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Introduction

Identification of antigens activating T cells in immune-mediated
diseases remains an elusive goal, yet offers the potential of provid-
ing insights into disease mechanisms and targets for antigen-spe-
cific therapies. The ongoing challenge requires integrating data
from each component of the trimolecular complex: the presenting
MHC molecule that may have to be inferred from genetic associa-
tion studies (1), the peptide bound by the MHC, and the respond-
ing opTCR expressed on the surface of disease-relevant T cells.
In this regard, the size of the immunopeptidome is considerable
(2, 3), subject to posttranslational modifications, and understand-
ing of its complexity is exacerbated by recent data indicating that
fusion peptides make up a significant fraction of MHC-binding
peptides (4-6). In addition, the postthymic TCR repertoire is enor-
mous (7), and choosing candidate T cells from bystanders in the
target organ based on TCR expression is problematic. For exam-
ple, the molecular rules for assessing whether distinct TCRs share
a common MHC/peptide specificity have been, until recently, ill
defined. Finally, for all T cells under consideration for unbiased
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Discovering dominant epitopes for T cells, particularly CD4* T cells, in human immune-mediated diseases remains a
significant challenge. Here, we used bronchoalveolar lavage (BAL) cells from HLA-DP2-expressing patients with chronic
beryllium disease (CBD), a debilitating granulomatous lung disorder characterized by accumulations of beryllium-specific
(Be-specific) CD4* T cells in the lung. We discovered lung-resident CD4* T cells that expressed a disease-specific public CDOR3f
T cell receptor motif and were specific to Be-modified self-peptides derived from C-C motif ligand 4 (CCL4) and CCL3. HLA-
DP2-CCL/Be tetramer staining confirmed that these chemokine-derived peptides represented major antigenic targets in CBD.
Furthermore, Be induced CCL3 and CCL4 secretion in the lungs of mice and humans. In a murine model of CBD, the addition
of LPS to Be oxide exposure enhanced CCL4 and CCL3 secretion in the lung and significantly increased the number and
percentage of CD4* T cells specific for the HLA-DP2-CCL/Be epitope. Thus, we demonstrate a direct link between Be-induced
innate production of chemokines and the development of a robust adaptive immune response to those same chemokines
presented as Be-modified self-peptides, creating a cycle of innate and adaptive immune activation.

antigen-specificity studies, obtaining paired TCR o- and B-chain
sequences is a nontrivial task.

In the current study, we isolated bronchoalveolar lavage (BAL)
T cells from patients with chronic beryllium disease (CBD), a gran-
ulomatous lung disorder that is triggered in susceptible individu-
als by inhalation of beryllium-containing (Be-containing) particu-
lates. CBD is characterized by a well-defined genetic association
of HLA-DPBI alleles containing a glutamic acid (E) at the 69th
position of the B-chain (BGlu69) (reviewed in ref. 8) and a robust
CD4" T cell alveolitis (9). A substantial proportion of those T cells
recognize HLA-DP-self-peptide/Be complexes, in which the addi-
tion of Be alters the topology and charge of the complex and gen-
erates neoantigens that are absent in the thymus and no longer
tolerated by the immune system (10-12). Thus, CBD represents a
potentially novel autoimmune disease with large numbers of neo-
antigen-specific T cells available from the lung, enabling an inves-
tigation of dominant T cell epitopes in a target organ.

To determine major epitopes recognized by lung-resident
CD4* T cells in CBD, we utilized single-cell sorting and reverse
transcription-PCR (RT-PCR) amplification of TRA and TRB
genes and determined complete afTCRs from substantial num-
bers of CD4* T cells derived from the BAL of CBD patients. These
TCRs were evaluated using TCR distance measurements (13) to
objectively predict those cells likely to share epitope specificity.
Notably, we identified a public TCR repertoire in CBD patients
expressing HLA-DPBI*02:01 (the most prevalent BGlu69-con-
taining allele) and determined that these T cells share specificity
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to related peptides derived from C-C motif ligand 3 (CCL3) and
CCL4 presented by HLA-DP2 in the presence of Be. HLA-DP2-
CCL/Be tetramer staining showed these ligands were recognized
by large fractions of CD4* T cells in the BAL of patients and HLA-
DP2 Tg mice exposed to Be. These chemokines were also elevated
in the lungs of CBD patients and Be-exposed HLA-DP2 Tg mice,
and their expression was induced by exposure to Be. Further,
the addition of a single dose of LPS to Be oxide (BeO) exposure
in HLA-DP2 Tg mice enhanced CCL4 and CCL3 secretion in the
lung and markedly increased the frequency of CD4"* T cells specif-
ic for the HLA-DP2-CCL/Be neoantigen. Thus, our data demon-
strate a direct link between the innate immune mediators CCL3
and CCLA4 that are secreted in the lung in response to Be and a
subsequent autoreactive CD4* T cell response targeting these
same molecules modified by Be, creating a positive feedback loop
of persistent innate and adaptive immune activation.

Results

Single-cell analysis of TR genes expressed by BAL CD4" T cells. To
identify antigenic targets of T cells in CBD, we examined TCRs
expressed on CD4" T cells in the lung of 7 HLA-DP2-expressing
CBD patients. Individually sorted CD4"* T cells were sequenced for
paired TRA and TRB gene expression from BAL T cell lines from
3 CBD patients (total 307 aPTCRs obtained) and directly from ex
vivo BAL samples from 4 additional patients (total 336 aBTCRs).
Assessing the clonal distribution of TCRs among these patients,
there was increased clonality and reduced diversity in the T cell
lines, though each individual still demonstrated a range of T cells
expressing unique opTCRs (20%-60%) and no single TCR repre-
sented a majority of the culture (Figure 1A). The TCR repertoire
of ex vivo BAL CD4" T cells was substantially more diverse, with
more than 60% of the cells expressing unique apTCR pairs and
smaller clonal expansions evident in the remaining cells (Figure
1A). This difference was also reflected in the inverse Simpson’s
diversity of clone-size distributions, where the 4 ex vivo samples
were significantly more diverse than the 3 T cell lines (Figure 1B).

TCR gene-usage patterns were examined using a cord dia-
gram for each patient’s unique clonotypes and for all clonotypes
combined; however, no obvious dominant gene segment usage
was seen (Figure 1C, Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI144864DS1). Therefore, we applied the TCRdist algorithm,
a similarity measure that focuses on TCR contact residues with
MHC-peptide complex to identify TCRs likely to share specificity,
to the pooled clonotype repertoire across patients and plotted each
clonotype as a principal components analysis (PCA) in TCRdist
space (Figure 1D). This approach captures clusters of closely relat-
ed TCRs in sequence space, but no apparent clusters were found.
Thus, at the level of summary statistics or searching for shared
sequence clusters, these data indicated that the lung-resident T
cell repertoire is diverse and not dominated by an obvious group
of clonally related TCRs.

Due to the lack of clear receptor associations, we used a rig-
orous motif-searching tool within the TCRdist algorithm to iden-
tify sequences enriched within the CBD TCR repertoires. This
search compared the CBD TCR sequences to a background naive
repertoire that represents the distribution of generation prob-
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abilities for TCRs in humans. The search also highlights amino
acid residues within motifs unlikely to be generated by germline
recombination, but rather required nucleotide deletion or N- or
P-nucleotide addition. Using this search, we identified a high-
ly statistically significant TCR CDRp motif, CASSLKGGG, that
occurred in 6 subjects (Figure 1E). Within this motif, the lysine
residue was entirely non-germline derived (Figure 1E), and the
glycine triplet (GGG) sometimes varied at 1 or 2 positions by
encoding an alanine, serine, or leucine. Cells expressing this
motif were slightly enriched for TRBV27 gene usage, but other
TRBV genes, including TRBV7-2, 7-3, and 5-5, were used. TRB
gene-segment usage and deduced CDR3 amino acid sequences
for all T cells expressing the CDR3p motif are displayed in Figure
1F. In addition, these data emphasize how no other TCR compo-
nents (e.g., TRAV, TRAJ, TRBJ, CDR3q, and junctional lengths)
were conserved among these T cells (Figure 1F and Supplemen-
tal Table 1). Thus, in contrast to antigen-specific T cells defined
in other pathogen-specific responses that rely on both V and J
gene usage enrichment and unique CDR3 features, we identified
a CBD-associated motif characterized primarily by specific non-
germline residues (LK) within an otherwise diverse repertoire.

