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Abstract

Beryllium exposure results in beryllium hypersensitivity in a subset of exposed individuals,
leading to granulomatous inflammation and fibrosis in the lung. In addition to its antigenic
properties, beryllium has potent adjuvant activity that contributes to sensitization via unknown
pathways. Here, we show that beryllium induces cellular death and release of IL-1a and DNA into
the lung. Release of IL-1a was inflammasome-independent and required for beryllium-induced
neutrophil recruitment into the lung. Beryllium enhanced classical dendritic cell (cDC) migration
from the lung to draining LNs in an IL-1R-independent manner, and the accumulation of activated
cDCs in the LN was associated with increased priming of CD4* T cells. DC migration was
reduced in TLR9KO mice; however, cDCs in the LNs of TLR9-deficient mice were highly
activated, suggesting a role for more than one innate receptor in the effects on DCs. The adjuvant
effects of beryllium on CD4* T cell priming were similar in WT, IL-1R, caspase-1, TLR2, TLR4,
TLR7, and TLR9 deficient mice. In contrast, DC migration, activation and the adjuvant effects of
beryllium were significantly reduced in MyD88KO mice. Collectively, these data suggest that
beryllium exposure results in the release of DAMPs that engage MyD88-dependent receptors to
enhance pulmonary DC function.
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Introduction

Metal-induced T cell hypersensitivities are common and occur in response to a wide range
of metals?. The clinical manifestations of these hypersensitivities range from minor contact
allergies to pulmonary fibrosis. Among the more serious hypersensitivities are those induced
by beryllium and cobalt, which cause debilitating and life-threatening lung diseases. Chronic
beryllium disease (CBD) occurs in genetically susceptible individuals who are exposed to
beryllium in the workplaceZ3. Beryllium is used in a variety of industries and despite the
implementation of strict exposure limits, CBD continues to occur in up to 16% of workers?.
The use of beryllium is increasing globally and greater than one million workers worldwide
have been exposed?3. In addition, the cost of treating a single CBD patient has been estimated
to exceed $1 million®. Thus, CBD remains a costly and significant public health concern.

CBD is characterized by the presence of large numbers of effector memory Thl polarized
CD4* T cells in the lung that produce IFNy, IL-2 and TNFa upon restimulation with
beryllium in vitro8. In contrast to sarcoidosis and other granulomatous lung disorders, there
is no evidence for Th17- or Th2-polarized T cells in CBD’:8. In the majority of CBD
patients, genetic susceptibility is related to the expression of specific HLA-DP alleles that
express a glutamic acid at the 69th position of the B-chain®. This polymorphic amino acid
participates in coordination of the BeZ* cation within the MHC class I (MHCII) structure
resulting in an altered conformation of the HLA-DP molecule loaded with particular self-
peptides (HLA-DP/peptide complex)19-11, Although beryllium does not directly contact the
TCR, the modified HLA-DP2/peptide complex is recognized as a novel neoantigen by
beryllium-specific TCRs!L. Once activated, beryllium-specific effector CD4* T cells drive
the development of granulomatous inflammation in the lung, which can progress to fibrosis,
respiratory insufficiency and deathl2.

Initiation of an effector CD4* T cell response is a complex process that involves not only the
presence of a stimulatory MHCII/peptide complex, but also requires additional signals from
mature dendritic cells (DCs). DCs express innate pattern recognition receptors (PRRSs) that
broadly recognize pathogen-associated molecular patterns (PAMPS) encountered during
infection and alarmins or damage-associated molecular patterns (DAMPS) released
following cell death!3, PRRs drive the migration and maturation of DCs from peripheral
tissues to lymph nodes (LNs)14. Naive CD4* T cells circulating through LNs in search of
their cognate antigen/MHCII ligands require additional costimulatory signals, delivered by
mature DCs, to proliferate and survive as effector cells!®. In the absence of DC maturation,
T cells proliferate to the presented antigen but either die or become anergic leading to
antigen-specific tolerancel8. Some metals, including the commonly used vaccine adjuvant
aluminum hydroxide, have adjuvant properties that boost CD4* T cell responses via effects
on DCs17:18, Beryllium has also been shown to have adjuvant properties that drive
lymphocyte expansion and Th1 cytokine production!®-21, Thus, beryllium may operate not
only as an antigenic stimulus but as its own pathogenic adjuvant. We hypothesize that
pulmonary exposure to beryllium leads to the release of DAMPs and activation of innate
PRRs that promote pulmonary DC maturation and expansion of effector CD4* T cells.
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Here, we show that pulmonary exposure to beryllium induces rapid release of IL-1a and
DNA, DAMPs associated with necrotic cell death?2. IL-1a induces neutrophil infiltration,
and neutrophils partially contribute to the release of DNA. Beryllium-induced release of
DAMPs into the lung is associated with accumulation of mature migratory classical DCs
(cDCs) in the lung-draining LNs (LDLNSs) and enhanced priming of CD4* T cells to a
model antigen. The accumulation of cDCs in the LDLN following beryllium exposure is
IL-1R-independent. Although cDC migration is impaired in TLRIKO mice, increased CD80
and CD86 expression on ¢cDCs occurs, and the adjuvant effects of beryllium on CD4* T
cells are intact in these mice. cDC migration, expression of costimulatory molecules and
CD4* T cell priming are all impaired in MyD88KO mice, suggesting that other MyD88-
dependent receptors in concert with DNA/TLR9 play a role in the effects on cDCs.
Together, these data show that pulmonary beryllium exposure leads to release of DNA and
other DAMPs that drive MyD88-dependent maturation and migration of cDCs from the lung
to the LDLNSs, leading to enhanced priming of naive CD4* T cell responses.

