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CD4+ T cells in the lungs of acute sarcoidosis
patients recognize an Aspergillus nidulans epitope
Sarah A. Greaves1, Avinash Ravindran2,3, Radleigh G. Santos4, Lan Chen5, Michael T. Falta1, Yang Wang5, Angela M. Mitchell1,
Shaikh M. Atif1, Douglas G. Mack1, Alex N. Tinega1, Lisa A. Maier1,6, Shaodong Dai5, Clemencia Pinilla7, Johan Grunewald2*, and
Andrew P. Fontenot1,8*

Löfgren’s syndrome (LS) is an acute form of sarcoidosis characterized by a genetic association with HLA-DRB1*03 (HLA-DR3)
and an accumulation of CD4+ T cells of unknown specificity in the bronchoalveolar lavage (BAL). Here, we screened related
LS-specific TCRs for antigen specificity and identified a peptide derived from NAD-dependent histone deacetylase hst4
(NDPD) of Aspergillus nidulans that stimulated these CD4+ T cells in an HLA-DR3–restricted manner. Using ELISPOT analysis, a
greater number of IFN-γ– and IL-2–secreting T cells in the BAL of DR3+ LS subjects compared with DR3+ control subjects was
observed in response to the NDPD peptide. Finally, increased IgG antibody responses to A. nidulans NDPD were detected in
the serum of DR3+ LS subjects. Thus, our findings identify a ligand for CD4+ T cells derived from the lungs of LS patients and
suggest a role of A. nidulans in the etiology of LS.

Introduction
Granulomatous lung diseases encompass an array of disorders
caused by both infectious and noninfectious agents in combi-
nation with genetic susceptibility. Sarcoidosis is an inflamma-
tory granulomatous disease that primarily affects the lungs in
∼95% of cases (Baughman et al., 2001). Although sarcoidosis is
thought to be a noninfectious disorder, the etiology remains
unknown. The lack of a known inciting antigen in sarcoidosis
represents a huge gap in our understanding of the disease and
our ability to prevent and treat it. There has been speculation
regarding causative agents, including self-antigens such as vi-
mentin (Kinloch et al., 2018; Wahlström et al., 2007), bacterial-
derived antigens from species such as Mycobacterium (Chen
et al., 2008; Drake et al., 2007; Gupta et al., 2007; Oswald-
Richter et al., 2009; Song et al., 2005) or Cutibacterium (Eishi
et al., 2002), and multiple environmental antigens (Demirkok
et al., 2006; Newman et al., 2004). However, the majority of the
evidence linking these factors to sarcoidosis is correlative, and
no CD4+ T cells specific for the above-mentioned antigens have
been identified. Thus, studies to identify etiologic antigens in
sarcoidosis are needed.

Löfgren’s syndrome (LS) is an acute form of sarcoidosis that
presents with bilateral hilar lymphadenopathy, fever, erythema

nodosum, and arthritis (Grunewald and Eklund, 2009). In
Sweden, the majority of LS patients express HLA-DRB1*03
(HLA-DR3; Grunewald, 2012) and have expansions of CD4+

T cells in the bronchoalveolar lavage (BAL) expressing TCRα
variable region (TRAV)12-1 (Grunewald et al., 2000, 1992,
1994). We previously demonstrated preferential pairing of
TRAV12-1 with TCRβ variable region (TRBV)2 in BAL CD4+

T cells from HLA-DR3+ LS patients and that TRAV12-1 and
TRBV2 were the most expanded variable regions relative to
control subjects (Mitchell et al., 2017). Due to the homoge-
neity of disease presentation, LS represents an ideal subset
of sarcoidosis to delineate T cell epitopes and interrogate the
origins of disease. Here, we identified LS-specific αβTCRs
that recognized a peptide derived from the NAD-dependent
protein deacetylase hst4 (NDPD) of an airborne mold species,
Aspergillus nidulans. A. nidulans NDPD stimulated CD4+ T cells
from the BAL of the majority of DR3+ LS patients, and in-
creased IgG antibody responses to A. nidulans NDPD were
detected in the serum of DR3+ LS subjects. Thus, we have
identified and validated a T cell epitope and the corresponding
infectious organism potentially involved in the pathogenesis
of LS.
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Results
CDR3β motifs expressed on lung CD4+ T cells of HLA-DR3+

LS subjects
To identify disease-relevant TCR sequences present in the lungs
of LS subjects, we previously performed bulk TCR sequencing of
TRB genes from BAL CD4+ T cells obtained from eight HLA-DR3+

LS subjects and six control subjects (Mitchell et al., 2017). We
also performed single-cell PCR amplification of TRB and TRA
genes from TRAV12-1–expressing BAL CD4+ T cells from HLA-
DR3+ LS patient 1244 to interrogate disease-specific αβTCR pairs
(Mitchell et al., 2017). To identify related TCRs, we clustered TRB
sequences from all subjects based on their predicted binding to
shared epitopes using the Grouping of Lymphocyte Interactions
by Paratope Hotspots (GLIPH) algorithm (Glanville et al., 2017).
GLIPH identified several TCR clusters that included TRB se-
quences from both HLA-DR3+ LS (red circles) and control sub-
jects (black circles; Fig. 1 A). However, the majority of TCR
clusters identified by GLIPH were found in HLA-DR3+ LS pa-
tients and not in HLA-DR3+ non-LS control subjects.

We focused on the sixth largest LS-specific TCR cluster
(outlined in Fig. 1 A) because it contained sequences from the
majority of LS patients (seven of nine), no controls, and four of
the TRB sequences originated from the single-cell TCR analysis
of patient 1244, giving complete αβTCR pairs (Fig. 1, B and C).
These related 1244 TRB sequences all expressed TRBV2, which
we have previously shown to be enriched in BAL CD4+ T cells
from LS subjects (Mitchell et al., 2017). While usingmultiple TRB
genes, half of the other TCR sequences present in this LS-specific
cluster also expressed TRBV2 (Fig. 1 B). The TRA genes paired
with the TRBV2 genes from patient 1244were also highly related,
and all expressed the LS-associated TRAV12-1 gene (Fig. 1 C;
Grunewald et al., 2000, 1992, 1994). These data provide com-
pelling evidence that these αβTCR pairs (1244c1–c4; Fig. 1 C)
share a conserved specificity and are, therefore, ideal candidates
for T cell epitope discovery.

Specific peptide requirements for LS-specific TCRs
We generated immortalized T cell hybridomas expressing the
four LS-specific 1244c1–c4 αβTCRs and confirmed that these
TCRswere not specific to several previously identified candidate
antigens. Thus, none of these 1244 hybridomas demonstrated
reactivity to 74 overlapping 15-mers derived from mKatG,
17 overlapping 15-mers from ESAT-6, or 4 HLA-DR3–binding
vimentin peptides (all tested at 10 μg/ml) using HLA-
DR3–transfected murine kidney fibroblasts (Falta et al., 2013)
as APCs (data not shown). Next, we used an unbiased deca-
peptide positional scanning library (PSL; Hemmer et al., 1999;
Pinilla et al., 1994) to investigate T cell epitopes. The unbiased
PSL allowed for a systematic evaluation of amino acid prefer-
ences at all positions of a decapeptide in a standard T cell acti-
vation assay. IL-2 secretion from hybridomas 1244c1 and 1244c3
in response to the decapeptide PSL is shown in Fig. 2 A. The
initial PSL screen yielded high IL-2 responses to the same amino
acid in adjacent positions, and this pattern was repeated along
the decapeptide. For example, a glycine (G) fixed at positions
2 and 3 showed high activity for both hybridomas, as did an
asparagine (N) at positions 4–6, arginine (R) at positions 6 and 7,

and threonine (T) at positions 8 and 9 (Fig. 2 A). To resolve
whether these repetitive amino acid preferences were due to
register shifting of the peptides in the HLA-DR3–binding groove,
we synthesized dual-defined mixtures composed of varying
combinations of duplicate amino acids (Fig. 2 B). The lack of
response of the hybridomas to the doublet mixtures confirmed
that register shifting was occurring (Fig. 2 B). Additional dual-
defined mixtures were synthesized to determine the correct
peptide register, denoted as register 1 or register 2 in Fig. 2 B.
Mixtures from both register 1 (G2D4, G2N5, and D4N5) and
register 2 (G3D5 and D5N6) were highly stimulatory (Fig. 2 B),
demonstrating that peptides in either register could be recog-
nized by the 1244 TCRs.

Since register 1 peptides aligned with amino acids known to
bind to HLA-DR3 anchor positions (e.g., isoleucine/leucine [I/L]
1, D4, R/lysine [K]6; Rammensee et al., 1995; Sidney et al., 1992),
we synthesized a G2D4N5-biased library (G2D4N5 PSL) to per-
form a positional scan of the remaining seven peptide positions
(140 mixtures) in the context of fixed amino acids at p2 (G), p4
(aspartic acid [D]), and p5 (N). The 1244 hybridomas shared
similar amino acid profiles for most positions. For example,
preferences for a serine (S) at the p3 position and a T at p8 were
observed (Fig. S1 A). In addition, positively charged R and K
were the preferred amino acids at p6, indicative of predicted
anchor residues at the P6 position of HLA-DR3 (Rammensee
et al., 1995; Sidney et al., 1992). Sequence logos quantitatively
summarize amino acid preferences at all peptide positions for
1244c1, c2, and c3 (Fig. 2 C). Importantly, IL-2 activity induced by
the G2D4N5 mixture was abolished by an anti–HLA-DR anti-
body, confirming that TCR recognition was HLA-DR restricted
(Fig. S1 B).