In order to determine whether T cells expressing the CDR3f3
motif were Be specific, hybridoma cell lines were constructed to
express human CD4 and a subset of these TCRs (Figure 1F) and
TCR-expressing hybridomas were sorted for high TCR expression
(datanot shown). As shown in Figure 1G, these hybridomas released
large quantities of IL-2 in response to BeSO, presented by splenic
B cells from HLA-DP2 Tg mice. These activation assays relied on
the antigen-presenting cells to inherently provide the endoge-
nous (unknown) peptide to complete the Be-dependent ligand.
No other exogenous protein or peptide was added to the culture.
Furthermore, activation of the LKGGG CDR3p TCRs was strictly
dependent on the presence of Be. Addition of other metal cations,
including NiSO,, AISO,, or supplementing the medium with addi-
tional CaCl, or MgSO,, failed to induce IL-2 secretion in 4 of the T
cell hybridomas (Supplemental Figure 2A). Finally, the Be-specific
response was HLA-DP2 dependent, as other HLA-DP molecules
separately expressed on fibroblast cell lines failed to activate these
TCRs in the presence of BeSO, (Supplemental Figure 2B).

Mimotopes completingthe ligand for Be-specific LKGGG CDR3S T
cell receptors. T cell hybridomas expressing the 8133-c4r and 8845-
c3 TCRs were chosen as representatives of the LKGGG CDR3p
public repertoire to assess peptides that complete the Be-depen-
dent ligand. We screened an unbiased synthetic combinatorial
decapeptide positional scanning library (PSL) (200 mixtures; refs.
14, 15) using HLA-DP2-transfected kidney fibroblasts (DP2.21) as
antigen-presenting cells in assays containing low concentrations
of FBS (0.5%). This cell line was derived from C57BL/6 mice defi-
cient for the murine MHCII and invariant chain genes (11) and is
unable to naturally present Be to Be-specific hybridomas when
cultured in serum-free or -low conditions (11). Hybridoma IL-2
responses to all peptide mixtures in the presence of BeSO, are
shown in Supplemental Figure 3. As depicted in Figure 2A, both
TCRs displayed preferences for acidic amino acids at peptide posi-
tions p4 and p5 (aspartic acid) and positions p7 and p8 (glutamic
acid). To resolve whether a stimulatory peptide for these hybrid-
omas might be composed of D4D5 and E7E8 doublets, we synthe-
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Figure 1. Identification of Be-specific BAL-derived T cells that express a CBD-related CDR3p motif. (A) Stacked bar representation of clonality found by single-cell
TCR analysis of CD4* T cells from CBD patients. Black portions of bars proportionately count unigue clonotypes; colored portions enumerate o3 TCR-defined clonal
expansions with height proportional to the number of cells in the expansion. Total o TCR pairs obtained for each patient are indicated. (B) Inverse Simpson's
diversity plot of clone-size distributions. Displayed are means with upper and lower limits. (C) Cord diagram of T cell TR gene usage from CBD patients. Each indi-
vidual T cell's TR gene usage profile is connected by a curved line whose thickness is proportional to the number of T cells with the respective gene pairing. Genes
are color coded based on frequency of usage, and enrichment of some genes relative to a background naive repertoire is indicated by arrows. (D) Two-dimensional
PCA of TCRdist values for aBTCRs from all patients combined. Each dot represents a T cell, and color indicates usage of different TR genes. (E) TCR logo of CDR3p
amino acid sequence motif identified in BAL-derived CBD T cells. Statistical significance was determined by y? analysis comparing the observed frequency of

this motif versus the expected frequency. Panels show by proportion TRBV (left) and TRB/ (right) gene usage and encoded amino acid sequences (middle, top),
respectively. Colored bars in the middle indicate the inferred nucleotide source for the corresponding position (black, TRDO gene; red, N-insertions). Bottom panel
summarizes the likelihood of each amino acid residue being non-germline derived (taller is more likely). (F) TRB gene usage and junctional region amino acid
sequence of T cells comprising the LKGGG CDR3B motif cluster. Red (and blue [K]) colors indicate nongermline or TRBD gene-encoded amino acids. Also shown are
the number of identical TCRs over the total number of sequences obtained for each patient and TCRs selected to express in hybridomas. (G) IL-2 response of T cell
hybridomas to medium and BeSO, presented by splenic B cells isolated from HLA-DP2 transgenic mice. Data are representative of 3 experiments done in triplicate.
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sized dual-defined mixtures composed of varying combinations of
aspartic acid/glutamic acid fixed at these 4 peptide positions. IL-2
secretion with these less diverse mixtures was only observed when
there was a single aspartic acid and a single glutamic acid separat-
ed by 2 interceding amino acids (i.e., D4E7 or D5ES; Figure 2B).
These data were confirmed by triple-defined mixtures that includ-
ed phenylalanines as P1 and/or P6 anchor residues for HLA-DP2
binding (Figure 2C). Thus, mixtures composed of combinations of
FID4F6E7 or F2D5F7E8 were highly stimulatory at modest con-
centrations (20 pg/mL) and suggested that peptides binding in
different registers were responsible for the doublets arising in the
original unbiased library screening.

Based on these data, we generated a D5E8 biased library
(D5E8 PSL) to perform a positional scan of the remaining 8 pep-
tide positions (160 mixtures) in the context of fixed amino acids
at p5 (aspartic acid) and p8 (glutamic acid). In addition, our inves-
tigation was expanded to include 4 of the LKGGG CDR3p TCRs
(8133-c4r, 8845-¢3, 8133-c4, 8845-c3r) tested at multiple concen-
trations of peptide mixtures. Representative results of 2 hybrid-
omas screened with the mixtures (20 pg/mL) and BeSO, (75 uM)
are shown in Figure 2D, and normalized results for the 4 hybrid-
omas in response to the library at 50 pg/mL are depicted in Sup-
plemental Figure 4. Of note, a hybridoma (DV-13) expressing an
HLA-DP2-restricted TCR specific to a dengue virus NS3 peptide
(254-265; REIVDLMCHATF) was not stimulated by the DSE8 PSL
(Figure 2E; p2D5E8 and data not shown). While demonstrating
individual preferences, these 4 TCRs importantly also shared dis-
tinct amino acid profiles at particular positions, as predicted based
on their close TCRdist measurements. For example, preferences
for phenylalanine followed by cysteine and other hydrophobic
amino acids were observed at the p2 and p7 positions, indicative
of favored anchor residues for HLA-DP2 at the P1 and P6 positions
within the binding groove (10, 16, 17). A prominent common pref-
erence was a tyrosine at the p6 position of the peptide. Because of
its position within the HLA-DP2-binding groove (P5), this residue
is likely facing up and making multiple contacts with each inter-
acting TCR. A sequence logo quantitatively portraying amino acid
preferences at all peptide positions for each of the hybridomas is
displayed in Figure 3A.

To determine whether Be-dependent mimotopes that stimu-
late all 4 TCRs could be ascertained from the biased library screen,
we synthesized 32 peptides that were selected by choosing amino
acids at each position of the D5E8 PSL that generated the most
active hybridoma responses. These were tested in the presence
and absence of BeSO, for hybridoma IL-2 responses (amino acids
chosen at each position indicated in Figure 2D and sequences list-
ed in Supplemental Figure 5A). As shown in Supplemental Figure
5A, hybridomas 8133-c4r and 8845-c3r recognized all mimotopes,
8845-c3 recognized 28, and 8133-c4 was the most restricted in its
recognition, showing activity to 4 of the 32 peptides. A hybridoma
(AV22) expressing a lung-derived TCR specific for the HLA-DP2-
plexin A/Be complex (11) did not respond to any peptides at 5 ug/
mL (data not shown). In contrast to the other more promiscuous
TCRs, the TCR expressed on hybridoma 8133-c4 required a non-
polar aliphatic amino acid at p4 (isoleucine), a bulky hydrophobic
phenylalanine rather than leucine at p7, and responded to pep-
tides with a serine at p9 rather than tryptophan. Dose-response
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curves were completed for the 4 mimotopes that stimulated all of
the hybridomas, and representative results are shown for 8133-c4
(Supplemental Figure 5B). These mimotopes differed only at pl
(valine or tryptophan) and p3 (arginine or valine), and EC, val-
ues (peptide concentration inducing half-maximal IL-2 response)
fell within a relatively narrow range (17-151 ng/mL, Supplemental
Figure 5C). These data confirmed that Be-dependent mimotop-
es with crossreactivity to the related set of LKGGG CDR3p TCRs
could readily be identified.