Pulmonary exposure to beryllium induces cellular death, release of DNA and IL-1a and
recruitment of neutrophils into the lung

To determine whether IL-1 or DNA was released following exposure to beryllium in the
lung, we performed intratracheal (i.t.) instillations of saline or beryllium hydroxide
(Be(OH),) in WT C57BI/6 (B6) mice and performed bronchoalveolar lavage (BAL) (Fig. 1).
Compared to untreated mice (time 0), IL-1a and extracellular DNA were increased in the
BAL fluid (BALF) at 6 and 18hr after beryllium exposure (Fig. 1A, B). This increase was
associated with an increased percentage of cells that stained positive with an eFluor506-
labeled fixable viability dye (FVV-e506) 6 hrs after treatment with Be(OH), compared to
saline-treated controls (Fig. 1C and Fig S1A). This dye stains necrotic, necroptotic and late
apoptotic cells, but not cells undergoing early apoptosis. Analysis of FVV-e506" cells for early
apoptosis using annexin V indicated an increase in early apoptotic cells in beryllium-
exposed mice (Fig. S1B,C) and as previously reported?3. However, release of IL-1a occurs
following necrosis or necroptosis (a regulated form of necrosis) and not apoptosis22-24,
Together, our data suggest that both apoptotic and necrotic/necroptotic cell death occur in
the lung in response to beryllium, the latter contributing to the release of DAMPs.

Surprisingly, we did not detect IL-1p in the BALF of mice exposed to beryllium at these
time-points (data not shown). We analyzed live cells for the presence of alveolar
macrophages (F4/80* CD11c* SiglecF*) and neutrophils (F4/80° Ly6G™) in the BAL using
flow cytometry (Fig. 1D, E). Beryllium exposure resulted in a drop in the percentage of
macrophages and an increase in the percentage of neutrophils in the BAL 6 and 18hr after
instillation (Fig. 1D, E). The total number of BAL neutrophils increased 6 and 18hr after
beryllium exposure while the number of alveolar macrophages dropped 1hr after exposure
and gradually recovered by 18hr (Fig. 1D, E). Together, these data show that beryllium
induces rapid release of DAMPs, including DNA and IL-1a, followed by recruitment of
neutrophils into the lung.
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Beryllium-induced recruitment of neutrophils is dependent on IL-1a

IL-1a and IL-1f bind to the IL-1R, which induces the release of chemokines and recruitment
of neutrophils22:25, The release of biologically active IL-1p requires activation of caspase-1
by the inflammasome26:27. The NIrp3 inflammasome has been shown to be activated in
response to a number of particles including silica, asbestos, and aluminum hydroxide?8:2°, In
contrast, IL-1a is released along with DNA from necrotic cells during sterile inflammation
(inflammation induced in the absence of microbial components) and does not require
caspase-122. In accordance with this, IL-1a release was not impaired in beryllium-treated
caspase-1KO mice (Fig. 2A). Both forms of IL-1 can bind to and activate the IL-1R and
drive neutrophil recruitment; however, release of IL-1a from necrotic cells drives neutrophil
recruitment in the absence of inflammasome activation25. To determine whether the
recruitment of neutrophils required IL-1R or caspase-1, we exposed WT, IL-1RKO,
MyD88KO and caspase-1KO mice to i.t. Be(OH), and analyzed neutrophil recruitment in
the lung 18hrs later. Neutrophil recruitment was significantly reduced in beryllium-exposed
IL-1RKO and MyD88KO mice, but was intact in similarly treated caspase-1KO mice (Fig.
2B), confirming that IL-1a, and not IL-1p, released after beryllium exposure was critical for
neutrophil recruitment to the lung.

IL-1a engages IL-1R in the lung and drives expression of the neutrophil chemokine,
KC22:30, We observed that KC was increased in the BALF of WT mice exposed to
beryllium and was attenuated in beryllium-exposed IL-1RKO mice (Fig. 2C). Thus, our data
suggest that release of IL-1a is required for neutrophil recruitment to the lung through
induction of KC.

Neutrophils contribute but are not the only source of beryllium-induced release of
extracellular DNA

In mice treated with aluminum hydroxide, cellular death leads to the accumulation of DNA
having characteristics of NETs3L. To determine if beryllium exposure leads to NETosis, we
purified human neutrophils and incubated them with media or Be(OH), for 4hr. Beryllium
induced the release of extracellular DNA that colocalized with the neutrophil granule protein
elastase, a situation that only occurs in neutrophils undergoing NETosis (Fig. 2D). However,
DNA was released into the BAL of beryllium-treated mice with similar kinetics as IL-1a,
suggesting that neutrophils are not required for release of DAMPs. To test this, we
compared levels of extracellular DNA in the BALF of beryllium-treated WT mice with
those in beryllium-treated IL-1RKO mice, which do not recruit neutrophils to the lung. We
observed a reduction in the total quantity of DNA in the BALF of treated IL-1RKO mice
compared to WT control mice, but the levels of DNA remained increased above saline-
treated control mice, suggesting that neutrophils contribute to the release of extracellular
DNA but are not the sole source (Fig. 2E). Thus, other cells such as epithelial cells or
macrophages, contribute to DAMPs released following beryllium exposure.