Mimotopes completing the ligand for LS-specific TCRs
To identify peptides that stimulate the 1244 TCRs, we selected
amino acids for each position based on both the unbiased and the
G2D4N5 PSL scans and synthesized two sets of peptides (66 from
unbiased registers 1 and 2 and 29 from the G2D4N5 PSL data).
Amino acids chosen at each position are shown in Fig. 2 D, and
peptide sequences and 1244c1, 1244c2, and 1244c3 hybridoma
responses to each peptide (2 ng/ml) are listed in Fig. S2. Overall,
these three TCRs recognized the majority of the peptides (Fig.
S2, A and B). Dose–response curves were performed for the 16
most stimulatory mimotopes (peptides that mimic the naturally
occurring epitope and stimulate TCRs), and peptide concentra-
tion inducing half-maximal IL-2 response (EC50) values for each
TCR are shown in Fig. 3 A, with representative curves shown in
Fig. S3 A. EC50 values of these 16 mimotopes fell within a narrow
range (0.01–4.21 ng/ml; Fig. 3 A). We focused on mimotopes 46
and 86 due to the presence of the correct HLA-DR3 anchor
residues (I/L at p1, D at p4, and K at p6) and highly stimulatory
responses with all of the 1244 TCRs. Similar to the G2D4N5 PSL,
addition of an anti–HLA-DR mAb abolished IL-2 responses to
both mimotope 46 and 86, confirming HLA-DR restriction of
these TCRs (Fig. S2 C). Additionally, a hybridoma expressing an
HLA-DR3–restricted TCR (RP15) specific for a peptide derived
from heat shock protein 65 (hsp65) ofMycobacterium leprae (hsp
[3–13]; Struyk et al., 1995; Van Schooten et al., 1989) did not
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respond to mimotope 46 or 86 (Fig. S2 D). These data confirmed
that mimotopes with cross-reactivity to the related set of LS-
specific TCRs could be readily identified.

Peptide length variants and alanine (A) substitutions of
mimotope 86 were performed to determine a minimal epitope
and critical amino acids for TCR activation. Either an L to A
substitution at the p1 position of the peptide or deletion of the p1
amino acid shifted the dose–response curve to the right (Fig. S3,
B and C), resulting in significant increases in the EC50 values
(Fig. 3, B and C). Substitutions at p9 and p10 had minimal effects
on EC50 values (Fig. 3 B and Fig. S3 B), while deletion of these
amino acid residues more significantly reduced peptide activity

(Fig. 3 C and Fig. S3 C). Both the A scan and the minimal epitope
peptides demonstrated that the core of the peptide (positions
2–8: GSDNKAT) was crucial for peptide recognition. Replacing
any of these positions with an A or deleting G2 or T8 abolished
peptide activity (Fig. 3, B and C; and Fig. S3, B and C). Thus,
for optimal TCR activity, the full decapeptide is required
(LGSDNKATRH); however, the minimal epitope needed for
TCR stimulation is p2–p8 (GSDNKAT). Additionally, peptide
length variants and A substitutions at each position of
mimotope 46 were tested, and the critical amino acid re-
quirements were analogous to those of mimotope 86 (data
not shown).

Figure 1. Clusters of CDR3β sequences derived from BAL CD4+ T cells of LS patients. (A) CDR3β sequences were clustered based on GLIPH analysis. Red
circles represent CDR3β sequences derived from BAL CD4+ T cells of nine HLA-DR3+ LS patients, while black circles are CDR3β sequences derived from BAL
CD4+ T cells of six control subjects. CDR3β sequences were obtained from BAL CD4+ T cells by iRepertoire bulk PCR and single-cell PCR. (B) CDR3β amino acid
sequences and gene usage contained within the expanded cluster enclosed within the black square in A, highlighting TCR sequences only found in LS patients.
(C) TCR gene segment usage and junctional region amino acid sequences of the LS-specific CDR3β motifs present in LS patient 1244 contained in the cluster
shown in B along with the paired CDR3α amino acid sequences. Red denotes nongermline-encoded amino acids.
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Figure 2. Deconvolution strategy to define peptides that stimulate LS-specific TCRs. (A) IL-2 responses of LS-specific 1244c1 (red bars) and 1244c3 (blue
bars) CD4+ T cell hybridomas after stimulation with a decapeptide PSL presented by a fibroblast cell line (B6DK10) expressing HLA-DR3 after a 24-h incubation.
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Structural analysis of HLA-DR3–mimotope 46
To validate our A scan and minimal epitope findings, we pro-
duced a soluble version of HLA-DR3 (DRA1*01:01, DRB1*03:01)
with a covalently tethered mimotope 46. This peptide only dif-
fered from mimotope 86 at three positions, with conservative
substitutions at p1 (L to I) and p7 (A to valine [V]). We crystal-
lized this complex and solved its structure to a resolution of
2.45 Å. The statistics for the data collection and refined model
are shown in Table S1. The overall structure of the HLA-
DR3–mimotope 46 complex was similar to other MHCII/peptide
complexes (Fig. 3 D), with a well-defined electron density for
the bound peptide. The four amino acids at p1, p4, p6, and p9
are the major anchor residues for the binding of mimotope 46 to
HLA-DR3 (Fig. 3 E). Isoleucine at p1 (p1I) occupied the top por-
tion of a large pocket lined with hydrophobic amino acids and
was stabilized by van der Waals contacts. The space below p1I
could accommodate the phenylalanine (F) present in some of
mimotopes shown in Fig. 3 A and indicated that p1I was not
significantly contributing binding energy between the mim-
otope and HLA-DR3. p4D and p6K were the major determinants
of peptide binding. The carboxylate of p4D formed salt bridges
with the α-amino group of the K at position 71 of the HLA-DR3
β-chain (Kβ71) with a distance of 2.7 Å (Fig. 3 F). In addition, p4D
formed hydrogen bonds with Rβ74 and Sβ13. p6K sits in the P6
pocket with a usual conformation and moves toward p4D with
a distance of 4.3 Å. Compared with HLA-DR3–CLIP structure
(Ghosh et al., 1995), p6K inserted into the bottom of the P6
pocket (Fig. 3 F). The effects of the intricate interactions be-
tween p4D and p6K (Fig. 3 F) resulted in bulging of the p5N
side chain out of the peptide binding groove. Furthermore,
p5N formed hydrogen bonds with p4D and Rβ74 and is pre-
dicted to be a central hot spot for T cell activation, as sug-
gested by the PSL screening (Fig. 2 C). The α-amino group of
p6K formed salt bridges with Dβ28. The distance between Nζ
of p6K and OD1 atom of Dβ28 was only 2.5 Å. In addition, p6K
formed short hydrogen bonds with Sβ11 and Sβ13 of 3.1 and
2.8 Å, respectively. We predict that the p6R of mimotope 86
would occupy the P6 pocket in a similar manner. The α-amino
group of p9R formed salt bridges with Dβ57 and Eβ9 (Fig. 3 G).
The unique properties of the HLA-DR3 molecule contribute to
the selection of charged amino acids in the mimotopes with
high binding energy in the P4, P6, and P9 pockets. The highly
conserved amino acids from the PSL screening (Fig. 2 C) are
consistent with the structure, with G2, N5, and T8 all being

solvent exposed and potential ligands for LS-specific TCRs
(Fig. 3 E).

LS-specific TCRs recognize a peptide derived from A. nidulans
We performed a biometrical analysis to identify candidate nat-
urally occurring peptides capable of stimulating the LS-specific
T cell hybridomas. Scoring matrices were created based on the
stimulatory potential of each fixed amino acid at each position of
the PSL, as previously described (Falta et al., 2021; Zhao et al.,
2001). To account for different peptide registers in the unbiased
matrix, the stimulatory responses of the dual-defined mixtures
in either register 1 or register 2 were integrated into the scoring
matrices using the harmonic mean model (Santos et al., 2011) to
create “harmonic boost” register 1 and register 2 (Planas et al.,
2018). A total of 16 matrices were created, and an independent
biometrical analysis was performed for each and applied to all
possible overlapping decapeptides within the SwissProt data-
base containing curated proteins from all organisms to rank and
score naturally occurring peptides. The resulting lists of po-
tential antigens were consolidated by choosing the top 50 overall
peptides in both registers and the remaining top 10 in each in-
dividual matrix that were not included in the previous top 50.

