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Regulatory T cells modulate granulomatous
inflammation in an HLA-DP2 transgenic murine model
of beryllium-induced disease
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Susceptibility to chronic beryllium disease (CBD) is linked to certain
HLA-DP molecules, including HLA-DP2. To elucidate the molecular
basis of this association, we exposed mice transgenic (Tg) for HLA-
DP2 to beryllium oxide (BeO) via oropharyngeal aspiration. As
opposed to WT mice, BeO-exposed HLA-DP2 Tg mice developed
mononuclear infiltrates in a peribronchovascular distribution that
were composed of CD4* T cells and included regulatory T (T,g) cells.
Beryllium-responsive, HLA-DP2-restricted CD4* T cells expressing
IFN-y and IL-2 were present in BeO-exposed HLA-DP2 Tg mice and
not in WT mice. Using Be-loaded HLA-DP2-peptide tetramers, we
identified Be-specific CD4* T cells in the mouse lung that recognize
identical ligands as CD4* T cells derived from the human lung.
Importantly, a subset of HLA-DP2 tetramer-binding CD4* T cells
expressed forkhead box P3, consistent with the expansion of anti-
gen-specific T .q cells. Depletion of T4 cells in BeO-exposed HLA-DP2
Tg mice exacerbated lung inflammation and enhanced granuloma
formation. These findings document, for the first time to our knowl-
edge, the development of a Be-specific adaptive immune response in
mice expressing HLA-DP2 and the ability of T, cells to modulate the
beryllium-induced granulomatous immune response.

metal hypersensitivity | MHC presentation | genetic susceptibility

hronic beryllium disease (CBD) is a granulomatous lung
disorder that occurs in susceptible individuals exposed to
beryllium (Be) in the workplace (1). Genetic susceptibility to
CBD has been linked to major histocompatibility complex class
II (MHCII) alleles, particularly HLA-DP. HLA-DPBI alleles
with a glutamic acid at position 69 of the f-chain (fGlu69), which
includes DPB1%02:01, are strongly associated with disease sus-
ceptibility (2). Functional studies have shown that the HLA-DP
molecules that mediate Be presentation to T cells match those
implicated in disease susceptibility (3, 4). An HLA-DP2 crystal
structure revealed a unique solvent-exposed acidic pocket lo-
cated between the peptide backbone and the HLA-DP2 p-chain
a-helix, formed by three glutamic acid residues from the p-chain,
including BGlu69 (5). Mutagenesis of any of these residues
resulted in loss of the ability of HLA-DP2 to present Be to T cells
(5), establishing that the HLA contribution to the development
of CBD is due to the ability of pGlu69-containing HLA-DP
molecules to bind and present Be to pathogenic CD4* T cells.
Regulatory T (Tyg) cells play a key role in maintaining periph-
eral T-cell tolerance, in particular, by suppressing the activation and
expansion of effector T cells (6, 7). We have previously shown that
there is variation in the frequency of T, cells in the bron-
choalveolar lavage (BAL) of CBD patients and that the frequency
of forkhead box P3 (FoxP3)-expressing Ty, cells in the lung is
inversely associated with disease severity (8). However, the lack of
a viable animal model has precluded study of whether this T-cell
subset participates in the regulation of disease severity as well as

www.pnas.org/cgi/doi/10.1073/pnas.1408048111

a determination of the factors that contribute to their presence in
the lung.

Here, we exposed mice transgenic (Tg) for HLA-DP2 (the most
prevalent fGlu69-containing molecule) to Be oxide (BeO), a form
of the metal that is used in the workplace. BeO-exposed HLA-
DP2-expressing mice developed mononuclear infiltrates in the
lung, a Be-specific adaptive immune response in lung and spleen,
and an expansion of Ty, cells in the lung. Depletion of Ty, cells
exacerbated the Be-specific CD4* T-cell alveolitis and converted
the peribronchovascular mononuclear cell infiltrates into well-
formed granulomas. Our findings strongly suggest that expression
of the correct MHCII molecule in mice accompanied by an envi-
ronmental exposure drives disease development, and identify an
important role for T, cells in modulating the Be-induced gran-
ulomatousresponse.