Beryllium exposure drives migration of pulmonary DCs into the draining LN

Our data indicate that release of DAMPs occurs rapidly after exposure to beryllium in the
lung. Innate PRRs and IL-1Rs engaged by DAMPs could impact DC function and the
development and maintenance of beryllium-specific CD4" T cells in CBD. To examine this,
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we determined whether beryllium exposure was associated with increased migration of DCs
from the lung to the draining LNs. To track pulmonary DCs, we exposed mice i.t. to AF647-
labeled ovalbumin (AF647-ova) in the absence or presence of beryllium and followed the
arrival of AF647-ova* DCs in the LDLNSs. The percentage of cDCs (MHCII*CD11c* cells)
in the LDLNSs was increased in mice treated with AF647-ova + beryllium compared to mice
treated with AF647-ova alone (Fig. 3A). The percentage of LDLN cDCs that were AF647-
ova* was also increased in beryllium-exposed mice (Fig. 3B). As expected, AF-647-ova*
cDCs in the lung expressed high levels of MHCII, a phenotype characteristic of migratory
cDCs32 (Fig. 3C).

We next determined whether beryllium exposure altered costimulatory molecule expression
on the surface of cDCs in the LDLNs. AF647-Ova* cDCs that had migrated to the LDLN
had increased levels of CD80 and CD86 on their surface compared to AF647-Ova* cDCs
from mice exposed to AF647-ova alone or to steady state LDLN cDCs from untreated mice
(Fig. 3D). LDLN AF647-ova  cDCs in mice treated with AF647-ova + beryllium also
upregulated CD80 and CD86 (Fig. S2), suggesting that beryllium exposure resulted in
global maturation of cDCs in the LDLNs.

Migratory pulmonary cDCs consist of CD11b* and CD103* DC subsets33. CD103* DCs are
specialized to phagocytize apoptotic cells and cross present exogenous antigen on MHCI
molecules; however, both subsets can present antigen to CD4* T cells33. Analysis of
CD11b* and CD103" cDC subsets (Fig. 3E) showed an increased percentage of the AF647-
ovat cDCs in AF647-ova + beryllium treated mice of the CD11b* subset compared to mice
treated with AF647-ova alone. However, total numbers of both AF647-ova* CD11b* and
CD103* cDCs were increased in the LDLNSs after beryllium exposure (Fig. 3F).

Beryllium enhances the ability of DCs to prime CD4" T cells in vivo

To determine whether the effects of beryllium on cDCs enhanced CD4* T cell priming, we
compared CD4" T cell responses against a model antigen in the LDLNs of B6 mice in the
presence or absence of beryllium. We used a well-characterized peptide-protein conjugate of
the 3K peptide (FEAQKAKANKAVDGGGC) covalently linked to ova (3K-ova), because
this antigen is presented by IAP MHCII molecules in B6 mice, and we can track endogenous
3K-specific CD4™ T cell responses using MHCII tetramersl7:34:35 WT B6 mice were
exposed i.t. to 3K-ova in the absence or presence of Be(OH),, and the 3K-specific CD4* T
cell response in the LDLNSs was analyzed over time. Beryllium enhanced the magnitude of
the primary CD4* T cell response, which peaked 14 days after instillation (Fig. 4A). Upon
secondary exposure to beryllium and 3K-ova, memory CD4* T cells expanded to greater
numbers compared to the primary response (Fig. 4B). Thus, beryllium-induced enhancement
of cDC migration and activation is associated with adjuvant effects on CD4* T cells.

Accumulation of pulmonary ¢DCs in LDLNs after beryllium exposure is IL-1R independent
and reduced in TLR9KO mice

To determine whether IL-1R signaling is required for the effects of beryllium on cDC
migration and activation, we exposed mice to AF647-ova in the presence or absence of
Be(OH), and compared the accumulation and activation of AF647-ova®™ cDCs in the LDLNs
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of WT and IL-1RKO mice 48 hrs later. The accumulation of AF647-ova* CD11b* and
CD103* cDCs was enhanced following beryllium exposure and was similar in LDLNs of
WT and IL-1RKO mice (Fig. 5A). CD80 and CD86 were similarly upregulated on AF647-
Ova* cDCs from beryllium exposed WT and IL-1RKO mice (Fig. 5B). Thus, IL-1R
signaling is not required for the observed effects of beryllium on pulmonary cDCs.

TLRs are PRRs that can recognize certain DAMPs and promote activation and migration of
cDCs to LNs. Self DNA stimulates signaling via TLR9 when delivered to endosomal
compartments in DCs36. To determine if TLR9 was involved in the effects of DNA on cDC
migration and activation, we treated WT or TLR9KO mice with AF647-ova + beryllium and
followed the accumulation of AF647-Ova* cDCs in the LDLNs 48hrs later. Total numbers
of cDCs accumulating in the LDLNs of TLR9KO mice were reduced compared to WT mice
(Fig. 5C). However, AF647-Ova* cDCs in the LDLNSs of beryllium-exposed WT and
TLR9KO mice expressed similar levels of CD80 and CD86 (Fig. 5D). Thus, TLR9 may
recognize DNA and contribute to the observed effects on DC migration, but other pathways
contribute to optimal upregulation of costimulatory molecules on cDCs in the draining LN.