Table S2 lists 125 peptides according to their ranking in the
overall analysis, amino acid sequence, accession number, first
species of origin, protein source, and IL-2 secretion by the three
1244 LS-specific T cell hybridomas in response to peptide. We
focused on peptides that induced >100 pg/ml of IL-2 in at least
one of the 1244 TCRs (Table S2). Only six naturally occurring
peptides fit this criterion (Table S2 and Fig. 4 A). We also ex-
panded our investigation to include the fourth related 1244 TCR,
1244c4 (TCR sequence shown in Fig. 1 C). Of the six peptides, the
only ones that activated all four of the 1244 LS-specific T cell
hybridomas were overlapping versions of a peptide derived
from NDPD (209–218 and 210–219) of A. nidulans (Fig. 4 B).
Importantly, these were the highest ranked peptides (1 and 2) in
the biometrical analysis (Table S2). We combined the two pep-
tide sequences to create an 11-mer (209–219) derived from A.
nidulans NDPD and generated dose–response curves for this
peptide with all four TCRs (Fig. 4 C). Hybridomas 1244c3 and c4
had substantially lower EC50 values (10–50-fold) compared with
c1 and c2. Assays to define the minimal epitope demonstrated
that all positions of the peptide except for p1 and p10 were re-
quired for T cell activation, with the minimal A. nidulans epitope
being p1–p9 (LGSDNRLTR; Fig. 4 D). Compared with mimotope

In each mixture, one position is fixed with each of the 20 amino acids, which is denoted on the x axis with the single-letter code. Unfixed positions in each
decapeptide mixture consist of an equimolar mixture of 19 amino acids (cysteine is excluded). Peptide mixtures were tested at 200 μg/ml, and IL-2 responses
were measure by ELISA. Data are representative of two independent experiments. (B) LS-specific 1244c1, 1244c2, and 1244c3 CD4+ T cell hybridomas were
stimulated with 37 dual-defined PSL mixtures at 100 μg/ml. Fixed amino acids and their positions in each decapeptide mixture are labeled. Unfixed positions in
each decapeptide mixture consist of an equimolar mixture of 19 amino acids (cysteine is excluded). Dual-defined doublet mixtures are included to test register
shifting in the unbiased PSL results. In the remaining dual-defined mixtures, two different TCR peptide recognition registers are apparent, denoted as register
1 and register 2. IL-2 responses of the LS-specific 1244c1 (red), 1244c2 (black), and 1244c3 (blue) CD4+ hybridomas stimulated with a dual-defined PSL are
shown. Data are representative of three independent experiments. (C) Sequence logos summarizing LS-specific 1244c1 (top), 1244c2 (middle), and 1244c3
(bottom) CD4+ hybridoma responses to the G2D4N5 PSL are shown. The x axis denotes the position of the decapeptide, and the y axis denotes the relative
IL-2 activity of each TCR when stimulated with peptide mixtures at 200 μg/ml. The color of each amino acid represents its chemical property: green, polar;
purple, neutral; blue, basic; red, acidic; and black, hydrophobic. (D) Selection of amino acids for each peptide position for the 1244 LS-specific TCRs based on
the most active mixtures from the unbiased PSL and G2D4N5 PSL.
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86, the NDPD 11-mer was more dependent on L at p1, likely to
provide additional anchoring of the peptide to the HLA-DR3
binding groove.

Validation of NDPD derived from A. nidulans as an antigen in LS
To prove that NDPD derived from A. nidulans is a target of the
adaptive immune response in LS, we ascertained whether
NDPD protein could be processed to yield the stimulatory HLA-
DR3–binding epitopes. Recombinant purified NDPD protein
(amino acids 117–410) was tested at varying concentrations using
HLA-DR3–transfected fibroblasts as APCs. IL-2 secretion was
observed from hybridomas 1244c3 and 1244c4 at concentrations
of protein ranging from 0.125 to 1 μg/ml (Fig. 4 E), indicating

that NDPD can be processed and presented to activate the
1244 TCRs.

To validate the presence of T cells reactive against both
mimotope 86 and A. nidulansNDPD in LS patients, we performed
IFN-γ and IL-2 ELISPOT assays on BAL cells from 9 DR3+ LS, 10
DR3+ non-LS sarcoidosis, 10 DR3+ beryllium-sensitized (BeS), 8
DR3− LS, and 9 DR3− non-LS sarcoidosis subjects. Demographics
of the validation cohort are shown in Table 1. First, we grouped
subjects based on the diagnosis of sarcoidosis (LS and non-LS)
and DR3 expression (Fig. 5 A). In response to both mimotope 86
and the A. nidulans NDPD peptide, the number of IFN-γ– and IL-
2–secreting cells in BAL was significantly higher in the DR3+

sarcoidosis patients compared with either DR3− subjects or DR3+

Figure 3. Delineation of highly stimulatory LS-specific mimotopes. (A) EC50 values are shown for the LS-specific 1244c1, 1244c2, and 1244c3 5415
hybridoma cells for the 16 mimotopes with the overall highest activities. (B) 1244c1, 1244c2, and 1244c3 hybridoma cells were incubated with peptides with a
single A substitution of each position of mimotope 86, and EC50 values were calculated. (C) 1244c1, 1244c2, and 1244c3 5415 hybridoma cells were incubated
with minimal epitope peptides of mimotope 86, and EC50 values were calculated. IL-2 responses were measured by ELISA. EC50 values were calculated by
generating dose–response curves of IL-2 responses after stimulation with peptides ranging from 0.001 to 30 ng/ml. Data for A–C are representative of three
independent experiments. (D) Ribbon representation of the full HLA-DR3α (cyan) and β (magenta) extracellular domains and a wireframe representation of the
mimotope 46 peptide (CPK coloring) viewed from the top down are shown. (E)Wireframe representation of mimotope 46 (CPK coloring) with individual amino
acids in the peptide labeled. Downward-facing anchor residues at amino acid positions p1, p4, p6, and p9 are shown, with upward-facing TCR interacting
residues at p2, p3, p5, p7, p8, and p10. (F and G)Wireframe representations of the P4 and P6 (F) and P9 (G) pockets are shown (CPK coloring). Dashed orange
lines connect oxygens in the P4, P6, and P9 pockets that form hydrogen bonds or salt bridges to each other or to the nitrogens of the R and K guanidinium
groups. nd, nonstimulatory.
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BeS subjects (Fig. 5 A). IFN-γ and IL-2 responses for mimotope
86 were significantly higher than for NDPD, consistent with the
1244 hybridoma responses (Fig. 5 A).

Next, we divided the sarcoidosis cohort based on an LS di-
agnosis and DR3 expression. Although not significantly differ-
ent, there was a threefold increase in the number of NDPD- and
mimotope 86–responsive BAL cells among DR3+ LS patients
compared with DR3+ non-LS sarcoidosis subjects for both IFN-γ
and IL-2 secretion (Fig. 5, B and C). Compared to DR3+ BeS, DR3−

LS, and DR3− non-LS sarcoidosis subjects, the number of IFN-γ–
and IL-2–secreting BAL cells in DR3+ LS subjects in response to

mimotope 86 was significantly increased (Fig. 5 B). In addition, a
significantly increased number of NDPD-induced IFN-γ– and IL-
2–secreting cells was seen in DR3+ LS subjects compared with
DR3+ BeS, DR3− LS, and DR3− non-LS sarcoidosis subjects (Fig. 5
C). Taken together, these data confirm a mimotope 86 and an A.
nidulans NDPD-specific immune response in the lungs of DR3+

LS patients.
To determine the relationship between immunological

markers of sarcoidosis and BAL T cell responses to mimotope 86
and A. nidulans NDPD peptides, we correlated the frequency of
IFN-γ–secreting T cells in BAL of DR3+ sarcoidosis patients with

Figure 4. LS-specific TCRs recognize NDPD derived from A. nidulans. (A) Amino acid sequences, UniProt accession numbers, and associated species and
proteins of the naturally occurring peptides that stimulated the LS-specific 1244 TCRs. (B) IL-2 secretion by 1244c1 (top panel), 1244c2 (second panel), 1244c3
(third panel), and 1244c4 (bottom panel) 5415 hybridomas stimulated with peptides shown in A, tested at 1,000, 200, 40, and 8 ng/ml. (C) IL-2 dose–response
curves and calculated EC50 values for 1244c1, 1244c2, 1244c3, and 1244c4 5415 hybridomas in response to the NDPD 11-mer peptide (RLGSDNRLTRL) tested at
a range of 0.3–10,000 nM. (D) 1244c1, 1244c2, and 1244c3 5415 hybridoma cells were incubated with minimal epitope peptides of NDPD 11-mer, and EC50
values were calculated. (E) IL-2 secretion by 1224c3 and 1244c4 in response to the NDPD recombinant protein from 0.125 to 1.0 μg/ml. IL-2 responses were
measured by ELISA after a 20–24-h incubation. Data for B–E are representative of at least two independent experiments. nd, nonstimulatory.
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immunological markers of disease activity (Fig. 5, D and E). High
numbers of antigen-specific cells in the BAL of sarcoidosis pa-
tients (non-LS, black dots; LS, red dots) were associated with the
BAL CD4/CD8 ratio (mimotope 86: r = 0.86, P < 0.0001; A. ni-
dulans NDPD: r = 0.89, P < 0.0001; Fig. 5 D) and percentage of
BAL CD4+ T cells expressing TRAV12-1/TRBV2 (mimotope 86: r =
0.72, P < 0.0003; A. nidulansNDPD: r = 0.72, P < 0.0005; Fig. 5 E).
These data suggest that A. nidulans NDPD-specific T cell re-
sponses are directly related to lung infiltration of disease-
specific CD4+ T cells in sarcoidosis.