Results

HLA-DP2 Tg Mice Develop Peribronchovascular Mononuclear Infiltrates
After BeO Exposure. HLA-DP2 Tg mice were previously generated
on an FVB/N background (9). HLA-DP2 Tg mice and wild-type
(WT) FVB/N mice were sensitized by oropharyngeal aspiration of
100 pg BeO on days 0, 1, and 2 and challenged with BeO (100 pg)
on days 14, 15, 18, and 19 before being killed on day 21. As seen in
Fig. 14, HLA-DP2 Tg mice exposed to BeO develop mononuclear
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Fig. 1. Characterization of mononuclear cells in the BAL of BeO or PBS-
treated HLA-DP2 transgenic mice. (A) Representative H&E staining of lungs
from wild-type (WT) FVB/N and HLA-DP2 Tg mice after exposure to PBS or
100 pg BeO is shown (10x magnification). A total of nine mice from each
treatment group were examined by H&E from three separate experiments.
Arrows denote areas of peribronchovascular mononuclear cell infiltration.
(B) Total WBC counts from BAL fluid of HLA-DP2 Tg mice after exposure to
BeO or PBS are shown. (C) Percentage of BAL macrophages and lymphocytes
in HLA-DP2 Tg mice after exposure to BeO or PBS is shown. (D) Number of
CD3"* T cells in the BAL of HLA-DP2 Tg mice after exposure to BeO or PBS is
shown. (E) Representative density plots showing the expression of CD4 and
CD8 on gated CD3* T cells or the expression of the y5 TCR on CD3* T cells in
the BAL of BeO-exposed HLA-DP2 Tg mice. (F) The number of CD4*, CD8",
and y3 T cells in the BAL of HLA-DP2 Tg mice after exposure to BeO or PBS is
shown. The solid bars represent the median value for each treatment group,
and data represent up to 18 mice from three separate experiments.

infiltrates in a peribronchovascular distribution. Conversely, no
cellular infiltrates were seen in the lungs of BeO-treated WT mice
or in any PBS-treated mice.

To determine the cellular composition of the mononuclear
infiltrates in the HLA-DP2 Tg mice, BAL was performed on PBS-
and BeO-exposed HLA-DP2 Tg mice. A significantly increased
number of WBCs was seen in the BAL of BeO-exposed HLA-DP2
Tg mice (P < 0.0001) (Fig. 1B). The increased number of WBCs
in the BAL was accompanied by a significant decrease in the

8554 | www.pnas.org/cgi/doi/10.1073/pnas.1408048111

percentage of macrophages and a significant increase in the
percentage of lymphocytes (Fig. 1C). There was greater than
a 100-fold increase in the number of CD3™ T cells in the BAL of
BeO- compared with PBS-exposed HLA-DP2 Tg mice (Fig. 1D).
In the representative density plots shown in Fig. 1E, 57% and
28% of the CD3* T cells expressed CD4 and CD8 T-cell phe-
notypes, respectively, with a small percentage of the CD3™ T cells
expressing a yd T-cell receptor (TCR). Overall, a significantly
increased number of CD4*, CD8*, and y5 T cells was seen in the
lungs of HLA-DP2 Tg mice exposed to BeO compared with control
animals at 21 d (Fig. 1F). Similar to the human disease, these
findings confirm the presence of lymphocytic alveolitis in BeO-
exposed HLA-DP2 Tg mice with a predominance of CD4* T cells.

HLA-DP2 Transgenic Mice Develop a Be-Specific Adaptive Immune
Response That Is CD4" T-Cell Dependent and HLA-DP2 Restricted.
To document an adaptive immune response to Be, we used
IFN-y and IL-2 enzyme-linked immunosorbent spot (ELISPOT)
assays as a measure of T-cell response (10, 11). Be-responsive,
IL-2-secreting T cells [median, 54 spot forming units (SFUs);
range, 9.3-217] were only present in the lung of HLA-DP2 Tg
mice exposed to BeO (Fig. 24). IL-2-secreting T cells in spleen
were also only identified in BeO-treated HLA-DP2 Tg mice (63
SFUs; range, 0-144) (Fig. 2B). Although we were unable to
perform IFN-y ELISPOTs using lung cells due to the high
background of IFN-y—secreting cells in the PBS-treated lungs of
both WT and HLA-DP2 Tg mice, significantly increased IFN-y
levels were seen in lung homogenates from BeO-exposed HLA-
DP2 Tg mice compared with either PBS-exposed Tg mice or
BeO-exposed WT mice (Fig. 2C). Conversely, no background
IFN-y secretion in spleen was seen in PBS-treated mice (Fig.
2B), and IFN-y-secreting splenocytes were only detected in
BeO-treated HLA-DP2 Tg mice (Fig. 2B). A positive correlation
was noted between the number of Be-responsive, IL-2-secreting
cells in spleen and lung of BeO-exposed Tg mice (r = 0.75, P =
0.002) (Fig. S1). Be-induced cytokine secretion was inhibited by
in vitro (Fig. S24) and in vivo (Fig. S2B) depletion of CD4* T
cells as well as after treatment with an anti-HLA-DP2 mAb (Fig.
S2C). Collectively, these findings confirm the presence of a Be-
specific adaptive immune response that is CD4 T-cell dependent
and HLA-DP?2 restricted.