Adjuvant effects of beryllium on CD4* T cell priming are independent of IL-1, TLR4, TLR7,
TLR9 and the inflammasome

Although we did not observe significant differences in the accumulation of cDCs in the
draining LNs between WT and IL-1RKO mice (Fig. 6A), it was possible that other members
of the IL-1 family could contribute to the adjuvant effects of beryllium on CD4* T cells or
that IL-1 could directly impact CD4* T cell priming. Although we did not detect endotoxin
in our Be(OH), stock, we also wanted to exclude the possibility that low-level endotoxin
contamination was playing a role in our observations. Thus, we exposed WT, IL-1RKO,
caspase-1KO and TLR4KO mice to 3K-ova in the presence of beryllium and analyzed the
number of 3K-specific CD4* T cells in the LDLNSs 14 days after exposure. We found similar
numbers of 3K-specific CD4™ T cells in all groups of beryllium-treated mice (Fig. 6A),
suggesting that the adjuvant effects of beryllium on CD4* T cell priming are independent of
IL-1R, the inflammasome, inflammasome-dependent cytokines of the IL-1 family and
TLRA4.

To determine whether TLR9 or as a control, TLR2, played a role in these adjuvant effects,
we treated WT, TLR9KO and TLR2KO mice with 3K-ova in the presence or absence of
beryllium. Although accumulation of cDCs in the LDLNSs at 48hrs was reduced in TLR9KO
mice exposed to beryllium (Fig. 5C), the adjuvant effects of beryllium on CD4* T cell
priming were TLR9 independent (Fig. 6B). TLR7 can respond to nucleic acids; however, the
adjuvant effects of beryllium on CD4* T cell priming were intact in TLR7KO mice (Fig
6C). Collectively, these data suggest that while DNA/TLR9 enhance cDC migration,
signaling via other PRRs are sufficient to enhance costimulatory signals on cDCs and the
adjuvant effects of beryllium on CD4* T cell priming.

The adjuvant effects of beryllium are dependent upon MyD88 signhaling pathways

Our data suggest that redundant PRRs are involved in beryllium-induced DC migration and
CD4* T cell priming. MyD88 is a signaling adaptor that is downstream of multiple innate
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PRRs that recognize DAMPs37. Therefore, it is possible that disruption of multiple pathways
that rely on MyD88 would eliminate the adjuvant effects of beryllium exposure. To globally
test the role of MyD88 dependent receptors on DC migration, we treated WT and
MyD88KO mice i.t. with AF647-ova + Be(OH), and analyzed cDCs in the LDLNSs at 24
and 48hr. We observed a reduction in the accumulation of AF647-ova* CD11b* and
CD103* cDCs in the LDLN after exposure in MyD88KO mice compared to WT mice (Fig.
7A). We also observed that upregulation of CD80 and CD86 on cDCs was impaired in
beryllium-exposed MyD88KO mice (Fig. 7B).

To determine if these effects were associated with a reduction in the adjuvant effects of
beryllium on CD4" T cell priming, we treated WT and MyD88KO mice with 3K-ova and
beryllium and analyzed the expansion of 3K-specific CD4* T cells in the LDLN 12 days
later. We observed a significant reduction in the total number of 3K-specific CD4* T cells in
MyD88KO mice compared to WT mice (Fig. 7C). Thus, our findings show that the effects
of beryllium exposure on DC function and the adjuvant effects of beryllium on CD4* T cells
involve PRRs that signal via MyD88 dependent pathways.

Discussion

CBD is a granulomatous lung disease that is characterized by the accumulation of beryllium-
responsive CD4* T cells in the lung. In the last two decades, much has been learned about
beryllium as a disease-inducing MHCII-restricted antigen; however, the development of
CBD involves complex interactions between the innate and adaptive arms of the immune
system. In this regard, beryllium possesses adjuvant properties that may contribute to CBD
pathogenesis; however, the mechanism behind these adjuvant effects is unknown1920, DCs
are critical antigen-presenting cells that determine whether TCR engagement results in a
pathogenic or tolerogenic response. However, nothing is known about how beryllium
impacts DCs in the target organ. While beryllium-induced apoptosis has been described?3,
apoptosis is not associated with the release of DAMPs or initiation of inflammation. In
addition to apoptosis, our data show that beryllium exposure in the lung induces necrotic cell
death and the release of DAMPs, including DNA and IL-1a that drive inflammation. These
effects are associated with MyD88-dependent migration of mature cDCs to LDLNSs that
enhance priming of naive CD4* T cells, an effect that is IL-1R-independent.

IL-1p has been shown to be important in inducing release of chemokines that drive
neutrophils to infiltrate the lung in response to other sterile environmental agents including
silica particles and ashestos28:29, However, these studies suggest a critical role for Nlrp3,
which becomes activated following phagocytosis of large particles that disrupt lysosomal
membranes and induce cellular stress. Activated NIrp3 promotes assembly of the
inflammasome, activation of caspase-1 and release of biologically active IL-1f. In contrast,
we did not detect IL-1f in the alveolar space after exposure to beryllium, and neutrophil
recruitment was IL-1R-dependent but independent of caspase-1, an enzyme required for the
release of biologically active IL-1p. These data suggest that IL-1a plays an essential role in
driving neutrophil recruitment after beryllium exposure and are consistent with studies
showing a critical role for IL-1a in the recruitment of neutrophils in response to necrotic/
necroptotic but not apoptotic cells?425, It is possible that beryllium induces more necrotic
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cell death and IL-1a release while other particles induce inflammasome activation following
phagocytosis. Thus, the roles of IL-1a and IL-1p may be related to differences in toxicity
between different types of sterile particles. Other studies have shown that IL-1a and IL-1
are released at different times and drive recruitment of neutrophils and monocytes,
respectively38. Thus, it is possible that IL-1p may be induced later in the response to
beryllium.