To assess the breadth of this T cell specificity in the BAL of
sarcoidosis patients, HLA-DR3 tetramers were constructed with
mimotope 86 and NDPD (209–218). These tetramers stained
hybridomas expressing the 1244 TCRs (Fig. S4 A) but did not
stain the HLA-DR3–restricted, hsp65-specific RP15 hybridoma
(Fig. S4 A), confirming their specificity. Next, we investigated
the frequency of tetramer binding ex vivo BAL CD4+ T cells from
DR3+ and DR3− LS and non-LS sarcoidosis patients. Using a
gating strategy shown in Fig. S4 B, the frequency of mimotope
86–specific CD4+ T cells in the BAL of HLA-DR3+ LS patients was
significantly higher than DR3− LS and non-LS sarcoidosis sub-
jects and was increased, although not significantly, compared
with DR3+ non-LS patients, with frequencies ranging from
0.52% to 10.8% (mean, 3.2%) after subtraction of HLA-DR3–CLIP
background staining (Fig. 6, A and B; and Fig. S4 C). Despite

elevated IFN-γ and IL-2 ELISPOT responses in the BAL of DR3+

non-LS sarcoidosis subjects, we did not identify significantly
increased HLA-DR3–mimotope 86 tetramer-binding CD4+ T cells
compared with DR3− LS and non-LS sarcoidosis subjects (Fig. 6, A
and B). Although HLA-DR3–A. nidulans NDPD tetramer staining
was detectable in LS patient 1426, no significantly increased HLA-
DR3–A. nidulans NDPD tetramer staining in DR3+ LS patients was
detected compared with the other groups (Fig. 6, C and D).

To determine whether DR3+ LS subjects had A. nidulans–
derived NDPD peptide andmimotope 86–responsive CD4+ T cells
in blood, we measured the proliferative response after stimu-
lation with the A. nidulans NDPD and mimotope 86 peptides.
Representative density plots from a DR3+ LS subject show pro-
liferation in response to no stimulation, plate-bound anti-CD3,
NDPD peptide, or mimotope 86 (all at 10 μg/ml) as seen in Fig. 7
A. Compared with CD4+ T cells from BeS subjects, a significantly
greater percentage of CD4+ T cells from DR3+ LS subjects un-
derwent cell division after exposure to mimotope 86 (P = 0.04;
Fig. 7 B). Conversely, although NDPD peptide–specific prolifer-
ation of CD4+ T cells was seen in one of the six DR3+ LS subjects,
no statistically significant differences were noted (Fig. 7 B).

In addition to characterizing T cell responses to A. nidulans
antigens, we investigated other facets of adaptive immunity
directed against A. nidulans. Serum levels of IgG specific for A.
nidulans NDPD were significantly elevated in HLA-DR3+ LS

Table 1. Demographics of the validation cohort

LS HLA-DR3+

(n = 10)
Non-LS HLA-DR3+

(n = 11)
LS HLA-DR3−

(n = 9)
Non-LS HLA-DR3−

(n = 12)
BeS HLA-DR3+

(n = 10)

Sex (M/F) 8/2 9/3 7/2 7/5 7/3

Age (yr) 37 (33–44) 46 (39–55) 45 (36–55) 40 (34–46) 57 (51–64)

Chest radiographical stagea N/A

0 0 0 1 0

I 5 5 5 6

II 5 3 2 3

III 0 2 0 2

IV 0 0 0 0

Smoking status

Non 6 9 6 8 3

Former 3 1 1 1 6

Current 1 1 2 3 1

BALF cell concentration (106 cells/liter) 177 (144–329) 201 (157–341) 128 (97–282) 153 (108–208) 22 (19–29)

% BALF macrophages 68 (42–87) 75 (60–78) 71 (55–83) 77 (60–82) 93 (87–96)

% BALF lymphocytes 30 (12–50) 21 (18–38) 20 (14–36) 19 (13–37) 5.6 (2.8–11)

% BALF neutrophils 1.0 (0.8–1.6) 1.3 (0.3–1.6) 1.6 (0.8–3.3) 1.4 (0.6–2.6) 0.9 (0.2–1.5)

BAL CD4/CD8 ratio 8 (2–14) 3.5 (2.9–9.3) 6.3 (3.3–15.3) 7.8 (3–12.5) N/A

% TRAV12-1/TRBV2–expressing BAL
CD4+ T cells

6.8 (4.5–10) 3.4 (1.4–4.7) 0.1 (0.1–0.1) 0.1 (0.1–0.2) N/A

Data are counts or median (25th–75th percentile). BALF, BAL fluid; N/A, not available.
aChest radiography staging as follows: stage 0 = normal chest radiography, stage I = enlarged lymph nodes, stage II = enlarged lymph nodes with parenchymal
infiltrates, stage III = parenchymal infiltrates without enlarged lymph nodes, and stage IV = signs of pulmonary fibrosis.
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subjects compared with healthy controls (Fig. 7 C). These find-
ings suggest that the response to A. nidulans in HLA-DR3+ LS pa-
tients extends beyond T cell activation in the lungs, suggesting a
systemic immune response directed against NDPD of A. nidulans.

Immunization with A. nidulans NDPD or mimotope 86 peptide
induces CD4+ T cell–specific immune responses in HLA-DR3
transgenic mice
To test the immunogenicity of the A. nidulans NDPD peptide,
MHCII-deficient HLA-DR3 transgenic (Tg) mice were immu-
nized intraperitoneally with 10 μg NDPD peptide in the presence
of LPS (10 μg) as an adjuvant. Additional mice were similarly

immunized with mimotope 86. At day 10, splenocytes were har-
vested and stimulated ex vivo with either the NDPD or the mim-
otope 86 peptide. Ex vivo stimulation with the same peptide as used
in the immunization resulted in a significant increase in the number
of IFN-γ– (Fig. 8 A, left) and IL-2– (Fig. 8 A, right) secreting cells
compared with the LPS control group. Importantly, HLA-DR3 Tg
mice immunized with either the NDPD or the mimotope 86 peptide
showed T cell cross-reactivity to mimotope 86 or NDPD peptide,
respectively, as demonstrated by significantly increased IFN-γ and
IL-2 secretion compared with LPS controls (Fig. 8 A, left and right).

To prove that the NDPD responses were CD4+ T cell specific,
we immunized HLA-DR3 Tg mice with 10 μg NDPD peptide and

Figure 5. Mimotope 86 and A. nidulans NDPD peptides
stimulate sarcoidosis BAL cells in an HLA-DR3–restricted
manner. (A) IFN-γ and IL-2 ELISPOT responses (shown as
SFUs per million cells) to mimotope 86 (left) and A. nidulans
NDPD (right) at 5 μg/ml are shown. The sarcoidosis (Sarc)
group includes LS and non-LS subjects. For IFN-γ ELISPOTs,
subject numbers are as follows: Sarc DR3+ (n = 19), Sarc
DR3− (n = 17), and BeS DR3+ (n = 10). For the IL-2 ELISPOTS,
subject numbers are as follows: Sarc DR3+ (n = 13), Sarc
DR3− (n = 14), and BeS DR3+ (n = 4). (B) IFN-γ (left) and IL-2
(right) ELISPOT responses for mimotope 86 at 5 μg/ml.
(C) IFN-γ (left) and IL-2 (right) ELISPOT responses for A.
nidulans NDPD at 5 μg/ml. In B and C, subjects are di-
vided into DR3+ LS (IFN-γ, n = 9; IL-2, n = 6), DR3+ non-
LS sarcoidosis (IFN-γ, n = 10; IL-2, n = 7), DR3− LS (IFN-γ,
n = 9; IL-2, n = 7), DR3− non-LS sarcoidosis (IFN-γ, n = 9;
IL-2, n = 7), and DR3+ BeS (IFN-γ, n = 10; IL-2, n = 4). Data
are expressed in A-C as mean SFUs of duplicate wells,
with bars representing mean ± SEM. (D and E) Corre-
lation of IFN-γ responses to mimotope 86 (left) and A.
nidulans NDPD (right) with BAL CD4/CD8 ratios (D) and
percentage of TRAV12-1/TRBV-2–expressing CD4+ T cells
(E) in the BAL of DR3+ LS (red) or non-LS sarcoidosis
(black) subjects. The correlation coefficient (r) and
P value are shown. Statistical significance was deter-
mined by one-way ANOVA with multiple comparisons in A–C
and Spearman rank correlation in D and E. *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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10 μg LPS, harvested splenocytes, and depleted CD4+ T cells
(Fig. 8 B). Compared with neat splenocytes, CD4-depleted sple-
nocytes did not secrete IFN-γ or IL-2 in response to NDPD
peptide (5 μg/ml; Fig. 8 B). In a complementary experiment,
purified CD4+ T cells from similarly immunized HLA-DR3 Tg
mice were combined with irradiated naive splenocytes and
stimulated with 5 μg/ml NDPD peptide in the presence or ab-
sence of 10 μg/ml anti–HLA-DRmAb. As shown in Fig. 8 C, CD4+

T cells secreted IFN-γ and IL-2 in response to NDPD peptide
stimulation, and the cytokine response was HLA-DR3 restricted.
Overall, these murine studies confirmed that CD4+ T cells rec-
ognize the A. nidulans NDPD peptide in an HLA-DR3–restricted
manner and that a subset of naturally occurring NDPD-specific
CD4+ T cells can cross-react with the mimotopes 86 peptide
discovered using PSLs.