Be-Specific CD4" T Cells in HLA-DP2 Tg Mice Recognize the Same
Ligands as T Cells Derived from Patients with CBD. Using Be-
loaded HLA-DP2-mimotope-2 and —plexin A4 tetramers that
bind to a subset of Be-responsive CD4* T cells derived from the
lung of HLA-DP2-expressing patients with CBD (12), we que-
ried whether HLA-DP2-expressing mice exposed to BeO would
possess activated CD4™ T cells that recognize the same afTCR
ligands as their counterparts in humans. Total lung cells were
analyzed by flow cytometry by excluding B220™, F4/80*, CD11c",
and CD8" cells and gating on CD3*CD4* T cells. In the absence
of Be loading, no HLA-DP2-mimotope-2 tetramer staining of
CD4" T cells was detected in the lung of BeO-exposed HLA-
DP2 Tg mice (Fig. 34). However, distinct populations of CD4"
CD44* T cells binding to both Be-loaded HLA-DP2-peptide
tetramers were detected in the lung of BeO-exposed HLA-DP2
Tg mice (0.02% for DP2-mimotope-2 and 0.05% for DP2-plexin
A4 in the representative density plots shown in Fig. 3B, re-
spectively). In addition, no DP2 tetramer staining was detected
in the spleen of PBS or BeO-exposed mice. Overall, 10 of 14
(71%) and 8 of 9 (89%) BeO-exposed HLA-DP2 Tg mice had
detectable populations of CD4*CD44* T cells in the lung that
bound Be-loaded HLA-DP2 tetramers expressing either mim-
otope-2 or plexin A4 (Fig. 3C). These data show that T cells
derived from the lung of Be-exposed HLA-DP2 Tg mice share
the same specificity as those in the lung of human subjects
with CBD.

Mack et al.
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Fig. 2. Identification of a Be-specific adaptive immune response in the lung
and spleen of HLA-DP2 transgenic (Tg) mice. Frequency of Be-specific T cells
in lung (A) and spleen (B) of wild-type (WT) FVB/N (Left) and HLA-DP2 Tg
(Right) mice using IFN-y and IL-2 ELISPOT is shown. Data are expressed as the
mean spot-forming units (SFUs) per 5 x 10° cells, and median values are
indicated with solid lines. Data shown represent 15 mice per group from five
separate experiments. (C) IFN-y levels in supernatants of lung homogenates
were analyzed by Luminex from WT FVB/N (empty bars) and HLA-DP2
transgenic (Tg) (filled bars) mice exposed to PBS or BeO for 3 wk. Data
represent a total of 11 mice from three separate experiments.

BeO Exposure Leads to an Expansion of FoxP3-Expressing T,.q Cells in
the BAL of Be-Exposed HLA-DP2 Tg Mice. Despite the induction of
a Be-specific adaptive immune response in BeO-exposed HLA-
DP2 Tg mice, we noted a significant expansion of FoxP3* CD4*
T cells in the BAL (35 + 2.7%) of BeO-exposed mice compared
with PBS-treated mice (10 + 2.2%; P < 0.0001). The expanded
FoxP3-expressing Ty, cells are characterized by the expression of
neuropilin-1 (Nrp-1) and CD25 and the lack of CD127 and gly-
coprotein A repetitions predominant (GARP) expression (Fig.
44). Overall, 90 + 0.2% of the FoxP3* CD4* T cells in the BAL
of BeO-exposed HLA-DP2 Tg mice expressed Nrp-1, whereas
only 1.0 + 0.3% expressed Garp (Fig. 44).