Naturally occurring peptides recognized by the LKGGG CDR3f
T cell receptors. We utilized biometrical analysis to identify can-
didate naturally occurring human peptides capable of stimulat-
ing the Be-specific LKGGG CDR3p T cell hybridomas. Scoring
matrices were created based on the stimulatory potential of each
amino acid at each position of the D5E8 PSL. A total of 18 matri-
ces were created, and these matrices were applied to all possible
overlapping decapeptides in the UniProt human protein database
to rank peptides based on the sum of the matrix values for each
amino acid in the peptide. Since all 4 hybridomas were screened
against the biased DSE8 PSL, with some at several different con-
centrations, multiple independent biometrical analyses were per-
formed. The resulting lists of potential antigens were consolidated
by taking the top 100 peptides by matrix score for each data set
and merging the lists based on each sequence’s best rank in any
analysis. Thus, this selection process prioritized peptides ranked
highly in at least one analysis over peptides present on multiple
lists, but having mediocre ranking. In total, any peptide ranked in
the top 25 of any analysis was considered, provided it comprised
both D5 and E8 amino acids and had no more than one cysteine,
s0 as to conform to the makeup of the library tested.

The number of T cell hybridomas used to assess activity of
the natural peptides was expanded to 8 to incorporate represen-
tatives of the LKGGG CDR3p motif that were independent of the
biometrical analyses and to include TCRs from each of the CBD
patients enrolled in the study. Supplemental Table 2 orders the 100
peptides synthesized by score, listing their protein source, ranking
in selected subanalyses, and IL-2 secretion by the 8 T cell hybrid-
omas in response to peptide in the presence of BeSO,. In total, 19
peptides stimulated (>200 pg/mL IL-2) at least 1 of the hybrid-
omas at 1 pg/ml (Figure 3B). The number of peptides that activat-
ed the hybridomas ranged from only 3 by hybridoma 8845-c3r to
11 by hybridomas 8133-c4r and 3421-c4. Remarkably, the highest
ranked peptide from the biometrical analyses (BAOO1) stimulated
all of the T cell hybridomas tested, and all maintained high levels of
activity at the lower concentration of peptide (0.2 pg/mL) (Figure
3B). This peptide was derived from the CCL4 protein (CCL4,, ).
The second ranked peptide (BA0O2) was also derived from a CCL3
protein (CCL3,, ) and activated 7 of 8 hybridomas (excluding
8845-c3r). Other peptides derived from C-C motif chemokines
were also stimulatory to the majority of hybridomas (BA0O18 and
BAO021; Figure 3B). Figure 3C highlights the amino acid similarities
between the recognized CCL4 and CCL3 epitopes. Thus, most of
the TCRs were crossreactive to 2 highly similar peptides derived
from chemokines involved in the innate immune response.

Fine specificity of response to CCL peptides by LKGGG CDR3f
hybridomas. To investigate different aspects of recognition of
the CCL/Be ligands, we performed an alanine scan of the CCL4
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Figure 2. Antigen discovery of BAL-derived LKGGG CDR3f TCRs using unbiased and biased decapeptide PSLs. (A) Representative results of 2 experi-
ments depicting IL-2 responses (pg/mL, done in duplicate) of hybridomas 8133-c4r and 8845-c3 to an unbiased PSL. Peptide mixtures (200 pg/mL) were
presented by HLA-DP2-transfected fibroblast line DP2.21in the presence of BeS0, (75 uM), and data were normalized to peak IL-2 produced in the assay
for each hybridoma (mixture E7, lower left). Label on x axis denotes amino acid (single letter code) fixed at each defined position. Four (p4, p5, p7, p8) of
10 peptide positions scanned are displayed. (B and C) IL-2 produced (pg/mL) by indicated hybridomas in response to select dual-defined (100 pg/mL) (B)
and triple-defined (20 pug/mL) (C) mixtures in the presence of BeSO, (75 uM). (D and E) IL-2 responses (pg/mL) of hybridomas 8133-c4r and 8845-c3 (D)
and hybridoma DV-13 (E) to a biased PSL with 2 positions fixed (DSE8). Each panel shows a different peptide position scanned using peptide mixtures (20
ug/mL) tested in duplicate in the presence of BeSO, and including a control D5E8 mixture (Ct). Asterisks indicate amino acids selected at each peptide
position for synthesis of mimotopes.
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BAO14|DFIYDLFEHV 4 Q9HD67|MYO10 Unconventional myosin-X
BAO15|RFTTDYFEVS 1 Q96PH6|DB118 Beta-defensin 118
BA018|KFIVDYSETS 6 P55774|CCL18 C-C motif chemokine 18
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QINPBB8|GPCP1 Glycerophosphocholine
BAOS3| ELIFDFFEED 1 phosphodiesterase GPCPD1
Q16816-2|PHKG1 Isoform 2 of
BAO60| FLVFDLWEDT 3 Phosphorylase b kinase gamma catalytic
chain, skeletal muscle/heart isoform
BA065|FLLTDYFEED 2 Q8IVI9INOSTN Nostrin
BAO76| PESFDEFEDP 3 075190|DNJB6 DnaJ homolog subfamily B
member 6
BA081| QLLVDFWEAQ 1 Q969F9|HPS3 He.rmansky-PudIak
syndrome 3 protein
BA084| DYLEDFFEHL 1 QQNF?P‘4|NLRCA‘1 NLR family CARD domain-
containing protein 4

Amino acid sequence
Y
F

Figure 3. Identification of Be-dependent naturally occurring peptides that stimulate T cell hybridomas expressing the LKGGG CDR3f motif. (A)
Sequence logos summarizing hybridoma responses to the D5E8 PSL are shown, depicting amino acids fixed at the listed peptide position by hybridoma
activity. Only amino acids with greater than 25% of maximal activity for each hybridoma are shown, and the height of each amino acid (single-letter code)
corresponds to the activity of the peptide. If no amino acids are displayed, none met the threshold. The color of each letter groups amino acids by their
chemical characteristics. (B) Response of 8 hybridomas expressing LKGGG CDR3 TCRs to naturally occurring peptides plus BeSO, presented by HLA-
DP2-transfected fibroblasts. Peptides are ordered by their biometrical analysis ranking and are included on the list only if at least one of the hybridomas
demonstrated a positive response (>200 pg/mL IL-2 at 1.0 pg/mL peptide). Intensity of green color highlights peptides inducing the highest IL-2 secretion.
The protein source of each peptide is indicated by its UniProt identification number and name. (C) UniProt number and amino acid sequence of related
human chemokine peptides derived from CCL4 and CCL3 (biometrical analysis peptides BAOO1 and BAOO2, respectively).
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peptide and tested hybridomas from CBD patients 8845 and
8133 (Figure 4, A and B, and Supplemental Figure 6). Among the
shared properties of these TCRs, substitutions at the p5, p6, and
p8 positions of the peptide abrogated TCR recognition, as indi-
cated by loss of IL-2 secretion, while substitutions at p1 and p10
had minimal effect. When the bulky hydrophobic residues at the
anchoring positions (i.e., P1 and P6) of HLA-DP2 were substitut-
ed for alanines, all hybridomas displayed either a pronounced
(F2A) or moderate (Y7A) diminution in IL-2 secretion in response
to peptide. The most variable responses among the hybridomas
occurred at positions p3 (valine), p4 (valine), and p9 (threonine).
In contrast to the other hybridomas, the V3A substitution abol-
ished IL-2 secretion by hybridoma 8845-c3r. These data are con-
sistent with this hybridoma not recognizing the CCL3 peptide that
has an isoleucine at that position (Figure 3B).