Discussion
In this study, we identified a related set of LS-specific TCRs that
recognized a peptide derived from NDPD expressed in A. nidu-
lans. Using the webtool Immune Epitope Database for reported

epitopes and their corresponding antigens (Vita et al., 2019),
neither this epitope nor protein has been previously reported.
We validated the presence of A. nidulansNDPD-specific T cells in
ex vivo BAL cells of HLA-DR3+ LS and non-LS patients and found
IgG antibody responses to A. nidulansNDPD in the serum of DR3+

LS subjects. Taken together, our findings suggest that A. nidulans
may be involved in the pathogenesis of LS.

Aspergillus is a ubiquitous airborne organism that most hu-
mans are exposed to in everyday environments, yet the majority
of individuals remain unaffected. Although DR3+ LS patients
show no signs of an active pulmonary Aspergillus infection, our
data indicate that there may be a hypersensitivity response di-
rected against the A. nidulans NDPD epitope that causes ex-
cessive inflammation in the lungs. There is also a seasonal
clustering of LS, particularly in the spring (Bardinas et al., 1989;
Glennås et al., 1995; Grunewald and Eklund, 2007), which may
coincide with higher environmental Aspergillus exposure. Re-
cently, Clarke et al. (2018) investigated microbial lineages in
sarcoidosis and identified limited enrichment for Aspergillus in
the BAL. Although healthy individuals have T cells in blood that
are reactive to common Aspergillus species, including A. nidulans

Figure 6. Increased frequency of HLA-DR3–mimotope 86–binding CD4+ T cells in the BAL of HLA-DR3+ LS patients. (A and C) Summary of the fre-
quency of tetramer staining of ex vivo BAL CD4+ T cells from DR3+ LS (n = 7), DR3+ non-LS (n = 6), DR3− LS (n = 7), DR3− non-LS (n = 7) sarcoidosis subjects
stained with HLA-DR3–mimotope 86 (A) and HLA-DR3–A. nidulans NDPD (C) tetramers. Values recorded are after subtraction of background HLA-DR3–CLIP
staining. Bars represent mean ± SEM. Statistical significance was determined by one-way ANOVA with multiple comparisons. **, P < 0.01, ***, P < 0.001.
(B and D) Representative density plots of HLA-DR3–mimotope 86 (B) and HLA-DR3–A. nidulans NDPD (D) tetramer staining of ex vivo BAL cells from DR3+ LS,
DR3+ non-LS, DR3− LS, and DR3− non-LS sarcoidosis subjects are shown. The patient number is listed in the lower left corner of each density plot. Mim.
mimotope.
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(Bacher et al., 2019), our ELISPOT data from blood of DR3+ and
DR3− control subjects do not show the presence of IFN-γ– or
IL-2–secreting T cells in response to stimulation with the A.
nidulans NDPD epitope. Several previous studies have linked

exposure to fungal byproducts to more severe cases of sarcoid-
osis. Higher levels of fungal biomass were detected in residences
of sarcoidosis patients compared with controls (Terčelj et al.,
2014, 2011b), and the amount of fungal biomass detected was
directly related to fungal cell wall component β-glucan in the
BAL of sarcoidosis patients (Terčelj et al., 2014). Additionally, a
significant association was found among β-glucan levels in
lymph nodes, granuloma formation in the lungs, and the size of
the mediastinal lymph nodes in sarcoidosis patients (Terčelj
et al., 2017). Finally, when compared with corticosteroids in
the treatment of sarcoidosis, antifungal medication was found
to be equally effective, as determined by decreased granuloma
mass and inflammatory markers (Terčelj et al., 2007, 2011a).
These studies, along with our current study, support a role for
fungal exposure, particularly Aspergillus, in the pathogenesis of
sarcoidosis and LS.

NAD-dependent protein deacetylase is an intranuclear
histone-interacting protein in the SIR2 family of proteins in-
volved in transcriptional silencing (Buck et al., 2004). Interest-
ingly, the protein homology between A. nidulans NDPD and the
corresponding protein in Aspergillus fumigatus (themost common
Aspergillus species found in humans) is only ∼60%, and the
particular epitope corresponding to the NDPD 11-mer differs at
amino acid positions p2–p4 (RLAQENRLTRL), which are crucial
for peptide recognition by the LS-specific TCRs. Additionally, the
corresponding human protein (NAD-dependent protein deacet-
ylase sirtuin-2) is only ∼20% homologous to A. nidulans NDPD,
and there is no similar peptide within this protein corresponding
to the NDPD 11-mer. As an illustration of this point, the harmonic
mean boost matrix for A. nidulans NDPD was run against all
NDPD proteins in the UniProt database, and the A. nidulansNDPD
peptide identified scored 10% higher than the next highest pep-
tide. We cannot completely exclude the possibility that sarcoidosis
patients express an immunogenic fusion peptide, similar to the
hybrid insulin peptides found in type 1 diabetes patients (Arribas-
Layton et al., 2020; Baker et al., 2019; Delong et al., 2016). The
SwissProt database screened for the biometrical analysis does not
include fusion peptides. However, because the LS-specific TCR
recognition requirements for the mimotopes and the A. nidulans
NDPD peptide are so specific (i.e., removing or replacing any of
the core amino acids ablates peptide recognition), it is unlikely
that these TCRs would recognize an alternate fusion or post-
translationally modified peptide.

Our results show a stronger TCR response to the mimotope
86 peptide compared with the naturally occurring A. nidulans
NDPD epitope, evident by the lower EC50 values and the ∼10-
fold higher number of IFN-γ and IL-2 spot-forming units (SFUs)
elicited by mimotope 86 in the BAL of LS patients. These results
are not surprising given that mimotope 86 was created by un-
biased determination of the optimal amino acids at every posi-
tion of the decapeptide for recognition by the LS-specific TCRs.
This disparity in responses between the peptides can help to
elucidate the lack of HLA-DR3–A. nidulans NDPD tetramer
staining in the majority of LS patients despite their significantly
higher IFN-γ and IL-2 ELISPOT responses compared with con-
trol subjects. ELISPOT assays have the ability to detect precursor
frequencies in the range of ∼1 in 250,000 cells and are far more

Figure 7. T cell proliferation and IgG specific for A. nidulans NDPD in the
blood of DR3+ LS patients. (A) Representative density plots showing the
frequency of proliferated CD4+ T cells (measured by loss of Cell Trace Violet)
derived from blood of a DR3+ LS subject after stimulation with media alone,
plate-bound anti-CD3 (10 μg/ml), 5 μg/ml A. nidulans NDPD peptide, or 5 μg/ml
mimotope 86 peptide. (B) Summary of the frequency of CD4+ T cell proliferation
in response to A. nidulans NDPD peptide or mimotope 86 peptide, after sub-
traction of background proliferation with no stimulation, in DR3+ LS (n = 6) and
DR3+ BeS (n = 4) subjects. (C) Levels of IgG specific for A. nidulans NDPD were
measured by ELISA in threefold serum dilutions (1–2,187) of HLA-DR3+ LS (n =
22) and HLA-DR3+ healthy control (HC) subjects (n = 18), and the serum dilution
that elicited 50% of the maximum antibody response for each subject was
determined using nonlinear regression curves. Statistical significance in B and C
was determined by Mann-Whitney test. *, P < 0.05; **, P < 0.01.
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sensitive than flow-based assays, such as MHCII tetramer
staining, which usually requires a precursor frequency in the
target population of ∼0.04% for detection. We identified
∼800 IFN-γ SFUs per million cells (0.08%) in the BAL from
HLA-DR3+ LS patients after stimulation with 5 μg/ml of the
mimotope 86 peptide, which hovers around the threshold of
detection for tetramer staining. Thus, we are able to detect
significant HLA-DR3–mimotope 86–binding CD4+ T cells in the
BAL of HLA-DR3+ LS patients. Conversely, we identified
∼200 IFN-γ SFUs per million cells (0.02%) in the BAL from
HLA-DR3+ LS patients after stimulation with 5 μg/ml of the
NDPD 11-mer, which is below the level of detection for
tetramer staining, explaining our ability to only detect HLA-
DR3–NDPD 11-mer–binding CD4+ T cells in the BAL in one
HLA-DR3+ LS patient.