Antigen-Specific T,y Cells Expand in the Lung of BeO-Exposed HLA-

DP2 Tg Mice. To determine the role of Ty, cells in the development
of Be-induced lung inflammation, we depleted CD25" T cells using

Mack et al.

an anti-CD25 mAb (clone PC61) 3 d before BeO exposure. As
shown in Fig. S34, PC61-treated HLA-DP2 Tg mice had a signifi-
cantly lower frequency of FoxP3™ CD4" T cells in blood at day 8
(P < 0.0001), consistent with effective depletion of T, cells.
Compared with treatment of BeO-exposed HLA-DP2 Tg mice with
an isotype control mAb, PC61 treatment resulted in a significant
increase in the percentage of lymphocytes (P = 0.008) and a de-
creased percentage of macrophages (P = 0.003) in the BAL at day
21 (Fig. S3B). Importantly, the percentage of FoxP3-expressing
CD4" T cells in the spleen and lung (P < 0.0001) at day 21 was
significantly decreased in HLA-DP2 Tg mice that received PC61
(Fig. 4B). Whereas the number of FoxP3-expressing CD4™ T cells
in spleen was significantly decreased in PC61-treated HLA-DP2
Tg mice, no differences were seen in the BAL (Fig. 4C). However,
the increased influx of lymphocytes into the lung of PC61-
treated mice (Fig. S3B) likely alters the effector/regulatory
T-cell ratio. The depletion of T, cells was also associated with
a significant increase in the number of Be-responsive IFN-y— and
IL-2-secreting cells in the spleen (P < 0.0001; Fig. 4D). In addition,
a 2.8-fold increase in the number of Be-responsive IL-2-secreting T
cells in the lung of PC61-treated HLA-DP2 Tg mice was seen (P <
0.0001; Fig. 4E). Overall, these findings are consistent with an ex-
aggerated Be-induced adaptive immune response in the spleen and
lung, suggesting that the expanded Ty, cells seen in the lung of
BeO-exposed HLA-DP2 Tg mice play a key role in dampening the
expansion of Be-specific CD4" T cells in the target organ.

Based on the expansion of Ty, cells in the BAL of HLA-DP2 Tg
mice subjected to multiple exposures of BeO, we queried whether
a single dose of BeO would suffice in the induction of Be-specific
CD4* effector T cells in the lung and result in a decreased number
of FoxP3-expressing Ty cells. As shown in Fig. 54, our multiple
exposure regimen induced a significantly greater percentage
of FoxP3-expressing CD4" T cells in BAL and a significantly
decreased number of Be-responsive IL-2—secreting T cells in
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Fig. 3. Be-responsive CD4" T cells in the lung of HLA-DP2 transgenic (Tg)
mice recognize the same ofTCR ligand as their counterparts in human lung.
(A) Representative density plots depicting ex vivo lung CD4*CD44" T cells from
a BeO-exposed HLA-DP2 Tg mouse stained with an HLA-DP2-mimotope-2 tet-
ramer without loaded Be. (B) Representative density plots of ex vivo lung cells
from a BeO-exposed HLA-DP2 Tg mouse stained with either a Be-loaded HLA-
DP2-mimotope-2 (DP2-Mim2/Be; Left) or HLA-DP2-plexin A4 (DP2-PLXN4/Be;
Right) tetramer. (C) Cumulative percentage of ex vivo CD4™ T cells from the
lungs of PBS- or BeO-treated WT FVB/N and HLA-DP2 Tg mice positively staining
with HLA-DP2/mimotope-2/Be and HLA-DP2-PLXNA4/Be tetramers is shown.
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To determine whether the HLA-DP2-plexin A4/Be tetramer-
binding T-cell population contained antigen-specific Ty, cells,
we performed BAL on BeO-exposed HLA-DP2 Tg mice and
determined the frequency of tetramer-binding CD4"CD44* T
cells that coexpressed FoxP3. As shown in the representative
density plot and cumulative data (Fig. 5 C and D), a significantly
greater percentage of HLA-DP2-plexin A4/Be tetramer-binding
CD4* T cells expressed FoxP3. Collectively, our data show that
both effector CD4™ T cells and FoxP3-expressing T, cells are
specific for the same HLA-DP2-plexin A4/Be complex.