Our data show that after arrival in the lung, neutrophils contribute to DNA release in vivo,
perhaps through NETosis, but are not required for release of DNA. Thus, other cells,
including macrophages or epithelial cells, may contribute to the initial DNA release. Our
analysis of ex vivo DNA does not discriminate between NETs and extracellular DNA,;
however, macrophages and epithelial cells have not been described to undergo NETosis.
Thus, the DNA detected in the absence of neutrophils likely reflects DNA released by
necrosis. Neutrophils have been shown to impact pulmonary DC function during infection3®,
However, in IL-1RKO mice, which do not recruit neutrophils to the lung after beryllium
exposure, cDC migration to LDLNs was intact, suggesting that the effects of beryllium
exposure on cDCs are not dependent upon neutrophils or NETosis, but may still be impacted
by extracellular DNA.

Introduction of apoptotic cells into the lung has been shown to preferentially induce the
migration of CD103* ¢DCs into LDLNSs33, In contrast, beryllium exposure increases the
migration of both cDC subsets. cDCs from beryllium-exposed mice exhibited upregulated
levels of the costimulatory molecules CD80 and CD86 and more effectively primed CD4* T
cells to bystander antigen. These effects were not reduced in IL-1RKO or TLR4KO mice.
TLR2, TLR9 and TLR7 have been implicated in innate responses to other sterile substances
in the lung*®. We found no difference in the adjuvant effects of beryllium on CD4* T cell
priming in WT, TLR2, TLR7 or TLR9KO mice. We did observe a reduction in beryllium-
induced migration of cDCs in TLR9KO mice; however, cDCs in the draining LN of these
mice were highly activated, suggesting that other pathways are involved. It is possible that
the high levels of CD80 and CD86 on these cDCs promote enhanced priming of CD4* T
cells, even in the presence of fewer cDCs in the TLRIKO mice. Thus, despite evidence that
TLR9 is engaged by DNA, our data suggest that multiple PRRs play a role in optimal cDC
function. Together, our data suggest that in addition to TLR9, other PRRs are engaged that
activate MyD88 signaling and promote cDC activation and priming of CD4" T cells. Our
findings support a model where DAMPs released in the lung following beryllium exposure
impact DC expression of CD80 and CD86 and beryllium does not directly upregulate these
costimulatory molecules, consistent with recent studies of human DCs*L.

Beryllium and aluminum are both metals with adjuvant properties®2. Aluminum hydroxide
is a widely used vaccine adjuvant that induces the release of DNA and activation of the
inflammasome?3:44. In contrast to pulmonary beryllium exposure, aluminum hydroxide
injected into the muscle does not enhance DC migration into peripheral LNs, perhaps due to
differences in the types of DCs that are mobilized and/or the ability of antigen to be moved
without DC help through the lymphatics to the popliteal LN by skeletal muscle
contractions’:4546_n contrast to beryllium which induces Th1 responses and neutrophil
recruitment, aluminum hydroxide induces a Th2 type response and eosinophilia®’. The
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adjuvant function of intraperitoneal- or intramuscular-administered aluminum hydroxide on
humoral responses is MyD88-independent?8. It is possible that the differences between
aluminum and beryllium are due to different anatomical locations studied, differences in DC
subsets and the PRRs expressed, and/or differences in metal-induced toxicity and DAMPs
released at the exposure site.

In the context of CBD, the development of a strong beryllium-specific effector CD4* T cell
response is necessary for the generation of granulomatous inflammation in the lung®. This is
limited to individuals expressing particular MHCII molecules capable of presenting
beryllium/peptide complexes to CD4* T cells. We hypothesize that in individuals with this
genetic predisposition, beryllium-induced activation of MyD88-dependent pathways may
promote the initiation of a beryllium-specific immune response in the lung via effects on
DCs and may further impact the development of beryllium-specific effector Thl and
regulatory T cells following beryllium exposure. In addition, these adjuvant properties of
beryllium may have a dose-sparing effect, effectively promoting beryllium-induced
sensitization in response to low exposures. Although our study is most relevant to
understanding the effects of beryllium on the sensitization phase, these pathways may also
operate at later stages of disease.

The activation of inflammation and effects on DCs were transient in our study, showing a
wave of DC migration into the LDLN that was reduced after 72 hrs. This may be due to
fluorescent dye breakdown or to a transient release of DAMPs occurring within a short time
after exposure. Further studies are needed to understand how these pathways impact the
effects during chronic disease on both DCs and T cells. In reality, workers are exposed to
beryllium over long periods of time, and while it is known that beryllium persists long after
exposure, the initial events following exposure to DCs are likely most important in driving
proliferation and differentiation of naive CD4* T cells to beryllium (i.e., sensitization). Once
primed, effector and memory CD4* T cells rely less heavily upon costimulation, and
antigen-presenting cells in vivo are likely not restricted to DCs alone but include B cells and
macrophages. Analysis of the role of these different antigen-presenting cells in CBD and
whether DAMP release impacts these cells and granuloma development at later stages of
disease remain important unanswered questions.

