suggest that these effects occur before 2 hours in Be-exposed AMs, leading to an increase in intracellular
IL-1a stores that were maintained inside the cells until cell death. Our data show that macrophages exposed
to Be for more than 2 hours had initiated apoptosis; this was associated with increased caspase-8 activity
and fragmentation of DNA. TNFR-dependent caspase-8 activation is well known to be mediated by inter-
nalized TNFR signaling (via complex IT) when NF-«B levels drop (74); however, additional study is need to
clarify the relative roles and kinetics of TNFR1 and TNFR2 signaling in Be-exposed AMs. It is possible that
a gradual shift between these 2 TNF-a signaling pathways enhanced intracellular levels of both IL-1a and
fragmented DNA following Be phagocytosis in AMs. Be-induced necrosis of the cells that followed these
events between 12 and 18 hours resulted in release of both nucleosomal DNA and IL-1a from the cells, a
spectrum of DAMPs that differed from primary necrotic (HK or FT) or necroptotic AMs. In addition to
DNA, histones and other nuclear proteins in fragmented chromatin possess DAMP activity (75, 76) and
could augment the effects of DNA, which together with IL-1a have potent, redundant effects on promoting
upregulation of costimulatory molecule expression on cDCs and their migration to the LDLNSs (2).

The data in this study suggest that the timing of TNF-o release, initiation of apoptosis, and kinetics of
plasma membrane disruption affect DAMP release from AMs. These events affected both innate and adaptive
arms of the immune system, exacerbating pathogenic T cell responses in a mouse model of CBD. Patients
with CBD who produce higher levels of TNF-a are at risk for higher disease severity, indicating that TNF-a
plays an important role in CBD pathogenesis (77, 78). A small study on the effects of anti-TNF-o (infliximab)
therapy in CBD patients found that CD4* T cell numbers in the blood and BAL were reduced after treatment
and that the remaining T cells expressed lower levels of effector cytokines (IFN-y and TNF-a). Although the
numbers of patients in this study limited the statistical power, 4 out of 5 patients had reduced Be*"/self-pep-
tide—specific cytokine production (77, 78). Thus, in addition to a role in breaking tolerance, TNF-a—depen-
dent DAMP release could affect the maintenance of pathogenic T cells in the chronic stages of disease.

TNF-a is associated with the pathogenesis of multiple types of T cell-mediated autoimmune diseases,
hypersensitivity, granulomatous inflammation, and pulmonary fibrosis (79, 80). It can be made by multi-
ple cell types in the lung and can affect innate and adaptive immune cells as well as tissue epithelial cells,
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endothelial cells, and fibroblasts. In addition, pulmonary exposure to a variety of particles has been linked
to development of allergy, asthma, and autoimmune diseases (13-23). Here we show a novel mechanism
for TNF-a in regulating AM DAMP release following particle-induced cell death that may underlie the
known roles of lung exposures and TNF-a in the development and exacerbation of T cell-mediated auto-
immune disease and hypersensitivity.

Methods
A detailed description of mice, reagents, antibodies, tissue processing, cell lines, tissue culture, and meth-
ods for the Supplemental Figures is included in Supplemental Methods.

Mouse treatments. For i.t. instillations, mice were removed from isoflurane (Piramal Critical Care, 803250)
anesthesia and supported on a table at 45°. While depressing the tongue, 50 pL. of Dulbecco’s PBS (DPBS)
with or without Be or BeO was administered into the tracheal opening and observed for aspiration during
inhalation. In some experiments, mice were injected i.p. with 100 pL. of DPBS containing either rat IgG1
isotype control or anti-mouse TNF-a mAb. For generation of bone marrow chimeras, recipient mice were
irradiated with 2 doses of 6 Gy separated by a 4-hour break and received approximately 2 x 10%to 5 x 10°
bone marrow cells by retro-orbital injection. Mice were maintained on Baytril (AlfaAesar, J60023) water for
4 weeks, and reconstitution was checked by analysis of blood cells 6 to 8 weeks after bone marrow transfer.