Treg Cells Modulate Be-Induced Granulomatous Inflammation. As
shown in Figs. 14 and 64, intratracheal BeO exposure of HLA-
DP2 Tg mice resulted in the development of mononuclear in-
filtrates in a peribronchovascular distribution without obvious
granuloma formation. Conversely, PC61 treatment was asso-
ciated with the development of lymphocytic infiltrates sur-
rounding particulate-laden macrophages (Fig. 6B), consistent
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Fig. 4. T4 cells are expanded in the lung of BeO-exposed HLA-DP2 transgenic
(Tg) mice and modulate Be-specific CD4* T cells. (A) Representative histograms of
neuropilin-1(Nrp-1), CD25, CD127, and Garp expression on FoxP3* CD4* T cellsin
the BAL of BeO-exposed HLA-DP2 Tg mice are shown. (B) Percentage of FoxP3™*
CD4™ T cells in the spleen (Left) and BAL (Right) at day 21 of BeO exposure in
HLA-DP2 Tg mice after exposure to isotype control or PC61 is shown. (C) Number
of FoxP3" CD4* T cells in the spleen (Left) and BAL (Right) at day 21 of BeO ex-
posure in HLA-DP2 Tg mice after exposure to isotype control or PC61 is shown.
Frequency of Be-specific T cells in spleen (D) and lung (E) of BeO-exposed HLA-
DP2 Tg mice using IFN-y and IL-2 ELISPOT 21 d after exposure to isotype control
or PC61 is shown. Data are expressed as the mean spot-forming units (SFUs) per
5 x 10° cells. For B-£, median values are indicated with solid lines, and data
shown represent at least nine mice per group from two separate experiments.

lung (Fig. 5B). Thus, multiple exposures to intratracheal BeO
dampen the Be-induced adaptive immune response through pro-
liferation of T, cells.
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ELISPOT is shown. Data are expressed as the mean spot-forming units (SFUs)
per 5 x 10° cells, and median values are indicated with solid lines. (C) Rep-
resentative density plot of Be-loaded HLA-DP2—-plexin A4 (DP2-PLXN4/Be)
tetramer staining of BAL CD4"CD44™" T cells from a BeO-exposed HLA-DP2 Tg
mice is shown. Gating on tetramer-binding CD4*CD44* T cells, a substantial
portion of the tetramer-binding T cells coexpress FoxP3. The gate for FoxP3
was set based on FoxP3 expression in CD4*CD44" tetramer-negative T cells
and applied to CD4*CD44" tetramer-positive T cells. (D) Frequency of anti-
gen-specific CD4™ T cells in BAL of HLA-DP2 Tg mice exposed to BeO with
and without FoxP3 expression is shown. Median values are indicated with
solid lines. Data represent a total of eight mice per group from two separate
experiments.
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with granulomatous inflammation. Immunohistochemistry for
Mac-1, a macrophage marker, confirmed the accumulation of
macrophages within the lymphoid aggregates of PC61-treated,
BeO-exposed HLA-DP2 Tg mice (Fig. 6C), whereas mice
exposed only to BeO showed diffuse macrophage staining
without localization within the mononuclear infiltrates (Fig.
6D). Collectively, our findings show the expansion of T cells
within the lungs of BeO-exposed HLA-DP2 Tg mice and the
ability of these cells to modulate Be-specific CD4* T-cell expan-
sion and granulomatous inflammation in a murine model of CBD.

Discussion

The current study describes a murine model of CBD using
HLA-DP2 Tg mice exposed to BeO. This humanized model
displays multiple features of the human disease including (i)
peribronchovascular mononuclear infiltrates in the lung; (i)
Be-specific, Thl-polarized CD4™ T cells in lung and spleen; (iif)
HLA-DP2-restricted adaptive immune response; (iv) Be-re-
sponsive T cells that recognize identical ligands as those T
cells derived from patients with CBD; and (v) an inverse re-
lationship between the frequency of Ty, cells in the lung and
disease severity. These findings provide evidence of a gene by
environment interaction where the presence of a single MHCII
molecule and an environmental exposure drives the de-
velopment of a Be-induced adaptive immune response in mice
and humans. Importantly, we also show that T, cells modulate Be-
induced granuloma formation.