To examine the N- and C-terminus amino acids required
for recognition of the CCL4 and CCL3 peptides, we completed
dose-response curves to peptides of varying lengths (Figure 4, C
and D, and Supplemental Tables 3 and 4). Based on the overall
response patterns for the 4 hybridomas, the core epitope for both
CCL4 and CCL3 peptides starts with phenylalanine, likely the P1
anchor residue for HLA-DP2 binding (Figure 4, C and D, and Sup-
plemental Tables 3 and 4). Removal of this amino acid abrogated
the response to CCL4 (Figure 4C and Supplemental Table 3). Fur-
thermore, addition of likely P-1 (N for both peptides) and P-2 (R for
CCL4) HLA-DP2 binding residues had negligible impact on pep-
tide recognition, and hybridoma responses were uniformly better
when phenylalanine was the first amino acid in the peptide. Thus,
a 10-mer starting with phenylalanine for both peptides appears to
be the maximal epitope for these 4 hybridomas. Removal of the
putative P9 and P10 binding residues (serines in both peptides)
to create CCL4 and CCL3 8-mer peptides (starting with phenyl-
alanine) still retained activity and demonstrated that these 2 ami-
no acids have a modest effect on EC_, values (Figure 4, C and D,
and Supplemental Tables 3 and 4). Finally, removal of glutamic
acid (6-mer peptide starting with phenylalanine) abrogated T cell
recognition (Figure 4C and Supplemental Table 3), suggesting
that the CCL4 minimal epitope for Be-induced T cell activation
is a 7-mer consisting of FVVDYYE, with the F representing the
well-defined P1 anchor residue for HLA-DP2 binding (10, 16, 17).

Results from the unbiased PSL screens of hybridomas 8133-
c4r and 8845-c3 showed a clear preference for the combination of
D5E8 (P4 and P7 for HLA-DP2 binding) due to spacing consider-
ations for tetrahedral coordination of the Be2* moiety within the
HLA-DP2-binding groove (10). To determine how readily TCRs
could tolerate different acidic amino acids at those Be-coordinat-
ing positions, we synthesized variants of the CCL4 peptide, varying
positions p5 and p8 (Figure 4E). Interestingly, 3 of 4 hybridomas
allowed a glutamic acid at position 5 (E5), although the EC, j values
for this change were 3- to 40-fold higher than the native peptide
(Figure 4E). Hybridoma 8133-c4 was also activated by the D5D8
and E5D8 variants, having EC_  values ranging from 58 to 206 nM.

TCR crossreactivity between CCL and plexin peptides. Since we
had determined numerous o TCR pairs expressed in the lungs of
CBD patients, we questioned whether any non-LKGGG CDR3p
TCRs recognized the CCL peptides. Hybridomas were generated
expressing the 4 additional TCRs shown in Supplemental Figure
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7A, representing either a BAL-derived clonal expansion (8845-c2)
or T cells expressing CDR3p motifs related to other TCRs (1435-
clr, 3421-c2r). We also created another LKGGG-based hybridoma
(8845-c1) that, while part of the motif based on TCRdist (Figure
1F), had an extended CDR3f amino acid sequence that looked
quite different from the other TCRs in the set. The non-LKGGG
hybridomas were unresponsive to a subset of naturally occurring
human peptides tested at high concentration (5 pg/mL, Supple-
mental Figure 7B) in the presence of Be. However, hybridoma
8845-c1 responded to both chemokine peptides as well as to a
previously identified Be-dependent naturally occurring peptide,
plexin A4 (11), ranked number 7 on our list. In the initial screening
of the biometrical analysis peptides, hybridoma 3421-c4 also rec-
ognized a plexin peptide (plexin A3, BAO11; Figure 3B).

To dissect the crossreactive responses observed with hybrid-
oma 8845-c1, we examined a set of p4 and p6 variant peptides that
bridged the primary differences between the CCL4 and plexin A4
epitopes (Figure 5A). Hybridoma 8845-c1 responded to all pep-
tides (Figure 5B), although the EC, value for CCL4 was signifi-
cantly lower than that for the plexin A4 peptide (data not shown).
In contrast, hybridoma AV22 showed no crossreactivity to the
CCL4 peptide (Figure 5B). The AV22 TCR tolerated a change from
aspartic acid at position 4 to valine, but changing the leucine at
position 6 to tyrosine blocked recognition. This observation was
corroborated by the positive recognition of the CCL4-6L peptide.
The other 8 LKGGG CDR3p hybridomas were tested against this
set of peptides (Supplemental Figure 8), and none displayed cross-
reactivity to plexin; most (excepting 8845-c3r) partially respond-
ed only to the plexin A-4V6Y peptide, indicating a requirement for
both peptide positions 4 and 6 to resemble the CCL4 epitope.

Validation of chemokine-derived peptides as Be-dependent anti-
gens in CBD. As a first step to prove chemokine/Be neoantigens
are targeted by the adaptive immune response in CBD patients, we
ascertained whether chemokine proteins can be processed to yield
the stimulatory HLA-DP2 binding epitopes. Recombinant purified
CCL4 and CCL3 proteins were tested at varying concentrations
using HLA-DP2-transfected fibroblasts as antigen-presenting cells.
IL-2 secretion was observed from hybridomas 8133-c4r and 8845-
c3 at low concentrations of protein and only in the presence of Be
(Figure 6A). As expected, hybridoma 8845-c3r did not respond to
the CCL3 protein (Figure 6A), and neither protein stimulated the
HLA-DP2-restricted DV-13 hybridoma expressing a TCR specific
to a dengue virus NS3-derived epitope (data not shown).

An important consideration for validating antigens is to
demonstrate that they are present or can be induced at the site of
disease activity. Thus, we determined levels of CCL4 and CCL3
chemokines in BAL cells from CBD patients cultured in vitro in
either medium or stimulated with BeSO, (Figure 6B). While some
patients had undetectable chemokines after culture in medium,
most exhibited wide-ranging values of media-induced chemok-
ines (up to 45,000 pg/mL CCL4 and 85,000 pg/mL CCL3). Addi-
tion of BeSO, to the cell cultures induced a large release of both
chemokines, particularly in those patients with lower baseline lev-
els of these proteins (Figure 6B).

Next, HLA-DP2 tetramers were constructed with CCL4 and
CCL3 peptides covalently attached to the N-terminus of the HLA-
DP2 B-chain and saturated in BeSO, (11). These reagents only
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Figure 4. Characterization of human chemokine-derived peptides that stimulate Be-specific T cell hybridomas expressing the LKGGG CDR3f CBD public
motif. (A) Dose-response curves to CCL4 peptides with single alanine substitutions are shown for representative hybridoma 8845-c3r. Data are plotted

as the percentage of maximum IL-2 secretion against peptide concentration in the presence of BeSO,. The natural CCL4 peptide (WT) curve is drawn in
red. (B) Summary of CCL4 peptide alanine scan for 4 T cell hybridomas. EC_ values (nM) are presented for a representative experiment and are color coded
based on peptide activity (green, high; yellow, moderate; orange, negative). (C and D) Dose-response curves of representative hybridomas 8133-c4 (C)

and 8845-c3 (D) in response to length variants of the CCL4 (C) and CCL3 (D) peptides are shown. Length and first amino acid (single-letter code) of each
peptide is indicated, and EC,, values (nM) of each experiment are displayed. (E) EC,, values (nM) quantitating T cell hybridoma (n = 4) responses to CCL4
peptides with varying acidic amino acid composition (aspartic acid or glutamic acid) at positions p5 and p8 are shown. Data are representative of 2 sepa-

rate experiments. nd, not determined due to low responses.

stained hybridomas expressing TCRs specific for the CCL3/CCL4
epitopes (representative results, Figure 6C). Neither AV22 nor the
dengue virus-specific hybridoma DV-13 bound these Be-pulsed
HLA-DP2-CCL tetramers. Hybridoma 8845-c3r only bound the
CCL4-based tetramer, while 8845-c1 stained both chemokine
tetramers and a DP2-plexin A/Be tetramer, reflecting its crossre-
activity to these epitopes. Tetramer binding for each of the TCRs
matched the degree of T cell hybridoma activation as determined
by IL-2 production.