Taken together, we show for the first time that beryllium drives IL-1-dependent neutrophil
accumulation and IL-1-independent migration of activated pulmonary cDCs to LDLNS.
Recognition of DNA via TLR9 and engagement of another unknown MyD88-dependent
PRR leads to the accumulation of activated DCs in the LDLN and enhancement of CD4* T
cell priming. In addition to its role as a pathogenic antigen in CBD, our data show that
beryllium can potently stimulate the innate immune system and enhance DC function,
effectively functioning as an adjuvant in CBD.

C57BI/6 WT, MyD88KO, Caspase-1KO, IL-1RKO, TLR2KO, TLR7KO and TLR4KO
mice were purchased from Jackson Laboratories. TLRIKO mice were kindly provided by
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Dr. Jillian Poole (University of Nebraska Medical Center) with permission from Shizuo
Akira. Mice were housed and bred at the University of Colorado Biological Resource Center
and were used at 6-12 weeks of age. All experiments were approved by the Institutional
Animal Care and Use Committee of the University of Colorado Denver, in accordance with
the NIH guidelines.

Be(OH), was generated as described?. AlexaFluor647 was conjugated to low endotoxin
ova (Hyglos) using the Pierce AF647 labeling kit according to the manufacturer’s
instructions. 3K-ova was generated using the Imject Maleimide Activated Ova kit from
Pierce Biotechnology and a cysteine linked 3K peptide*®.

Mice were anesthetized with isoflurane, and the vocal chords were visualized with a
laryngoscope (Penn Technologies) followed by i.t. delivery of 50 ul volume 0.9% sterile
saline or PBS with or without sonicated 200 pg Be(OH),. In some experiments 20 Lig
AF647-ova or 10 pg 3K-ova were mixed with beryllium.

responses to beryllium in the lung

Mice were sacrificed after exposure to saline or Be(OH),, and BAL was performed with
1.5ml of sterile PBS. Cells were separated from the BALF using centrifugation, and viable
cells were enumerated using trypan blue. Beryllium crystals have a crystalline morphology
that can be clearly distinguished from viable cells. For IL-1 analysis BALF were
concentrated 5-fold using Amicon 3kDa filters. IL-1a and IL-18 were quantified using
Ready Set Go ELISA (eBioscience).

BAL cells were incubated with FV-eFluor 506 for 30 min on ice (eBioscience), washed,
incubated with Fc Block and mAbs directed against Ly6G, Siglec F, F4/80 and Ly6C. Live
and dead cells were gated based on unstained controls (Fig S1A). Live cells were analyzed
for the presence of neutrophils and macrophages and for apoptotic cells using the FITC
Annexin V kit (eBioscience). Data were acquired on a LSRII SORP flow cytometer using
FACS Diva Software (BD Biosciences) and analyzed using FlowJo software (Treestar, Inc.).

Quantification of extracellular DNA following in vivo exposure of mice to beryllium

BALF samples were diluted with PBS and added to a 96 well black microplate (Greiner
Bio). Mouse genomic DNA (Promega) was used to generate a standard curve. The samples
were incubated with a solution of 5uM Sytox Orange (Life Technologies) in PBS for 10
minutes at RT. The plate was analyzed using a Victor? 1420 multilabel plate reader with
Wallac 1420 Workstation software (Perkin Elmer) with a 544 nm excitation filter and a
600nm emission filter.

Neutrophil NET release

Neutrophils from healthy human volunteers were isolated as described (see details in
supplemental methods)®0, analyzed for purity by flow cytometry and stained using
fluorescently labeled anti-CD49d and -CD66 mAbs (eBioscience). Cells were resuspended
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in complete RPMI media (cRPMI) consisting of RPMI 1640 tissue culture medium
(Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone), 10 mM
HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin (all from
Invitrogen). Cells were incubated in a 48 well plate for 4hr in media alone or with 1.2 mg
Be(OH),, washed with PBS and fixed for 15 minutes in paraformaldehyde at RT. Cytospins
of ~100,000 cells per slide were prepared and stained with PE-labeled anti-human elastase
(Calbiochem) and Hoesht to visualize DNA. Cells were washed and coverslipped with
VectaMount medium. Slides were analyzed on an Olympus BX-41 fluorescent microscope
(CytoViva), and images were taken using a Dage-MT]I Excel digital camera XLMCT.

Effects of beryllium on pulmonary DC migration and expression of costimulatory

molecules

LDLN were harvested, and single cell suspensions were generated as described (see
supplemental methods)1’. Cells were incubated with FcBlock and stained with
fluorescently-conjugated mAbs to CD11c, IAP, CD11b, CD80, CD103 and CD86.

Effects of beryllium on CD4* T cell priming

At indicated times after instillation, lungs were flushed of blood by placing an incision in the
left atrium of the heart and passing 10ml PBS through the lungs with a syringe and a 25
gauge needle introduced into the left ventricle of the heart. Lungs and LDLNSs were
harvested into cRPMI media and processed into single cell suspensions as described (details
in supplemental methods)87. Viable cells were enumerated using Trypan blue exclusion
and stained with PE-labeled 3K/IAP tetramers at 37°C for 2hr. Antibodies for CD4, B220,
MHC 11, F4/80, CD44, and CD8 were added for 20 min at 4°C. 3K/IAP tetramer positive
cells were defined after gating on live CD4*CD44N cells that were CD8, B220, F4/80, and
MHCII negative.