Fig. 6. T4 cells modulate Be-induced granulomatous inflammation. Rep-
resentative H&E staining of lung from BeO-exposed HLA-DP2 transgenic
(Tg) mice that were treated with an isotype control (A) or an anti-CD25 (B)
mAb is shown. Magnification (10x) is shown (A and B, Left) and an enlarged
view (40x magnification) of the area enclosed within the black box (A and
B, Right) is shown. Representative immunohistochemical staining for the
macrophage marker, Mac-1, is shown in lung tissue obtained from BeO-
exposed HLA-DP2 Tg mice with (C) and without (D) treatment with an
anti-CD25 depleting mAb, PC61, at 21 d. Histology images are representative
of a total of at least nine mice from each treatment group from three
separate experiments.
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Until the present study, no viable murine model of Be-induced
disease existed. The likely explanation is the absence of equiv-
alent glutamic acid residues at the required positions of murine
MHCII B-chains that confer genetic susceptibility (Table S1).
Multiple genetic studies have linked pGlu69-containing HLA-
DP alleles to the development of CBD (2). In addition, our re-
cent HLA-DP2 crystal structure identified a cluster of glutamic
acid residues at positions 26, 68, and 69 of the p-chain (5), and
functional analysis confirmed the importance of these amino
acids as the putative Be binding site within the TCR binding
footprint (5, 13). The dramatic change in the ability of FVB/N
mice to mount a Be-specific, adaptive immune response with
expression of the HLA-DP2 transgene confirms our hypothesis.

The Be-specific adaptive immune response in humans is char-
acterized by a T-cell alveolitis composed of Thl-polarized CD4™ T
cells that recognize Be in an HLA-DP-restricted manner (3, 4). In
BeO-exposed HLA-DP2 Tg mice, Be-responsive T cells also ex-
press CD4 and secrete IFN-y and IL-2 upon Be reexposure in vitro,
mirroring the human disease. Remarkably, a subset of these lung
CD4" T cells recognizes the same afTCR ligands as their coun-
terparts in the human lung. We have previously identified a set of
Be-dependent mimotopes and endogenous peptides, including
those derived from plexin A, that stimulate T-cell hybridomas
expressing two related HLA-DP2-restricted VB5.1* T-cell re-
ceptors (12). Be-saturated HLA-DP2 tetramers presenting both
of these ligands stained CD4" T cells from ex vivo BAL cells of
all HLA-DP2-expressing patients with CBD evaluated. The
plexin A epitopes in mice are identical to those in humans, and
detection of mimotope-2— and plexin A4-specific CD4* T cells
derived from the lung of HLA-DP2 Tg mice strongly validates
our murine model of Be-induced disease.

Although our mouse model replicates many features of the
human disease, we did not identify granulomatous inflammation
in the lungs of HLA-DP2 Tg mice. However, following the de-
pletion of T, cells, characteristic granulomatous inflammation
with Be-laden macrophages surrounded by lymphocytes and an
exaggerated Be-specific CD4" T-cell response was seen. The
large expansion of T, cells in the lung of BeO-exposed HLA-
DP2 Tg mice is also consistent with other murine studies showing
that Ty, cells may constitute up to 50% of the CD4* T-cell pool
in a target organ during inflammation (14). In a murine model of
tuberculosis, the expansion of Mycobacterium tuberculosis-spe-
cific Tye, cells delayed priming of effector T cells in the lymph
node and the development of a protective immune response
(15). These findings are consistent with the current study, sug-
gesting a role of Tyg cells in the maintenance of a tolerant lung
microenvironment. In the case of tuberculosis, the expanded Ti.q
cell subset is thought to “hijack” the immune response, allowing
the expansion of the microorganism (16). On the other hand, ex-
pansion of T, cells in response to exposure to noninfectious
particulates, such as Be, represents the appropriate immuno-
logic response in an attempt to maintain tolerance in the lung.

Although Nrp-1 was initially proposed as a naturally occurring
T,eg-cell-specific marker (14, 17), additional studies have shown
that peripherally induced T, cells are capable of up-regulating
Nrp-1, especially in the lung (18, 19). Consequently, it remains
uncertain whether the expanded T, cells in the lungs of BeO-
exposed HLA-DP2 Tg mice are naturally occurring or peripher-
ally induced. Our data suggest that these T, cells are functional
and capable of suppressing Be-specific, effector CD4" T cells in
vivo. Importantly, the expanded T, cell subset in the lung con-
tains a population of cells specific for the HLA-DP2-plexin A4/Be
complex, similar to Be-specific effector CD4" T cells.