HLA-DP2' and -DP2" CBD patients as well as Be-sensitized
(BeS) subjects were selected to investigate the frequency of HLA-

DP2-CCL4/Be-and -CCL3/Be-specific CD4" T cells among ex vivo
BAL cells. BeS subjects had a history of Be exposure, but had normal
lung function and lacked a Be-specific adaptive immune response
in the lung. Thus, this cohort served as a disease control to confirm
the specificity of the tetramers. For the 10 HLA-DP2* CBD subjects,
the frequency of tetramer-binding CD4* T cells ranged broadly
from less than 0.1%-22.0% for HLA-DP2-CCL4/Be (3.9% * 2.2%,
mean * SEM), and less than 0.1%-25.0% for the HLA-DP2-CCL3/
Be tetramer (4.1% * 2.5%; Figure 6D). As shown in Figure 6D, min-
imal or no HLA-DP2-chemokine/Be tetramer-binding CD4* T cells
were observed in the BAL of HLA-DP2* BeS subjects.
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Figure 5. An LKGGG CDR3p TCR crossreactive to CCL4 and PLXNA4
peptides. (A) Set of CCL4 and PLXNA4 WT (red) and variant peptides that
differed at the p4 and p6 positions. Colors highlight D5E8 and amino acids
that vary at p4 and p6. (B) IL-2 production by hybridomas 8845-c1 (top) and
AV22 (bottom) in response to CCL4 and PLXNA4 WT and variant peptides
presented by HLA-DP2-transfected fibroblasts at 300 ng/mL in the presence
of BeSQ,. Data were normalized to WT peptides (CCL4 for 8845-c1; PLXNA4
for AV22) and are representative of 2 experiments done in duplicate.

Tetramer staining was coupled with intracellular cytokine
staining (ICS) for Be-induced IFN-y, the Thl-type cytokine most
abundantly expressed in the CBD lung and a marker for CD4* T
cell activation (9). Thus, this assay enabled investigation of the
number of chemokine/Be-specific cells in relation to the overall
number of Be-specific CD4* T cells in the BAL, and these data are
summarized for the HLA-DP2* CBD cohort in Figure 6E. Despite
the broad range of Be-induced IFN-y-secreting cells among the
patients with active disease (range, 0.15%-33%), consistent-
ly high fractions of chemokine/Be-specific cells were detected
among these activated T cells (CCL4, 18.7% + 4.2%; CCL3, 14.1%
+3.8%). In contrast, no Be-induced IFN-y secretion was observed
by BAL T cells from BeS subjects (n = 8, data not shown), whereas
HLA-DP2 patients (n = 3) had discrete populations of Be-induced
IFN-y-expressing CD4" T cells in BAL, but these cells did not bind
the HLA-DP2 reagent (representative example of HLA-DP2" CBD
subject is shown in Figure 6F). In CBD patient 8845, T cells specif-
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ic to HLA-DP2-chemokine/Be ligands dominated the lung CD4*
T cell population (Figure 6G). While control tetramer staining
(HLA-DP2-CLIP) and intracellular IFN-y expression were negative
without Be stimulation (Figure 6G), 22% and 25% of CD4" T cells
from the BAL of patient 8845 bound the HLA-DP2-CCL4/Be and
HLA-DP2-CCL3/Be tetramers, respectively. Following 6 hours of
Be stimulation, approximately 33% of the CD4* T cells in the BAL
of this patient expressed IFN-y (Figure 6G). Among this activated
population, more than one-third of these cells were specific for the
HLA-DP2-chemokine/Be ligand. These data correspond with the
large percentage of T cells expressing the LKGGG CDR3p motif
identified by single-cell sequencing in this patient. Furthermore, of
the 3 hybridomas studied in this patient, all recognized the CCL4
peptide. However, 1 hybridoma (8845-c3r) did not recognize the
CCL3 peptide. Thus, while a large fraction of tetramer-binding T
cells will likely be crossreactive to both ligands, our data suggest
that some will be specific to only one or the other epitope. A sum-
mary of patient tetramer and ICS data is provided in Figure 6, D
and E. Overall, CD4" T cells specific for either HLA-DP2-CCL/
Be epitope accounted for 5.3% to 38.5% of Be-responsive IFN-y-
expressing CD4* T cells in BAL. As noted, patients that exhibited
no activated T cells, as measured by IFN-y, had very small or unde-
tectable populations of tetramer-positive cells.

Ex vivo BAL samples from patients 8845 and 8133 were avail-
able from a time point 5 years after the initial analysis (Figure 6H).
Activation of CD4* T cells as measured by IFN-y expression was
still elevated in these subjects, though not to previous levels. Simi-
larly, HLA-DP2-CCL3/Be tetramer binding T cells remained pres-
ent, though reduced in both patients (Figure 6H). We also com-
pared HLA-DP2-CCL3/Be with HLA-DP2-plexin A/Be tetramer
staining (Figure 6H). Interestingly, in both patients, the number of
cells staining with the CCL3/Be ligand was greater than observed
with the HLA-DP2-plexin A/Be tetramer (3.7-fold greater in 8845;
2-fold in 8133). These data suggested that the specificity to chemo-
kine neoantigens may be significantly greater than the previously
described specificity to Be-modified plexin A peptides.

Chemokine/Be-specific CD4* T cells traffic to the lungs in TCR
retrogenic HLA-DP2 transgenic mice. To investigate the pathogen-
ic potential of CD4* T cells bearing the LKGGG CDR3p motif,
we utilized a model of Be-induced inflammation in HLA-DP2 Tg
C57BL/6 mice (18, 19). First, we documented by tetramer staining
that mice exposed to BeO using our standard 21-day sensitization/
boost protocol developed an adaptive immune response to the
same ligands as identified in HLA-DP2-expressing CBD patients
(Figure 7A). Costaining with both HLA-DP2-CCL/Be tetramers
labeled with different fluorochromes showed CD4* T cells with
crossreactivity to both ligands, as indicated by the diagonal stain-
ing pattern (Figure 7A). In addition, BAL fluid collected at the time
of sacrifice had elevated levels of CCL4 and CCL3 proteins in mice
treated with BeO compared with PBS-treated control mice (CCL4,
52.5+16.2 pg/mL [mean, STD, BeO treated] vs. 4.4 + 4.0 pg/mL
[PBS]; CCL3,58.0 £19.0 [BeO] vs. 4.5 + 3.3 pg/mL [PBS]) (Figure
7B), demonstrating the source of antigen was amplified and avail-
able for processing and presentation in the lungs of these mice.

TCR retrogenic mice expressing either the 8845-c3 TCR or the
control DV-13 TCR were generated as previously described (20).
Prior to these experiments, we showed that hybridoma 8845-c3rec-
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Figure 6. Validation of Be-modified CCL4 and CCL3 as antigenic targets of
CD4* T cells in CBD. (A) IL-2 response (mean + SD pg/ml) of LKGGG CDR3pB
hybridomas to recombinant CCL4 (upper) and CCL3 (lower) proteins is
displayed. Results are representative of 2 experiments. (B) In vitro Be-
induced secretion of CCL4 (upper) and CCL3 (lower) from BAL cells isolated
from CBD patients (n = 13) is shown. Chemokines were assessed by ELISA
in duplicate. Dotted lines represent ELISA limits of detection. Statistical
significance was determined using Wilcoxon's rank sum test. ***P < 0.001.
(C) Staining of T cell hybridomas with BeSO,-saturated HLA-DP2 tetram-
ers. (D) Summary of HLA-DP2 tetramer staining of ex vivo BAL cells from
BeS (n =7-8) and CBD (n = 10) subjects. For HLA-DP2* CBD patients, each
subject is represented by a different color/symbol combination. Statistical
significance was determined using a Mann-Whitney U test. *P < 0.05;