While sarcoidosis has a broad array of clinical manifestations,
LS is diagnosed based on the presence of bilateral hilar lym-
phadenopathy, fever, erythema nodosum, and ankle arthritis as
well as an expansion of TRAV12-1/TRBV2–expressing CD4+ T cells
in the BAL of HLA-DR3+ subjects. Non-LS sarcoidosis patients
expressing HLA-DR3 do not share this exact set of symptoms,
but they do have increased frequencies of TRAV12-1/TRBV2–
expressing CD4+ T cells in the lung compared with HLA-DR3−

sarcoidosis population. The expansions of these oligoclonal CD4+

T cells suggest that both LS and non-LS sarcoidosis in HLA-
DR3–expressing patients could be driven by the same anti-
genic stimuli. Our data indicate that this is a definite possibility,
with HLA-DR3+ sarcoidosis patients (LS and non-LS) showing
significantly higher IL-2 and IFN-γ production in the BAL after
stimulation with mimotope 86 and A. nidulans NDPD peptides
compared with control subjects. However, a threefold increase
in NDPD- and mimotope 86-responsive cells was seen in HLA-
DR3+ LS subjects. Although the ratio of CD4/CD8 T cells and the
frequency of TRAV12-1/TRBV2–expressing CD4+ T cells in the
BAL were higher in LS versus non-LS HLA-DR3+ patients, these
characteristics significantly correlate with mimotope 86 and A.

nidulans NDPD peptide responses in both HLA-DR3+ patient
groups. Taken together, these data suggest that LS and non-LS
sarcoidosis patients expressing HLA-DR3 may represent a
spectrum of the same disease rather than two distinct clinical
entities.

The unknown etiology of sarcoidosis has hindered progress
in our understanding of disease pathogenesis and development
of effective diagnostic tools and treatments. This study provides
evidence that A. nidulans may play a role in the pathogenesis of
LS and possibly a greater subset of HLA-DR3+ sarcoidosis pa-
tients. Sarcoidosis is mainly diagnosed by exclusion of similar
conditions and lacks a specific test; thus, our findings may lead
to the development of a specific diagnostic tool and treatments
for both HLA-DR3+ LS and non-LS sarcoidosis patients.

Materials and methods
Study population
Demographics of the 13 sarcoidosis patients (9 LS and 4 non-LS)
and 3 control subjects included in the discovery cohort were
previously described (Mitchell et al., 2017). Table 1 shows the
demographic data of the validation cohort, which consisted of 10
DR3+ LS, 11 DR3+ non-LS sarcoidosis, 10 DR3+ BeS, 9 DR3− LS, and
12 DR3− non-LS sarcoidosis subjects. All patients were HLA ty-
ped, and sarcoidosis was diagnosed according to criteria estab-
lished by the World Association of Sarcoidosis and Other
Granulomatous Disorders (Crouser et al., 2020). The diagnosis of
BeS was established based on a history of beryllium exposure, an
abnormal blood beryllium lymphocyte proliferation test on two
occasions, and the absence of granulomatous inflammation or
other abnormalities on lung biopsy (Mroz et al., 1991; Newman,
1996). Informed consent was obtained from all subjects, and
ethical approval was granted from the Stockholm County Re-
gional Ethical Committee and the human subject institutional
review boards at the University of Colorado Anschutz Medical
Campus and National Jewish Health.

Figure 8. CD4+ T cell–specific immune response
to A. nidulans NDPD or mimotope 86 peptide in
HLA-DR3 Tg mice. HLA-DR3 Tg mice were immu-
nized with NDPD or mimotope 86 peptide in the
presence of LPS, and splenocytes were harvested at
day 10. (A) Splenocytes were stimulated with 5 μg/
ml NDPD or mimotope 86 peptide, and IFN-γ and IL-
2 responses were measured by ELISPOT. (B) Total
and CD4-depleted splenocytes were stimulated with
5 μg/ml NDPD peptide. (C) CD4+ T cells purified
from splenocytes were cultured with irradiated na-
ive splenocytes from HLA-DR3 Tg mice and stimu-
lated with 5 μg/ml NDPD peptide in the presence or
absence of 10 μg/ml anti–HLA-DR mAb. For B and C,
IFN-γ– (left) and IL-2– (right) secreting cells were
examined by ELISPOT. Data from A–C are repre-
sentative of two independent experiments. Statisti-
cal significance was determined by one-way ANOVA
with multiple comparisons in A and Mann-Whitney
test in B. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Mim, mimotope.
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TCR clustering
iRepertoire sequencing analysis and single-cell PCR of TCR
genes for DR3+ LS patient 1244 using the Illumina MiSeq plat-
form have been previously described (Mitchell et al., 2017). TCR
sequences presented in this article are listed according to In-
ternational ImMunoGeneTics Information System nomencla-
ture (http://www.imgt.org) and are available in Gene Expression
Omnibus under accession no. GSE100378. CDR3β amino acid
sequences were used for a clone network analysis using the
GLIPH program (Glanville et al., 2017). GLIPH uses an algorithm
to cluster CDR3β amino acid sequences into convergence groups,
defined as a set of TCRs from one or more individuals predicted
to bind to the same antigen in a similar manner through similar
TCR contacts. After inputting all available CDR3β amino acid
sequences from LS DR3+ patients and control subjects, the net-
work analysis outputted CDR3βs as nodes and global, local, or
singleton interactions as edges. Network clusters were generated
using Cytoscape 3.7.2.

HLA-DR3–transfected fibroblast lines
Gene constructs encoding HLA-DRA*01:01 and HLA-DRB1*03:01
were cotransfected into a mouse fibroblast line, designated
B6DK10, derived from C57BL/6 mice that were deficient for
MHCII and invariant chain genes (Huseby et al., 2003). Cells were
stained with an anti–HLA-DR antibody (clone L243) and sorted for
high HLA-DR expression using a BD FACSAria. Fibroblasts ex-
pressing HLA-DR3 were adapted to grow in 0.5% serum in Opti-
PRO SFM (Gibco BRL Life Technologies) supplementedwith 4mM
GlutaMAX (Gibco BRL Life Technologies) and 50 μg/ml hygrom-
ycin B (Millipore Sigma) to maintain HLA-DR expression.

Generation of mouse hybridomas expressing TCRs from
human T cell clones
TCRs derived from BAL CD4+ T cells of LS DR3+ patient 1244
were introduced into two different TCR-negative mouse recip-
ient hybridoma cell lines. The primary hybridoma used was a
5KC cell line (White et al., 1993) that expresses a mutated human
CD4 molecule having substitutions at positions p40 and p45
(Gln40Tyr and Thr45Trp; Wang et al., 2011) to enhance HLA
interactions. It has been previously shown (Michels et al., 2017)
and confirmed in our laboratory (data not shown) that these
mutations enhance TCR responses compared with hybridomas
with native human CD4. The second hybridoma line, 54ζ, ex-
presses wild-type human CD4 (Falta et al., 2021, 2013). To gen-
erate TCR vectors, the extracellular variable domains of the
expressed TRA and TRB genes of each T cell clone were syn-
thesized as gBlock gene fragments (Integrated DNA Technol-
ogies). These TCR gene fragments contained homologous
overlapping nucleotide sequences that allowed cloning into a
murine stem cell virus retroviral plasmid separated by a linker
encoding the mouse Cα domain connected to the porcine
teschovirus-1 2A (p2A) peptide using a Gibson Assembly Cloning
Kit (New England Biolabs). Phoenix 293T cells were transfected
with the murine stem cell virus plasmids along with the pCL-Eco
packaging vector to produce replication-incompetent retro-
viral particles. TCR-negative 5415 and 54ζ hybridoma cells
were transduced with filtered retroviral supernatant using

a spinfection protocol as previously described (Bowerman
et al., 2011; Falta et al., 2021).

PSLs, mixtures, and peptides
A decapeptide, N-terminal–acetylated, C-terminal–amidated,
L–amino acid PSL was synthesized as previously described (Falta
et al., 2013). Briefly, this library consists of 200 mixtures prepared
in an OX9 format, where O represents a specific amino acid at a
defined position and X represents an equal molar mixture of 19
natural amino acids (excluding cysteine) in each of the remaining
nine positions. Each OX9 mixture consists of 3.2 × 1011 different
decapeptides, and the total number of peptides in the library is 6.4 ×
1012. Mixtures containing multiple fixed positions, including dual-
defined mixtures and a biased G2D4N5 PSL, were synthesized as
previously described (Hemmer et al., 1999; Pinilla et al., 1994).

Individual peptides were synthesized using GenScript pep-
tide library services. All peptides were dissolved in DMSO at
high concentration before making a working stock in PBS.
Recombinant A. nidulans NDPD (UniProt under accession no.
AN1126; amino acids 117–410) was produced using BacPower
Guaranteed Bacterial Protein Expression (90% purity; Gen-
Script). Overlapping 15-mers derived from mKatG (n = 74) and
ESAT-6 (n = 17) and four HLA-DR3–binding vimentin peptides
were generously provided by Drs. David Moller (Johns Hopkins
University, Baltimore, MD), Wonder Drake (Vanderbilt Uni-
versity, Nashville, TN), and J. Grunewald, respectively.