We have previously observed a relative decrease in the num-
ber of FoxP3" CD4* T cells in the BAL of patients with CBD
compared with healthy control subjects that was due to the
dramatic increase in the number of Be-specific effector CD4™ T
cells in the lung (8). Furthermore, the frequency of T, cells in
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the BAL inversely correlated with disease severity as measured
by loss of lung diffusing capacity, suggesting the importance of
Treg cells in the immunopathogenesis of Be-induced disease (8).
The relative deficiency of Ty, cells in the BAL of patients with
CBD diverge from the expanded T cell subset present in BeO-
exposed HLA-DP2 Tg mice. Multiple potential differences exist
between Be-exposed humans and mice, including genetic and
environmental variations in the hosts, the presence or absence of
therapeutic interventions, and the nature of the exposure. For
example, Be workers are exposed over prolonged periods of
time, which is in contrast to the acute exposure regimen used in
the current study. As mentioned above, our repeated exposure
protocol may induce tolerance through the expansion of FoxP3-
expressing T, cells. In this regard, a single BeO exposure of
HLA-DP2 Tg mice results in significantly fewer FoxP3* CD4* T
cells in the BAL compared with the exposure protocol used here
and generates a Be-specific CD4" T-cell response in between
that seen with the standard BeO exposure and BeO-exposed
mice treated with PC61. Artificially reducing the numbers of Trg
cells in Be-exposed mice has allowed us to provide mechanistic
insight into our previous clinical findings of an inverse relation-
ship between the presence of T, cells and disease severity.
Altogether, these data show that T, cells suppress Be-specific
effector CD4™ T-cell responses, alveolitis, and granuloma for-
mation in Be-exposed humans and mice.

In summary, this is the first report to our knowledge of a hu-
manized HLA-DP2 model of Be-induced disease that replicates
the majority of findings seen in the human disease and identifies
an important role of Ty, cells in Be-induced lung inflammation.
Collectively, our findings suggest that lung inflammation in this
murine model of CBD represents a continuum from mono-
nuclear infiltrates to granulomatous inflammation with T, cells
modulating granuloma formation and organization. In a rare
disease where human studies are limited, this model will allow
a dissection of the mechanisms underlying the ability of Be to
initiate an adaptive immune response and the role of T, cells
in this process, ultimately leading to a better understanding of
the immunopathogenesis of CBD.
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Materials and Methods

Detailed materials and methods are provided in SI Materials and Methods.

Mice. FVB/N WT mice were purchased from The Jackson Laboratories and
HLA-DP2 Tg (9) mice were obtained from Terry Gordon (New York Uni-
versity, NY, NY). The HLA-DP2 Tg mice were generated as previously de-
scribed (20). Characterization of HLA-DP expression in HLA-DP2 Tg mice is
shown in Fig. S4. Importantly, peritoneal macrophages derived from HLA-
DP2 Tg mice can present peptide antigens and induce IL-2 secretion from
T-cell hybridomas expressing HLA-DP2-restricted TCRs specific for either
a dengue-virus—derived peptide (designated DV-13) or a hepatitis-B-virus—
derived peptide (designated HepB1) (Fig. S5). All experiments were ap-
proved by the Institutional Animal Care and Use Committee of the Uni-
versity of Colorado, Denver.

Exposure of Mice. Six- to eight-week-old WT and HLA-DP2 Tg FVB/N mice were
exposed to 50 pL of either sterile PBS or 100 pg BeO (National Institute of
Standards and Technology, standard reference material 1877) (21, 22) via
oropharyngeal aspiration (23) on days 0, 1, and 2. Mice were lightly anes-
thetized with isoflurane before inhalation. A limulus amebocyte assay
(Sigma-Aldrich) confirmed that all preparations contained <5.0 endotoxin
units/mL of endotoxin. After sensitization, mice were boosted with either
100 pg BeO or PBS via oropharyngeal aspiration on days 14, 15, 18, and 19
and killed on day 21. In select experiments, HLA-DP2 Tg mice was in-
traperitoneally injected with either PBS or the depleting CD4 mAb GK1.5
(100 pg in 50 pL PBS) 2 d before BeO exposure and three times per week until
being killed at day 21. Enumeration of CD4" T cells in the spleen on the day
of killing showed a 96 + 1.4% reduction in CD4" T cells compared with PBS-
treated mice.

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