Statistical analysis

A one-way ANOVA and unpaired t-test were used to determine significance of differences
between groups (Prism 4, GraphPad Software, Inc.). A P value < 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Beryllium exposureinduces release of DNA and IL-1a and recruitment of neutrophils
tothelung

Untreated (Ohrs) and mice treated with saline or Be(OH) i.t. were sacrificed, and BAL was
harvested 1, 6 and 18hrs later. A. IL-1a levels as detected by ELISA in concentrated BALF.
B. Concentration of extracellular DNA in BALF. C. Percentage (mean £ SEM) of BAL cells
that are FV-e506™. D. A representative example of the gating strategy used to identify live
alveolar macrophages and neutrophils after exposure to saline or Be(OH), for 6hrs. Gated
live cells (FV-e506™ as shown if Fig S1A) were analyzed to identify alveolar macrophages
and neutrophils. BAL cells were gated on F4/80" and F4/80* populations (left column).
F4/80" cells that were Ly6GN were included in the neutrophil gate (middle column). F4/80*
cells that expressed CD11c and Siglec F were included in the alveolar macrophage gate
(right column). Numbers on graphs indicate percentage of the gated population falling
within each gate. E. The percentage (upper panels) and total cell numbers (lower panels) of
BAL alveolar macrophages and neutrophils are shown for each time point compared to
baseline (untreated mice, time 0). Total number of cells x 10-3 = number indicated on the
axis. Data in A-C and E are combined from two independent experiments (n = 4 mice per
group in each experiment). Values on graphs indicate mean £ SEM. A t-test was used to
detect differences between treatment groups at each time point. Significance levels are
indicated by asterisks (* p < 0.05, ** p< 0.01, *** p< 0.001).
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Figure 2. Beryllium-induced recruitment of neutrophilsis|L-1a dependent
A. IL-1a in concentrated BALF from WT B6 and Caspase-1KO mice (Caspl KO) treated

i.t. with PBS or Be(OH), and sacrificed 18hr later. Data are representative of 2 independent
experiments (n = 4 mice per group per experiment). B. Percentage of BAL cells that are
neutrophils in WT B6, MyD88KO, IL-1RKO and Casp1KO mice treated i.t. with saline or
Be(OH), and sacrificed 18hr later. Data are combined from two independent experiments
(n=4 mice per group in each experiment). C. KC in concentrated BALF of WT B6 and
IL-1RKO mice treated i.t. with either saline or Be(OH), and sacrificed 18hr later. Data are
combined from 2 separate experiments (n = 4 mice per group in each experiment). D.
Human neutrophils were stimulated for 4hr in the presence of media or 200 pg/ml Be(OH)s.
Arrow indicates the presence of extracellular DNA (blue) colocalized with neutrophil
elastase (red). Data are representative of 2 separate experiments. E. DNA in BALF of WT
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B6 and IL-1RKO mice treated i.t. with saline or Be(OH), and sacrificed 18hr later. Data are
representative of 2 independent experiments (n = 4 mice per group per experiment). Values
on graphs indicate mean + SEM. A one-way ANOVA was used to determine differences
between groups. Significance levels are indicated by asterisks (* p < 0.05, ** p< 0.01, *** p
<0.001).
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Figure 3. Beryllium exposure drives migration of pulmonary cDCsinto LDLNs
WT B6 mice were treated i.t. with PBS containing AF647-ova alone or mixed with Be(OH),

(AF647-ova + beryllium) and sacrificed 24-72hrs later. cDCs in the LDLNs were analyzed
by flow cytometry. Gating strategy for cDC analysis is shown in panels A-C and E for
representative examples of untreated mice or mice treated with AF647-ova = Be(OH), for
24hrs. A. LDLN cells were analyzed for expression of CD11c and MHCII. The percentage
of LDLN cells that were CD11c*MHCII™ classical DCs (cDCs) is indicated on each dot
plot. This cDC gate was used to analyze other parameters in B-C. B. Gated cDCs were
analyzed for the presence of AF647-ova* cDCs, and the percentage of cDCs that were
AF647-Ovat is indicated on each dot plot. C. Gated ¢cDCs from untreated mice (left panel)
and AF647-ova* ¢cDCs from mice treated with AF647-ova or AF647-ova + beryllium
(middle and right panels) were analyzed for MHCII expression. Gates on each plot indicate
resident (MHCII'®) and migratory (MHCIIM) populations. Gates were based upon the
resident and migratory populations of cDCs in untreated mice (left panel). D. Geometric
mean fluorescence intensity (GMFI £ SEM) of staining for CD80 and CD86 expression on
gated cDCs from untreated mice (time 0, gate shown in panel A) and AF647-ova*™ cDCs
(gates shown in panel B) from mice treated with AF647-ova (open circles) and AF647-ova +
beryllium (filled circles) for the indicated time points in a representative experiment of 2
independent experiments (n = 4 mice per experiment). E. Gated migratory cDCs from
untreated mice or AF647-ova* migratory cDCs from AF647-ova- or AF647-ova +
beryllium-treated mice were analyzed for CD11b* and CD103* cDC subsets. F. Total
numbers (mean + SEM) of AF647-ova* cDCs (left) AF647-ova* CD11b* (middle) and
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CD103* (right) cDCs in the LDLN following pulmonary exposure to AF647-ova alone
(open circles) or AF647-ova + beryllium (filled circles) are shown for the indicated time
points compared to untreated controls (0 hrs). Data are combined from two separate
experiments (n = 4 mice per group in each experiment). A t-test was used to determine
differences between the two groups at each time point. Significance levels are indicated by
asterisks (* p < 0.05, ** p< 0.01, *** p< 0.001).
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Figure 4. Beryllium-activated DCsprime CD4" T cells
A. WT B6 mice were treated i.t. with nothing (day 0), 3K-ova (open circles) or 3K-ova +