T cell hybridomas and activation assays
For activation assays, T cell hybridomas (1 × 105 cells per well)
were cultured in serum-free medium (OptiPRO SFM; Gibco BRL
Life Technologies) supplemented with 4 mM GlutaMAX (Gibco
BRL Life Technologies) in 96-well flat-bottomed tissue culture
plates (Falcon) in the presence of B6DK10 fibroblasts expressing
HLA-DR3 (5 × 104 cells per well). Initial experiments involving
the unbiased decapeptide PSL and dual-defined mixtures were
performed using mixtures at 200 μg/ml in duplicate wells with
the 5415 hybridomas. G2D4N5 PSL mixtures were tested at
200 μg/ml with the 54ζ hybridomas. G2D4N5 mixtures were
also tested in 5415 (data not shown), and positive amino acids
were nearly identical to those shown for 54ζ. Mimotopes were
initially tested at 2 ng/ml with 5415 hybridomas. For dose–
response curves to mimotopes and A scan peptides, peptides
were added at concentrations ranging from 0.001 to 30 ng/ml
with 5415 hybridomas. The full set of biometrical analysis pep-
tides was initially tested at 10 μg/ml with 54ζ hybridomas, and
positive peptides were screened with 5415 hybridomas at indi-
cated concentrations. Recombinant NAD-dependent protein
deacetylase was tested at indicated concentrations. For all ex-
periments, supernatants were harvested after 20–24 h, and
mouse IL-2 was measured by ELISA (eBioscience). In some ex-
periments, the concentration of peptide that provided EC50 for
each hybridoma was determined using nonlinear regression
(sigmoidal-fit, GraphPad Prism; GraphPad Software).

Crystal structure determination of HLA-DR3–mimotope 46
HLA-DR3 α and β chains with covalently attached mimotope 46
were cloned into a two-promoter Escherichia coli baculovirus
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transfer vector as previously described (Crawford et al., 1998;
Dai et al., 2010). The construct was incorporated into Sapphire
Baculovirus DNA (Orbigen) by standard homologous recombi-
nation techniques to produce a stock of baculovirus encoding
HLA-DR3–mimotope 46. To produce HLA-DR3–mimotope 46
protein, High Five insect cells at 5–10 × 105/ml were infected
with 10 ml of the baculovirus stock in 1 liter TMN-FH medium
with 5% FBS and cultured in spinner flasks at 27°C. After 18–24 h
of culture, spinner flasks were transferred to 19°C and incubated
for 6 d. HLA-DR3–mimotope 46 protein was purified from the
supernatant by immunoaffinity chromatography using the anti-
zipper mAb 2H11. Eluted protein was further purified by Su-
perdex 200 Increase 10/300 GL column (GE Healthcare) in PBS
buffer. HLA-DR3–mimotope 46 protein was further processed
with thrombin protein and purified by Mono Q ion exchange
chromatography. HLA-DR3–mimotope 46 was crystallized at 4°C
by sitting drop vapor diffusion against 1 ml of mother liquor
containing 18% wt/vol PEG20k and 0.1 M citrate (pH 5.0). X-ray
diffraction data were collected under liquid nitrogen cryogenic
conditions at 100°K. HLA-DR3–mimotope 46 crystals were flash
cooled in liquid nitrogen after a short soak in a cryoprotection
solution consisting of the reservoir solution with an addition of
20% (wt/vol) glycerol. X-ray data weremeasured at synchrotron
beamline ID-24C at the Advanced Photon Source of Argonne
National Laboratory using the PILATUS detector. The data
were indexed, integrated, scaled, and merged using HKL2000
(Otwinowski and Minor, 1997). The structure was solved by
molecular replacement method using Phaser (McCoy et al.,
2007) software and further refined by refmac5 (Murshudov
et al., 1997). Building of the structure was performed with
Coot (Emsley et al., 2010). The Research Collaboratory for
Structural Bioinformatics Protein Database accession no. for the
coordinate and structure factor files for the structure is 7N19.

Biometrical analysis (scoring matrix and database searches)
Scoring matrices were created based on the stimulatory poten-
tial of each fixed amino acid at each decapeptide position of the
unbiased PSL as previously described (Zhao et al., 2001). To
account for the different peptide registers in the unbiased ma-
trix, the stimulatory responses of the dual-defined mixtures in
either register 1 or register 2 were integrated into the scoring
matrices using the harmonic mean model (Santos et al., 2011) to
create “harmonic boost” register 1 and register 2 (Planas et al.,
2018). For each hybridoma in each register as well as a combined
matrix for all the hybridomas, two harmonic mean matrices
were generated using the boosted value of IL-2 (pg/ml) and the
logarithm of that value. A total of 16 matrices were created using
different combinations of different hybridoma screening data.
An independent biometrical analysis was performed for each
matrix and applied to all possible overlapping decapeptides in
the protein sequences within the SwissProt database containing
curated proteins from all organisms to rank and score naturally
occurring peptides. The predicted stimulatory potential of a
peptide, or score, was calculated by summing the matrix values
associated with each amino acid in each position of the peptide.
The sum of the maximum values at each position was defined as
the maximum matrix score. The scoring matrix was applied to

rank, according to their stimulatory score, all of the overlapping
peptides within each protein sequence of a SwissProt protein
database (downloaded July 2, 2018) as previously described
(Hemmer et al., 1999; Zhao et al., 2001). Subsequent analysis
showed that there was significant redundancy among the vari-
ous matrices and that a more streamlined approach focused on
the activities of the dual-defined mixtures was sufficient to
identify antigens of interest. The resulting lists of potential an-
tigens were consolidated by choosing the top 50 overall peptides
in both registers and the remaining top 10 in each individual
matrix that were not included in the previous top 50.

ELISAs and ELISPOTs
IFN-γ and IL-2 production from BAL cells was measured using
the human IFN-γ ELISPOT kit (3420-4AST-2; Mabtech) or hu-
man IL-2 ELISPOT kit (551282; BD Biosciences). 2.5 × 105 BAL
cells from LS, non-LS sarcoidosis, or control patients were in-
cubated in duplicate with either 95% purified mimotope 86
peptide or A. nidulans NDPD peptide at 5 μg/ml each, anti-CD3
(1 μg/ml) or PHA (2.5 μg/ml) as a positive control, or medium
alone in 200μl in 96-well ELISPOTplates precoatedwith IFN-γmAb
or coated with IL-2 mAb overnight at 37°C. Cells were incubated in
RPMI 1640 medium supplemented with 10% FBS (Seradigm), 100
U/ml penicillin, 100 μg/ml streptomycin, 290 g/ml L-glutamine, and
10% Hepes. After 42–48 h, cells were removed, IFN-γ and IL-2 were
detected, and spots were visualized as previously described (Martin
et al., 2011). ELISPOT plates were analyzed with a CTL Immunospot
Analyzer (Cellular Technology Ltd), and results were reported as
SFUs per well minus SFUs in unstimulated wells.

To measure IgG specific for A. nidulans NDPD in serum, 96-
well ELISA plates were coated with 10 μg/ml recombinant NDPD
(GenScript) and incubated overnight at 4°C. Plates were washed,
and threefold serial dilutions of serum (1:1–1:2,187) were added and
incubated for 1 h at 25°C. Plates were washed, and anti-human IgG
conjugated to HRP was added for 1 h at room temperature. Plates
were developed, and the OD at 405 nmwas measured. The serum
dilution that elicited 50% of the maximum OD 405-nm value for
each subject was determined using nonlinear regression (sig-
moidal-fit, GraphPad Prism; GraphPad Software).

Tetramer production and staining
The HLA-DR3–mimotope 86, HLA-DR3–A. nidulans NDPD, and
HLA-DR3–CLIP tetramers were produced at the National In-
stitutes of Health Tetramer Core Facility (Emory University,
Atlanta, GA). Tetramers were purified using an AKTA fast pro-
tein liquid chromatography size-exclusion column. For staining,
hybridoma cells were incubated in 25 μl of culture medium
containing the HLA-DR3–mimotope 86–APC, HLA-DR3–A. ni-
dulans NDPD–PE, and HLA-DR3–CLIP tetramer (1–10 μg/ml) for
1 h at 37°C in a humidified 10% CO2 incubator, with gentle
mixing every 20 min. To assess HLA-DR3–tetramer binding in
BAL samples, 1–3 × 106 BAL cells from LS or control patients
were incubated in 25 μl of C-IMDM with either 1 μg/ml
PE-labeled HLA-DR3–A. nidulans NDPD or HLA-DR3–CLIP tet-
ramer or 10 μg/ml APC-labeled HLA-DR3–mimotope 86 or
DR3–CLIP for 1 h at 37°C in a humidified 10% CO2 incubator, with
gentle mixing every 20min. After 1 h, cells were stained for 30min
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at 4°C with the following mAbs: anti–CD3-APC-Cy7 (OKT3),
anti–CD4-PECy7 (OKT4), anti–CD8-eF450 (SK1), anti–CD14-eF450
(61D3), and anti–CD19-eF450 (all from Invitrogen) and Ghost Dye
Violet 510 (Tonbo Biosciences). The viable mononuclear cell popu-
lation was evaluated for fluorescence intensity on a FACSCanto II
flow cytometer (BD Biosciences), and data were analyzed with
FlowJo software (Tree Star). Cells expressing CD8, CD14, and CD19
were excluded via a dump gate, and T cells positively staining for
CD3 and CD4 were analyzed for tetramer binding.