Primary tissue collection and processing. BAL was performed with 3 washes of 1 mL DPBS. LNs and lungs
were harvested and processed into single-cell suspensions (see Supplemental Methods). In some experi-
ments, lungs were inflated with 3% low melt agarose, fixed in phosphate-buffered formalin, and processed
for H&E staining as previously described (26). For quantification of intracellular IL-1a, AMs were subject-
ed to 5 freeze thaw cycles in DPBS containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific).
Viable cells were counted on a hemocytometer using trypan blue or by flow cytometry with AccuCheck
counting beads (Thermo Fisher Scientific) as described in Flow cytometry. Lungs or LN cells were assessed
by ELISPOT as previously described (26).

In vitro analysis of primary AMs. One hundred thousand AMs (pooled from BAL of B6 mice) were
added to wells of flat-bottomed, 96-well plates (200 pL/well) and allowed to adhere for 30 minutes at
37°C, 10% CO,, in complete DMEM (cDMEM, described in Supplemental Methods). Nonadherent cells
were washed away (confirmed through the microscope). In some experiments, AMs were pretreated with
inhibitors or vehicle (DMSO) controls as indicated in figure legends before addition of stimuli. In other
experiments, isotype control or TNFR1- or TNFR2-blocking antibodies in cDMEM with 0.01% DMSO
were added for 1 hour before addition of the stimuli. Stimuli were added as indicated in legends. After cul-
ture, cells were pelleted at 400 g for 5 minutes, and SNs were harvested. Particles and debris were removed
from SNs by centrifuging at 2000 g for 30 minutes. Cell-free SNs were tested for dSDNA and cytokines as
described in Supplemental Methods.

Ex vivo analysis of extracellular DNA and cytokines in the BALF. Cells were pelleted by centrifuging BAL
samples at 400 g for 5 minutes and analyzed by flow cytometry as described below. BALF was separated
from the cells and tested for the presence of cytokines and DNA as described in Supplemental Methods.

Analysis of intracellular IL-1a. in AMs. BAL cells were pooled from untreated mice or from mice
exposed i.t. for 2 hours with Be. Viable AMs were quantified by flow cytometry as described below.
Cells were pelleted and IL-1a was quantified in the cell lysates as described in Supplemental Methods.
The data were adjusted using original lysate volumes and then normalized to total AM numbers for
each sample and expressed as picograms IL-10/100,000 AMs.

Flow cytometry. AMs, BAL cells, and LDLN cells were analyzed by flow cytometry as described previously
(2, 11, 12) and in Supplemental Methods. Cells were stained and washed with flow wash comprising DPBS con-
taining 1% BSA (MilliporeSigma, A2153) and 0.1% NaN;, (MilliporeSigma, SX0299). In some experiments, cells
were washed and stained with Annexin V APC for 15 minutes in Binding Buffer for Annexin V (Invitrogen, Ther-
mo Fisher Scientific, BMS500BB). Immediately before analysis, 2 x 10* AccuCheck counting beads were added
to each sample. Cells and beads were analyzed on a FACSCanto II flow cytometer (BD Biosciences) using Flow-
Jo software (Tree Star). Bead and cell counts for each cell population were determined and total cells per sample
calculated by multiplying the ratio of the (cell count/bead count) X total beads/well (2 x 10%) x dilution factor
(L sample stained/uL total sample).

Statistics. A 1-way ANOVA was used to test for differences for normally distributed data between
more than 2 experimental groups, and a 2-way unpaired ¢ test was used to test for differences for normally
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distributed data between 2 groups as noted in the figure legends. A Shapiro-Wilk normality test was used
to test for normal distribution. Medians were used to indicate central tendency for data without a normal
distribution and means for data with a normal distribution. A Kruskal-Wallis test was used to test for
differences between multiple groups. A P value less than 0.05 was considered statistically significant. Data
were analyzed using GraphPad Prism.

Study approval. Mice were housed, bred, genotyped, and treated in the Office of Laboratory Animal
Resources (OLAR) vivarium in accordance with IACUC-approved protocol standards at the University of
Colorado Anschutz Medical Campus.
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