**P < 0.01. (E) Summary of HLA-DP2 tetramer and IFN-y ICS of ex vivo
BAL cells from HLA-DP2* CBD patients. Color/symbol combinations used
for patients match those in D. Percentages (mean + SEM) of CD4* T cells
expressing IFN-y and the fraction of CD4* T cells expressing IFN-y that also
bind each tetramer are shown. Gray circles represent patients with no evi-
dence of active disease. (F) Flow cytometric analysis of HLA-DP2 tetramer
and intracellular IFN-y staining of ex vivo BAL cells from an HLA-DP2- CBD
patient is displayed. (G) Flow cytometric density plots showing the fre-
quency of CD4* T cells from CBD patient 8845 that bind to HLA-DP2-CLIP
(upper left), HLA-DP2-CCL4/Be (upper middle), and HLA-DP2-CCL3/

Be tetramers. Density plots in lower panels depict tetramer staining in
relation to IFN-y expression induced in CD4* T cells after stimulation with
BeSO, (lower left, medium control). (H) Tetramer/ICS staining of ex vivo
BAL cells from CBD patients 8845 (left) and 8133 (right) 5 years after sin-
gle-cell TCR studies and flow cytometric analysis of BAL cells. Cells were
stained for intracellular IFN-y (upper panels), HLA-DP2-CCL3/Be (middle
panels), and HLA-DP2-PLXN/Be tetramers (lower panels).

ognized the orthologous murine CCL4,, ., and CCL3,, ., peptides,
since both differ from their human counterparts by 2 amino acids
(Figure 7, C and D). Constructs encoding the 8845-c3 or DV-13 TRA
and TRB gene variable domains attached to murine TCR constant
regions were established in RAG”- HLA-DP2 Tg C57BL/6 mice by
retroviral transduction of bone marrow cells (20). After confirming
reconstitution of peripheral T cells (5-6 weeks), mice were exposed
to BeO using a sensitization/boost protocol and sacrificed at day
21. Representative CD4 immunostaining of lung tissue at low and
higher magnification showed that BeO-exposed 8845-c3 TCR ret-
rogenic mice developed CD4* T cell infiltrates in a peribroncho-
vascular distribution in contrast to BeO-exposed DV-13 retrogenic
mice (Figure 7E). Quantitatively, the number of CD4" T cells per
mm? of tissue was significantly increased by approximately 10-fold
in retrogenic mice expressing the 8845-c3 TCR compared with
DV-13 retrogenic mice (P < 0.0001) (Figure 7F).

The chemokine/Be-specific 8845-c3 T cells that trafficked
to the lung bound tetramer (data not shown) and appeared to be
functional and mediate damage. For example, in vitro IFN-y and
IL-2 ELISPOT assays measuring splenic T cell responses to BeSO,
showed that BeO-exposed 8845-c3 retrogenic mice had signifi-
cantly more IL-2- (Figure 7G) and IFN-y-producing (Figure 7H)
cells than BeO-exposed WT HLA-DP2 Tg B6 mice. Finally, as an
indicator of tissue damage, BeO exposure significantly increased
total protein in the BAL fluid of 8845-c3 retrogenic mice compared
with PBS-exposed mice (P < 0.05) (Figure 7I). Although trends
were noted, no significant differences in albumin and Tla were
seen in the BAL fluid of BeO-exposed 8845-c3 TCR retrogenic
mice and WT HLA-DP2 Tg mice that express a normal, diverse
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TCRrepertoire. Thus, CD4" T cells expressing a single TCR speci-
ficity were expanded and recruited to the lung in response to BeO
exposure and mediate some of the disease parameters typically
elevated in our murine model of Be-induced disease, suggesting
that CD4* T cells bearing this specificity are pathogenic and capa-
ble of driving lung inflammation.

LPS exposure amplifies BeO-induced lung inflammation and the
number of chemokine/Be-specific CD4* T cells in the lung of HLA-
DP2 transgenic mice. To determine whether exposure to patho-
gen-associated molecular patterns (PAMPs) that increase CCL3
and CCL4 expression can modulate the Be-specific adaptive
immune response in the lung, we modified our BeO sensitiza-
tion/boost protocol to include a single LPS exposure on day 14. A
separate cohort of mice were sacrificed on day 15, and BAL was
performed to assess chemokine secretion. As shown in Figure 8A,
LPS exposure significantly increased CCL3 and CCL4 in BAL fluid
compared with that of mice exposed to BeO alone (P < 0.001). At
day 21, lungs were harvested for CD4* T cell purification, HLA-
DP2-chemokine/Be tetramer staining, and histology. The addi-
tion of LPS to the BeO sensitization/boost protocol substantially
increased the number of Be-specific IFN-y- and IL-2-secreting
CD4" T cells in the lung (Figure 8B). Importantly, LPS exposure
also increased the percentage of CCL4/Be-specific CD4* T cells
in the lung from 8.7% * 2.4% after BeO alone to 20.6% * 1.1%
(P < 0.01; Figure 8C) and also increased the absolute number of
tetramer positive cells by more than 7-fold (Figure 8C). Represen-
tative HLA-DP2-CCL4/Be tetramer staining of murine lung cells
is shown in Figure 8D. Conversely, LPS exposure did not affect the
percentage of CD4" T cells specific for the HLA-DP2-plexin A/Be
epitope (Figure 8E). H&E staining and quantification of cellular
infiltrates confirmed that LPS exposure augmented BeO-induced
lung inflammation (Figure 8, F and G). Collectively, these data
showed that exposure to a PAMP increased the number of chemo-
kine/Be-specific CD4* T cells in the lung, culminating in an ampli-
fied BeO-induced lung inflammation.

Discussion

CBD is an occupational lung disorder characterized by a well-de-
fined MHCII genetic susceptibility and a known antigenic expo-
sure (21-23). This gene-by-environment interaction results in
granulomatous inflammation and the influx of large numbers of
Be-specific CD4" T cells that are polarized toward a Th-1-type
phenotype (9, 11). In this study of HLA-DP2-expressing CBD
patients, we identified a set of public, disease-associated TCRs
expressing a distinct CDR3pB motif that recognized Be-modified
self-peptides derived from highly related innate immune medi-
ators CCL4 and CCL3. BeSO,-saturated HLA-DP2 tetramers
constructed with these chemokine peptides confirmed the wide-
spread nature of this specificity, with 10% to 40% of Be-respon-
sive, IFN-y-secreting lung T cells recognizing these neoantigens.
Furthermore, T cells in HLA-DP2* TCR retrogenic mice express-
ing one of these public TCRs expanded and homed to the lung
upon Be exposure, suggesting their pathogenic potential. Addi-
tional murine studies demonstrated that exposure to a PAMP
increased the accumulation of HLA-DP2-CCL/Be-specific CD4*
T cells in the lung and exacerbated Be-induced inflammation.
Thus, utilizing an efficient multistep pathway of antigen discov-
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n =5; BeO/LPS, n = 5). (F) Representative H&E staining of lungs from BeO-treated (upper panels) and BeO/LPS-treated (lower panels) mice show-

ing mononuclear cell infiltrates at low and higher magnification. (G) Quantification of mononuclear cells in lung tissue of HLA-DP2 Tg mice treated as
indicated (PBS, n = 3; BeO n = 4; BeO/LPS, n = 4). Bars for all data plots represent the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001,
Mann-Whitney U test (A) and 1-way ANOVA (B, C, E, and G). Data are representative of 2 separate experiments.

protein-1pB) are small chemotactic proinflammatory cytokines that
recruit and direct the migration of immune cells to sites of infec-

ery, we demonstrated a direct link between Be-induced innate
immune production of inflammatory chemokines and oligoclo-

nal expansions of autoreactive CD4" T cells targeting those same
chemokines presented as neoantigens in the lung.