Proliferation assays
Cell Trace Violet Proliferation Dye (Thermo Fisher Scientific)
was added to peripheral blood mononuclear cells according to
the manufacturer’s instructions. After labeling, cells were added
to a 48-well tissue culture plate with one of the following stimuli:
media alone, plate-bound anti-CD3 (10 μg/ml), mimotope 86
(5 μg/ml), and NDPD peptide (5 μg/ml) in complete RPMImedia.
Cells were incubated for 5 d at 37°C and stained for 30min at 4°C
with anti–CD3-APC-Cy7 (OKT3; Invitrogen), anti–CD4-PE-Cy7
(OKT4; Invitrogen), and Ghost Dye Violet 510 (Tonbo Bio-
sciences). The viable mononuclear cell population was evaluated
for fluorescence intensity on a FACSCanto II flow cytometer (BD
Biosciences), and data were analyzed with FlowJo software (Tree
Star). Ghost dye–negative CD3+CD4+ T cells were analyzed for
the loss of Cell Trace Violet to determine proliferation.

Immunizations of HLA-DR3 Tg murine
HLA-DR3 Tg mice were kindly provided by Dr. Govindarajan
Rajagopalan (Yale University, New Haven, CT; Mangalam et al.,
2007). Animals were housed and bred at the University of Col-
orado Biological Resource Center. 6–8-week-old male and female
HLA-DR3 Tg mice were immunized intraperitoneally with either
10 μg mimotope 86 peptide or NDPD peptide and 10 μg LPS (Se-
rotype O55:B5 S-form; ENZO Life Sciences) in 200 μl PBS. Mice
immunized with LPS alone were used as negative controls. At day
10, splenocytes were collected. Splenocytes from mice immunized
withmimotope 86 peptide orNDPDpeptidewere incubated for 24 h
with either mimotope 86 peptide or NDPD peptide at 5 μg/ml. In
some experiments, CD4+ T cells (5 × 104 cells/well) were purified
using CD4+ T cell selection microbeads (STEMCELL Technologies)
and cocultured with 5 × 105 irradiated naive splenocytes and 5 μg/
ml NDPD peptide in the presence or absence of an anti–HLA-DR
mAb (10 μg/ml, clone L243, BioLegend). A purity check demon-
strated that >90% of the purified cells expressed CD4. Splenocytes
depleted of CD4+ T cells (5 × 105 cells/well) were stimulated in the
presence ofNDPDpeptide (5 μg/ml). IFN-γ and IL-2 ELISPOTswere
performed as previously described (Mack et al., 2014). All experi-
ments were approved by the institutional animal care and use
committee of the University of Colorado Anschutz Medical Campus
in accordance with National Institutes of Health guidelines.

Statistical analysis
Statistical tests were performed using GraphPad Prism 6.0
software. Data are presented as mean ± SEM as stated in the
figure legends. Statistical significance for parametric or non-
parametric tests were determined as indicated. P < 0.05 was
considered statistically significant.

Online supplemental material
Fig. S1 shows IL-2 responses (pg/ml) of T cell hybridomas 1244c1
and 1244c3 to the biased G2D4N5 PSL. Fig. S2 shows the IL-2
responses (pg/ml) of T cell hybridomas 1244c1, 1244c2, and
1244c3 to the mimotopes. Fig. S3 shows the dose–responses
curves for T cell hybridomas 1244c1, 1244c2, and 1244c3 stimu-
lated with mimotopes 46 and 86, mimotope 86 peptides with
separate A substitutions at each amino acid position, and mim-
otope 86 and NDPD 11-mer peptides of varying length. Fig. S4
shows representative HLA-DR3–peptide tetramer staining of LS-
specific 1244 TCR-expressing hybridomas and ex vivo BAL cells.
Table S1 provides data collection and refinement statistics for the
HLA-DR3–mimotope 46 structure. Table S2 lists the naturally
occurring peptides that were screened for their ability to stim-
ulate T cell hybridomas 1244c1, 1244c2, and 1244c3.
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Supplemental material

Figure S1. Biased G2D4N5 PSL results. (A) IL-2 responses of the LS-specific 1244c1 and 1244c3 54ζ hybridoma cells stimulated with a biased G2D4N5
decapeptide PSL are shown. Decapeptide mixtures were fixed at G2, D4, and N5, and one additional peptide position (p1, p3, p6, p7, p8, p9, and p10) was
scanned with each of the 20 amino acids (140 mixtures). Unfixed positions in each decapeptide mixture consisted of an equimolar mixture of 19 amino acids
(excluding cysteine). Each panel shows IL-2 responses (pg/ml) of T cell hybridomas 1244c1 (red bars) and 1244c3 (blue bars) to the decapeptide mixtures
compared with the G2D4N5 mixture (labeled Ct) at 200 μg/ml with no additional fixed positions. Data are representative of two independent experiments.
(B) IL-2 responses for 1244c1 5415 hybridoma cells after stimulation with 200 μg/ml G2D4N5 mixture with or without 20 μg/ml anti–HLA-DR blocking
antibody (L243). Data are representative of two independent experiments.
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Figure S2. 1244 mimotope responses. (A) IL-2 responses (pg/ml) for all mimotopes synthesized based on the unbiased PSL results and dual-defined
mixtures, noted as register 1 and register 2. LS-specific 1244c1, 1244c2, and 1244c3 5415 hybridoma cells were stimulated with mimotopes at 2 ng/ml. Data are
representative of three independent experiments. (B) Additional mimotopes were synthesized based on the G2D4N5-biased PSL results, and corresponding
IL-2 values for each peptide tested at 2 ng/ml with the LS-specific 1244c1, 1244c2, and 1244c3 5415 hybridoma cells are shown. Data are representative of two
independent experiments. (C) IL-2 responses for 1244c1 5415 hybridoma cells after stimulation with 1 μg/ml mimotope 46 and 86 with or without 20 μg/ml
anti–HLA-DR blocking antibody (L243). Data are representative of two independent experiments. (D) IL-2 responses for the hsp65–specific hybridoma RP15
after stimulation with media or 5 μg/ml of either hsp65 (3–13) of M. leprae, mimotope 46, or mimotope 86. Data are representative of two independent
experiments. In A–D, HLA-DR3–expressing B6DK10 fibroblasts were used as APCs, and IL-2 responses were measured by ELISA after a 20–24-h incubation.
Mim., mimotope.
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Figure S3. Mimotope dose–response curves. (A–D) IL-2 dose–response curves for 1244c1, 1244c2, and 1244c3 5415 hybridomas stimulated with mimotope
46 and mimotope 86 (A), mimotope 86 peptides with separate A substitutions at each amino acid position (B), and mimotope 86 (C) and NDPD 11-mer (D)
peptides of varying length to determine the minimal epitope capable of TCR activation. HLA-DR3–expressing B6DK10 fibroblast cells were used as APCs, and
IL-2 responses were measured by ELISA after incubating 20–24 h. All peptides were tested at a range of 0.001–30 ng/ml. Data are representative of three
independent experiments.

Greaves et al. Journal of Experimental Medicine S3
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Table S1 and Table S2 are provided online as separate Excel files. Table S1 provides data collection and refinement statistics for the
HLA-DR3–mimotope 46 structure. Table S2 lists the naturally occurring peptides that were screened for their ability to stimulate
T cell hybridomas 1244c1, 1244c2, and 1244c3.

Figure S4. HLA-DR3–peptide tetramer staining of LS-specific 1244 TCR-expressing hybridomas and ex vivo BAL cells. (A) Representative histograms of
LS-specific 1244c3 and RP15 (specific for HLA-DR3 p3–p13 of hsp65 ofM. leprae) T cell hybridoma staining with HLA-DR3–peptide tetramers (A. nidulans NDPD
11-mer, 1 μg/ml; mimotope 86, 10 μg/ml). (B) Representative density plots showing the gating strategy to isolate live CD4+ T cells from the BAL to analyze
tetramer staining on CD4+ T cells. (C and D) Representative density plots of HLA-DR3–CLIP–APC (10 μg/ml; C) and HLA-DR3–CLIP–PE (1 μg/ml; D) tetramer
staining of CD4+ T cells used to determine background frequencies of HLA-DR3–peptide tetramer–binding cells. The patient number is listed in the lower left
corner of each density plot. FSC, forward scatter; SSC, side scatter.
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