beryllium (solid circles) and sacrificed at the indicated time points to analyze the kinetics of
the 3K-specific CD4" T cell response in the LDLNs. LDLNs were harvested and analyzed
for the presence of CD4* T cells that were CD44" and 3K/IAP tetramer*. The total number
of 3K-specific CD4™ T cells (mean + SEM) in the LDLNSs at each indicated time point
during the primary response is shown. Data are a representative of 2 independent
experiments (n = 4 mice per group). B. Mice were treated with nothing (open bars), 3K-ova
(grey bars), or 3K-ova + beryllium (black bars). One cohort of mice (recall) was boosted on
day 40 with the same treatment that was used for priming. Mice were sacrificed on day 7 of
the primary response (primary), day 47 of the memory response (memory) or 7 days after
boosting (recall). Total number (mean + SEM) of 3K-tetramer* CD4* T cells was
determined as in A. Data are from a single representative experiment of 2 (n = 4 mice per
group). A one-way ANOVA was used to detect differences between groups. Significance
levels are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure5. Accumulation of beryllium-activated cDCsinto the LDLNsisIL-1R independent and

reduced in TLR9K O mice

A. Total number (mean + SEM) of AF647-ova* CD11b* and CD103* ¢DCs in the LDLNs
of WT B6 and IL-1RKO mice treated i.t. with PBS containing AF647-ova + Be(OH), for
48hrs is shown. Gating and analysis was performed as described in Figure 3. B. Expression
(GMFI + SEM) of CD80 and CD86 on AF647-ova* cDCs derived from WT B6 and
IL-1RKO mice treated with AF647-ova + Be(OH), for 48hrs is shown. Data shown in A and
B are combined from 2 separate experiments (n = 4 mice per group in each experiment). C.
Total number (mean + SEM) of AF647-ovat CD11b* and CD103* ¢DCs in the LDLNs of
WT B6 and TLRIKO mice treated with AF647-ova + Be(OH), for 48hrs is shown. Data are
combined from 3 separate experiments (n = 4-6 mice per group in each experiment). D.
Expression (GMFI + SEM) of CD80 and CD86 on c¢DCs derived from WT B6 and TLR9KO
mice treated with AF647-ova + Be(OH), for 48hrs is shown from a representative
experiment of 3 (n = 6 mice per group). A one-way ANOVA was used to determine
differences between groups. Significance levels are indicated by asterisks (* p < 0.05, ** p<
0.01, *** p< 0.001).
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Figure 6. Adjuvant effects of beryllium on CD4* T cell priming areindependent of IL-1R,
TLR2, TLR4, TLR7and TLR9

Mice were treated i.t. with 3K-ova + Be(OH), in PBS. A. Total number of 3K-specific
CD4* T cells in the LDLNs of WT B6, TLR4KO, IL-1RKO and Casp1KO mice on day 14
of the primary response. Data are combined from 2 separate experiments (n = 3-4 mice per
group in each experiment). B. Total number of 3K-specific CD4* T cells in the LDLNs of
WT B6, TLRIKO and TLR2KO mice on day 12 of the primary response. Data are
combined from 3 separate experiments (n = 4-9 mice per group in each experiment). C.
Total number of 3K-specific CD4" T cells in the LDLNs of WT B6 or TLR7KO mice on
day 14 of the primary response. Data are combined from 2 separate experiments (n = 3-4
mice per group in each experiment). Values indicate mean £ SEM. A one-way ANOVA was
used to determine differences between groups. Significance levels are indicated by asterisks
(* p<0.05, ** p<0.01, *** p<0.001).
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Figure 7. MyD88-dependence of the adjuvant effects of pulmonary beryllium exposure
A. Total number (mean £ SEM) of AF647-ova* cDCs in WT B6 (black circles) or

MyD88KO mice (gray squares) treated i.t with AF647-ova + Be(OH); (filled symbols) or
AF647-ova (open triangles) is shown at indicated time points from a representative
experiment of 2 (n = 4 mice per group). B. CD80 (left panels) and CD86 (right panels)
expression (geometric MFI) is shown on gated AF647-ova* CD11b* and CD103* cDC
subsets derived from AF647-ova + Be(OH),-treated WT B6 mice (black circles), AF647-
ova + Be(OH),-treated MyD88KO mice (gray squares) and AF647-ova-treated WT B6 mice
(open triangles) is shown. Data are from a representative experiment of 2 (n = 4 mice per
group). C. Total number (mean + SEM) of 3K-specific CD4* T cells in the LDLNSs on day
12 of the primary response in WT B6 and MyD88KO mice treated with 3K-ova £ Be(OH)»
is shown. Data is combined from 3 separate experiments (n = 4 mice per group in each
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experiment). In A and B, a t-test was used to determine differences between WT and
MyD88KO mice treated with AF647-ova + Be(OH), at each time point, and a one-way
ANOVA was used to determine differences between groups in C. Significance levels are
indicated by asterisks (* p < 0.05, ** p< 0.01, *** p < 0.001).
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