The discovery of 2 related chemokines as the source of pep-
tides recognized as Be-modified neoantigens by CD4* T cells has
profound implications regarding possible mechanisms of CBD and
potentially other exposure-related diseases. CCL3 (macrophage
inflammatory protein-la) and CCL4 (macrophage inflammatory

J Clin Invest. 2021;131(9):e144864 https://doi.org/10.1172/)C1144864

tion or inflammation (24). The cellular sources of CCL3 and CCL4
are broad, and these chemokines exert their influence on an array
of different immune cells at multiple points during an immune
response. For example, tissue sentinel immune cells, such as mast
cells, macrophages, and dendritic cells, release CCL3, CCL4, and
other inflammatory molecules when their pattern recognition
receptors are engaged (24). These mediators draw innate cells
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(e.g., neutrophils and monocytes) and lymphocytes from blood
to rapidly amplify the effector response, and these cell subsets
are themselves capable of secreting and responding to CCL3
and CCL4. In essence, both antigen-presenting cells and T cells
secrete CCL3 and CCL4 in the lung and promote enhancement of
chemokine and cytokine expression in tissues where antigen-pre-
senting cells and T cells interact.

Relevant to the development of metal hypersensitivity, Be
serves not only as an antigenic stimulus, but also as its own adju-
vant (25). Macrophages and dendritic cells exposed to Be release
inflammatory chemokines and cytokines (26-28), and compared
with control subjects, CBD patients upregulate CCL3 expression
in blood upon Be exposure (29). In a murine model of CBD, pul-
monary exposure to Be induces the release of damage-associated
molecular patterns (DAMPs), IL-1a, and TNF-a. These cytokines
precipitate inflammatory chemokine release in the lung, accom-
panied by neutrophil infiltration and mobilization of immunogen-
ic dendritic cells from the lung to the lung-draining lymph nodes
(30). These early events were required to break peripheral toler-
ance and allow expansion of CD4" T cells reactive to Be-modi-
fied self-peptides (25, 30). In mice and humans, we showed that
CCL3 and CCL4 are secreted within the lung in response to Be
and that these proteins are processed by antigen-presenting cells
to yield the key stimulatory epitopes recognized by large fractions
of Be-specific CD4* T cells, thus validating that these Be-induced
chemokines are also Be-modified targets in the lung.

Be is considered a persistent antigen, since the metal remains
embedded within lung tissue years after workplace exposure has
ceased (31). Our findings suggest that continual Be exposure cre-
ates a destructive cycle of Be-induced CCL3 and CCL4 secretion
by innate immune cells, phagocytosis and processing of these same
proteins by antigen-presenting cells, and presentation of Be-mod-
ified neoantigens to antigen-specific effector CD4* T cells. Inter-
estingly, any airborne exposure that induces chemokine expression
can potentially make these proteins available to antigen-presenting
cells for presentation. In this regard, the addition of a single dose of
LPS to the BeO sensitization/boost protocol in HLA-DP2 Tg mice
increased the number and percentage of CCL4/Be-specific CD4*
T cells as well as mononuclear cellular infiltrates. Although these
chemokines mediate multiple innate effects, the mechanism of
this enhanced immune response was likely the increased availabil-
ity of CCL3 and CCL4 as sources of antigen, since a second Be-
dependent neoantigen (HLA-DP2-Plexin A/Be) was not similarly
increased. Importantly, these findings have clinical implications
for disease progression in HLA-DP2-expressing CBD patients.
For example, bacterial or viral infections in the lung result in the
release of PAMPs that activate analogous pathways of innate and
adaptive immune activation and augment neoantigen formation.
This cascade of events may culminate in the amplification of the
HLA-DP2-CCL/Be-specific CD4* T cell pool in CBD patients,
potentially leading to worsening disease severity. This cycling of
activity may explain the exceedingly large accumulations of HLA-
DP2-CCL/Be-specific CD4" T cells observed in the BAL of some
CBD patients. Many MHCII-peptide tetramer studies that quanti-
fy CD4" T cell responses against bacterial, viral, or tumor epitopes
are done with blood and require bead enrichment of low-frequen-
cy antigen-specific cells (32-34). One study examining CD4* T cell
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responses to Mycobacterium tuberculosis antigens detected large
populations of responding cells (35). However, to our knowledge,
no studies have documented such a high frequency of antigen-
specific CD4" T cells in the target organ of human beings.

A longstanding problem for the interrogation of antigen spec-
ificity in immune-mediated diseases is the requirement of main-
taining effector memory CD4" T cell clones in culture for extend-
ed periods (36). As an alternative, we determined the expressed
TRA and TRB genes directly from individual T cells so that the
paired genes could be transferred to immortalized cell lines for
antigen studies. The advent of reliable single-cell assays for ascer-
taining aPTCR pairs has greatly accelerated the process of identi-
fying Be-specific CD4" T cells. The RT-PCR assay we employed
was robust, capturing both a- and p-chains in 70% of the sorted T
cells screened, with complete pairs identified for 54% of the cells
and no evidence that individual V genes were missed due to inef-
ficient amplification. The success rate of obtaining a positive PCR
product was somewhat increased for T cells sorted from in vitro-
expanded T cell lines compared with ex vivo BAL cells, suggesting
that cellular RNA content might have been the determining factor
for whether gene amplification successfully occurred.

Complementing our ability to obtain complete aBTCRs, ana-
lytical approaches devised to quantitatively measure similarity
and cluster TCRs from diverse repertoires also facilitate unbiased
antigen discovery. Dash et al. (13) and Glanville et al. (37) exam-
ined tetramer-sorted T cell populations and created metrics to
define TCR specificity groups. Application of these algorithms
to large-scale diverse TCR repertoire studies provides a rationale
for binning and selecting individual T cells for further investiga-
tion. Grouping patients by inferred HLA restriction, such as our
focus on HLA-DP2* CBD patients, optimizes this approach, and
the methodology must account for predispositions in the unper-
turbed repertoire shaped by V-] and V-D-] rearrangement process-
es during T cell development. Accordingly, nucleotides encoding
lysine within the LKGGG CDR3p motif were not typically derived
from TRBY, BD, or BJ germline elements, nor was lysine regular-
ly observed at the same position in a reference T cell population
unselected by antigen (13). The high frequency of this amino acid
suggested that it was selected by the chemokine peptide/Be neo-
antigen. In addition, while TRBV usage was somewhat restricted,
TRAV, TRAJ, TRBJ, CDR3q, and junctional lengths were diverse
among the LKGGG CDR3p TCRs. While these findings are in
agreement with previous observations regarding TR gene usage
of Be-specific CD4* T cells (11, 38-40), they are in contrast to
observations of TCRs identified in pathogen-specific responses
that typically rely both on unique CDR3 features and V and ] gene
usage enrichment (13, 37). These differences are likely driven by
the unique physical and chemical properties of Be** that require
tetrahedral coordination by acidic amino acids expressed by both
the HLA-DP2 B-chain and peptide (10).

In our previous work defining ligands in CBD, we identified a
posttranslational modification entailing specific peptides captur-
ing Be?" cations to create neoantigens that underlie the adaptive
immune response in CBD (11, 21). The relevant characteristic of
these peptides that coordinate Be within the HLA-DP2 binding
groove is the presence of acidic amino acids located in close prox-
imity to the HLA-DP2 acidic P4 pocket (10, 16). Thus, stimulatory
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Be-dependent mimotopes and plexin A peptides included p4D
and p7E (10, 40), and absence of either of these amino acids or
mutagenesis of glutamic acids at positions 26, 68, or 69 of the
HLA-DP2 B-chain that forms the acidic pocket abrogated the
Be-specific response (41). The investigation of the LKGGG CDR3p
T cells using an unbiased approach quickly pointed in the same
direction regarding the necessity of properly spaced acidic ami-
no acids. Surprisingly, substituting other combinations of acidic
amino acids at p5D and p8E positions (binding HLA-DP2 at P4
and P7) was tolerated by particular TCRs. For example, 8133-c4
recognized all variants at these positions (i.e., D5D8, ESE8, E5D8)
despite having strict amino acid requirements at other positions
in the peptide. Structural information or high-resolution modeling
of individual LKGGG CDR3p TCR footprints over the HLA-DP2~
chemokine/Be complex would likely allow a dissection of spacing
requirements for tetrahedral coordination of the Be? cation.

Because of various biologic constraints imposed upon Be-
dependent epitopes, there is some overlap in the amino acid compo-
sition of plexin A and CCL peptides aligned for HLA-DP2 binding.
Asnoted, both include negatively charged aspartic acid and glutam-
ic acid residues at P4 and P7 that represent Be coordination sites. In
addition, both utilize bulky hydrophobic amino acids at P1 (phenyl-
alanine) and P6 (phenylalanine or tyrosine) to anchor the peptides
within the groove, and finally, alanine scans indicated that LKGGG
CDR3p TCRs did not make significant contacts to amino acids on
the C-terminus of the peptide; this is similar to the structural data
available for the AV22 TCR interacting with the HLA-DP2-mimo-
tope/Be complex (10). Thus, differences between CCL and plexin
peptides at P3 (valine/alanine vs. aspartic acid) and P5 (tyrosine vs.
leucine) predominantly dictated recognition of these ligands by the
TCRs in our study. Hybridoma 8845-c1 appeared to be truly cross-
reactive, being activated by all WT and variant peptides. Although
this TCR CDR3p included a lysine in the appropriate position, we
did not anticipate that it would be clustered with the other TCRs
because of the extended length of its CDR3p. The length of this
diversity region may be what enables this receptor to interact with
different HLA-DP2-peptide/Be complexes.

Biometrical analysis of PSL screening data is based on a mod-
el of independent contribution of individual amino acids to epi-
tope recognition by T cells and has proven to be a powerful tool
for assigning stimulatory potentials to all peptides available in any
protein database (42, 43). Because we had a cluster of TCRs with
presumed similar antigen specificity, separate biometrical analy-
ses were completed and results from each TCR were merged. This
process created a single list of potential stimulatory peptides rep-
resenting not the best candidates for any single TCR, but rather
the most likely to stimulate all the TCRs. Having multiple TCRs
for screening of candidate stimulatory peptides also aided the pro-
cess of honing in on the true Be-dependent epitopes. At least one
hybridoma responded to 19 of the 100 synthesized peptides, and
some individual hybridomas responded to more than 10 different
peptides. However, only the CCL4 peptide activated all TCRs in
the presence of Be, and the highly related CCL3 peptide activated
8 of 9 total hybridomas. In this context, those TCRs with the most
restricted requirements for peptide recognition (see Figure 3A
sequence logos of 8133-c4 and 8845-c3r compared with 8133-c4r
and 8845-c3) that still give detectable signals during PSL screens
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may be the most useful for discriminating among large sets of pep-
tides. Collectively, combining single-cell TCR analysis of ex vivo
T cells derived from the organ of interest and biometrical analysis
of PSL data provided an efficient pathway for antigen discovery
and should enable the delineation of disease-relevant epitopes in
other immune-mediated disorders of unknown etiology, such as
sarcoidosis and rheumatoid arthritis.

In conclusion, we have identified chemokines involved not
only in innate inflammatory cell recruitment, but also encoding
previously undescribed Be-modified self-peptides that bind to
HLA-DP2 and represent a dominant CD4" T cell epitope in CBD.
The public T cells that respond to these related ligands are expand-
ed and persist in the lungs of CBD patients and likely contribute
to continued inflammation and disease progression. Among anti-
genic drivers of inflammation, Be is unique in its ability to persist
within the lung as well as to function as both an adjuvant and anti-
gen, creating a “perfect storm” of innate immune activation and a
continual supply of CCL3 and CCL4 to drive recruitment of neoan-
tigen-specific CD4* T cells to the lungs of HLA-DP2* CBD patients.

Methods

Study population. CBD was diagnosed using previously defined crite-
ria, including a history of Be exposure, the presence of granulomatous
inflammation, and a positive proliferative response of PBMC or BAL
T cells to BeSO, in vitro (44, 45). Demographics of the CBD patients
are shown in Supplemental Table 5. The diagnosis of BeS was estab-
lished based on a history of Be exposure, an abnormal blood BeLPT on
2 occasions, and the absence of granulomatous inflammation or other
abnormalities on lung biopsy (46, 47). Unless noted, patients chosen
for study expressed HLA-DP2 (HLA-DPBI*02:01/HLA-DPAI*01:03).
For several subjects, BAL-derived T cell lines stimulated with BeSO,
were generated (41, 48).

Single-cell PCR of T cell receptor genes. Cryopreserved ex vivo BAL
cells were placed in culture to adhere alveolar macrophages. Collect-
ed nonadherent ex vivo cells or thawed T cell lines from CBD patients
were cultured overnight in complete RPMI-1640 supplemented with
40 U/mL rIL-2. Cells were sorted based on CD3*, CD4*, CD8", and
DAPI" expression using a Moflow Astrios EX flow cytometer (Beck-
man Coulter) directly into RT buffer in Nunc 96-well polypropylene
plates with 1 empty well as a negative control. cDNA synthesis and
PCR were performed to amplify the TRA and TRB genes expressed
by each T cell and to incorporate barcodes on both ends of each PCR
product, as previously described (49).

A sample of each PCR reaction was run on an agarose gel to deter-
mine the presence of a PCR product. PCR products from all wells
were pooled, concentrated (Nucleospin Kit, Takara Bio), gel purified
(QIAquick Gel Extraction Kit, QTAGEN), and sequenced using 2 x 250
paired end reads on an Illumina MiSeq System. Sequencing data were
groomed, processed, and barcode split using the web-based Galaxy
platform (https://usegalaxy.org). TCR sequences were deposited in
the NCBI’s Sequence Read Archive (SRA BioProject PRINA689822).

Analysis of expressed TCRs from the BAL of CBD patients. Data were
analyzed using an in-house software pipeline to identify TRA and TRB
gene usage (IMGT nomenclature) and extract CDR3 sequences for
each T cell. To be included in subsequent analyses, a minimum of 200
identical reads of a functional TR gene must have been obtained for
a T cell and those reads must have made up at least 10% of the total
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reads acquired. Previously developed analytical tools were employed
to quantitatively assess TR gene segment usage, TCR distance mea-
surements (TCRdist), clustering, and CDR3 motifs to the sequencing
data (13). Baseline values for comparing TR gene or CDR3 amino acid
frequencies were obtained from a background, nonepitope selected
TCR repertoire from a combination of high-throughput TCR reper-
toire profiling experiments (13).

PSLs, scoring matrices and database searches. T cell hybridomas
expressing selected TCRs were generated and screened for responses
against unbiased and biased decapeptide PSLs, as previously described
(11, 14, 15) and as detailed in the Supplemental Methods. Biometrical
analysis of the biased PSL screening results (i.e., generation of scoring
matrices and searching of a human protein database) is detailed in the
Supplemental Methods and is as previously described (14, 43).

Tetramer staining and dual intracellular IFN-y/tetramer assay.
Be-saturated MHCII tetramers with covalently attached peptides
were generated using a baculovirus expression system (11, 50), and
the HLA-DP2-CLIP tetramer was provided by the NIH Tetramer Core
Facility at Emory University (Atlanta, Georgia, USA). Tetramer and
ICS are detailed in the Supplemental Methods.

HLA-DP2 Tg and TCR retrogenic HLA-DP2 Tg mice. C57BL/6 and
FVB/N HLA-DP2 transgenic mice were housed and bred at the Uni-
versity of Colorado Biological Resource Center. C57BL/6 RAG”~ mice
were purchased from The Jackson Laboratory and bred to express
HLA-DP2. Generation of TCR retrogenic mice (20, 51) and all exper-
iments conducted with different mouse strains were as previously
described (18,19) and as detailed in the Supplemental Methods.

Statistics. Statistical tests were performed using GraphPad Prism
software. Data were presented as mean or median + SD or SEM, as
stated in figure legends. Statistical significance tests for parametric
or nonparametric tests were determined as indicated. P values of less
than 0.05 were considered statistically significant.
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Study approval. Each CBD and BeS patient provided informed
consent prior to inclusion in the study, and the protocol was approved
by the Human Subject Institutional Review Boards at the University
of Colorado Anschutz Medical Campus and National Jewish Health.
For mouse studies, all experiments were approved by the Institution-
al Animal Care and Use Committee of the University of Colorado
Anschutz Medical Campus in accordance with NIH guidelines.
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